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Abstract: Aiming at the problems of insufficient power supply capacity, unbalanced load, and poor
safety and reliability of the urban power grid, a flexible DC optimization control strategy is proposed
to support the interconnection of power grid zones. Firstly, the steady-state and transient optimal
control objectives are established to meet the safety and economic operation requirements of the
grid; secondly, comprehensive evaluation indexes are constructed, covering load balancing, network
loss, and voltage deviation, and a step-by-step approximation method is used to quickly solve the
optimal power of the flexible DC, so as to realize the optimal control of the urban grid in the steady
state. Meanwhile, a multi-terminal flexible DC adaptive sag control strategy based on the power
margin of the converter station is designed to reasonably allocate the emergency power support in
each partition after a fault and reduce the frequency deviation of the heavily loaded nodes. Taking
the urban grid as an example, a simulation model of the grid structure with a 750 KV outer ring and
a 220 KV inner ring is constructed, and the simulation results verify the effectiveness of the proposed
method and its engineering practicability.

Keywords: flexible DC transmission; optimal tidal current; ring network

1. Introduction

While effectively reducing short-circuit currents and solving the safety hazards of
electromagnetic ring networks [1], ring network structures also bring new challenges. For
example, during steady-state operation, due to the natural distribution of the current, it
may not be possible to achieve economically optimal operation; the capacity of transmission
and substation equipment may be strained and excess coexisting, making it difficult to
carry out comprehensive coordination; and when faults lead to component overloading,
it is not possible to flexibly utilize the surplus power supply capacity of the neighboring
sub-districts, and it may be necessary to take load switching or even load-cutting measures,
which will in turn reduce the reliability of the power supply.

Flexible DC, with its active and reactive power decoupling control [2], the convenience
of multi-terminal system construction, and flexible control mode, has become a new solution
to the problem of zonal operation. The interconnection of urban power grid zones is realized
through flexible DC, which can coordinate the power distribution between zones in steady
state and significantly improve the operation economy, flexibility, and controllability of
the power grid [3]; in case of faults leading to component overloading, the emergency
control function of flexible DC can provide inter-zonal power support, further enhancing
the security and stability of the power grid [4].

Flexible DC optimization control to support the zonal interconnection of urban grids
contains two aspects: steady-state current optimization and fault power support. For
steady-state DC power optimization, the literature [5,6] focuses on multi-terminal DC or
DC grids and explores the effect of control strategies in reducing DC voltage fluctuations
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and lowering system losses, but pays insufficient attention to the interactions and con-
straints between AC and DC systems. For the zonal flexible interconnection of urban grids,
the AC/DC system as a whole needs to be evaluated to better match the actual operation.
In terms of flexible DC emergency power support, literature [7] analyzes the power math-
ematical model and control method of the MMC-HVDC converter and proposes to use
decoupled PI control to limit the power output, which realizes the emergency power sup-
port and improves the low-voltage ride-through capability of the converter. Literature [8]
proposes a coordinated control strategy for VSC-MTDC systems to improve the frequency
and voltage dynamics of the receiver system during LVRT and recovery. Literature [9]
proposes a combined approach incorporating a virtual passive filtering method and an
equivalent current sampling method to provide additional damping to suppress high-
frequency oscillations Literature [10] proposes the use of a prioritized emergency power
support coordination strategy in AC/DC hybrid systems to effectively mitigate line over-
load and improve frequency stability during current transfer. Some scholars are currently
working on improving the multi-terminal DC sag control. For example, literature [11] pro-
poses to present an adaptive sag control strategy based on virtual synchronous generator
technology, which is used to solve the problem of inertia that cannot be provided by using
dq double-loop control in a voltage-source type multi-terminal flexible dc transmission
system. Literature [12] proposed an adaptive sag control strategy for the shortcomings
of the traditional sag control strategy that the parameters are difficult to calibrate, the
control accuracy is low, and it is difficult to adapt to a variety of operating conditions, so
that the sag coefficients can be automatically adjusted according to the different operating
conditions, thus reducing the transient power oscillations.

Although existing studies provide some foundation for this paper, most of the litera-
ture mainly focuses on new energy grid-connected and microgrid scenarios [13-16] and
explores the control strategies of flexible DC in coping with the stochastic volatility of
new energy power generation and the wind-solar-storage multi-energy complementation.
However, these studies often neglect the special needs and challenges of zonal interconnec-
tion in urban grids. In the ring network, the complexity of zonal interconnection requires
that the flexible DC control strategy can adapt to the power demand and system stability
constraints of different zones, but the existing studies have paid insufficient attention to
this. Currently, the studies on zonal flexible interconnection of power grids are mostly
focused on the planning level [17-22], while there are fewer in-depth discussions on the
actual flexible DC optimization and control techniques. Therefore, there is an urgent need
to develop adaptable flexible DC optimization and control techniques for the actual oper-
ational requirements of power grids to ensure the efficient, safe, and stable operation of
the system.

This paper first establishes the optimal control objectives for grid-partitioned flexible
interconnection under both steady-state and transient conditions. For the steady-state
control objective, a stepwise approximation method is employed to efficiently determine
the optimal power of flexible DC based on a comprehensive set of evaluation indices that
account for network loss, load balancing, and voltage deviation. For the transient control
objective, a multi-terminal adaptive sagging control strategy is designed for flexible DC
systems, enabling emergency power support during grid partitioning. Additionally, a
multi-terminal flexible DC control strategy is developed through system power simulation,
and the adaptive sagging control strategy is further refined using simulation techniques.
Finally, the effectiveness and engineering feasibility of the proposed method are validated
through simulation modeling.

2. Functionality of Flexible Interconnections in Grid Zones and Optimization
Control Objectives

The schematic diagram of the flexible interconnection structure for the urban grid
partition is shown in Figure 1. The two partitioned grids are connected via a 750 KV
transmission line and are supplied by a 750/220 KV liaison transformer. To mitigate the
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risk of electromagnetic loop networks, the 220 KV partitioned grid is interconnected flexibly

Zonal grid 1

through flexible DC.
Us Ps. Qs U DC line Uc2 Us2
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Figure 1. Flexible DC transmission.

Neglecting the conditions of the converter transformer and line resistance, the volt-
age source converter outlet fundamental frequency voltage U, and the AC system side
bus voltage U together in the converter transformer and phase reactor equivalent reac-
tance Xeq, which can be simplified to derive the flexible DC converter station and the AC
system between the transmission of active power Ps and reactive power Qs respectively,

as Equation:
_ US UC

Ps sin 6 @)
eq
0. = US(UCC)(;SQ—US) )
eq

From the above equation, it can be seen that the transmission of active power of
flexible DC mainly depends on the phase shift angle 6 of U, with respect to U, and the
exchange of reactive power mainly depends on the fundamental wave amplitude of the
AC-side output voltage of the converter, U,, therefore, by adjusting the phase shift angle
6 of the output voltage of the converter station and the amplitude of UL, it is possible to
control the magnitude and direction of the active and reactive power transmitted by the
flexible DC transmission system, and to achieve the ability of four-quadrant operation. The
four-quadrant operation capability can be realized by adjusting the output voltage shift
angle 6.

2.1. Functions of Grid-Partitioned Flexible Interconnection

With the continuous growth of the proportion of new energy and the rapid devel-
opment of flexible transmission technology, regional power grids have gradually broken
the previous relatively independent mode of operation and realized the “soft connection”
between power grids through the application of power electronic devices [23]. This “soft
connection” technology allows the exchange of active power between grids under normal
operating conditions, which significantly improves the load balancing capacity, power
supply capacity, and overall reliability of the grid. This model facilitates the effective
coordination of the various regions of the grid, enhances the overall stability of the system,
and improves the responsiveness to unforeseen situations.

Under this grid interconnection mode, when a fault occurs in one of the interconnected
areas, the unaffected sub-areas can quickly provide active and reactive power support
to effectively stabilize the bus voltage and frequency levels in the faulty sub-area, thus
preventing fault extension and maintaining stable grid operation. In order to fully utilize
the advantages of flexible transmission devices, the following key functions must be
available [24]:
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(1) Steady-state current optimization: During normal grid operation, load distribution
is optimized to reduce system losses and maximize the consumption of new energy sources
in order to achieve a balanced grid load. This includes adjusting the power delivery from
the new energy-rich areas to the load center areas according to the source-load matching
characteristics of each sub-area. This optimization not only helps to alleviate power supply
tension and reduce the abandonment of wind power, but also effectively optimizes the
current distribution and improves the overall operating efficiency of the grid.

(2) Emergency power mutual aid: In the event of grid failure or maintenance resulting
in a shortage of active power in one area of the grid, the flexible transmission device can
provide minute-level large-scale rapid power support according to the power supply mar-
gins of neighboring areas. This support mechanism can realize wide-scale power transfer
and fault support to ensure the stability of the grid and the continuity of power supply.

2.2. Optimized Control Objectives of Grid-Partitioned Flexible Interconnection

The use of flexible DC technology to optimize the zonal interconnection of the grid,
directly connecting each 220 KV grid zone through flexible DC, aims to significantly im-
prove the flexibility of power control. Against the backdrop of increasing demand for grid
capacity expansion, traditional AC interconnection methods are often faced with problems
such as rising short-circuit current levels and increased control difficulties. Flexible DC
technology, through its unique flexibility and regulation advantages, is able to realize effi-
cient interconnection and cooperative work between grid partitions without significantly
increasing short-circuit current.

(1) Steady-state operation. During normal operation or planned maintenance of the
power grid, the flexible DC system is mainly responsible for optimizing power scheduling
and distribution, with the core objective of reducing the overall loss of the system and
achieving load balancing of the power grid. In this process, FDC can flexibly adjust the
power flow, analyze the power supply capacity and load condition of each partition in
real time, and reasonably allocate resources. For example, when the load of a certain
sub-district is light, the FDC system can transmit the excess power to the sub-district with
a heavier load to alleviate the pressure on the power supply of the sub-district. This not
only improves the overall operational efficiency of the grid but also helps to reduce the
abandonment of wind power and photovoltaic power caused by the imbalance between
supply and demand. By optimizing power dispatch, the FDC system can find the optimal
operating point within the operating range, thus achieving load balance and minimizing
system losses. The introduction of flexible DC technology makes the power grid perform
better in dealing with new energy grid connections. In the South Xinjiang region, new
energy resources suich as wind energy and light energy are abundant, but their fluctuation
and intermittency also bring challenges to the stable operation of the power grid. With its
fast response and power regulation capability, the flexible DC system can better adapt to
the fluctuating characteristics of new energy power generation, ensure the full utilization
and consumption of new energy power, and thus improve the economy and environmental
protection of the entire power grid.

(2) Transient operation. In the event of grid failure, such as transmission line or main
transformer failure or overload, the flexible DC system needs to quickly provide emergency
power support to ensure the stable operation of the grid. Especially in the mode of zonal
interconnection, when a fault occurs in a certain zone, FDC can quickly deploy power
resources from the non-faulty zone to provide emergency active power support for the
faulty zone. In this way;, it can effectively alleviate the overload phenomenon in the faulty
partition, avoid the risk of voltage instability or even voltage collapse, and ensure the
continuous and stable operation of the power grid system. Compared with the traditional
AC interconnection method, the advantages of flexible DC in fault handling are more
obvious. It not only realizes precise power regulation but also makes dynamic adjustments
according to the real-time operating status and load conditions of the grid, thus enhancing
the flexibility and efficiency of fault handling. This emergency power support mechanism
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helps prevent the spread of faults and widespread system destabilization, maximizing
the security and reliability of the grid. After fault handling is completed, the system can
resume normal power distribution through flexible DC, ensuring a smooth transition and
operational recovery of the entire grid.

3. Flexible DC Power Optimization Strategies for Steady-State Operating Conditions
3.1. Synthesized Assessment

By establishing specific evaluation indexes, the steady-state current distribution of
urban zonal grids under different FDC delivery powers is evaluated to determine the
optimal operating power. The comprehensive evaluation indexes are established as follows:

where: G is the comprehensive score of urban zonal grid under a certain transmission
power of flexible DC; G, is the normalized load balancing index; Gg is the normalized
network loss index; G, is the normalized line voltage deviation index; a, b, and c are the
weights of the three indexes, which are calculated using the method based on information
entropy theory.

3.1.1. Load Equalization

Under the steady-state condition, FDC is controlled to deliver power from the light-
load partition to the heavy-load partition, to equalize the load rate of the main transformer
in each partition, to improve the utilization efficiency of the main transformer, and to
reduce the degree of dispersion of the load rate of the main transformer in each partition. In
order to facilitate the analysis and comparison between different indicators, the normalized
load balancing indicators G, are established as follows:

oy — O
Gy = 0 1
0o — Oop

(4)

where 0y and oy are the standard deviation of all transformer loading rates within the urban
grid before and after the commissioning of FDC, respectively; oop is the minimum value of
the standard deviation of the main transformer loading rate within the adjustable power
range of FDC.

In order to measure the discrete degree of main transformer load rate, the standard
deviation of the load rate of all transformers within the city grid is calculated as follows:

_ Pri

i = S )
1 N
Nt = ﬁgﬁﬂ (6)
I I P 7
U= NZ(’/]TI_’?T) ()

i=1

where o is the standard deviation of the loading rate of N transformers; Pr;, St; and #; are
the power, capacity and loading rate of the ith 500 KV main transformer, respectively; and
7]t is the arithmetic mean of the loading rate of N main transformers.

3.1.2. Network Loss

Under the steady-state condition, controlling the power delivered by FDC can make
the current distribution between sub-districts uniform, reduce the line network loss and
transformer loss, and improve the system operation economy. In order to compare and
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analyze the network loss of the urban sub-district grid before and after the commissioning
of FDC, the normalized power loss indexes are adopted as follows:

Py—P

6 = By = min(Py)

(8)
where Py, Py, respectively, is the sum of network losses in all sub-districts of the city grid
before and after the commissioning of the FDC; min(P; ) is the minimum value of network
losses within the adjustable range of the FDC power.

The network loss includes 220 KV line loss and 750/220 KV transformer loss, as well
as FDC converter and line loss. The calculation formula is as follows:

Poo = Pro+ Pro+ Pcpo )

where Py g for the urban grid network loss; Py o, Pr for line loss and transformer loss; Pc g
for the flexible DC converter loss.

3.1.3. Voltage Deviation

In the AC/DC hybrid system, the voltage is closely related to the power balance of
the network, so the voltage deviation of all nodes is used as the performance index of

the system.
ug — u
Gy = 20— (10)
Upg — Uop
where 1 and u; are the standard deviation of all transformer voltages within the city grid
before and after the commissioning of FDC; uop is the minimum value of main transformer

voltage quasi-differential within the adjustable range of FDC power.

Ur = Ui (11)
Ur;
_ 1 XN
Ur = — Y Uy, 12
T lezl Ti ( )
1 N — 2
U=,|y L (Ur—Un) (13)

i=1

where U is the standard deviation of voltage of N main 750 KV transformers; Ur;, Uy, Ur
are the actual voltage, rated voltage, and voltage deviation rate of the ith 750 KV main
transformer; Ur is the arithmetic mean of voltage deviation rate of N main transformers.

3.2. Optimal Power Solution Method

The load balancing indexes Gy, Gﬁ network loss index, and line voltage deviation
index G, have different characteristics, and with the increase in the power delivered by
the FDC in the steady-state operation, the three-phase indexes are all increasing and then
decreasing, but the power corresponding to the turning point is different, and the load
balancing effect is more obvious. The calculation process of the optimal power of the
flexible DC zonal interconnection device in steady state is shown below.

1.  Step 1: Count the power of each 750 KV main transformer in the zonal operation mode
of the city grid online, and calculate the standard deviation of the main transformer
load ratio oy, network loss Py o, and line voltage deviation U before the commissioning
of the FDC.

2. Step 2: Determine the operating range of FDC power between zones according to the
constraints of line rated power and main transformer capacity [Pmin,Pmax]-

3. Step 3: Set the initial FDC power Ppc, the power growth direction d, the initial step
of power growth s, and the convergence accuracy e.
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4. Step 4: Calculate the standard deviation of main transformer loading rate o7, network
loss P; and voltage deviation U, for each partition under the FDC transmission
power Ppc. Substitute them into Equations (2), (6) and (1) to get Gy, Gg, G,, and the
comprehensive score G.

5. Step 5: If G > Gmax, then update the optimal score G = Gmax, while continuing to
increase the flexible DC power Py. = P4 + ds, return to step 4; if G < Gmax, then
update the step s = s/2, while reducing the flexible DC power Py. = P4 + ds, to solve
the optimal power accurately. Determine whether s is greater than ¢; if so, turn to
step 4; otherwise, it can be determined that the power corresponding to Gmax is the
optimal flexible DC power Py ;.

4. Flexible DC Power Control Strategy Based on Grid Zonal Fault Conditions
4.1. Sub-Regional Power Supply Capacity Assessment

The supply capacity of a 220 KV zonal grid in the power grid is mathematically a
typical multidimensional, multi-constrained nonlinear programming problem with an
objective function:

Prsc = max(Pipaq) = max()_ Pr+ ) Pg) (14)

where Pjgc is assumed to be the power supply capacity of 220 KV sub-district; Pjy,4 is the
load of 220 KV sub-district; ) Pr is the sum of 750 KV main transformer injection power in
the sub-district; } | P is the sum of generating unit output in the sub-district.

The constraints to be considered are as follows:

Pr; < Prin, i=1,2,3,...,1 (15)

(1) 750 KV main transformer injection power constraints. That is, the power injected
into any 750 KV main transformer in the sub-district shall not exceed the rated value.
(2) 220 KV line transmission power constraints

Pj<Pin, j=123,...,m (16)

(3) Voltage inequality constraints. That is, the voltage at each bus in the sub-division
shall be maintained within the specified limits.

In Equations (13)—(15), Pr;,Prin are the actual power and rated value of 750 KV main
transformer i; P;, Pjy are the actual value and rated value of the transmitted power of
220 KV line j; and Upgmin, Upk, Upkmax are the specified upper operating limit, rated value
of the voltage and the specified lower operating limit of the voltage of divisional busbar k.

4.2. Adaptive Droop Control Strategy Based on Power Margin of Converter Station

The traditional sag control method regulates the power of the converter station ac-
cording to a fixed sag coefficient, which shows insufficient flexibility and economy under
complex operating conditions, cannot adapt to different operating conditions, and does
not fully consider the actual load and the dynamic power margin of the converter station.
In order to solve this problem, the task of DC voltage stabilization is assigned to multiple
converter stations by considering the operating conditions and power margins of the con-
verter stations. The converter station with a small power margin shares less unbalanced
power, while the converter station with a large power margin takes on more unbalanced
power to ensure a more reasonable power distribution and avoid the situation that the
converter station cannot respond to the DC network trend changes due to full load under
the traditional sag control.

In order to improve the flexibility of the sag coefficient, an adaptive sag control method
is designed in this study to dynamically adjust the sag coefficient according to the power
margin of the converter station. The method adopts the curve control characteristic instead
of the linear control characteristic: when the power margin of the converter station is large,
the sag coefficient is small, the voltage control effect is better, and more unbalanced power
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can be borne; with the reduction in power margin, the sag coefficient gradually increases,
and the power distribution characteristic improves, and the power sharing decreases, so
that several converter stations can reach the full-load state at the same time.

The classical sag control characteristics are described as follows:

Pyc = Pyc +dsUqc — udc,ref = k(Pdc - Pdc,ref) (17)

Ugen —Ude, ref
§— Pae =Py v Lde, min S Pdc < P, ref (18)

udc,qudc, ref
Pac, max—DLac, ref Pdc, ref < Pdc < Pdc, max

Ude, Uge,rey denote the actual and reference values of DC voltage, respectively; Py,
Py rer the actual and reference values of DC power, respectively; k is the sag coefficient;
Uge, 1, Uge 1 the maximum and minimum values of DC voltage, respectively; Pjc max, Picmin
the maximum and minimum values of DC power, respectively.

The adaptive sag control designed in this paper is described as follows:

udc - uolc,ref = b/(l -V 1- 62) (19)

Pac—Pacref
| <K <
g — Pac,ret—Pde,min Pdc,mm ~ PdC ~ Pdc,ref (20)

P dc —P, dc,ref
P max— Pdcref P dc,ref <P de < P dc,max

Among them: b’ = sgn(Pyc ref — Pyc)b.

The value of & can be used to describe the power margin of the converter station; the
closer the value of |1 is to 1, the smaller the power margin of the converter station, and
the converter station operates at full load when £ =1.

Adaptive sag control can ensure that the emergency power support quantity is rea-
sonably allocated in case of failure, avoiding the situation that the fixed sag coefficient
causes the converter station to be overloaded and unable to respond, and each converter
station can “do what it is capable of” according to its own power margin. The DC voltage
generated by adaptive sag control is smaller when the converter station has a larger power
margin and has better DC voltage stability. When the power margin of the converter station
is larger, the adaptive sag control produces smaller DC voltage changes and better DC
voltage stability.

4.3. Design of Multi-Terminal Flexible DC Control Strategies for Supporting Sub-Area
Interconnection of Urban Power Grids

First, the power supply capacity of each partition is evaluated according to the method-
ology described in Section 4.1 to determine the maximum power supply energy Prgsc for
each partition.

The zonal power supply margin index is calculated as follows:

P, P, — P,
Kp — Lasc _ Psc =Py 1)
Prsc Prsc

where Kp is the partition power supply margin index; Pasc is the available power supply
capacity of the partition; Py is the total initial load of the partition.

Utilizing multi-terminal flexible DC to realize flexible interconnection between multi-
ple sub-districts of the urban power grid, the sender and receiver are reasonably selected
according to the power supply margin of each sub-district, with sub-districts with larger
power supply margins as senders and sub-districts with smaller power supply margins as
receivers; the capacity of the sender converter station is reasonably determined according
to the available power supply capacity of the sub-districts and the rated current of DC lines;
and the capacity of the receiver converter station is determined according to the maximum
power that may be received, so that the power supply capacity of each sub-district can
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be given full play to. The capacity of the receiving end converter station is determined
according to the maximum power that may be received, so as to fully utilize the power
supply capacity of each partition.

During normal operation, the converter stations with large power margins are set to
adopt adaptive sag control, and those with small power margins are set to adopt constant
active power control, and the reactive power control modes of the converter stations are
reasonably selected according to the strength of the reactive voltage support in each sub-
district. The optimal operating power is calculated according to the method described in
Section 2 to realize the comprehensive optimization of network loss and load balancing.

When there is a risk of overloading the line or main transformer due to a fault, adaptive
sag control of multi-terminal flexible DC is used to provide emergency power support
from the non-faulty partition to the faulty partition to eliminate the overloading situation.
According to the different control modes of the fault partition converter station, it can be
categorized into the following two cases:

(1) The fault partition converter station adopts constant active power control. Calculate
the fault partition line or main transformer overload as:

Por = Par — Pr (22)

where Pgy, is the component overload; Par is the post-fault power; Py is the line or trans-
former rated power.

In order to eliminate line or transformer overloading, change the fault zoned converter
station active power reference value to:

M
Pref = Prefo + Y PoLi (23)
i-1

where P ¢ and Pop, P s are the reference values of active power before and after the fault
in the converter station, M is the total number of overloaded components, and P g, is the
overload of the ith component.

After changing the reference value of active power of the converter station in the fault
partition, the DC network power is unbalanced and the DC voltage decreases, and other
converter stations with adaptive sag control increase the active power injected into the DC
network with the decrease in DC voltage, and finally the system power is balanced, the DC
voltage is stabilized, and the component overload is eliminated.

Utilizing multi-terminal flexible DC fast regulation capability to eliminate component
overload in time, but at this time the system is not at optimal operation, and the converter
station power is larger. Further consider increasing the fault partitioning power on to
replace the flexible DC power in order to enhance the system security and stability margins.

(2) Adaptive sag control is adopted for fault partition converter station. In order to
eliminate component overload, it is necessary to accurately control the flexible DC power,
so switching the fault partition converter station for the fixed active power control and the
rest of the non-fault partition converter station adopts the adaptive sag control, and the
succeeding control method is as in the case.

5. Calculus Analysis

The power grid structure in the southern Xinjiang region of China is primarily com-
posed of a 750 KV ultra-high voltage outer ring network and a 220 KV zonal power supply.
Based on the characteristics of the grid in southern Xinjiang, this paper uses Version 3.8
PSD-BPA software to construct the structural model of the 750 KV outer ring network and
the 220 KV inner ring network for simplified analysis. The grid structure is divided into
three regions: A, B, and C, as shown in Figure 2. The power plant parameters, line parame-
ters, and other related information are provided in Table A1 in Appendix A. The simulation
experiments are conducted using PSD-BPA (Power System Design-BPA) software, which is
widely used for power system analysis and design. PSD-BPA supports steady-state and
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transient analysis, power flow calculations, fault analysis, optimization scheduling, and
various other power system calculations.

— Grid A
— Grid B
— Grid C
Node 750Kv

G5 O Node 220Kv
& Power plants

Figure 2. Grid structure.

The outer ring of regions A, B, and C is networked at 750 KV voltage level, and the
inner ring is interconnected at 220 KV voltage level. Assuming that the internal areas A, B
and C are supplied by 220 KV AC interconnection, the power system current distribution
is shown in Figure A1 in Appendix A.

According to the analysis of the current distribution, area C has the heaviest load, area
A is the second heaviest, and area B has the lightest load. Through the 220 KV AC line,
node B2-6 in zone B delivers 386.0 MW of active power to node C3—4 in zone C, while
55.0 MW is delivered to node A1-5 in zone A. In addition, node A1-5 in zone A delivers
329.4 MW of active power to node C3—4 in zone C. Overall, in the AC interconnecting
mode, zones A and B serve as the sources of power output, while zone C acts as the main
power input area. After the trend analysis, the total power delivered by nodes A1-5 and
B2-6 to zone C is 715.4 MW.

5.1. Flexible DC Power Optimization Strategy for Steady-State Case

The capacity, voltage deviation rate, and load rate of the 750 KV and 220 KV transform-
ers under grid partitioned operation are detailed in Appendix A, Table Al. The optimal
power of flexible DC is calculated using the stepwise approximation method, and the
calculation process is shown in Appendix A, Table A2.

Curve fitting is performed on the calculation results, and the results are shown in
Figure 3. With the increase in the flexible DC power, the values of the indicators show the
trend of increasing and then decreasing, but the turning point power is different. Among
them, the flexible DC power with the smallest network loss ranges from 300 to 600 MW,
which reflects the result of the joint effect of the network loss of the sending end and the
receiving end zoning.
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Figure 3. Various indexes with flexible DC power change curve.

The method based on information entropy theory is used to calculate the weight
coefficient of each index, which can reflect the information size of each index. Among them,
the weight of load balancing index is 0.4, and the weights of voltage deviation index and
network loss index are both 0.3. When the power of FDC is 520 MW, the comprehensive
evaluation index G reaches the maximum value, and at this time, the combined effect of
load balancing and network loss is optimal, so the optimal power of FDC is 520 MW.

The current distribution under the flexible DC transmission mode is shown in
Figure A2 in Appendix A.

5.2. Interzonal Power Support in Emergencies

As shown in Table 1 below, the maximum supply capacity, actual active output, total
load, active standby, and supply margin for zones A, B, and C are shown. It can be seen
that zone C is more heavily loaded, while in contrast, the supply margins in zones A and B
are more adequate.

Table 1. Power supply margins for each sub-division.

Sub-Division of Maximum Power Actual Active Total Load Active Standby = Supply Margin
Power Supply Supply Capacity (MW) Output (MW) (MW) (MW) (MW)
Zone A 3200.0 2100.0 1580.0 1099.0 0.532
Zone B 4050.0 3100.0 2050.0 950.0 0.306
Zone C 2200.0 2050.0 3200.0 150.0 0.073

Based on the hierarchical zonal grid structure, multi-terminal flexible DC can be used
to directly connect to each 220 KV zonal grid, and without increasing the short-circuit
current level, the flexible power control capability of flexible DC can be utilized to realize
economic operation under normal operating conditions and emergency power support
under fault conditions. When an N —2 fault occurs at node C3—4 and node C3-3 in zone C,
zones A and B can provide emergency support for zone C through flexible DC transmission.
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According to the optimal power calculation results, the optimal power of the flexible DC is
520 MW, in which the C3—4 node receives 400 MW of power from zones A and B.

It is assumed that an N —2 short-circuit fault occurs in the line between node C3-3
and node C3—4 during the 500th cycle of the grid’s fundamental frequency, and the circuit
breakers on both sides operate in the 5th cycle until the fault is cleared. Before the fault
occurred, node C3-3 delivered 79.4 MW of active power to node C3—4 through the double
circuit. After the fault occurs, the circuit breaker of the line between node C3-3 and
node C3—4 trips, and zones A and B maintain the active power balance at node C3—4 by
generating an additional 79.4 MW of power in an emergency. The power fluctuation curve
is shown in Figure 4.

300 —— B2-6 to C3—4 active power
j———-=-- . |—— B2-6to C3—4 Traditional
| I |—— B2-6 to C3—4 Adaptive
w0 L 1 J' —— (C3-3 to C3-4 active power
| ——
I I
I I
B200 g e iy
=
o 150 - 280
2
O 260
A~ z
100 F0
2220
200
50 - 180
I § 9 10 1l 12 13 14 15
t/s
1 1 1 1 1 L 1 1 1 ]

t/s

Figure 4. Power change curve.

As can be seen in Figure 4, at the occurrence of the 500th circumferential fault, the
line between node C3-3 and node C3—4 is disconnected, and the active power delivered
in the single circuit rapidly decreases from 39.7 MW to 0, and the active power of the two
circuits is reduced by a total of 79.4 MW. By urgently regulating the power of the flexible
DC transmission, the frequency fluctuation of the C3—4 node can be effectively reduced,
and the load shedding is avoided. The frequency deviation of the C3—4 node is shown in
Figure 5.

Figure 5 shows that without active power regulation, the bus voltage will drop signifi-
cantly. Compared with the traditional active power regulation strategy, the overshooting
amount is larger and the overshooting time is longer in the traditional method, while the
adaptive power regulation measures proposed in this paper can effectively improve the
overshooting amount and overshooting time.

In the case of constant reactive power, increasing the active power of the flexible DC
transmission leads to the node voltage drop, as shown in Figure 6. However, through
measures such as increasing reactive power, the balance of bus voltage can be maintained
to prevent the voltage from dropping too deeply.
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10~ _ _ _ _ ___
L | |
0.9 t AR/ k
L |
08 | : | |~ B2-6 Node Voltage — Unregulated
i | | |~ B2-6 Node Voltage — Conventional
07 k- I | |——B2-6 Node Voltage — Adaptive
r L - - — — — —
L 06+
5 os]
; | 0.95
04 090
| L 085
2 0.80
0.3 | 2 7
I £ 075
02k 0.70
L 0.65
S 060 3 10 12 14 16
I t/s
OO " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 N 1 " ]
0 5 10 15 20 25 30 35 40 45 50
t/s

Figure 6. B2-6 nodal voltage fluctuation curve.

6. Conclusions

In this paper, the optimal control strategy of multi-terminal flexible DC transmission
is proposed for the hierarchical zoning structure of the urban power grid, and the economic
operation under normal operating conditions and emergency power support under fault
conditions are realized without increasing the short-circuit current level. The optimal
power of the flexible DC is calculated by the successive approximation method, and it is
verified that zones A and B can effectively support zone C under heavy load conditions to
ensure the stability of the system.

Simulation results show that the adaptive power regulation strategy proposed in this
paper can effectively reduce the system overshooting amount and overshooting time and
enhance the emergency response capability of the system when a fault occurs. In addition,
the measure of increasing reactive power when increasing active power can effectively
maintain the balance of bus voltage and prevent the voltage from dropping too deeply.
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In summary, the research results of this paper have important engineering significance
and practical value for improving the operational reliability of urban power grids and the
application of flexible DC transmission.
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Appendix A
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Figure A1l. Exchange of networking trends.
Table A1l. Nodal parameters for regions A, B and C.
. . Secondary Rated Transformer
Allocated Area  Primary Side Input Voltage Side Input Voltage Actual Power Capacity Load Factor
Hi1 750 H1-2 220 355.7 500 71.14%
H1-1 220 H1 750 176.3 500 35.26%
A GN 20 H1 750 83 500 16.60%
G2 20 Al-6 220 1256.6 1500 83.77%
Gl 20 Hi1 750 918.1 1500 61.21%
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Table Al. Cont.

. . Secondary Rated Transformer
Allocated Area  Primary Side Input Voltage Side Input Voltage Actual Power Capacity Load Factor
H4-1 220 H4 750 176 500 35.20%
B G3 20 B2-2 220 804.7 1500 53.65%
G4 20 B2-8 220 811.3 1500 54.09%
G5 20 H4 750 1528.9 1500 101.93%
Hé 750 G6 20 1122.8 1500 74.85%
C Hé6 750 He-1 220 622.5 1500 41.50%
G7 20 C3-5 220 514.7 1500 34.31%
G8 20 C3-1 220 523.7 1500 34.91%
Table A2. Evaluation indicators.
Flexible DC Transformer Load Total Voltage Total Network Loaq Network Loss Vol.tage Combined
Factor Standard . Balancing . Deviation
Power (MW) . Deviation Loss . Indicator . Score G
Deviation Metrics Indicator
0 0.1325 0.0596 482.453 0 0 0 0
100 0.1203 0.0541 482.028 0.278 0.476 0.2 0.314
200 0.1095 0.0493 481.736 0.522 0.802 0.22 0.515
300 0.1004 0.0452 481.575 0.729 0.983 0.225 0.654
400 0.0934 0.042 481.565 0.888 0.993 0.25 0.728
450 0.093 0.0419 481.56 0.898 1 0.26 0.737
500 0.0923 0.0415 481.622 0.915 0.93 0.42 0.771
550 0.0911 0.041 481.632 0.94 0.919 0.51 0.805
600 0.0894 0.0402 481.711 0.979 0.831 0.48 0.785
650 0.0885 0.0398 481.891 1 0.629 0.47 0.73
700 0.0886 0.0399 481.973 0.998 0.537 0.36 0.668
800 0.0911 0.041 482411 0.663 0.047 0.32 0.375

Grid A
Grid B
Grid C

Node 750KV
Node 220KV

2X348.3
Trend chart (unit: kV, MW, MVar)

Tood O

Power plants

Figure A2. Flexible networking trend.
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