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ABSTRACT

Maximum supply capacity calculation is an importantissue in grid planning, and with the large amount
of renewable energy sources connected to the grid, the voltage instability problem becomes more and
more prominent. In this paper, the maximum power supply capacity (TSC) of partitioned flexible
interconnected grids under multi-temporal and spatial scales is dynamically modeled, and the TSC
model is solved by using the deep deterministic policy gradient (DDPG) method to achieve quantitative
assessment of the TSC of the grid. Meanwhile, the effectiveness of the model and algorithm is verified
through simulation experiments. The stepwise approximation method and DDPG algorithm without
considering the transient voltage stabilization constraints and the obtained TSC in which the node
voltages are less than 0.80 p.u. are all greater than 1.0 s, and the transient voltages are destabilized.
While the DDPG algorithm considering transient voltage stabilization, the obtained node voltage is
greater than 0.80p.u., and the transient voltage is in a stable state, which indicates that the algorithm
can effectively reduce the risk of transient voltage instability in the power grid. The sum of the TSCs of
A and B divisions after the zonal flexible interconnection is 9348 MW, which is higher than the sum of
the TSCs of 8696 MW during the zonal open-loop operation, indicating that the zonal flexible
interconnection can improve the overall TSC level of the power grid. In addition, compared with the
traditional algorithm and other reinforcement learning algorithms, the TSC calculation based on the
DDPG algorithm is more efficient and accurate. This paper provides methodological guidance for
evaluating the power supply capacity of power grids at multi-temporal and spatial scales.
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1. Introduction

With the rapid development of industrialization and urbanization, the grid power industry plays a
crucial role in modern society. As one of the very important infrastructures in modern industry and
life, the power system plays an important role in realizing sustainable development and meeting the
growing energy demand [1-4]. However, the power system faces a series of challenges in its actual
operation, such as the imbalance between supply and demand, and therefore the assurance of power
supply capacity plays a crucial role in the economic and social development of various fields [5-8].

Electricity supply capacity assurance is an important state of providing people with a reliable supply
of electricity and ensuring the security and sustainability of the power supply, which plays an
important role in the normal conduct of people's lives and the development of the country's economy
[9-11]. The modern society has an increasing demand for electricity, both for household use and
industrial production, which cannot be separated from a reliable power supply. The interruption of
power supply may lead to a series of problems, such as transportation paralysis caused by power
outage, medical equipment can not operate normally, etc., which brings great inconvenience to
people's life and social order [12-15]. Therefore, power supply security is one of the core tasks of
power grid construction and development. In order to guarantee the stability of power supply, grid
operators have also taken a series of measures. Grid operators will carry out reasonable planning and
design of the power grid to ensure the rational layout and sufficient capacity of the power supply
network [16-19]. As for possible faults and accidents in the power grid, the grid operator finds and
eliminates potential problems in time by establishing a sound monitoring system [20-21]. In addition,
the grid operator improves the reliability and safety of the equipment through regular equipment
overhaul and maintenance, and the implementation of these measures can effectively improve the
reliability of power supply and ensure that people's life and production are carried out normally [22-
23].

In this paper, for the problem of grid power supply capacity (TSC) calculation in multi-temporal and
spatial scales, the construction and solution of TSC model for dynamic grid are realized with zoned
flexible interconnection grid as the research object. First, the application background and working
principle of zonal flexible interconnection are explained. Then, the TSC model of the zonal flexible
interconnected grid is constructed, the TSC objective function, the equation constraints of AC and DC
grids, and the constraints of N-1 static security constraints and transient voltage stability constraints
are determined, and the DDPG algorithm is utilized to solve the TSC model. Finally, in order to verify
the practicality of the model and algorithm, simulation experiments are designed to analyze the effects
of transient voltage stability constraints, the capacity of partitioned interconnection devices, and the
partitioned flexible interconnection method on the TSC of the grid, and the DDPG algorithm is
compared with the traditional DE algorithm and other reinforcement learning algorithms.

2. Zonal flexible interconnected city grids at multiple spatial and temporal
scales

2.1. Zonal flexible interconnection of urban grids

2.1.1. Operational status of the urban power grid. Power grid is an important infrastructure and
strong guarantee for urban construction and development. With the construction of urban power grid,
the scale of power grid is expanding, in order to make the short circuit capacity in the system does not
exceed the circuit breaker's blocking capacity, and at the same time to avoid the formation of
electromagnetic ring network, the traditional large-scale urban power grid is usually operated in a
zoned and segmented way.
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2.1.2. Partitioned flexible interconnection technology. Zonal flexible interconnection refers to the
interconnection of urban power grid zones through flexible power electronic devices, through flexible
power electronic devices to isolate the two ends of the zones, so that under the premise of not
increasing the short-circuit current, can flexibly regulate the direction and size of inter-zonal current
flow and appropriately compensate for the dynamic reactive power, to improve the security and
stability of the urban power grid and power supply reliability.

In the case of grid zoning operation, in order to better adapt to the future situation, through the
flexible interconnection technology for grid zoning contact is an effective strategy for future
development. In this paper, we mainly investigate the dynamic modeling and quantitative calculation
and evaluation of the maximum power supply capacity of the urban power grid when flexible
interconnection technology is adopted in the case of power grid zoning.

2.1.3. Forms of zoned flexible interconnection wiring. At present, large urban power grid generally
take 500KV ring network, 220kV zoning structure form, through the zoning flexible interconnection
device on the urban power grid two or more zoning flexible interconnection, can realize the 500kV
double-ring power supply, 220kV zoning interconnection of flexible closed-loop wiring form.

Sub-area flexible interconnection wiring schematic shown in Figure 1. City grid neighboring sub-
districts usually exist between the contact line, in order to avoid the risk of excessive short-circuit
current and electromagnetic ring network, under normal circumstances, the contact line is in a
disconnected state. Under the form of zonal flexible interconnection connection, in order to save floor
space, according to the internal and external space of the substation at both ends of the contact line,
the zonal flexible interconnection device can be installed in the station at both ends of the contact line
of the city grid zones (or in the adjacent area outside of the station), and priority is given to the use of
the original standby contact line of the zones to contact the interconnected zones, so as to realize
flexible interconnection of the city grid zones.
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Fig. 1. Urban power grid zoning flexible interconnection connection form

Partition flexible interconnection wiring form, interconnection of the two partitions by flexible
power electronic device isolation, can avoid a partition failure on the other partition of the impact, at
the same time, the transmission power on the contact line can be controlled by flexible power
electronic device. In addition, the flexible interconnection of the partition, the device and the partition
of the connection point is equivalent to each increase a dynamic reactive power source, can enhance
the power grid transient voltage stability.

2.2. Basic working principle of partition interconnectors

2.2.1. Basic structure of the device. The basic structure of the partitioned flexible interconnection
device is shown in Figure 2. The partitioned interconnection device consists of 2 symmetrical MMCs,

which are illustrated with MMC, end parameters as an example. The AC grid parameters are: U
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is the fundamental frequency voltage of bus 1. £} is the value of active power exchange between bus
1 and the device. Q,, is the reactive power exchange value of bus 1 with the device. X, is the
equivalent reactance of the coupling transformer. The internal parameters of the device are: U, is
the base frequency voltage output from the device. U, is the internal DC voltage of the device, which
is usually kept constant. [, is the internal DC current of the device. R, is the equivalent resistance
ofthe MMC, losses. X, isthe equivalent reactance of the MMC, valve reactor.

B 1 1 1.1 12 2 B 2
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Fig. 2. Structure of partition flexible interconnection device

2.2.2.  Mode of operation of the device. The regulation of active and reactive power of zonal flexible
interconnection device can improve the current distribution and voltage situation of urban power grid.
Based on the characteristics of flexible interconnection in different states of power grid, the following
three operation modes of the device are proposed from the perspective of power grid planning and
operation.

Mode 1: Load balancing mode

Under normal operation, the zonal flexible interconnection device controls the flow of active power
from light-loaded zones to heavy-loaded zones according to the load levels of the two zones under the
premise of maintaining the emergency support capacity in order to balance the load conditions of the
two zones and optimize the current distribution.

Mode 2: Emergency active support mode

When a sub-district is overloaded due to a power shortage caused by a grid fault or maintenance,
the device controls active power from another sub-district to provide emergency support to that sub-
district to eliminate the overload problem.

Mode 3: Dynamic reactive power support mode

When there is a risk of voltage instability in a partition, the device urgently provides dynamic
reactive power to support the voltage, avoiding voltage instability and achieving the purpose of
improving transient voltage stability.

Mode 1 is the normal state, and modes 2 and 3 are the emergency state. The main purpose of the
zonal flexible interconnection device is to function in the emergency state, and it can also cooperate
with other regulation measures to participate in the optimization of the voltage reactive power during
normal operation under the premise of maintaining sufficient residual capacity.

2.2.3. Principle of device current control:

1) Selection of control mode of the device. The zonal flexible interconnection device adopts a direct

current control strategy based on the synchronous rotating coordinate system to realize active and

reactive power decoupling control. Among them, the MMC at any i(i=12) end can choose the

following 4 control methods:
(1) Fixed AC active power P, and reactive power (), control.

(2) Constant AC active power £, bus voltage U, control.

(3) Constant DC voltage U, AC reactive power (), control.

(4) Constant DC voltage U,,., AC bus voltage U, control.

In order to maintain the active balance between the two ends of the device, it is necessary to select
one end of the MMC to control the DC voltage and act as a balancing station, and the other end to
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control the active current. Therefore, four combinations of control modes can be selected at both ends
of the device: G and C, Gand d, b and C b and d .

For the load balancing mode and emergency active support mode, the device mainly regulates the
active current between sub-divisions and uses the remaining capacity to provide reactive power
compensation to optimize the grid current. In order to facilitate the control of the power transfer value,
the device is set to adopt a combination of control modes & and C for these two modes of operation.
For the dynamic reactive power support mode, to stabilize the node voltage, the device selects a
combination of control methods 5 and d . The above control modes are uniformly controlled at the
system level, and can be controlled at the ms level.

2) Power transfer equation of the device. Taking the MMC, end of the device as an example, the
equivalent phase change reactance is:

X =X, +X, (1)
Since R, issmall and usually ignored in the analysis, there is:
kU, U sino,

Bi=—— 2)

1

kU, (U, cosd, —kU,

QS]: 51( cl X 1 sl) (3)

1

where k is the coupled variable ratio, O, is the phase angle difference between U, and U,,.

There exists a relationship between U, and DCvoltage U, asshown in equation (4):

V6
Uy=—MU, (4)

4

where M, is the device voltage modulation ratio.
3) Capacity constraints of the device. In actual operation, the active P, and reactive (., power

transmitted by the device is limited by the capacity S, of the device:

Pi+Q, <8 (5)

2.2.4. Determination of the dynamic reactive power output range of the device. From equation (5),
the active power P, transferred by the device and the reactive power compensation Q, provided

need to satisfy the device capacity constraint.

From Eq. (2) and Eq. (3):
U V1 (kv Y
oo, ] (10
Xl Xl

From equation (4), U, is related to the modulation ratio M, . Setting M__ and M . asthe
maximum and minimum values of the modulation ratio, respectively, the maximum and minimum
values of U, can be obtained by substituting U, and U, into Eq. (6) to obtain the
constraints of the device in operation as shown in Egs. (7) to (8):

2
kU 2 2
})qlz + [Q51 + ( sl) :l . (kUslUcmax J (7)

Xl Xl
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2 2
KUY UU. .
[)j_'_[ Sl_,’_( sl) ] Z[k sl cmm} (8)

X, X,

From Eq. (5), Eq. (7) and Eq. (8), the power output range on the device MMC, side can be plotted
as shown in Fig. 3. The area enclosed by the solid line in the figure is the power output range, and the
upper horizontal axis indicates the output reactive power and the lower one indicates the absorbed
reactive power.

Due to the limitation of the range of modulation ratios, the maximum reactive power output of the
device (corresponding to point A ) may be less than the capacity of the device (corresponding to
point C )ata certain value of ratio & of the connected transformer. It is possible to change the range
of reactive power output by adjusting %, but during the transient process after N —1, the transformer
tap cannot be actuated quickly enough, so the maximum dynamic reactive power compensation that
can be output is actually the reactive power value corresponding to point A4 .
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constraint . S,
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Fig 3. MMC1-side power output range of device

3. Quantitative assessment model of the maximum capacity of a zonal flexible
interconnected grid

3.1. TSC model for zoned flexible interconnected urban grids

3.1.1. TSC for zoned flexible interconnected grids. The maximum power supply capacity (TSC) of a
distribution network refers to the maximum load that can be supplied by the grid in a certain power
supply area based on certain boundary constraints, which is an important indicator reflecting the
security and efficiency of the distribution system. And the calculation of TSC of zonal flexible
interconnected urban grids needs to consider the following 2 points:

1) The security of all partitions needs to be taken into account at the same time.

2) The active support and dynamic reactive power support of zonal interconnection devices should be
considered, and the devices can equalize zonal loads during normal times and stabilize the grid voltage
during the transient process after a fault.
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Therefore, this paper defines the zonal flexible interconnected grid TSC as the maximum available
load of the grid that meets the overall N-1 static security and transient voltage stability constraints for
a certain output state of power plants in the region, taking into account the active support and dynamic
reactive power support of interconnection devices.

3.1.2. TSC objective function. Assuming that Partition A is flexibly interconnected with Partition B
through an interconnection device, the two partitions become a whole and the objective function of
the grid TSC is:

Srscars = Max Z B, 9)
ic(A+B)
Where, frcu.p denotes the TSC of partition 4 & B asawhole. i€ (A + B) denotes the node
i isthe node of partiton 4 & B. B}, isthe active load of node 1.

3.1.3. Model Equation Constraints:

1) AC grid equation constraints. The AC grid equation constraint is the tidal equation constraint. When
a node in the grid is not connected to a device, the tidal equation does not need to be changed. When
the nodes are connected to the device, the power transferred between the grid and the device needs
to be accounted for. Assuming that the device absorbs active and reactive power from the AC grid, the
tidal equation is modified to:

R—U,ZUJ(G; cos6, + B, siné’ij)—Psi =0
Jei

0} —l]iZUj(Glij‘l sin6, — B; cost)—Qsi =0

jei

seQ) (10)

Where, R , Q are the active and reactive power injection values of the node i connected to the
device, respectively. Pu, Q1 are the active and reactive power values absorbed by the device from
node 1, respectively. /€I indicates that node J is the node associated with node 1. UI-, U] are

the node i,/ voltage magnitude respectively. Q is the grid N —1 fault set. G, and B; are the

i
grid conductance and conductance parameters for the Sth fault case, respectively. 19,,- is the phase
angle difference of node i and J/ voltages.

where P, Q, are shown in equation (11):

{R:PGI'_PL[
0, =049,

Where, PG and QG,- are the active, reactive power injections of the generator at node i,
respectively. PLJ and QL,i are the active, reactive loads of node i, respectively.

In the actual power grid, the load changes of different load points in a region are generally
proportional, i.e., the load at each node satisfies equation (12):

(11)

F,=hB, +2bpi (12)

Where, PL,O,» is the initial load, A is the load growth parameter and bpi is the direction of load
growth. Assume (J varies with B, according to the constant power factor.
2) DC device equation constraints. The DC device should satisfy the equation constraints of Egs. (1) to
(4). In addition, since the active loss R of the MMC is negligible, the active power P, flowing into
MMC. should be balanced with the DC power, denoted as:
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F,=U,1, (13)
3.1.4. Model inequality constraints:

1) N -1 Static security constraints. The grid needs to satisfy N —1 static security requirements,
including main transformer capacity constraints, line capacity constraints & node voltage constraints,
denoted as:

7‘;5‘ S 7—;max
Ry, < RGT se) (14)
Uimin S Ull S Uimax
Where, ZS, R},j and Uls are the main transformer load, line load and node voltage after the Sth
N —1 faults respectively. The superscripts min and max on the variables indicate the lower and upper
values of the variables, respectively.
The DC device should satisfy not only the capacity constraint Eq. (5) but also the device voltage

modulation ratio constraint:
M™ <M <M™i=1,2 (15)

2) Transient voltage stability constraints. During the transient process of N —1 faults occurring in
the power grid, the voltage stability needs to be calibrated to ensure that the transient voltage security
of the power grid will not be affected after the load growth.

The power system transient voltage stability is in accordance with the following criteria:

U;(tc"'tlim)ZUlim s€Q) (16)

Where, £ is the fault clearing time. Time after fault clearance £, =10s. Load bus voltage

U.,=08pu..
When the system returns to steady state, each bus voltage cannot be higher than the set upper limit
of steady state voltage to prevent overvoltage at the system buses, which can be expressed as:

where 7, isthe time for the system to return to steady state after the fault is cleared.

In addition, during the fault transient process, the device needs to satisfy the constraints shown in
Eq. (5), Eq. (7) & Eqg. (8), and the maximum dynamic reactive power compensation value that can be
provided should be less than the maximum reactive power output value in actual operation.

3.2. DDPG-based model solving methods

In this paper, the DDPG algorithm is used to calculate the TSC of the zonal flexible interconnected grid
to ensure the power supply capacity while reducing the risk of future dynamic voltage instability in
the grid.

3.2.1. Deep Deterministic Policy Gradient Method (DDPG). Deep Deterministic Policy Gradient
(DDPG) [24] was developed from Deep Q Learning (DQN) [25]. The difference between DDPG and DQN
is that DDPG describes continuous actions, while DQN describes discrete actions. For DQN, the result
of the output of the environmental action and strategy network is the score of different actions, and
then the model may choose a large one based on the probability. But for DDPG, the final output is
directly the action values. Also, they use different strategy networks, DQN uses a classification function
like softmax, while DDPG uses a continuous value function like tanh.
First the max function formula is:
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{a,ifazb (18)

b,if a<b

The difference between the softmax function and max is that it is hoped that the item with a large
score is often taken, rather than only the large score can be taken, softmax function can be used to
calculate the probability of G and b taken, the probability of being taken is related to their size. tanh
function formula:

-z

f(z)= e e’

e (19)

Deep Deterministic Policy Gradient (DDPG) is a method that uses a neural network to compute the
state to get the selected action, executes the action to get the new state and reward, and then puts the
samples into the experience playback pool for neural network training.The basic algorithmic
implementation framework of the DDPG algorithm is shown in Fig. 4. It does not require model inputs
and can handle high dimensional spaces quickly. The deterministic strategy is compared with the
stochastic strategy. For some action sets, it may be continuous values or high-dimensional discrete
values, so the spatial dimensions of the actions are large. In this case, matrix processing works better.

The Actor-Critic framework used in DDPG is a process of iterative training of the strategy network
and the Q-network through the interaction of the environment, the Actor network and the Critic
network in the context of a cyclic plot and time step. The empirical pool, the dual Actor network and
the dual Critic network are the three important components of the DDPG. The role of the Critic network
is to predict the Q, with inputs such as actions and states. The function of the Actor network is to output
an action A, which is input to the Critic to maximize the value of the Q. The Actor update is influenced
by the Critic network, using a the gradient ascent method. The empirical pool is used because the
transformed data sequences obtained when the Actor network interacts with the environment are
highly temporal. If these data sequences were used directly for training, the neural network would
overfit and not converge easily. Therefore, it is necessary to disrupt the temporal sequence, and the
Actor network in this framework first stores the transformed data into the storage space, and then
randomly extracts a small batch of data from the storage space during the training process, so that the
extracted data can be treated as time-independent data.

The parameters of the target network in DDPG iteratively approximate the parameters of the main
network by a tiny amount each time. The network parameters are updated specifically: the Critic
network gradient update parameters for the current network, the Critic network soft update
parameters for the target network, the Actor network gradient update parameters for the current
network, and the Actor network soft update parameters for the target network.

Noise
When network Target Network
. Actor target
Environment v Yy Actor Network [« networl% B
L“ Strategy i .
Gradient a
o Critic target
Critic Network
ritic Networ network
A
Update Loss | O(ay
» Function|

Recall pool D
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Fig. 4. Flowchart of DDPG algorithm

3.2.2. Specific steps of the DDPG algorithm. The specific steps of the DDPG algorithm are as follows:

Firstly, the input parameters: Actor current network, Actor target network, Critic current network,
Critic target network, their parameters 6, €', W, w'. decay factor 7, soft update coefficient 7,
number of samples for batch gradient descent /7, target © frequency of updating the network
parameters C . Maximum number of iterations T. Randomized noise function. Where the noise
function selects Gaussian noise as in equation (20):

~(x-p)

252 (2 0)

Noise(x) = e
276
Output: optimized parameters, Actor's current network parameter 6, Critic's current network
parameter W. And the action values obtained from the optimization.
1) Randomly initialize 6, 6", W, w', where =6, w=w'.Reset the set of reminiscence pools for
placing experience replay D.
2) Start the iteration: Step1: Initialize the first state S .
Step2: Calculate the action 4 when we get state S using Actor network. Where A is
calculated as follows:

A=r,(NS))+ Noise (21

Step3: Perform action A4 to get new state S’.

Step4: Pass {obs,action,reward,next _obs,done} into the experience pool D.where obs is the
state, action is the action, reward is the rating under that state and action, next _obs is the next
state, and done is whether or not the model ends. In this study, done reaches the end of the
computation cycle with a value of Tiue and all others are False.

Step5: Update the state, S=5".

Step6: Play back 77 samples from the experience pool and calculate the current © value:

Rj doneistrue

) RJ.+7/Q'(¢(S/),7T5,(¢(Sj’)),w') doneisfalse (22)

Vi
Step7: The gradient of parameter W of the Critic network is updated using the mean square error
loss function, where the formula for the mean square error loss function is:

m

l 2
Jo0 =3y, ~0((s,).4,w)) (23)
j=1
Step8: Update the parameter 6 of the Actor network. the Actor wants to get as biga ¢ value as
possible, so the Actor network can simply be interpreted as the larger the value of the feedback O
the smaller the loss, the smaller the value of the feedback © the larger the loss, so the Actor's loss
function simply puts a minus sign on the value of O returned by the state estimation network:

1 m
J(G)Z_ZZQ(SwAﬁe) (24)

Step9: When the parameter update condition is reached, update the parameters of Critic target
network and Actor target network:

(25)

w=tw+(1-7)Ww
O =10+(1-1)0

Step10: If done is Tiue, end the loop. Otherwise, go to Step2.
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4. Simulation analysis

4.1. Simulation parameters

In order to verify the effectiveness of the DDPG algorithm in solving TSC, this paper performs TSC
calculations for two partitions, A and B, of a 220kV partitioned flexible interconnected grid. The two
partitions contain 61 nodes, 51 load nodes, 5 power plant nodes, 5 500kV nodes and 56 220kV nodes.
The Flexible DC Interconnection Device (FDCID) is located between nodes 27 and 39 and has a capacity

0of 900 MVA. The geographical wiring of the grid is shown in Fig. 5.

The design DDPG training parameters are shown in Table 1, and the values of the algorithm
parameters are obtained through experiments so that the algorithm has good performance in solving

TSC.

@® 220kV node
@ 500kV node

B Power plant node.
BN FDCI 2—"" ‘

R yor

Fig. 5. System geographic connection diagram
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Table 1. Training parameters of DDPG algorithm

Training parameters Parameter Value
Number of iterations 12000
Actor network learning rate 1x10-3
Critic network learning rate 1x10-4
Discount factor y 0.9
Experience playback set size 1x106
Sample set size 122
Renewal coefficient 1x10-3

4.2. Effect of transient voltage stabilization constraints on TSC calculation results

The models and algorithms in this paper are applied to solve the TSC of the above grid, and the models
without considering the transient voltage stabilization constraints are solved by the stepwise
approximation method and the DDPG algorithm, respectively, and the comparisons of the TSC results
of different models and algorithms are shown in Table 2.

The TSC results obtained by the DDPG algorithm are better than those of the stepwise
approximation method, and the TSC decreases slightly after considering the transient voltage
stabilization constraints, which are analyzed as follows:

1) The power of each load point in the stepwise approximation method grows according to the
synchronization length. The calculated TSC is not optimal. And the power of each node in DDPG varies
according to different step lengths, which is more suitable for reality.

2) If a voltage instability occurs at a node in the grid and a flexible interconnection device is needed to
provide power support, the TSC considering the transient voltage stabilization constraints will
decrease slightly due to the capacity limitation of the device.

Table 2. Training parameters of DDPG algorithm

TSC calculation methods and constraints TSC/MW
Step by step approach method without considering transient voltage stability 9435
DDPG algorithm without considering transient voltage stability 9502
DDPG algorithm considering transient voltage stability 9348

Under the disturbance of 60MW sudden load increase, to verify whether the voltage instability
occurs in the TSC calculated by different constraints and algorithms, the transient voltage stabilization
criterion is designed by using the time-domain simulation method: if the node voltage is lower than
0.8 p.u. for a duration of less than 0.8s after the fault is cleared for 10s, then it is stable, if it lasts for
0.8-1.0s, then it is critically stable, and if it lasts for more than 1.0s, then it is unstable. From the above
grid data node 54 has the maximum load factor and hence node 54 is analyzed. The voltage profile of
node 54 solved by different models and algorithms is shown in Fig. 6. Where, Algorithm 1, Algorithm
2, and Algorithm 3 denote the stepwise approximation method without considering transient voltage
stabilization, the DDPG algorithm without considering transient voltage stabilization, and the DDPG
algorithm considering transient voltage stabilization, respectively.

From Fig. 6, it can be seen that in the stepwise approximation method without considering transient
voltage stabilization constraints and the DDPG algorithm and the obtained TSC, node 54 has a voltage
less than 0.80 p.u. on time periods 0.31-3.72s and 0.31-7.05s, respectively, which are both greater than
1.0s, and the transient voltage is destabilized. While the DDPG algorithm considering transient voltage
stabilization, the obtained voltage of node 54 is greater than 0.80 p.u. Therefore, considering transient
voltage stabilization can effectively reduce the risk of transient voltage destabilization of the power
grid.
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Figure 6. Voltage curves of node 54 solved by different models and algorithms

4.3. Impact of Zoned Flexible Interconnect Unit Capacity on TSCs

In order to study the effect of different capacities of flexible interconnectors on TSC, this paper
calculates the TSC of different capacities for the above grid as shown in Fig. 7. Among them, TSC1 and
TSC2 denote the TSC models without considering transient voltage stabilization and considering
transient voltage stabilization, respectively.

As the capacity of the zonal flexible interconnectors increases, the TSC of the grid is significantly
increased and the TSC is reduced by the dynamic voltage stabilization constraints for the same capacity.
However, when the capacity exceeds 900 MW, the TSC increase is not significant, the configuration cost
is higher, and the decrease in TSC affects the economy.
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Fig. 7. Influence of different capacity of interconnect device on TSC

4.4. TSC calculation results and analysis

In order to verify the superiority of the zonal flexible interconnection technique used in the grid, this
section compares it with the zonal open-loop operation and calculates the TSC of the grid using the
DDPG algorithm, respectively.
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4.4.1. Calculation of initial parameters. The zonal flexible interconnection grid in Fig. 5 is used as an
example to verify the correctness and practicality of the model and algorithm in this paper. The voltage
modulation ratio of the partitioned interconnection device M ., =0.95,6 M, =095,

When the grid partitioned open-loop operation, TSC should be calculated separately for the two
partitions individually, and node i in the objective function of Eq. (9) is only taken as the node of a
certain partition, and the part of the device in the constraints is removed.

Set the initial load change step A4=0.1 and the convergence accuracy ¢ =0.001. The upper and
lower limits of bus voltage in the N-1 static security analysis are set to 1.05 p.u. and 0.9 p.u,
respectively. The N-1 fault set is selected as follows:

1) A main transformer within the 500kV node of the sub-division is removed due to a fault.
2) A single 500kV double circuit line in the sub-district is removed due to fault.
3) A single circuit of the 220kV double circuit in the sub-district is removed due to a fault.

The static security analysis shows that at this load level, there is a situation in which the N-1
calibration of the grid cannot be passed, so the load carried by each node when the grid reaches the
TSC should be lower than this load level, and in the process of approximating the calculation of the
TSC, the load of each node is scaled down proportionally.

In order to analyze the convenience, set the partition interconnection device directly connected to
the grid at both ends, at this time the device can provide dynamic reactive power compensation that
is the capacity of the device 900MVA. simulation process using two STATCOM to equate the device's
dynamic reactive power compensation role. The transient simulation parameters of the device are
shown in Table 3.

Table 3. Transient simulation parameters of partition interconnection devices

Device parameters Parameter value
The time constant of the filter and the measurement loop /s 0.02
Proportional link time constant /s 0.02
Device response delay /s 0.01
Proportional link magnification 10
Integration link magnification 50
Device V-I characteristic curve slope 0.02
Upper limit of voltage limiting link /p.u. 1.0
Lower limit of voltage limiting link /p.u. -1.0
Maximum capacitive current /p.u. 1.0
Maximum inductive current /p.u. 1.0

4.4.2. TSC calculations under open-loop operation:

1) TSC calculation result of partition A. After calculation and simulation analysis, it can be obtained
that the TSC calculation result of sub-district A is 4366 MW when the sub-district is open-loop
operation, and the limitation of TSC is due to the destabilization of the sub-district voltage after the
main transformer N-1 in node 22 in sub-district A. Taking the 220kV bus at node 28 as an example, the
voltage recovery after N-1 of the main transformer within node 22 is shown in Fig. 8. It can be seen
that the 220kV bus at node 28 cannot recover to more than 0.8 p.u. within 10s and the voltage is
destabilized.
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Fig. 8. Bus voltage of node 28 behind N-1 at node 22 during partition open loop running

2) Calculation results of TSC in partition B. After calculation and simulation analysis, it can be obtained
that the result of TSC calculation for partition B is 4330 MW when the partition is open-loop operation,
and the limitation of TSC is due to the destabilization of the partition voltage after the main
transformer N-1 in node 44 in the B partition. Taking the 220kV bus at node 46 as an example, the
voltage recovery of this bus after the main transformer within node 44 is removed with N-1 fault is
shown in Fig. 9. The 220kV bus at node 46 is similarly unable to recover above 0.8 p.u. within 10s and
the voltage is destabilized.

0 5 10 15 20 25 30 35 40
Time/s

Fig. 9. Bus voltage of node 46 behind N-1 at node 44 during partition open loop running

4.4.3. TSC Calculations at Partitioned Flexible Interconnections. The contact line between partition
A and partition B is connected with a partition interconnection device, at which time the two partitions
become a whole, and the TSC value of the whole grid should be calculated. After simulation analysis,
the TSC level of the whole network after the partition flexible interconnection is 9348 MW, and at this
time, the partition interconnection device controls the active support of 188 MW from partition B to
partition A. The limitation of the TSC is due to the fact that the remaining lines are fully loaded after
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the N-1 fault of a single line in node 21 - node 22 double-loop line, and at this time, the transient voltage
of the grid is stable, and still taking the 220 kV bus at node 46 as an example, the voltage recovery of
the main transformer in node 44 after N-1 is stable, and the voltage recovery of node 44 after N-1 is
not stable. 44 within the main transformer after N-1 voltage recovery is shown in Fig. 10. In this case,
the reactive output of the converter on the coupling side of the unit with node 39 is shown in Fig. 11.
[t can be seen that the 220kV bus voltage at node 46 reaches a stabilized value of 1.07 p.u. in 0.8s. The
device quickly provides dynamic reactive power compensation after a grid fault, and the reactive
power compensation reaches a maximum of 900MVA in 0.5s, which improves the transient voltage
stability of the grid.
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Fig. 10. Bus voltage of node 46 during the zoned flexible interconnection
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Fig. 11. Dynamic reactive power output of the node 39 partition interconnection device

From the above TSC calculations, it can be seen that the method in this paper considers both N-1
static security constraints and transient voltage stabilization constraints, which is in line with the
practical requirements for security of large-scale power grids at multi-temporal scales. After the
partitioned flexible interconnection, both the active support role of the interconnected devices and the
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dynamic reactive power support role of the devices are considered, and the results obtained are
reasonable. During the open-loop operation, the TSCs of subarea A and subarea B are 4366 MW and
4330 MW, respectively, and the sum of the TSCs of the two subareas is 8696 MW, whereas the sum of
the TSCs of the two subareas after the flexible interconnection of the two subareas is 9348 MW, which
can be seen that the overall TSC level of the grid is improved after the flexible interconnection of the
subareas. Further analyzing the reason for limiting TSC, it can be seen that in the case of open-loop
operation, the dynamic reactive power in the area is insufficient, and the TSC is limited by the transient
voltage stability. After the zonal flexible interconnection, a STATCOM is added at both ends of the
device for two zones, which can improve the voltage stability. Therefore, the overall load carried by
the grid can continue to increase.

4.5. Comparative analysis of TSC calculation results for different solution algorithms

4.5.1. TSC calculation based on DDPG algorithm. The curves of the loss function and the reward
value function with the number of training times computed by the DDPG algorithm are shown in Fig.
12, respectively (a and b are the loss function and reward value, respectively). The loss function and
reward value start to converge around 3200 times of training and the optimal solution is obtained at
3820 times.
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Fig. 12, Variation curve of loss function and reward value

The curve of the TSC of the grid with the number of training times is shown in Fig. 13. And the TSC
of the grid starts to converge to a fixed value of 9348 MVA around 3500 times of training, indicating
that the computation reaches the optimization.
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Fig. 13. TSC curve of power grid with training times

4.5.2. Comparison with traditional TSC calculation methods. The traditional DE algorithm [26] is
applied to simulate this paper's algorithm, and the comparison results with this paper's DDPG
algorithm are shown in Table 4.

From Table 4, it can be seen that the number of calculations of DE is relatively high, which is due to
the fact that DE cannot utilize the prior knowledge of individuals in the later stage, the variability
between individuals decreases, the convergence speed is slow, and the number of iterations increases,
whereas DDPG can utilize the previous learning experience, which improves the speed of calculations.
The TSC value obtained by DE is the smallest, which is due to the fact that the nonlinearities are more
and more obvious after the model joins the transient voltage stabilization constraints, and the DE is
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caught in the local optimum, while DDPG adopts a deterministic strategy, which can quickly converge
to the target value and also does not fall into local optimum.

Table 4. The number and time of iterations of different calculation methods

Calculation method of PSC Number of calculations TSC/MW
DDPG 3820 9348
DE 5925 8824

4.5.3. Comparison with other reinforcement learning algorithms. In order to verify the efficiency of
DDPG algorithm on TSC computation, it is compared with Q-learning (QL) [27], flexible strategy-
evaluation (SAC) [28] and proximal policy optimization algorithm (PPO) [29]. The curves of the loss
functions of the different algorithms with respect to the number of training times are shown in Fig. 14.
The comparison results of the number of training times and training time are shown in Fig. 15,
respectively.

From Fig. 14 and Fig. 15, it can be seen that:
1) The loss function of the DDPG algorithm converges the fastest, converging to 0 loss in about 3200
times, while the other three algorithms all begin to converge to 0 after 4000 times of training, which
is poor convergence, and the DDPG has the least number of training times and the shortest training
time, which is computationally efficient.
2) QL has the longest number of training times and training time because QL has discrete actions in
training and QL uses Q-tables for storing Q-values and state actions, whereas DDPG has continuous
actions and uses a neural network to make the input state actions and output Q-values into a function,
which is fitted by training, and the learning is more stable and easier to converge.
3) SAC has relatively more training times and training time because SAC uses a random strategy in the
training process, which requires more training times and time, whereas DDPG uses a deterministic
strategy, which can quickly converge to the target value.
4) PPO has the slowest convergence because PPO uses on-policy which has the problem of invalid
samples, while DDPG uses off-policy which utilizes samples effectively and improves the training
efficiency.

— QL — PPO SAC — DDPG

Loss value

T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Training frequency
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Fig. 14. Loss function curves of different algorithms with training times
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Fig. 15. Training frequency and time of different algorithms

In summary, after the introduction of transient voltage stabilization constraints, the nonlinear
characteristics of the model in this paper are more obvious, and conventional TSC calculation methods
such as DE are easy to fall into local optimal solutions. Compared with other reinforcement learning
algorithms, the DDPG algorithm uses continuous action to search for TSC in the interaction between
the intelligent body and the environment, which improves the efficiency and accuracy of the
computation, and at the same time adopts a deterministic strategy and utilizes neural network
learning to improve the training stability.

5. Conclusion

In this paper, we investigate the TSC calculation problem of power grids in multi-temporal scales by
constructing a TSC model of dynamically partitioned flexible interconnected grids and solving the
model using the DDPG algorithm.

In the TSC obtained by the stepwise approximation method without considering the transient
voltage stabilization constraints and the DDPG algorithm, the time periods in which the voltage at node
54 isless than 0.80 p.u. are 0.31-3.72 s and 0.31-7.05 s, respectively, both of which are greater than 1.0
s, and the transient voltage is destabilized. While the DDPG algorithm considering the transient voltage
stabilization constraints, the obtained node 54 voltage is greater than 0.80 p.u. Therefore, the transient
voltage stabilization constraints of the TSC model in this paper can effectively reduce the risk of
transient voltage destabilization of the power grid. On the other hand, the TSC of the grid is
significantly improved with the increase of the capacity of the zonal flexible interconnectors, and the
TSC is reduced by the dynamic voltage stabilization constraints under the same capacity. However,
when the capacity exceeds 900 MW, the TSC increase is not obvious, the configuration cost is higher,
and the TSC decreases to a lesser extent affecting the economy, which indicates the reasonableness of
the device capacity setting in this paper.

In open-loop operation, the TSCs of A and B are 4366 MW and 4330 MW, respectively, and the sum
of the TSCs of the two zones is 8696 MW, while the sum of the TSCs of the two zones is 9348 MW after
the zonal flexible interconnection, which indicates that, compared with the open-loop operation of the
zones, the zonal flexible interconnection adopted in this paper's experimental grid is able to effectively
improve the overall TSC level of the grid.

In addition, compared with the traditional TSC calculation method - DE algorithm, the DDPG
algorithm used in this paper has relatively fewer calculations (3820 times < 5925 times) and the
calculated TSC is relatively larger (9348MW > 8824MW). And comparing with reinforcement learning
algorithms such as QL, SAC and PPO, DDPG algorithm has higher computational efficiency and accuracy.
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