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Abstract: Power flow calculation is the foundation of security analyses in a power system, and
the phenomenon of convergence failure is becoming more prominent with the expansion of the
power grid. The existing convergence failure diagnosis methods based on optimization modeling
and local feature recognition are no longer viable for bulk power systems. This paper proposes a
diagnosis method based on intermediate iteration data and the identification of the transmission
power congested channel. Firstly, the transmission power congestion index is constructed, and then a
method for identifying transmission congestion channels is proposed. The reasons for convergence
failure of the power flow are diagnosed from two aspects: excessive power to be transmitted and
insufficient transmission capacity. Finally, with the aim of alleviating transmission channel congestion,
a correction strategy for power flow injection space data was constructed, which generates relaxation
schemes for operational variables. The effectiveness of the proposed strategy was verified using
the simulation results of an actual provincial power grid and a standard example power system
with 13,659 buses. The method proposed in this paper is entirely based on intermediate power
flow iteration data, which avoids the complex modeling of the power flow adjustment and provides
methodological support for power flow diagnosis in bulk power systems.

Keywords: power flow convergence failure; intermediate iteration data; diagnosis; power flow
adjustment; transmission power congestion

1. Introduction

As the penetration of renewable energy sources continues to increase in bulk power
systems, the operation modes of power systems are becoming more diverse. To ensure the
safety of power grid operation, it is necessary to arrange and verify the operation modes of
the power grid while considering the simultaneity of renewable energy generation output
in various scenarios. In this process, the power flow calculation often fails to converge.

Due to the complex factors leading to power flow convergence failure, the diagnostic in-
formation provided by non-convergent power flows is limited. Faced with non-convergent
power flow calculation results, power grid operators lack systematic and targeted solutions
and can only try to adjust the given control variables or grid structure parameters based
on experience. This manual diagnostic method is time-consuming, labor-intensive, and
usually requires adjustments to a large number of variables [1-5]. Therefore, it is of great
importance to carry out research on automatic diagnosis methods and the adjustment of
power flow convergence failure.

If the convergence failure caused by an incomplete algorithm for solving power
flow equations is not considered, relaxing the specified injection conditions appropriately
becomes an effective means to solve the problem of power flow convergence failure [6-10].
Some experts and scholars have proposed to establish an optimization model for control
variables and use optimization theory to calculate the power flow results under appropriate
relaxation conditions [11,12]. Based on this idea, optimization algorithms represented
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by the interior point method are widely used in power flow convergence adjustment
due to their high computational efficiency and fast solving speed [13,14]. However, the
optimization model also has convergence difficulties when the system scale increases.
Moreover, which control variables are relaxed and to what extent is entirely mathematical
and is not based on the analysis of physical problems.

To achieve targeted power flow diagnosis and adjustment, [15,16] computed the
normal direction of the convergence boundary of the power flow passing through the
initial operating point and adjusted the infeasible control variables along the normal di-
rection to make the power flow calculation converge. Reference [17] used the output
reduction method to find the weak voltage channels in the system and propose a practical
power flow adjustment method. Reference [18] pre-allocated the larger regional unbal-
anced active power in the given conditions of the power flow calculation, avoiding the
non-convergence problem caused by excessive output of balancing machines from the
perspective of power balance.

In recent years, some researchers have started to pay attention to diagnosing the causes
of non-convergence by utilizing intermediate iteration data in power flow calculations.
Reference [19] located key buses and variables based on the changing characteristics of the
voltage phase angle during the iteration process and proposed a method for adjusting the
ill-conditioned power flow. Reference [20] characterized the boundary of the power flow
convergence domain using bus-injected active/reactive power during the iteration process
and provided adjustment schemes for a non-converging power flow, but the convergence
boundary in high-dimensional space was difficult to depict.

In previous studies, the existing research mainly concerns improved power-flow-
solving algorithms and slacking methods for individual control variables. However, the
current research has the following limitations:

1. For the research idea of generating a power flow calculation control variable relaxation
scheme based on optimization model construction and the mathematical solution
method, the cause of power flow convergence failure is ignored, and the selection of
adjustment variables lacks specificity. Moreover, the adjustment may also fail due to
the difficulty of solving the complex optimization model in bulk power systems;

2. Current research is more concerned with local variables causing power flow conver-
gence failure. The non-convergence of power flow is usually a global power balance
problem, and strategies that only depend on local variable adjustment may fail.

The existing convergence failure diagnosis methods based on optimization modeling
and local feature recognition are no longer viable in bulk power systems. However, the
intermediate iteration data contain abundant diagnostic information about power flow
convergence failure, and the intermediate data of power flow have not been fully utilized.
The highlights and main contributions of this paper are as follows:

1.  Weproposed a diagnosis and adjustment method that is entirely based on intermediate
iteration data, which avoids complex modeling and problem-solving processes;

2. The causes of power flow convergence failure are revealed from the perspective of
power congestion. The reasons for convergence failure are diagnosed from the aspects
of excessive power to be transmitted and insufficient transmission capacity;

3. Aiming to alleviate transmission channel congestion, a power flow injection space
data correction strategy is proposed, which automatically generates operation variable
relaxation schemes.

The remaining chapters of this paper are as follows: Section 2 introduces the extraction
method for intermediate power flows. Section 3 introduces the diagnosis method for
the cause of non-convergence based on congestion theory. In Section 4, a convergence
adjustment method based on intermediate power flow is presented. Section 5 describes the
case analysis in an actual grid and the European 13,659-bus system, and Section 6 presents
the conclusions obtained in this paper. Finally, Section 7 outlines a reasonable prospect for
the future based on this paper.



Energies 2023, 16, 3540

30f16

2. Convergence Feature Extraction Based on Intermediate Power Flows
2.1. Introduction to the Intermediate Power Flow of Newton Class Iterative Methods

The power system load flow equations are a set of non-linear algebraic equations. The
Newton-Raphson method is a typical representative of Newton-type algorithms. The core
is to linearize the non-linear algebraic equation set and establish the correction equations
for state variables. Then, after giving initial values, the solution is obtained iteratively step
by step. The iteration formula is as follows:

AFK) — ](X(k))AX(k) 1)

where J(X ) represents the Jacobian matrix at the kth iteration, AX (k) denotes the update
step length of the state variables to be determined, and AFK) = F5# — F(X()) refers to the
iterative error of the control variables.

Thus, the imbalance quantity of the bus-injected power during the iterative process
represents the deviation between the bus injection power calculated based on the state
variables and the specified value when the state variables are at a certain intermediate
iteration value, as shown in Equation (2).
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where PiS P and Qip represent the given bus injection power, U; represents the voltage
amplitude of bus 7, and 6;; = 6; — 0; represents the angle difference of the bus voltage.
Generally, the convergence process of the power flow calculation can be mathemati-
cally viewed as the process of continuously updating the state variables U and 6. Physically,
it can also be explained as the process of continuously adjusting the power flow distribution

with respect to U and 6, so that the injected power Pi(k) and Qi(k) of each bus gradually

approach Pl-Sp and Q?p. In each iteration, as show in [21], the injected power of each bus can
be calculated using Equation (3).

k) _ 70 5~ g7k (k) k)
P =U; j:§ ] Uj (Gij cos Gij + Bjjsin 91‘]‘ )

(k) (k) 5~ 170 (k) (k) ©
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Equation (3) reveals that the intermediate iterations in the power flow calculation also
satisfy the physical constraint. Moreover, the topological and parameter information is
completely consistent with the given conditions. Therefore, the intermediate results of the
power flow calculation can also be regarded as a complete power flow, which is known as
the intermediate power flow.

By adopting the concept of intermediate power flow, in each iteration of the power
flow calculation process, it can provide complete information similar to the conventional
converged power flow. This not only includes the bus voltage magnitude, the bus voltage
angle, and the injected active and reactive power information in Equation (3), but also
allows for obtaining the power distribution characteristics on each branch through the
intermediate power flow. The branch power calculation is shown in Equation (4).

P = uu (G cosolf) + Bysino))
4)

]
Qi) = uu (Gysing)) — Bycos6f)
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The difference between the intermediate power flow and the original power flow

lies in the fact that the bus-injected power changes from Pis P (pr ) to Pl.(k) (ka)). From a
mathematical point of view, if the convergence accuracy threshold parameter is appropri-

ately increased, and the error between the given pr (Qip ) and the Pi(k) (Ql(k)) is within the
allowable range, the power flow calculation can be considered to converge. However, from
an engineering perspective, the contact buses of intermediate power flow may include no
physically significant injected power, buses with excessively high or low voltage magnitude,
large voltage angle differences, and generator buses with injected power exceeding the
physical capacity. Therefore, the intermediate power flow cannot usually be directly used
as the converged power flow in the original injection space.

In summary, for power flow calculations that do not converge in the original given
space, the intermediate power flow maintains the characteristics of the original power
system topology and parameters, and provides information such as the branch power flow,
the bus voltage magnitude, and the bus voltage angle, which are difficult to obtain from
the original non-convergent power flow, thus expanding the data sources for diagnosing
the reasons for the non-convergence of power flow. In addition, the intermediate power
flow is also affected by the values of the original control variables and reflects the character-
istics of the original injection space. An in-depth exploration of the characteristics of the
intermediate power flow can provide strong evidence for diagnosing the factors causing
non-convergence of the original injection space.

2.2. Key Feature Extraction for Convergence Diagnosis Based on Intermediate Power Flow

For a power flow calculation with an initial injection space that does not converge,
the evolution of the injection space of the intermediate power flow during the iteration
process is shown in Figure 1. At the start of the power flow calculation, the state variables
are given initial values, usually with an initial voltage magnitude U© = 1.0 and an initial
voltage angle 6(0) = 0°. Usually, the initial bus-injected power (P(?), Q%)) significantly
differs from the given injection space (P°%, Q°P). As the iteration process proceeds, there
must exist an 1 (m > 1) where the injection space (P("), Q(™)) of the intermediate power
flow in the mth iteration is closest to the original given injection space (P°?, Q°). This also
means that the voltage magnitude and angle (U™, (™)) of the intermediate power flow
in the mth iteration are closest to the given injection space, which is a solvability condition
for the power flow.

Injection space without
feasible solutions

Injection space with
feasible solutions

. ) P(m) (m) A
Iteration reach the maximum ( 0")

Original given
injection space

(P(“), Q(“)) ]

Initial injection space

Figure 1. The evolution of the injection space of the intermediate power flow during the
iteration process.

Based on the above analysis, it can be concluded that the intermediate power flow clos-
est to the given injection space contains more diagnostic information about the convergence
of the original injection space.
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Since the control variable of the power flow calculation is the bus-injected power,
which is a multi-dimensional vector, it is necessary to explore methods for quantitatively
evaluating the distance between the intermediate power flow injection variables and the
given original injection variables in high-dimensional space. Through extensive previous
research, it was found that using the Euclidean geometric similarity evaluation metric
can achieve good results, and the distance between different iterations can be expressed
as follows:

L = H{APi(k),AQl(k)},i - 1,2,...,nH2 ®)

Within the calculation results obtained from Equation (5), the intermediate power flow
with the smallest distance can be selected. In the subsequent analysis, unless otherwise
specified, the intermediate power flow refers to the power flow with the smallest distance.

Ignoring the unreasonable network structural parameters, the reason as to why the
intermediate power flow cannot converge to the given bus injection conditions through
continued iteration can be attributed to the fact that the initial injection space is unreason-
able, which causes the power flow of the branch in the power grid to exceed the branch
limit and, thus, be unable to deliver the specified amount of power.

The relationship between power transmission blockage and the convergence of inter-
mediate power flow branches is illustrated using a single generator and single load system,
as shown in Figure 2.

U Z=R+iX U

(e H T |
Bus 1 Bus 2 l

P+Q

Figure 2. Single generator and single load system.

Assuming the voltage vectors of Bus 1 and 2 are U; = U;£0° and U, = U, /6,
respectively, and Bus 1 transfers power to Bus 2 through a transmission line with an
impedance Z = R + jX, while Bus 2 has a load impedance that consumes power S = P + jQ.
Neglecting the admittance to ground, the power flow equation of the two-bus system can
be expressed as follows:

2
P = leuz cos(6 +8) — % cosé ©

2
Q= %sim(@—l—&) - %siné

where ¢ is the angle of the line impedance.
Assuming the power factor angle at the end of the line is ¢, the active power P of the
transmission line is formed as:

P= CO;(P (ll% cos(d — @) + \/[U% cos(d — (p)}z —Uus+ U%U%) (7)

When the transferred active power reaches its limit, let fTPZ = 0, then Equation (8) is
formed from Equation (7):
Uy

U= T cos o= )]

®)
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Substituting U, into Equation (7) yields the maximum transmission power of the
branch:

U% cos @
2Z[1+ cos(d — ¢)]

©)

Pmax =

From Equation (9), the following conclusions can be drawn:

(1) Assuming the branch impedance is constant, the maximum power transmitted
through the branch is not fixed and can be increased by improving the power factor
when the power factor angle is not taken as —4;

(2) The power transmission limit of the branch is proportional to the square of the voltage
on the sending side. The power transmission capacity of the branch can be improved
by increasing the voltage on the sending side while keeping the power factor constant;

(3) When the impedance and voltage of sending side are specified, Pmax has a maximum
value, and the actual value of the branch power must be less than this limit. The
closer the transmitted power is to the limit, the more difficult it is for the power flow
to converge.

Considering some extreme operating conditions, e.g., assuming that the voltage loss
on the sending side of all branches does not exceed 20%, and the power factor of the
receiving side is not less than 0.85, the relative transmission limit of the branch under
this constraint can be approximately calculated by Equation (9), which is denoted as Ppax.
Compared to the mathematical maximum value Ppay, Prnax can provide a reference value
for the branch transmission limit from the perspective of engineering, which is of great
significance in distinguishing whether the convergence problem of power flow is caused
by the unreasonable distribution of active power or reactive power.

3. A Diagnosis Method for the Cause of Non-Convergence Based on Congestion Theory
3.1. Diagnosis Indicators for Non-Convergence of Power Flow

As analyzed in Section 2.2, a branch power transmission metric based on intermediate
power flow is proposed, and C; is defined as follows:

_ R

C =1 (10)

max
where P represents the transmitted branch power through the intermediate power flow. In
Equation (10), the smaller the value of, C; the closer the transmitted power is to the power
transmission limit of the branch. If the given variables in the power flow calculation are
not relaxed at this point, the power flow calculation of the bulk power system will fail to
converge due to partial power congestion.

Regardless of whether the transmitted power P of the line is too large or the maximum
power limit Ppax of the line is too small, it can be reflected as the congestion of the
transmission channel in terms of the power flow distribution. Properly distinguishing
between these two situations is an important basis for selecting the relaxation variables of
power flow in the specified injection space.

3.2. Generating of Transmission Congestion Channel

Finding transmission congestion channels in a power system network and adjusting
the system injection power are the keys to power flow convergence adjustment. This paper
estimates the initial power flow distribution based on the intermediate power flow and
generates transmission congestion channels accordingly.

The depth-first search (DFS) algorithm is an important method in graph theory, as
introduced in [22], and it was used in this paper for congestion channel construction.
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It is worth noting that the congested channels reflect the power imbalance in the
network, where a large amount of power needs to be transmitted outward near the channel
sending side, while there is a significant power shortage in the area near the channel
receiving side. The size of the threshold has a certain influence on the generation of
congested channels. If the threshold is too large, the generated channels cannot reflect
the power balance of the network. If the threshold is too small, the electrical distance
of the generated congestion channels is small, which leads to insignificant power flow
adjustments. Through a large number of experiments, it has been shown that a threshold
value of around 0.3 is generally reasonable. Therefore, in this paper, the threshold value
was set to 0.3.

4. Convergence Adjustment Method Based on Intermediate Power Flow

Due to the proximity of the injection points, the transmission congestion channels
of the closest intermediate power flow can reflect the weak characteristics of the initial
network flow distribution.

According to the analysis of the mechanism of power flow convergence failure, the
causes of congestion are either excessive transmission power or insufficient limit power
of the transmission line. When the transmission indicator is less than 0, the transmission
power P; of the line is greater than Pmay, indicating that the congestion of the channel is
caused by excessive transmission power P;. If the indicator is greater than 0 and smaller
than 0.3, it is considered that the congestion is caused by a small Ppax. In other words,
reactive power is the major cause of power flow convergence failure.

It can be concluded that the adjustment of power flow convergence failure can be
made from two aspects: increasing the maximum transmission power of the congested
channels and reducing the power transmission through the congested channels.

4.1. Adjustment Method to Reduce the Active Power of Congested Channels

When the injected active power of a bus greatly exceeds the maximum capacity of the
transmission line, there will be a phenomenon of excessive active power in the transmission
line, and it is necessary to adjust the active power of the source-load node in the channel to
reduce the transmitted power.

When the line is congested, a large amount of power needs to be transmitted to
the receiving end through the transmission line. The excessive active power from the
sending side of the channel exceeds the capacity of the transmission line, which reflects
the unreasonable arrangement of active power in the network. The sending side of the
congested channel is usually a generation bus, which is referred to as the congested source
bus in this paper. The unreasonable active power output of the generator at this bus causes
transmission congestion, and the injected active power of this bus needs to be reduced.
There is a shortage of active power on the channel receiving side, and the injected active
power on the receiving side needs to be increased. The adjustment of active power follows
the principle of reverse equal adjustment, that is, reducing the active power of the sending
side of the channel and adding an equal amount of active power to the receiving side.
Through the adjustment of active power, the power flow distribution is improved. The
transmission congestion channel is shown in Figure 3. The red arrows in the diagram
represent congestion channel.

The power flow congestion channels indicate a situation where a large amount of
power is transmitted outward near the channel sending side and there is insufficient power
stored near the receiving side. Therefore, it is necessary to adjust the power on the sending
and receiving sides. Based on the active power flow passing through the sending side of
the transmission line, the active power output reduction at the sending bus e and the active
power adjustment at the receiving bus can be calculated using Equation (11):

P, = Zpi+ = ZKi(Plh - ﬁlhmax) (11)
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where Py, is the active power transmitted through the first branch on the sending side
of the congested channel, P, .. is the maximum transmission power capacity of the
corresponding branch, P, is the active power reduced by the source-bus generator, P;" is
the active power increased by the receiving bus, and K; is the power distribution coefficient
that is defined in Equation (12).

Phi . .
Ki=—"—,ie{k, 12

The physical meaning of the distribution factor in Equation (12) is that the power
reduction on the channel sending side is proportionally shared by the power transmitted
on the channel receiving side.

The start of power

P \congestion channel
g

|
\ € T >

\ v/
The end of power
congestion channel

Figure 3. Diagram sketch of congestion channel.

4.2. Adjustment Method for Increasing Pyqy of Congested Channels

When there is a reactive power shortage or local reactive power imbalance in the
system, the reactive power transmitted through the congested channel is too large, causing
the voltage of buses in the channel to be too low, which leads to a smaller maximum power
limit Pmax of the transmission line. By performing reactive power compensation on the
buses in the channel to maintain the voltage at a certain level, the maximum capacity of the
transmission line can be improved, thereby improving the convergence of the power flow.

Neglecting the effect of resistance, assuming that the voltage at the sending bus
remains constant during reactive power compensation, and the voltage at the receiving
bus rises to a certain value, the reactive power transmitted by the transmission line after
compensation can be defined as in Equation (13):

Q= Uy (Uy — L)

L (13)

The reactive power compensation amount at the receiving bus can be calculated as
AQ = Q' — Q. When the power flow does not converge, a power flow convergence ad-
justment strategy based on intermediate power flow is proposed. The strategy generates
transmission congestion channels based on the power distribution of intermediate power
flow, determines the reasons for non-convergence according to the line transmission indica-
tors, determines the adjustable variables, and calculates the adjustable values to improve
the system power flow distribution, thereby improving the convergence of the power flow
calculation. The flowchart of the power flow convergence adjustment process is shown
in Figure 4.
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Loading initial data

£
> Solve power flow by Newton's method and store

intermediate power flow

convergence?

No

Extracting the intermediate power flow
closest to the injection space

‘ Calculate line transmission index ‘

‘ Construct the power congestion channel ‘

iagnose the reason

Active power Reactive power
A 4 \ 4

Select the variables to be adjusted Select the variables to be adjusted
from the active power variable set from the reactive power variable set

v v

Calculate the quantities of active power Calculate the value of reactive power
adjustment from equation (11) adjustment from equation (13)

—‘ Adjusting injection power of buses ‘

End

Figure 4. Flow chart of power flow adjustment.

5. Case Study

The effectiveness of the proposed method was verified through case studies using the
actual power system model from a certain region utility and the European 13,659-bus system.

5.1. Actual Power Grid Simulation Case

A real power grid simulation model of a certain province in China with a voltage
level of 220 kV and above was selected for the case study. The grid has 177 buses, and all
variables were calculated in per unit values, with a power base of 100 MVA and a voltage
base of the rated voltage at each voltage level. The maximum iteration number for power
flow calculation was set to 20.

(1) Case 1: convergence failure caused by active power

By increasing the load power of all nodes to 2.5 times of their original value, non-
convergent power flow was obtained. The minimum error was achieved in the 4th iteration
during the iteration process, and the maximum value of the error |AF| in each iteration is
shown in Figure 5.

As can be seen from Figure 5, the calculation error rapidly decreased and reached its
minimum value in the first four iterations. After that, the error showed a trend of oscillation
and divergence. Each iteration had already approached the initial power flow injection
space, but the power flow could not converge completely to the initial data. The errors of
each bus in the intermediate power flow are shown in Figure 6.



Energies 2023, 16, 3540 10 of 16

250

200

Error/p.u.

100

Iteration

Figure 5. Iterative error in power flow calculation process.

node49

node65 node33
5 active power
reactive power
15
node81 nodel7
1
0.5
node97 nodel
nodel13 nodel76
nodel29 nodel61

node145
Figure 6. Intermediate power flow power error.

According to Figure 6, the injected power errors of most buses in the intermediate
power flow were already small enough compared to the initial injection errors, except for
a few buses with large errors. Thus, it could be concluded that the intermediate power
flow was sufficiently close to the initial space, and the power flow distribution under the
approximate initial injection data could be calculated based on the intermediate power
flow. The transmission metrics of the lines could be calculated based on the intermediate
power flow. Assuming that the line number is represented by the number of beginning
bus and the number of end bus, and the line with the minimum transmission metric was
line 15-18 with a metric value of —0.116. In total, five congested channels starting with line
15-18 were generated, as shown in Figure 7.
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-~
o

29

———pp——  Congestion channel

====$-=-==  Non-congestion channel

Figure 7. Intermediate power flow congestion channel in Case 1.

From the identified congestion channels, the starting line of all the congested channels
was line 15-18, indicating that a large amount of active power was transmitted outward
through line 15-18. This reflects a severe imbalance of active power in the area, far exceeding
the transmission limit of the line. The injection power of Bus 18 was reduced, and the
injection power of the receiving bus of the congested channel was increased by equalizing
the sending and receiving buses of the generated congestion channel. The adjustment
values calculated using Equation (11) are shown in Table 1.

Table 1. Active power adjustment results.

Congestion Channel

Channel No. Selected Bus Adjustment Values (p.u)
From Bus To Bus
1 8 18 8 13.247
2 33 18 33 12.81
3 112 18 112 4.631
4 139 18 139 2.36
5 29 18 29 1.68

After re-performing the power flow calculation, the power flow converged again.
However, if the reactive power adjustment was only performed on the buses with a lower
voltage in the congested channels, the power flow could not converge. The transmission
metric values of each line before and after adjustment are shown in Figure 8.

In fact, the reason for this phenomenon is that Bus 18 was a slack bus in the power
system. As the load power was increased in this simulation, to ensure the active power
balance of the entire system, the slack bus needed to generate a large amount of active
power that far exceeded the maximum capacity of the transmission line, resulting in non-
convergence of the power flow. Therefore, simply increasing the line transmission capacity
through reactive power adjustment could not converge the power flow. On the contrary,
reducing the active power of Bus 18 through the active power adjustment was able to
reduce the active power transmitted in the congested channel and ultimately achieve a
convergent power flow.
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0 before adjustment

1 1 1 I T I
0 50 100 150 200 250 300 350

line number

after reactive djustment
0 | T 1 T 1
0 50 100 150 200 250 300 350

line number

0.5 after active adjustment
’ I I I I .
0 50 100 150 200 250 300 350

line number

Figure 8. Line transmission metric before and after adjustment in Case 1.

(2) Case 2: convergence failure caused by reactive power

Although the active load and generation of the entire system are in a balanced state,
the power flow may still not converge due to unreasonable reactive power arrangements in
the power system. To simulate the power flow non-convergence caused by unreasonable
reactive power arrangements, the system load was doubled, and the additional load and
grid losses were borne proportionally to the output power of the generators. According to
the power flow calculation, the iterative errors of each bus in the intermediate power flow
are arranged from large to small in Table 2.

Table 2. Intermediate power flow iteration error.

Bus No. Active Power (p.u) Bus No. Reactive Power (p.u)
99 —-1.175 100 2.068
100 —1.093 140 0.389
94 —0.352 94 0.344
90 0.260 158 0.161
93 0.211 93 0.153
73 0.202 13 0.146
143 0.172 161 0.092
161 0.127 72 0.089

According to the intermediate power flow distribution, a total of four congested
channels were generated, as shown in Figure 9.

Table 2 shows that the reactive power error of Bus 100 in the intermediate power
flow was the largest power error in the entire system. In addition, line 94-100 had the
smallest transmission metric value in the system, with a transmission metric value close to
0, indicating that the active power transmitted by the line was close to the transmission
limit, and the terminal voltage of the branch was low. It can be determined that the power
flow did not converge mainly due to the reactive power. Therefore, a reactive power
adjustment was used to improve the transmission capacity of the line. The bus with a lower
voltage on the congested channel was selected for reactive power compensation, and the
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compensation amount was calculated using Equation (13). After re-calculating the power
flow, the power flow converged. The results of the reactive power adjustment are shown
in Table 3.

Il 93

160

Congestion channels II and II1

Congestion Channel I Congestion Channel IV

——— Congestion channel -==-$---- Non-congestion channel
Figure 9. Intermediate power flow congestion channel in Case 2.

Table 3. Reactive power adjustment results.

Congestion Channel

Bus No. Strategy Adjustment Value (p.u)
From Bus To Bus
93 36 160 increase 0.684
160 36 160 increase 0.320
161 57 161 increase 2.90
100 53 100 increase 3.035
94 53 100 increase 0.268
140 118 140 increase 0.358
158 118 158 increase 0.842

The transmission metric values of the lines before and after the adjustment are shown

in Figure 10.
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Line transmission metric before and after adjustment in Case 2.
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As shown in Figure 10, the reactive power adjustment effectively alleviated the con-
gestion situation of the transmission line. In fact, the reactive power adjustment increased
the maximum capacity of the transmission line by raising the bus voltage magnitude. The
voltage magnitudes before and after adjustment are shown in Figure 11. After adjustment,
the voltage quality of the buses improved, and the voltage of all buses exceeded 0.85 p.u.

1.1

T T
before adjustment

after adjustment

1.05

0.9

voltage/p.u.

0.8

0.75 I I I I I I I I
0 20 40 60 80 100 120 140 160 180

node number

Figure 11. Voltage before and after adjustment.

As can be seen from the above two cases, the line transmission metric can be used to
accurately identify the causes of power flow convergence failure and provide guidance for
power flow adjustment.

5.2. Simulation Cases in Bulk Power Systems

To verify the effectiveness of the proposed method in bulk power systems, the simula-
tions in this section were performed using the European 13,659-bus system. The system
contains 4092 generators, 9567 PQ buses, and 20,467 branches, with the buses divided into
24 regions. The generation and load data of each bus in Region 2 were multiplied by a ran-
dom coefficient within the range of [0.8, 1.2], resulting in power flow convergence failure.

After performing the power flow calculation with the initial data, the power flow cal-
culation did not converge when it reached the maximum iteration. The closest intermediate
power flow was generated from the 8th iteration. The maximum capacity of the trans-
mission line based on the intermediate power flow was calculated. There were 26 active
power and 11 reactive power congestion channels in the grid, and 183 key variables were
identified, among which 129 active power variables and 54 reactive power variables needed
to be adjusted. Therefore, active power and reactive power adjustments were performed
simultaneously. Based on the congested channels generated in the intermediate power flow,
the adjustment variables were determined, and the initial data were adjusted accordingly.
The adjusted results are shown in Table 4. After re-calculating the power flow with the
adjusted injection data, convergence was achieved after four iterations.

After adjustment, the average voltage of Region 2 was increased from 0.823 p.u. to
0.945 p.u., and the voltage level of the perturbation region obviously improved. The
transmission margin of line 1597-1585, i.e., the line with the lowest transmission margin
in the system, was increased from 0.061 to 0.375, and the power blocking situation of the
whole network was significantly improved. In addition, the active power output of some
generators with power exceeding the limit in Region 2 returned to a reasonable range.
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Table 4. Multi-power adjustment results.

Bus No. Variable Type Strategy Adjustment Value/p.u.
405 active power increase 0.237
470 active power increase 0.082

4254 active power increase 0.180
1350 reactive power increase 0.161
6651 active power increase 0.375
342 active power decrease 0.228
12,273 reactive power increase 0.147
13,254 active power decrease 0.972
412 reactive power decrease 0.028
1142 reactive power decrease 0.044
3277 reactive power decrease 0.116
4452 active power decrease 0.218
4619 active power decrease 0.022
5058 active power decrease 0.381
11,332 active power decrease 0.181

The results indicate that the proposed method is applicable in this bulk power system.
Compared with the algorithms based on optimization models, the proposed method is
completely based on iterative data, which avoids complex modeling and problem-solving
processes. It fully utilizes the non-convergence information explored by the intermediate
power flow, which provides guidance for solving the power flow non-convergence problem.

6. Conclusions

1.  An analysis of the mechanism of power flow convergence failure from the perspec-
tive of power transmission congestion was conducted, and theoretical guidance for
studying power flow convergence failure is proposed;

2. Based on the intermediate data from the power flow iteration, the index of trans-
mission power congestion was constructed, and a method for identifying congested
channels is proposed to diagnose the causes of power flow convergence failure;

3. A correction strategy for power flow injection space data was designed with the aim
of alleviating transmission channel congestion, which generates relaxation schemes
for operational variables;

4. The proposed strategy was tested using an actual power grid and a standard example
power system with 13,659 buses. The simulation results show that the bus voltage
magnitude was improved to better meet the operational requirements. The value
of the power congestion index obviously increased after applying the proposed
adjustment scheme;

5. The method proposed in this paper can be entirely based on intermediate data of the
power flow iteration, which avoids complex power flow adjustment modeling and
provides methodological support for power flow diagnosis in bulk power systems.

7. Research Prospects

The method proposed in this paper can diagnose the reasons for the non-convergence
of power flow in bulk power systems from both a theoretical and simulation perspective.
Our method is suitable for adjusting the non-convergence of power flow in engineering
practice. However, only offline data were used for method verification in this study. In the
future, the method will be applied to online diagnoses in order to ensure the safe operation
of the power grid.
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