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Abstract

With the rapid development of distributed generation (DG) within the framework of modern
power systems, accurately assessing the maximum DG hosting capacity in distribution net-
works is crucial for ensuring the safe and stable operation of the power grid. This paper first
introduces an assessment model of maximum DG hosting capacity in distribution network
based on optimal power flow (OPF). Then, a two-step method that combines the lineariza-
tion method and the recursive method is proposed, which consists of two parts: firstly, using
linearization method to quickly calculate the preliminary assessment value of maximum DG
hosting capacity, and then using a recursive method to accurately correct the preliminary
assessment value. Additionally, the proposed improved comprehensive sensitivity index
and safety constraint verification method can enhance the computational efficiency and
accuracy of the recursive algorithm. Finally, the proposed methods were simulated and vali-
dated on the IEEE 33-bus system.

Introduction

Under the goal of ‘striving to peak carbon dioxide emissions by 2030 and achieving carbon
neutrality by 2060 [1, 2], the power industry plays a pivotal role in carbon emissions and bears
the primary responsibility for realizing these objectives. DG has become a crucial focus for the
development of the world’s future energy and power system [3]. However, due to the intermit-
tent and fluctuating nature of DG power output, its large-scale integration poses significant
challenges to the distribution network, threatening the safety and reliability of electricity sup-
ply. As the proportion of DG integrated into the distribution network reaches a certain thresh-
old, it substantially impacts planning, design, operation, and maintenance of power system.
Researching assessment methods for the maximum DG hosting capacity in distribution
networks can provide data support for the smooth progress of energy transition, promoting
the widespread adoption of clean energy. On the one hand, the renovation and expansion of
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distribution network are crucial components of the energy transition process and must be
planned based on grid load and the requirements for integrating DG. By assessing the maxi-
mum DG hosting capacity, rational planning for the renovation and expansion of the power
grid can be achieved. On the other hand, accurately assessing the maximum DG hosting capac-
ity in distribution network aids in studying the safety boundaries of distribution network and
identifying potential weak points. Therefore, within the context of the widespread integration
of DG into distribution network, researching assessment methods for the maximum DG host-
ing capacity in distribution network holds significant importance.

Based on this, relevant scholars at home and abroad have done a lot of research on distribu-
tion network hosting capacity assessment. The literature [4, 5] evaluated the distributed photo-
voltaic (PV) consumption capacity of distribution networks based on a data-driven approach.
The literature [6] considers the distribution network voltage quality, transformer and line
transmission capacity constraints, based on stochastic scenario simulation and fixed-order
division assessment to achieve the assessment of distribution network PV consumption capac-
ity. The literature [7] adopts an iterative calculation method for the PV hosting analysis by
gradually increasing the customer penetration. The literature [8] applied Monte Carlo simula-
tion method to evaluate the new energy consumption capacity of regional distribution net-
works. Some literature considers employing active network management to enhance the DG
hosting capacity of distribution networks. The literature [9] improves the hosting capacity of
distribution network for PV by implementing energy storage system on distribution network.
The literature [10] establishes a new energy hosting capacity assessment model for distribution
networks considering demand side management and network reconfiguration. In addition to
considering the fundamental safety constraints of the distribution network, the literature [11]
introduced the network loss rate as an indicator and utilized second-order cone relaxation to
solve the maximum DG hosting capacity model, in order to meet the operational constraints
of the distribution network. The literature [12] proposed a renewable energy consumption
capacity assessment method based on system flexibility sufficiency to support renewable
energy consumption based on quantitative analysis of system resource power regulation range.
At present, most literature adopts linear optimization models, which can improve computa-
tional efficiency but may result in certain computational errors. The literature [7] did not con-
sider the operational characteristics of each node. The literature [8] will be affected by the
upper limit of customer penetration during calculation, causing the assessment result to be
“pseudo” hosting capacity. The literature [11, 12] considers additional optimization objectives,
leading to conservative calculation results.

With the continuous development of the distribution network, there is an increasing
demand for a real-time and accurate assessment of the maximum DG hosting capacity in the
distribution network. In response to this demand, this paper proposes a two-step method for
assessing the maximum DG hosting capacity in distribution network based on the above litera-
ture. The contributions of this paper are summarized as follows:

« atwo-step method for assessing the maximum DG hosting capacity in distribution network
is proposed that combines the linearization method and the recursive method. It can realize
fast and accurate calculation of maximum DG hosting capacity in the distribution network.

o An improved comprehensive sensitivity index is proposed, which can accurately find the
most suitable DG connection node for power correction during the recursive process.

o A safety constraint verification method based on safety region is proposed, which can realize
rapid safety verification calculations and improve the calculation efficiency of recursive
algorithm.
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The remainder of this paper is organized as follows: Section 2 introduces the concepts of
the distribution network operating point and the maximum DG hosting operating point. Sec-
tion 3 presents the model for assessing maximum DG hosting capacity. Section 4 presents the
proposed methodology, describing a two-step method that combines the linearization method
and the recursive method. Section 5 presents the test system, numerical results, and
discussion.

Maximum DG hosting operating point
Distribution network operating point

The operating point of the distribution network is represented by the matrix W; which con-
tains the states of the load demand and DG power at time ¢.

WL‘t (SL,LH Ty SLJ:N B SL‘n,t) ( )
W, = = 1
WDG.t (SDG.LH T >SDG.i.t7 o >SDG.n.t)

where Wy ; is the load consumption vector at time ¢, Wpg, is the DG output power vector at
time t, Sy ;; is the load consumption on node i at time ¢, and Spg ; ; is the DG output power on
node i at time ¢.

The power fluctuation of loads and DGs is reflected in the variation of the distribution net-
work operating point. The distribution network operating point does not include the power
output of flexible resources such as energy storage and reactive power compensation equip-
ment. This is because loads and DGs are part of user demand, while the function of flexible
resources such as energy storage and reactive power compensation equipment is to collaborate
with the distribution network to provide load supply and DG accommodation services.

Distribution network safety region

The distribution network safety region [13, 14] is defined as the set of all operating points in
the state space that satisfy safety constraints.

‘QS = {Wt | al,min S gl(Wt) S al‘max’ T
ai.min S gx(wt) S ai,maﬂ B (2)
am.min S gm(Wt) S amAmax}

where Qg is the distribution network safety region, g( W,) represents the value of the distribu-
tion network state variable a; when the operating point is W, a; ;. and a; ,,,;,, are the upper
and lower limits of the distribution network state variable a;, respectively.

Critical operating point

Under normal operating conditions, the operating point W, is distributed within Q. Consid-
ering the maximum hosting scenario for DG, the operating point W, is located on the bound-
ary of Q. This operating point is referred to as the critical operating point, where any increase
in the output power of DG will lead to a violation of the safety constraints [15-19]. Assuming a
constant load level, the definition of the maximum DG hosting operating point is as follows:

« When there is only one DG connection node in the distribution network, as the output
power of the DG increases, the operating point gradually approaches the boundary of Qg
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and ultimately becomes the critical operating point. This critical operating point is the maxi-
mum DG hosting operating point.

« When the distribution network has multiple DG connection nodes, increasing the DG out-
put power at different nodes can generate several different critical operating points. Among
these critical operating points, the one with the largest total DG power is referred to as the
maximum DG hosting operating point.

From the above analysis, it can be concluded that as the output power of DG increases, the
state variable that first violates the safety constraint on the right side of Eq (2) can be regarded
as a weak point under the maximum DG hosting conditions of the distribution network. Accu-
rately identifying these weak points is beneficial for analyzing and studying the hosting capac-
ity of the distribution network. On the other hand, when there are multiple DG connection
nodes in the distribution network, how to find the maximum DG hosting operating point is
key to accurately assessing the hosting capacity of the distribution network.

Model for assessing maximum DG hosting capacity
Distribution network model

According to Fig 1, the complex power flow equations at each node i of a radial distribution
network can be described as follows: Vi € N,

Pi+1 :Pi_ri(PiZ_FQi?)/Vz? —Pin (3)
Qi+1 - Qi - xi(P;'z + Q?)/V,Z — i (4)
Vi =Vi=2(rP 4+ xQ) + (rf +x) (P} + Q)/V} (5)

where i is the node number in the distribution network, N is the set of all nodes, P; + jQ; is the
line complex power flowing away from node i toward node i + 1, r; + jx; is the complex imped-
ance of the line between node i and node i + 1, V; is the voltage at node i, and p; + jg; is the
apparent power consumed at node i.

In this paper, the active power output of DG is taken as the subject of assessment for the
maximum DG hosting capacity in the distribution network.

P :P,'L —p?G,Vi € Npg (6)

where Npg is the set of DG connection nodes, p; is the active power consumed at node i. p! is
the active power consumed by the load at node i, and p?“ is the active power output of DG at
node i.

0 i-1 i i+1 n

e m——— e e eeeu- | >

e qn o R hm
PyQy Pritj0i PiHjO; PirtjQin Pt On

Piatiqia pitjqi Pis1tjqin Prtiqn
Fig 1. Diagram of a radial distribution network with DG.
https://doi.org/10.1371/journal.pone.0313164.g001
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During normal operation of the distribution network, the node voltages must satisfy voltage
deviation constraints, and the line power must not exceed the overload capacity.

Vy—e<V.<V,+e (7)
where Vy is the the nominal voltage, ¢ is the voltage bound.

Pi+ Q< S (8)

where S ,.4x is the maximum apparent power allowed to flow on line k.

Considerations about flexible resources

With the construction and development of new power system, the types and capacities of dis-
tributed flexible resources in distribution network are increasing. The maximum DG hosting
capacity in the distribution network can be further enhanced and optimized through the
scheduling of these distributed flexible resources.

Energy storage. As regulating resources, energy storage (ES) can absorb and release active
power through scheduling and control of charging and discharging, thereby enhancing the
DG hosting capacity of the distribution network. The output power of ES should meet the fol-
lowing constraints.

P :PiL _piESaVi € N (9)

pffm’n Spfs SpfanNVi € NES (10)
where N is the set of nodes at which ES have been installed, p® is the active power output of
. ES ES o . .
ES at node i, p’, . and p;, . denotes the upper and lower limits of ES active power at node i,
respectively.

Reactive power compensation equipment. Compared to traditional reactive power com-
pensation devices, Static Var Compensator (SVC) has advantages such as fast response speed,
high compensation accuracy, and a wide range of reactive power regulation. SVC is selected as
the reactive power compensation device in this paper, and the output power of SVC must

meet the following constraints.

4 =q; —q"" Vi€ Ny (11)

qzsxsn <g' < qi‘r/nfiMVi € Ngyc (12)

where Ngyc is the set of nodes at which SVC have been installed, g5 is the reactive power out-
SVC SvC

putof SVCatnode i, g, and g;, - denotes the upper and lower limits of SVC reactive power

at node i, respectively.

Objective function

The DG power injected into the distribution network is considered as the objective function to
be maximized [20, 21].

fi=max Y pif (13)

i€ENpg

where f; denotes the real-time assessment result of the maximum DG hosting capacity in distri-
bution network at time t, p is the active power output of DG on node i at time ¢.
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The two-step method

To accurately assess the maximum DG hosting capacity in the distribution network, this paper
proposes a two-step method that combines the linearization method and the recursive method.
Firstly, the maximum DG hosting capacity in the distribution network is preliminarily
assessed using the linearization method, and then the preliminary assessment results are pre-
cisely corrected using the recursive method.

The linearization method

To mitigate the non-linearity of the model [22], we apply linear simplification to Eqs (3), (4)
and (5). Physically, the quadratic terms in these equations represent line losses, which, in the
practical operation of the distribution network, are considerably smaller compared to the line
power terms P; and Q;. Hence, the linear simplification is as follows.

P =P —p (14)
Qi =Q — g (15)
Viz+1 =V} = 2(r,P, +x,Q) (16)

When the voltage bound £ is small enough, we can assume that (V; — Vy)* ~ 0 and further lin-
earize Eq (16).

Vi=Vin = (rP, + xiQi)/VN (17)

i i

Although the above linearization method improves the solvability and computational effi-
ciency of the model, it will lead to certain errors, so the errors need to be defined.

€ =1~ finear (18)

where e denotes the error index, frepresents the true value of the maximum DG hosting capac-
ity of the distribution network, and fj;,,., denotes the calculation result of the linearization
method.

The recursive method

To further improve the accuracy of the maximum DG hosting capacity assessment results, this
paper proposes a recursive method based on improved comprehensive sensitivity and safety
region models.

Improved comprehensive sensitivity index. The recursive method achieves gradual cor-
rection of the assessment results of the maximum DG hosting capacity through iterative com-
putation. Therefore, it is necessary to accurately calculate the position of the optimal power
correction node at each iteration process. Based on this, this paper proposes an improved com-
prehensive sensitivity index that reflects the impact of DG output power on the state variables
of the distribution network and accurately calculates the optimal power correction nodes.
Additionally, the proposed index can identify potential weak points [23, 24].

According to Fig 2, the voltage loss of the line between node 7 and node i+1 is as follows.

-V V.:_riPi—’—xiQi_-xiPi—’_riQi

AV, i+1 Vi Vv J Vv (19)
N N

i+1~i
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Vi Viel

Pi Pi+1
Fig 2. Branch power flow model.

https://doi.org/10.1371/journal.pone.0313164.9002

Considering that the voltage phase angle difference between two nodes is relatively small in
distribution network. Eq (19) is simplified as follows.

r.P. + x.Q.
AVi+1~i ~ - ”71(21 (20)
VN
For the radial distribution network structure shown in Fig 1, the voltage at node i can be
expressed as follow.

V.=V +AV,,  +---+AV,  +AV, (21)

Consider the situation when DG is connected to the distribution network, Eq (21) can be
rewritten as follows.
(P, — aP Q.
AV — _r1( i a DG) +‘x1Qz (22)

i+1~i vV
N

where Pp is the DG output power, a is the topology coefficient, when the DG output power
affects the line power between node i and node i+1, a=1, otherwise, a=0.
The variation of V; after DG is installed at node p is as follows.

AV — ZkEL(i,p)(rkPDG) (23)
ip \
N
where 1y is the resistance of line k, L(i, p) is the set of common shortest paths from node i and
node p to the power supply.
The voltage sensitivity at node i with respect to active power injection at the DG connection
node p is as follow.

T
o _ ZkeL(r,p) k (24)
5 VN
0;p reflects the effect of the power change of the DG at node p on the voltage at node i.
According to the fundamental theory of power network, for a power network composed of
n nodes and m lines, the relationship between the currents of line and the injected current at
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node is as follows.
1, = Al (25)

where I, is a one-column matrix that represents the injected currents at node, I is a one-col-
umn matrix that represents the line currents, and A is the node-branch incidence matrix, with
its elements defined as follows.

1 node i is the sending node of branch j
a, =< —1 node i is the receiving node of branch j (26)

0  otherwise
Eq (25) can be rewritten as follows.
I, =C(MI, (27)

where C is the inverse matrix of A, and the elements of C are constants. The calculation of the
elements in I; is as follows.

Il,h = 7\‘h11b,1 et 7"hilb.i +ot 7Lhﬂlb.n (28)

where I, is the current of line k, I, ; is the injected current at node i, and A;; is the element in
the h™ row and i column of matrix C.
Eq (28) can be rewritten as follows.

- }Ll(P !+]Q .i)
Sy = Vzhzhhvib (29)
i=1 b,i

where S, is the apparent power of line h, V;, is the voltage at the starting node of line s, and
Vi is the voltage at node i.
The variation of Sy, after DG is installed at node p is as follows:

A, P
ASl,h = _Vl,h h{; = (30)
b.p
The magnitude variation of S, is as follows
A|Sl.h| = |Sl,h + ASLh| - |Sl,h‘ (31)

The line power sensitivity of line /1 with respect to active power injection at the DG connec-
tion node p is as follow.

)\‘hpp Lh
(Py)" + (Qy)*

Vhp (32)

np reflects the effect of the power variation at node p on the apparent power magnitude of
line h.

In order to find the most suitable DG connection node for power correction during the
recursive process, this paper proposes an improved comprehensive sensitivity index. The ratio-
nale of the improved comprehensive sensitivity is as follows.
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The improved node voltage sensitivity is obtained from Eq (24).

b i 33
w TV v (33)

lim it

where Vj;,,, represents the voltage limit, and V;, is the voltage at node i at time t.
The improved line power sensitivity is obtained from Eq (32).

Vh.p
L —
Th Siim = S (34)
where Sj;,,, represents the line power limit, S, ; is the power of line h at time ¢.
The improved comprehensive sensitivity of DG connection node p is as follows:
fp = max (5;1‘};; ) 5;4” ‘y;,l‘pa T ay;k‘p)ap € NDG (35)

Under the optimization objective represented in Eq (13), when the recursive process
requires an increase in DG output power, choose the DG connection node with the smallest &
as the power correction node; when the recursive process requires a decrease in DG output
power, choose the DG connection node with the largest & as the power correction node. In
addition, it can be seen from Eq (35) that the value of £, is obtained from the sensitivity of a
certain state variable. This suggests that as the DG output power increases at node p, this state
variable will reach the safety boundary first. Therefore, the improved sensitivity index pro-
posed in this paper can assist in identifying weak points in the distribution network.

Safety constraint verification based on safety region. The recursive method requires
safety constraint verification of the corrected power to determine whether to terminate the
recursive iteration process. Traditional methods typically use commercial software for
power flow calculations to achieve safety constraint verification. To improve computational
efficiency, a safety constraint verification method based on the safety region model is
proposed.

Referring to Eq (2), the safety region of an active distribution network can be represented
as follows.

—c<aAAW,+S,<c (36)

Eq (36) represents the line power safety region, which can realize the safety constraint verifica-
tion of the line power. ¢ is the column vector of the power boundary, and the power safety
boundary includes positive and negative boundaries, which indicates that bidirectional power
flow may occur in the lines of active distribution networks. a is the constraint coefficient
matrix, which can be calculated through the network loss coefficient. The larger the values of
the elements in @, the stricter the safety constraints of the line power. The elements a;; in
matrix A represent whether the ith state variable is within the jth constraint: if so, the value is
1; otherwise, it is 0. AW, is the correction amount of W,. S, represents the line power when the
distribution network operating point is W,.

V- <BBAW,+V,<V' 37
t t

Eq (37) represents the node voltage safety region, which can realize the safety constraint verifi-
cation of the node voltage. V" and V™ are the column vectors of the upper and lower bound-
aries of the voltage, respectively. # is the constraint coefficient matrix, and the larger the values
of the elements in B, the stricter the constraints of the node voltage. The coefficient matrix B
can be calculated by Eq (24). V; represents the node voltage when the distribution network
operating point is W,.
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The framework of the two-step method. The steps of the two-step method are as follows.

Step 1: Use the linearization method to calculate the preliminary assessment result of the maxi-
mum DG hosting capacity in distribution network. Calculate the preliminary DG maxi-
mum hosting operating point W, and the corresponding state variables V;, S;.

Step 2: Use power flow calculation to determine whether the distribution network operating
point W, is within the safety constraints. If so, proceed to step 3; if not, proceed to step 5.

Step 3: Calculate the improved comprehensive sensitivity index & for all DG connection nodes
in the distribution network based on Eq (35). Increase the DG output power slightly at the
node with the smallest £ and update the distribution network operating point W,

Step 4: Determine whether the updated distribution network operating point W, is within the
safety region as indicated in Eqs (36) and (37). If so, return to Step 3; if not, proceed to Step 7.

Step 5: Calculate the improved comprehensive sensitivity £ for all DG connection nodes in the
distribution network based on Eq (35). Decrease the DG output power slightly at the node
with the biggest £ and update the distribution network operating point Wy

Step 6: Determine whether the updated distribution network operating point W, is within the
safety region as indicated in Eqs (36) and (37). If so, proceed to Step 7; if not, return to Step 5.

Step 7: Calculate and output the corrected maximum DG hosting capacity in the distribution
network.

The flow chart of the two-step method is shown in Fig 3.

| linear optimization model |
I

A 4

Pp6. Stoad

Solve power flow

ithin the safety constraints?

AW=tAP, AW=AP, |,
EFmin(&y.....&,) Ermax(&..Gn) |

W=WHAW, W=WAAW,
S=0AANW S, S=0AAW S,
V=pBAWV, V,~pBAWV,

Y w w N
N Y
v

| Calculate the corrected maximum carrying capacity value of DG |

End

Fig 3. Flow chart of the two-step method.
https://doi.org/10.1371/journal.pone.0313164.9003
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Case study
Test system

In order to verify the validity of the methods proposed in this paper, the simulation example
adopts the IEEE-33 bus distribution network as shown in Fig 4. The nominal power of the dis-
tribution network is 1 MVA, and the nominal voltage is 10.5 kV.

Fig 5 shows the daily load consumption profiles.

The assessment of the maximum DG hosting capacity in distribution network is mainly
used in safety boundary analysis and DG capacity planning. Two scenarios were set up for

18 19 20 21

—o—o—o
Il 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0@ *—o *—0—0—0—0—0—0—0—0—0—0—0
—oo—o—o0—0—0—0—o
o—e—e 25 26 27 28 29 30 31 32
22 23 24

Fig 4. Diagram of IEEE-33 bus distribution network.
https://doi.org/10.1371/journal.pone.0313164.g004

09

0.8

0.7

04r

Load consumption coefficient
o
(6]
T

021

Time(h)
Fig 5. Load consumption profiles.
https://doi.org/10.1371/journal.pone.0313164.g005
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simulation verification. Scenario 1 mainly considers the nodes where DG has been
installed, while Scenario 2 additionally considers the nodes where DG is planned to be
installed.

Scenario 1: The nodes where DG has been installed are nodes 15 and 29. ES is installed at
nodes 17 and 32, each with an installation capacity of 300kVA. SVC is installed at node 24,
offering a continuously adjustable reactive power output ranging from -500 kVar to 500
kVar.

Scenario 2: The nodes where DG has been installed are nodes 15 and 29. The nodes 8, 20,
and 22 are planned for DG installation. Similar to Scenario 1, ES is installed at nodes 17 and
32, with installation capacities of 300kVA. SVC is installed at node 24, with a reactive power
output vary from -500 kVar to 500 kVar.

The upper and lower limits of the node voltage of the distribution network are set to 1.07 p.
u. and 0.93 p.u. The thermal limit of the line is set to 2 MVA.

Simulation and analysis

Real-time assessment of maximum DG hosting capacity. The simulation results of the
real-time assessment method of maximum DG hosting capacity in distribution network are
shown in Figs 6 and 7.

According to the analysis of the safety boundary and critical operating point of the distribu-
tion network, it can be seen that the maximum DG hosting capacity is related to the load level

1 0 T T T T

I DG output power of node 15
9 - | DG output power of node 29 -

Maximum DG hosting capacity(p.u.)

0 5 10 15 20 25
Time(h)

Fig 6. The real-time assessment results of the maximum DG hosting capacity in scenario 1.

https://doi.org/10.1371/journal.pone.0313164.g006
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Fig 7. The real-time assessment results of the maximum DG hosting capacity in scenario 2.

https://doi.org/10.1371/journal.pone.0313164.9007

of the distribution network. The simulation results shown in Figs 6 and 7 are basically consis-
tent with the changing trend of the load curve shown in Fig 5. The real-time assessment results
of the maximum DG hosting capacity in the distribution network can help us more accurately
understand the safety boundaries and operational limits of the distribution network. It also
provides data references and theoretical support for the future expansion and upgrading of
DG.

Operating boundary and weak points. Based on the assessment results, the maximum
DG hosting operating point is obtained. The distribution network state variables at the maxi-
mum DG hosting operating point for each scenario are as follows.

It can be seen from Figs 8 and 9 that with fewer DG connection nodes, the increase in DG
output power mainly leads to the rise in node voltage. The voltages of nodes 15 and 29 are the
state variables closest to the safety boundary, indicating that the voltages at nodes 15 and 29
are the weak points under the maximum DG hosting condition. This means that if the DG out-
put power increases further, the voltages at these nodes are most likely to violate the safety
constraints.

It can be seen from Figs 10 and 11 that the increase in DG output power in the distribution
network not only leads to a rise in node voltage but also alters the power flow direction of the
lines. This change may potentially cause reverse power overload in the lines if the DG output
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Fig 8. The voltage of nodes in scenario 1.
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Fig 9. The power magnitude of lines in scenario 1.
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Fig 10. The voltage of nodes in scenario 2.
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Fig 11. The power magnitude of lines in scenario 2.
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Fig 12. The output power of ES in scenario 1.
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power reaches a sufficiently high level. As shown in Fig 11, the power of the main feeder (the
line between node 0 and node 1) is the state variable closest to the safety boundary in scenario
2. This indicates that the power of the main feeder is the weak point under the maximum DG
hosting condition, meaning that if the DG output power increases further, the power on the
main feeder is most likely to violate the safety constraints.

The output power of ES and SVC. The results of the output power of flexible resources
such as ES and SVC are as follows.

It can be seen from Figs 12 and 13 that, the operating mode of the ES varies with the load
level of the distribution network. In Scenario 1, when the load level is high (from 20:00 to
22:00), the ES discharges to reduce the load consumption at nodes 17 and 32, ensuring that the
power on line;s and line,, does not exceed safe levels. When the load level is low (from 00:00
to 19:00, from 23:00 to 24:00), as previous research has shown, the voltage at the DG connec-
tion nodes becomes the weak point when there are fewer DG connection nodes. Therefore, to
allow the distribution network to host more DG power, the ES charges to reduce the voltage
rise at DG connection nodes caused by increased DG power. Similarly, the SVG operates as a
reactive load, absorbing reactive power to lower the voltage levels at the nodes.

As shown in Fig 14, in Scenario 2, when the load level is high (from 20:00 to 22:00), the ES
discharges to reduce the line power of line; 5 and line,g. When the load level is low (from 00:00
to 19:00, from 23:00 to 24:00), as previous research has indicated, the line power of the main
feeder becomes the weak point when there are multiple DG connection nodes. Therefore, to
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Fig 15. The output power of SVC in scenario 2.
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allow the distribution network to host more DG power, the ES operates in charging mode to
mitigate the increase in reverse power on the main feeder caused by the rise in DG output
power.

As shown in Fig 15, the SVC operates as a reactive power source in Scenario 2. As previ-
ous studies have shown, the line power of the main feeder becomes the weak point when
there are multiple DG connection nodes. The line power of the main feeder mainly consists
of reverse active power and forward reactive power. The former is caused by reverse power
transmission due to the increase in DG output, while the latter is due to the reactive power
load consumption of the distribution network. To enable the distribution network to host
more DG power, the SVC functions as a reactive power source to compensate for the reactive
power load in the network, thereby reducing the reactive component of the apparent power
on the main feeder.

Validity verification of simulation results. The correction of the preliminary assessment
results of the maximum DG hosting capacity in the two scenarios using the proposed recursive
method is shown in Figs 16 and 17.

Comparison is made between the proposed two-step method and the linear optimization
method commonly used in other literature. The state variables of the distribution network are
calculated based on the maximum DG hosting operating points obtained by both methods.
The distance between the operating state of the distribution network and the safety boundary
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Fig 16. Corrected power of the maximum DG hosting capacity in scenario 1.
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Fig 17. Corrected power of the maximum DG hosting capacity in scenario 2.
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is evaluated using Dy and Dg, which are defined as follows:

k

Z |Slim - Sh,t| (38)

h=
DS,t = - k

where k is the number of lines in the distribution network, Sj;,, represents the line power limit,
and Sy, ; is the power of line h at time ¢.

n

Z |Vlzm - Vi,t| (39)

i=1
D,, =-
Vit "

where 7 is the number of nodes in the distribution network, V;,, represents the voltage limit,
and V;, is the voltage at node i at time .

It can be seen from Eqs (38) and (39) that the smaller the values of Dy and Dy, the closer the
operating state of the distribution network is to the safety boundary, indicating higher accu-
racy in the assessment results.

—#— Linear optimization method
—©— Two-step method

Time(h)

Fig 18. The Dy in scenario 1.

https://doi.org/10.1371/journal.pone.0313164.9018
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Fig 19. The Dy in scenario 1.
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From Figs 18-21, it can be seen that the maximum DG hosting operating point obtained by
the two-step method has lower Dy, and D values, indicating that the proposed two-step
method provides more accurate assessment results, whereas the results from the linear optimi-
zation method are more conservative.

Comparison of different sensitivity indexes. This subsection compares the performance
of different sensitivity indexes in searching for the most suitable DG connection node for
power correction. The steps of searching for power correction node using traditional sensitiv-
ity index are as follows:

Step 1: Find the state variable var; with the smallest difference from the limit.

Step 2: Calculate the sensitivity of var; with respect to the injected power at each DG connec-
tion node according to Eqs (24) and (32).

Step 3: Based on the traditional sensitivity index in step 2, determine the DG connection node
for power correction.

The following index o is used to evaluate the performance improvement of different sensi-
tivity indexes in enhancing the accuracy of the maximum DG hosting capacity assessment
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results.
g = ZreTY%PDG,t (40)

where T is the evaluation period, APpg, is the corrected power for the maximum DG hosting
capacity at time ¢. It can be seen from Eq (40) that the larger o is, the greater the corrected
power is, indicating a higher accuracy of the calculation results.

The DG connection locations in the distribution network are obtained through random

selection. The average values of ¢ for the improved comprehensive sensitivity index and tradi-
tional sensitivity index under different numbers of DG connection nodes are shown as

follows.

It can be seen from Fig 22 that the improved comprehensive sensitivity index proposed in
this paper significantly enhances the accuracy of maximum DG hosting capacity assessment

compared to the traditional sensitivity index.

Conclusion

To accurately assess the maximum DG hosting capacity in the distribution network, this paper
proposes an two-step method that combines the linearization method and the recursive
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method. Firstly, the maximum DG hosting capacity in the distribution network is preliminar-
ily calculated using linear optimization method, and then the preliminary calculation results
are precisely corrected using recursive method. During the recursive process, an improved
comprehensive sensitivity index is proposed to find the most suitable DG connection node for
power correction. The improved comprehensive sensitivity index can accurately reflect the
impact of different DG connection nodes on the distribution network state variables and
achieve precise identification of weak points. Additionally, this paper proposes a safety con-
straint verification method based on security regions, which enhances the calculation speed of
the recursive algorithm. Finally, the proposed method was tested and validated on the IEEE
33-bus distribution network. The simulation results indicate that the proposed method can
accurately assess the maximum DG hosting capacity in the distribution network. The
improved comprehensive sensitivity exhibits significant performance improvement over tradi-
tional sensitivity index in enhancing the accuracy of calculating the maximum DG hosting
capacity. To further enhance the robustness of the assessment results, the next step of this
study will focus on researching an evaluation method for DG hosting capacity in distribution
networks that considers various uncertainties.
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