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Abstract: The access of a high proportion of photovoltaic (PV) will change the energy structure of
the distribution network (DN), resulting in a series of safety operation risks. This paper proposes a
two-stage PV hosting capacity (PVHC) calculation model to assess the maximum PVHC, considering
the uncertainty and active management (AM). Firstly, we employ a robust optimization model to
characterize the uncertainty of sources and loads in DN with PV and analyze the worst-case scenarios
for PVHC. Subsequently, we construct a PVHC calculation model that takes into account AM,
and convert the model into a mixed-integer second-order cone (MISOC) model using linearization
techniques. Finally, we apply “heuristic optimization + CPLEX solver” to solve the model and
introduce overvoltage and overcurrent indices to analyze the safety of the DN under PV limit access.
Case studies are carried out on the IEEE 33-bus system and a practical case. Results show that (1) only
the uncertainty that reduces the load or increases the output efficiency will affect PVHC; (2) for
DN limited by overvoltage, AM can better improve PVHC; however, for DN limited by maximum
transmission power, the effect of AM is low; (3) for most DN, SVC can improve PVHC, but the effect
is modest. And network reconfiguration can significantly increase PVHC on the system with poor
branch network, even reaching 150% of the original PVHC.

Keywords: distribution network; photovoltaic hosting capacity; source–load uncertainty; active
management

1. Introduction
1.1. Background

With the depletion of fossil energy such as oil and coal, energy crisis and energy
pollution are approaching. According to the International Energy Agency, the new installed
capacity of renewable energy in the world reached 510 GW in 2023. China’s national energy
administration has reported that China’s new installed power generation capacity was
about 290 GW in 2023. China’s installed capacity of renewable energy has surpassed that
of thermal power for the first time. As an important renewable energy source, the installed
capacity of photovoltaic (PV) accounts for a large proportion of renewable energy. In 2023,
the global new installed capacity of PV was 375 GW, accounting for 75% of all the new in-
stalled capacity of renewable energy. The rapid development of PV has led to an increasing
penetration rate in the distribution network (DN). It is important to consider the maximum
PV hosting capacity (PVHC).

Compared with conventional generators, PV is affected by lighting conditions and has
great uncertainty. Additionally, the transportation and installation processes of PV systems
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can result in losses, further causing the actual output to deviate from the ideal output [1].
The uncertainty caused by the high proportion of PV access will cause a non-negligible
impact on DN. In addition, the load of DN also has uncertainty, and its uncertainty cannot
be ignored. Therefore, it is necessary to consider the uncertainty of PV and load and to
obtain the most unfavorable operation scenario for the maximum PV access to the DN.

In addition, the high proportion of PV access will also change the energy consumption
structure of the traditional DN. The energy consumption structure of the traditional DN
is to supply power to the DN through the superior grid, so as to meet the electricity
demand of DN. When the PV is large enough, the electricity load of the DN will be
entirely borne by the PV, and the excess PV power generation will flow to the superior
grid, causing the occurrence of the reverse transmission phenomenon (RTP) [2,3]. Figure 1
shows the energy flow of the traditional DN and the DN with a high proportion of PV
access. Squares represent balance buses, circles are load buses, triangles are PV grid-
connected buses, and arrows indicate the direction of energy flow. It can be seen that
the energy of the traditional DN flows from the balancing bus to the remaining load
buses. However, the energy flow direction of the DN with a high proportion of PV
access is from the PV buses to the rest of the load buses and the balance bus, so its
voltage will be higher than the reference voltage at the balance bus [4], which makes the
DN have the risk of overvoltage [5,6]. Therefore, although PV has been developed very
rapidly due to its environmental protection and renewability, its uncertainty and impact
on the security of the DN limit its HC [7,8]. The above analysis shows the adverse factors
that affect the PVHC. But, with the development and construction of the intelligent DN,
various active management (AM) strategies can effectively improve PVHC, such as network
reconfiguration and static Var compensator (SVC) control [9].

(a)
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Figure 1. The energy flow direction of DN. (a) The traditional DN. (b) The DN with a high proportion
of PV access.

In summary, the PVHC calculation problem needs to maximize the PVHC using AM
while fully considering the DN security and source–load uncertainty.
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1.2. Literature Review

PVHC is defined as the maximum installed PV capacity of the DN that does not violate
the constraints for the safe operation of the power grid [10]. At present, many scholars
have carried out research on the evaluation and calculation of PVHC.

On the evaluation of PVHC, ref. [11] has integrated the impact of distributed gener-
ation and new load access on the distribution network, and then established evaluation
indexes from five aspects of the distribution network: reliability, safety, economy, flexibility,
and quality. The evaluation index of the HC was constructed from the perspectives of
power grid architecture and operation state in ref. [12], and the HC was improved through
the expansion planning of the DN. On the basis of constructing the HC index, ref. [13] has
studied the effect of energy storage and adjusting the transformer tap on the improvement
of the HC. The aforementioned literature has assessed PVHC by constructing indicators,
yet it has not actually calculated the PVHC itself.

On the calculation of PVHC, ref. [14] has used ETAP simulation software (version: 16.0)
to calculate the power flow of the DN that contains PV power sources, under the condition
that the power grid voltage constraints and line power flow constraints are met, and com-
bined this with the actual load curve of a certain region, so as to obtain the maximum PVHC
that can be connected to the PV power sources. Based on voltage sensitivity and multi-
scenario power flow simulation, ref. [15] has proposed a PV acceptance ability evaluation
method, which can uniformly generate the possible access scheme of PV and simulates the
multi-power flow. In ref. [16], the voltage deviation index and reverse power transmission
of high-proportion PV DN were introduced to judge the rationality of the optimization
scheme and feed back to the modification layer of the access scheme; then, the calculation
results of the PVHC were obtained. In ref. [17], the evaluation system of renewable energy
hosting capacity index and the hosting capacity calculation model of the power grid were
established after fully considering the power quality, relay protection, and thermal stability
test. The particle swarm optimization (PSO) algorithm was used to solve the hosting ca-
pacity model. Although the aforementioned literature has calculated PVHC, it is based on
deterministic data and does not account for the uncertainty of PV and load within the DN.

It is important to consider the uncertainty of DN when calculating the PVHC. Ref. [18]
has used a weighted K-means algorithm to cluster the historical data of distributed PV
output to obtain typical scenario data. In refs. [19,20], Monte Carlo simulations were used
to counter the uncertainties and variability related to loading behavior and the randomness
in the location and size of PV. Considering the uncertainty of PV and load, the scenario
of minimum load and maximum PV is finally selected as the worst scenario to calculate
the PVHC. Ref. [21] has established a model with high temporal resolution to simulate
all the scenarios. Based on the results of the scenarios with different PV power rates and
storage capacities, the worst scenario is the scenario with maximum PV power rates and
minimum storage capacities. A multi-time scale optimization model is established in
Ref. [22], considering the uncertainty of source and load, to realize the calculation of PVHC.

After calculating the PVHC, AM can be taken to improve its HC [23]. In ref. [24],
the best number, location, and size of PV systems to be installed on a distribution feeder
and the control set-points of the PV inverters were determined to maximize the PVHC.
Genetic algorithm (GA) and PSO metaheuristics were employed to solve the optimization
problem. In ref. [25], network reconfiguration was studied in a multi-objective framework
to improve the voltage profile and decrease the total energy loss, as well as to improve the
PVHC. A solution strategy is proposed for the presented multi-objective problem based
on the implementation of the Non-dominated Sorting Genetic Algorithm II (NSGA-II) and
fuzzy decision-making method. Ref. [26] was devoted to a new multi-objective formulation
to maximize the PVHC and minimize the total energy losses while satisfying the operational
constraints and maximizing the energy transferred to off-peak hours. The Multi-Objective
Advanced Gray Wolf Optimization (MOAGWO) algorithm was used as a solution tool.
For fully exploiting the ability of DNs to accommodate PV, ref. [27] proposed a robust
comprehensive PVHC assessment method, considering three-phase power flow modelling
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and AM techniques, including network reconfiguration, on-load-tap-changers regula-
tion (OLTC), and reactive power compensation. Ref. [28] has proposed a two-stage model,
in which the dispatching of soft open point (SOP) and management of electric vehicles (EVs)
were coordinated together with traditional AM techniques. A solving strategy based on
the column-and-constraint generation (C&CG) algorithm is developed to solve the model.

1.3. Contributions

The above literature studied PVHC from the perspectives of evaluation, calculation,
and improvement. This paper focuses on the calculation of PVHC to construct an accurate
PVHC calculation model. Noting that most of the calculation models directly make the
maximum PVHC the objective, but few of them have considered whether the objective
remains the fit for the model after the changes when it was linearized, this paper has
proposed a relaxation formula to verify the correctness of the objective. In addition,
considering that the PV has its own inverter and the DN has its own backup branch,
any DN can take SVC and network reconfiguration to improve the PVHC. Thus, it is
necessary to consider the SVC and network reconfiguration when constructing the PVHC
calculation model.

In this paper, a PVHC calculation model and improvement method considering the
uncertainty of DN has been proposed. The source–load uncertainty is described by robust
optimization. Meanwhile, the PVHC calculation model is constructed under the constraints
of DN safety and practical, PV configuration, RTP, and AM methods, and then linearized to
a mixed-integer second-order cone (MISOC) model. The validity of the objective is verified
by the relaxation verification formula, and the safety of DN operation is verified by the
overvoltage margin and overcurrent margin indexes. Table 1 compares the proposed model
of this paper with the relevant research on PVHC recently.

Table 1. Comparison of the relevant research.

Ref. Uncertainty Analysis Model Solution PVHC Improvement Model Evaluation

[17] None PSO Energy storage None

[20] Monte carlo simulation Traversal
algorithm None

Overvoltage
limit violation,

equipment
ampacity violation

[21] Stochastic simulation
High temporal

resolution
simulation

Distributed storage

Demand cover factor,
supply cover factor,

grid interaction supply
cover factor,

exported energy factor

[22] Monte carlo simulation
MATLAB

optimization
toolbox

None
Line capacity,

node overvoltage,
net load deviation

[24] None GA and PSO SVC None

[25] Probabilistic assessments NSGA-II Network reconfiguration Fuzzy decision-making

[26] None MOAGWO
algorithm

Energy storage,
OLTC, SVC None

[27] Robust optimization C&CG
algorithm

network reconfigura-
tion, OLTC,

reactive power
compensation

None

[28] Robust optimization C&CG
algorithm

EV management, SOP,
network reconfigura-

tion, OLTC,
reactive power
compensation

None

This paper Robust optimization Traversal algorithm,
CPLEX

Network
reconfiguration, SVC

Relaxation deviation,
overvoltage margin,
overcurrent margin

From the above, the key contributions of this study are listed below:
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(1) An MISOC model was established to calculate and improve the PVHC. Unlike other
papers, we propose a relaxation verification formula to assess the relaxation validity
of the MISOC model;

(2) To evaluate the safety of the DN under PV limit access, the overvoltage and over-
current margin indexes are set. The effects of maximum current, maximum voltage,
maximum reverse transmission, and PV inversion angle on PVHC are analyzed by
sensitivity analysis;

(3) To analyze the enhancement effect of the AM method on PVHC, we applied an AM
method to three kinds of DN systems that are susceptible to transmission power,
current, or voltage.

The remainder of this paper is organized as follows. In Section 2, a source–load
uncertainty model is constructed based on robust optimization, then the worst scenario
is obtained through PVHC analysis. Section 3 constructs a two-stage MISOC calculation
model considering safety constraints and AM methods. In Section 4, a solution framework
based on heuristic optimization and solver is elaborated. In Section 5, the proposed model
is demonstrated, analyzed, and discussed on the IEEE 33-bus system and a practical case in
Fuzhou, Fujian. And conclusions are provided in Section 6.

2. The Worst Scenario Considering Source–Load Uncertainty
2.1. Source–Load Uncertainty Analysis

The DN with PV access receives or transmits power to the higher power grid through
the transmission line; the main power generation source is PV, and the power consumption
sources are load and network loss, as shown in Figure 2. Among these, PV and load
have uncertainty [29,30]. Robust optimization ensures that, even in the worst scenario,
the optimization solution is feasible [31]. Refs. [32,33] established an adaptive robust
stochastic optimization model to address the renewable power uncertainty modeled as a
scenario-based ambiguity set. We describe the uncertainty of PV and load by this method.
Furthermore, considering the absolute nature of PVHC, any solution within the uncertainty
set should yield a value greater than the resulting PVHC. Therefore, the key to solving this
uncertainty problem lies in identifying the worst-case scenario for PVHC calculation. As
in (1)–(3), we describe the source–load uncertainty through box uncertainty sets.

Distribute 
network

Photovoltaic

Super network Load

Net loss

Distribute 
network

Photovoltaic

Super network Load

Net loss

Figure 2. DN source–load balance.

φv,s = φ′
v,s + αv+,s∆φv+,s − αv−,s∆φv−,s (1)

Pv,i,s = φv,sSv,i,s (2)

Pd,i,s = P′
d,i,s + αd+,i,s∆Pd+,i,s − αd−,i,s∆Pd−,i,s (3)
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where φv,s, φ′
v,s, ∆φv+,s, and ∆φv−,s are the actual, prediction, upward deviation, and

downward deviation of PV power generation efficiency in scenario s; the box uncertainty
set of φv,s is [φ′

v,s − ∆φv−,s, φ′
v,s + ∆φv+,s] ; Pd,i,s, P′

d,i,s, ∆Pd+,i,s, and ∆Pd−,i,s are the actual,
prediction, upward deviation, and downward deviation of load in scenario s and bus
i; the box uncertainty set of Pd,i,s is [P′

d,i,s − ∆Pd−,i,s, P′
d,i,s + ∆Pd+,i,s]; αv+,s, αv−,s, αd+,i,s, and

αd−,i,s are the source–load uncertainty deviation coefficients, which have values between 0
and 1; and Pv,i,s, Sv,i,s are the PV power generation and configured capacity in scenario s
and bus i.

2.2. PVHC Analysis

Equation (4) represents that PV output of each scenario that can be obtained based on
power balance. Without considering the abandonment of PV output, the output of PVHC
should always not exceed the PV output of each scene, as in (5).

Pv,s = Pd,s + Ploss,s + Pup,s (4)

Sv ≤ 1
φv,s

(Pd,s + Ploss,s + Pup,s) (5)

where Pv,s, Pd,s, and Ploss,s are the DN’s total PV generation, load, and loss in scenario s;
Pup,s is the power transmission from the DN to the upper power network in scenario s. Sv
is the PVHC of DN.

From Equation (5), we can see that, the bigger the value of φv,s is and the smaller
the values of Pd,s and Pup,s, the worse the scenario. In ref. [19,34], it is also proven that
the worst scenario is the lowest load and the highest PV output through Monte Carlo
simulations. Therefore, the uncertain scenario with the largest Pd,s and the smallest φv,s
should be selected, as in (6) and (7).

φvmax,s = φ′
v,s + ∆φv+,s (6)

Pdmin,i,s = P′
d,i,s − ∆Pd−,i,s (7)

where φvmax,s and Pdmin,i,s are the maximum PV power generation efficiency and the
minimum load.

3. Problem Description

The PVHC calculation problem proposed in this paper aims to find out where to
configure the PV and how much capacity of PV to configure in order to realize the maximum
PV capacity of the DN in scenarios, while making sure to fulfill many DN operation and
safety constraints, while also embracing the many constraints of the AM methods.

3.1. Problem Formulation
3.1.1. Objective Function

The objective function of PVHC estimation maximizes the capacity of PV that can be
installed for all buses. This can be expressed as follows:

maxSv,s =
nb

∑
i=1

Sv,i,s (8)

where nb is the total number of buses.
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3.1.2. DN Power Flow Constraints

In this part, power balance constraints, voltage balance constraints [35], and complex
power constraints are considered [36], as shown in (9)–(12).

Pv,i,s − Pd,i,s = ∑
j∈Ωup,i

Pj,s − ∑
j∈Ωdown,i

(Pj,s − rj I2
j,s)

Qv,i,s − Qd,i,s = ∑
j∈Ωup,i

Qj,s − ∑
j∈Ωdown,i

(Qj,s − xj I2
j,s)

(9)


−Pup,s = ∑

j∈Ωup,i

Pj,s − ∑
j∈Ωdown,i

(Pj,s − rj I2
j,s)

−Qup,s = ∑
j∈Ωup,i

Qj,s − ∑
j∈Ωdown,i

(Qj,s − xj I2
j,s)

(10)

V2
i2,s = V2

i1,s − 2(rjPj,s + xjQj,s) + (r2
j + x2

j )I2
j,s (11)

I2
j,sV

2
i1,s = P2

j,s + Q2
j,s (12)

where Pj,s, Qj,s, and Ij,s are the active power, reactive power, and branch current in scenario
s and branch j; rj and xj are the resistance and reactance of branch j; Qv,i,s, Qd,i,s are the
reactive PV power and reactive load in scenario s and bus i; Qup,s is the reactive power
transmission from the DN to the upper power network in scenario s; Ωup,i and Ωdown,i are
the branch set with bus i as the start and end bus; and Vi1,s and Vi2,s are the start bus and
end bus voltage of branch j in scenario s.

3.1.3. DN Safety Constraints

Equation (13) indicates that the voltage of each bus in DN should be within the voltage
safety threshold, and Equation (14) indicates that the current of each branch in DN cannot
exceed its maximum value [37].

Vmin ≤ Vi,s ≤ Vmax (13)∣∣Ij,s
∣∣ ≤ Imax (14)

where Vmin and Vmax are the minimum and maximum voltage threshold; Imax is the maxi-
mum current threshold.

3.1.4. RTP Constraints

When the DN supplies or sends power to the upper power network, the maximum
transmission power is limited due to the capacity constraint of the transformer [9], as
in (15).

Pup,s ≤ Pup,max (15)

where Pup,max are the maximum transmission power threshold.

3.1.5. PV Configuration Constraints

For PV buses, the configured capacity should be within the capacity threshold,
as in (16). The PV reactive power output is obtained by (17). If SVC is not considered, θv,i,s
is set to a fixed value. Otherwise, θv,i,s can be set within a certain range, as in (18).

Sv,min ≤ Sv,i,s ≤ Sv,max (16)

Qv,i,s = Pv,i,stanθv,i,s (17)

−θv,max ≤ θv,i,s ≤ θv,max (18)

where Sv,min and Sv,max are the minimum and maximum PV configuration capacity; θv,i,s is
the inverse angle of scenario s and bus i; θv,max is the maximum inverse angle.
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3.1.6. Network Reconfiguration Constraints

During the planning phase, the DN adopts a closed-loop design, whereas, during
actual operation, it needs to maintain an open-loop configuration. Consequently, backup
lines are available, making network reconfiguration feasible. Furthermore, since the
original DN topology design did not take into account the scenario of PV limit access,
it is of great significance to explore the optimal topology for PVHC through network
reconfiguration. The topology of the reconfigured DN must meet the radiation and
connectivity constraints [9,38].

∑
j∈Ωdown,i

Fj,s − ∑
j∈Ωup,i

Fj,s = 1 (19)

∑
j∈Ωup,1

Fj,s = εg (20)

nl

∑
j=1

Fj,s = nb − 1 (21)

Pj,s = 0, Qj,s = 0, Ij,s = 0, Fj,s = 0, i f αj,s = 0 (22)

where αj,s and Fj,s are the branch switch status and virtual power of scenario s and branch
j; εg is an arbitrary number.

3.2. Linearization Analysis

There are nonlinear constraints in the constructed calculation model, which needs to
be linearized [39]. Introduce a quadratic variable I2

j,s/V2
i,s instead of I2,j,s/ V2,i,s to eliminate

the current and voltage squared terms, as in (23)–(26). When network reconfiguration is
considered in the model, all the parameters of the disconnected line are 0. The large M
method is introduced to linearize the above conditional constraints, as in (27) and (28).

Pv,i,s − Pd,i,s = ∑
j∈Ωup,i

Pj,s − ∑
j∈Ωdown,i

(Pj,s − rj I2,j,s)

Qv,i,s − Qd,i,s = ∑
j∈Ωup,i

Qj,s − ∑
j∈Ωdown,i

(Qj,s − xj I2,j,s)
(23)


−Pup,s = ∑

j∈Ωup,i

Pj,s − ∑
j∈Ωdown,i

(Pj,s − rj I2,j,s)

−Qup,s = ∑
j∈Ωup,i

Qj,s − ∑
j∈Ωdown,i

(Qj,s − xj I2,j,s)
(24)

V2
min ≤ V2,i,s ≤ V2

max (25)

I2,j,s ≤ I2
max (26)

−Mαj,s ≤ V2,i2,s − V2,i1,s + 2(rjPj,s + xjQj,s)− (r2
j + x2

j )I2,j,s ≤ Mαj,s (27)

−Mαj,s ≤ Pj,s, Qj,s, I2,j,s, Fj,s ≤ Mαj,s (28)

where V2,i,s and I2,j,s are the square of voltage and current; M is a maximal positive value.
Equation (12) is transformed into a second-order cone form and treated with relax-

ation [40], as in (29). ∥∥∥[2Pj,s, 2Qj,s, I2,j,s − V2,i1,s
]T

∥∥∥
2
≤ I2,j,s + V2,i1,s (29)

When linearizing Equation (12), relaxation is carried out, so it is necessary to verify
whether the solution results still satisfy the original constraints, as in (30).

nl

∑
j=1

(I2,j,sV2,i1,s − P2
j,s − Q2

j,s)
2 ≤ εmin (30)



Electronics 2024, 13, 4048 9 of 21

where εmin is a minimal positive value close to zero.
When the model is verified by (30), it is found that the error is much larger than 0

when Equation (8) is used as the objective function, indicating that Equation (8) cannot be
relaxed under this objective function and the objective function needs to be adjusted. When
the objective function is adjusted to verify the effectiveness of second-order cone relaxation,
it is found that the relaxation results satisfy the original constraints when the loss of the
network is reduced by the objective function. Based on the above analysis, the model is
adjusted to a two-stage MISOC model with the maximum PVHC in the first stage and the
minimum network loss in the second stage, as in (31).

max Sv,s min Ploss,s =
nl
∑

j=1
I2,j,srj

s.t. (15–21), (23–29)

(31)

4. Solution Methodology

The model is divided into two stages. The first stage is the outer max problem, which
maximizes the PVHC. The second stage is the inner layer min problem, which determines
the PV configuration plan, the switch status of each branch, and the power angle of the
inverter to minimize the network loss. To solve this problem, the method of “variable step
size traversal + solver” is adopted, as in Figure 3.

start

Obtain DN topology information

Example Import running scenario information

Set the PVHC to 0kW and step 

size L to 1000kW

Solve the second stage model

              min     Ploss,s

              Sv,i,s,αj,s,θv,i,s

         s.t. (15–21), (23–29)

yes

no

Solvable

Taken the maxium Sv,s as the 

result

Sv,s
 
= Sv,s+L

end

L = 1

Sv,s = Sv,s− L

L = L/10,

no

yes

Figure 3. PVHC model solving strategy.
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The specific solution strategy is as follows:

(1) Input PV output efficiency and load data to obtain the model calculation scenario;
(2) Set the PVHC to 0 kW and the initial step size to 1000 kW;
(3) Put it into the second stage model, solve the model, and obtain the PV configuration

plan and the switch state of each branch;
(4) Judge the safety of the result and calculate the overvoltage margin and overcurrent

margin, as in (32) and (33).

Vout,s =
Vmax − max(Vi,s)

Vmax
(32)

Iout,s =
Imax − max(Ij,s)

Imax
(33)

where Vout,s and Iout,s are the overvoltage and overcurrent margin;
(5) If the result does not exceed the safety limit and meets Equation (30), increase the

PVHC by a step and return to step 3;
(6) If the result makes the overvoltage or overcurrent not satisfy Equation (30) and if the

step is longer than 1, return to the previous PVHC and reduce the step size to one-
tenth of the original, then return to step 3. If the step length is 1, the last solution
result is output, and the PVHC at this time is the result.

5. Case Studies

The model is analyzed using the IEEE 33-bus system and a DN practical case in
Fuzhou, Fujian. The mathematical formulation of the proposed model is programmed in
Python 3.6. The solver is CPLEX 12.8. All the simulations are implemented in a Windows
11 environment with Inter (R) Core (TM) i7-13700 CPU (3.40 GHz, 16 GB RAM).

5.1. IEEE 33-Bus System
5.1.1. Data and Result Analysis

The rated capacity of the IEEE 33-bus system is 10 MVA, the rated voltage is 12.66 kV,
the voltage threshold is [0.95, 1.05] p.u. (expressed by unit value), and the maximum
current is 500 A [39]. The maximum transmission power is 6 MW. The branch and bus data
can be found in ref. [41]. Except for the balance bus, the remaining buses can be installed
PV generators, and the threshold is [100, 800] kW. εmin is set to 10−6. The load types of
buses are shown in Table 2.

According to the impact analysis of PVHC, the moment of output efficiency
[1, 0.9, 0.85, 0.8, 0.75] is selected as the scenario for analysis. Moreover, the moment with
the smallest load is selected as the load of the scene. Based on the above analysis, we have
set five typical scenarios, as shown in Table 3.

Table 2. Bus load type of the IEEE 33-bus system.

Load Type Buses

Resident 4/7/10/13/16/19/22/25/28/31
Commercial 2/5/8/11/14/17/20/23/26/29/32

Industrial 3/6/9/12/15/18/21/24/27/30/33

Table 3. The bad scenarios of the IEEE 33-bus system.

Scenes Efficiency Resident (kW) Commercial (kW) Industrial (kW)

1 1 200 160 160
2 0.9 100 130 130
3 0.85 90 140 140
4 0.8 80 160 160
5 0.75 135 140 140
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Without considering the uncertainty and AM (the standby branch disconnection and
θv,i,s are set to 5°), the results of each scenario are shown in Table 4. From the table, we see
that scenario 2 has the smallest PVHC. As such, scenario 2 is the worst scenario in DN,
and the PVHC of the DN is 11.073 MW. Comparing scenarios 2, 3, and 4, it is found that
PVHC increases as the PV output efficiency decreases under similar loads. This indicates
that the PV output efficiency of the worst scenario in which PVHC is calculated should
be as large as possible. Comparing scenarios 1 and 2, although scenario 2 has a smaller
output efficiency, its PVHC is smaller due to its smaller load. This further illustrates that
PVHC is proportional to the load size, and the scenarios with smaller loads are closer to
the worst scenario.

Table 4. Results of the five typical scenarios.

Scenes Reverse Power (kW) PVHC (kWp) Overvoltage (%) Overcurrent (%) Relaxation Deviation

1 6000 11,623 2.29 3.70 10−7

2 6000 11,073 2.17 4.06 10−7

3 6000 11,882 1.81 3.84 10−7

4 5921 12,946 2.01 5.26 10−5

5 5373 13,196 2.28 13.94 10−5

The bus voltages and branch currents of each scenario are shown in Figures 4 and 5.
From the figures, it can be found that the voltage is minimum at the balancing bus and
gradually increases towards the PV configuration bus, and that the current is maximum
at the balancing bus and gradually decreases towards the PV configuration bus. This
phenomenon reflects the situation of DN with maximum access to PV. In this case, the RTP
that causes the power flow back occurs, making the voltage and current characteristics
opposite to the original.
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Figure 4. Bus voltage in the five typical scenarios.
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The PV configuration scheme for scenario 2 is shown in Figure 6, and the data format
is bus/capacity (kW). Based on the configuration scheme, PV is mainly configured in the
buses that are near the balance bus, and only a small amount of PV is configured for other
buses. By analyzing the reasons for the above situation, it can be concluded that the strategy
of this paper is to first configure PV in each bus to absorb the load, and then configure PV
in the bus closer to the balance bus for reverse power supply. This strategy can effectively
shorten the power flow and alleviate the rise of voltage and current in the DN.

1/0

2/800

3/800

4/800

5/800

6/755

7/0

8/0

9/143

10/112

11/144

12/337

13/113

14/179

15/0

16/140

17/144

18/134

19/800

20/800

21/800

22/576

23/800

24/800

25/331

26/144

27/144

28/111

29/155

30/144

31/111

32/144

33/155

1/0

2/800

3/800

4/800

5/800

6/755

7/0

8/0

9/143

10/112

11/144

12/337

13/113

14/179

15/0

16/140

17/144

18/134

19/800

20/800

21/800

22/576

23/800

24/800

25/331

26/144

27/144

28/111

29/155

30/144

31/111

32/144

33/155

Figure 6. PV configuration scheme in scenario 2.

Taking scenario 2 as the base scenario, the paper analyzes the model validity, uncer-
tainty, sensitivity, and AM method as follows.

5.1.2. The Validity Analysis

We adjust the objective function of the model to the maximum PVHC and the maxi-
mum reverse power, and the relaxation deviation of the results are 3.831 and 4.216, respec-
tively. The result shows that second-order cone relaxation cannot be used to linearize the
model when the PVHC maximum is the objective function directly. The relaxation deviation
of the two-stage model established in this paper is less than 10 with the minimum loss as
the objective function. The two-stage model constructed in this paper aims to maximize the
PVHC in the first stage and minimize the loss in the second stage. The linearized model is
solved in the second stage, and the relaxation deviation is less than 10−5. It shows that the
results obtained by the model constructed in this paper still satisfy the original constraints.

5.1.3. The Uncertainty Analysis

This paper has concluded in the result analysis that the worst scenario has larger out-
put efficiency and smaller load. Therefore, only the uncertainty that stems from increasing
the output efficiency or decreasing load can make the scenario worse. And the worst uncer-
tainty scenario is the one with maximum output efficiency and minimum load. To prove
this conclusion, the output efficiency and load are adjusted respectively for comparative
analysis. The results are shown in Figure 7, where the horizontal coordinate represents the
adjustment ratio of efficiency or load. From the figure, it can be intuitively seen that PVHC
is inversely proportional to efficiency and proportional to load, and efficiency affects PVHC
more than load.
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Figure 7. Uncertainty analysis results.

5.1.4. The Sensitivity Analysis

(1) Maximum current.

In scenario 2, we set the maximum current to [300, 400, 500, 600, 700] A, and the
calculated results are shown in Table 5. It can be seen that the PVHC increases as the
maximum current increases from 300 to 500. But, when the maximum current is from
500 to 700, the PVHC does not increase. This is because PVHC is mainly limited by current
risk when the maximum current is low. Therefore, PVHC increases with the increase in
the maximum current. But, when the maximum current is high enough, PVHC is mainly
limited by the maximum reverse power, so that the PVHC does not increase with the
maximum current. After accurate calculation, the critical maximum current of the above
two cases is 480 A.

Table 5. Sensitivity analysis results of maximum current.

Current Maximum (A) Reverse Power (kW) PVHC (kWp) Overvoltage (%) Overcurrent (%)

300 3743 8482 3.63 0
400 4996 9909 3.03 0
500 6000 11,073 2.17 4.06
600 6000 11,073 2.17 20.05
700 6000 11,073 2.17 47.97

(2) Maximum voltage.

We set the maximum voltage to [1.02, 1.03, 1.04, 1.05, 1.06] p.u.; the calculated results
are shown in Table 6. When the maximum voltage comparison is small, PVHC will increase
with the increase in the maximum voltage. But, when the maximum voltage is large, PVHC
does not increase. The critical maximum voltage of the above two cases is 1.0253 p.u..

Table 6. Sensitivity analysis results of maximum voltage.

Maximum Voltage (p.u.) Reverse Power (kW) PVHC (kWp) Overvoltage (%) Overcurrent (%)

1.02 5312 10,272 0 14.98
1.03 6000 11,073 0.27 4.06
1.04 6000 11,073 1.23 4.06
1.05 6000 11,073 2.17 20.05
1.06 6000 11,073 3.09 47.97

(3) Maximum transmission power.

We set the maximum transmission power to [5, 5.5, 6, 6.5, 7] MW; the calculated
results are shown in Table 7. From the table, it can be seen that the PVHC increases with
the increase in the maximum transmission power before the critical value. But, when the
maximum transmission power reaches 6.256 MW, the overcurrent is 0, and the PVHC will
not increase again.
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Table 7. Sensitivity analysis results of maximum transmission power.

Maximum Transmission
Power (MW) Reverse Power (MW) PVHC (kWp) Overvoltage (%) Overcurrent (%)

5 5 9915 2.86 19.90
5.5 5.5 10,490 2.71 11.98
6 6 11,073 2.17 4.06

6.5 6.256 11,365 2.18 0
7 6.256 11,365 2.18 0

(4) The inverse angle.

We set θv,i,s to [−5, −2, 2, 5] MW; the calculated results are shown in Table 8. From the
table, if can be found that the fixed θv,i,s has little effect on PVHC. But, when a is close to 0,
the current of DN will decrease, which can effectively alleviate the risk of overcurrent.

Table 8. Sensitivity analysis results of the inverse angle.

θv,i,s Reverse Power (kW) PVHC (kWp) Overvoltage (%) Overcurrent (%)

−5 6000 11,080 2.67 3.64
−2 6000 11,070 2.58 46.20
2 6000 11,072 2.21 47.80
5 6000 11,073 2.17 4.06

5.1.5. The AM Methods Analysis

We set 3 cases to compare with the original results. Case 1 considers network recon-
figuration, and case 2 considers SVC, which can adjust θv,i,s between −5° and 5°. Case
3 considers both network reconfiguration and SVC. The results are shown in Table 9.
From the table, we can see that the difference between the results that take AM methods
and the original results is low. We think that this condition occurs because the PVHC of the
original DN system is mainly limited by the maximum transmission power, which cannot
be improved by AM methods.

Table 9. The AM methods analysis results of the original DN.

Case Origin 1 2 3

AM None Reconfiguration SVC Both
Reverse power (kW) 6000 6000 6000 6000

PVHC (kWp) 11,073 11,067 11,072 11,069
Overvoltage (%) 2.17 2.39 2.24 2.52
Overcurrent (%) 4.06 4.36 4.82 4.80

Off branches 33/34/35/36/37 8/13/25/32/33 33/34/35/36/37 9/25/33/34/36

From the inverse angle sensitivity analysis, we see that SVC can alleviate the risk of
overcurrent. To verify this conclusion, we decrease the maximum current to 300 A, which
makes the DN more prone to overcurrent risk, and then compare the effects of the AM
methods again. The results are shown in Table 10. It can be seen that the SVC increases the
PVHC by 45 kW, but the effect of network reconfiguration is still low.

Based on the original system, the maximum voltage is adjusted to 1.02 p.u. The com-
parison between the results of the AM method and the original results is shown in Table 11.
From the table, we can see that both network reconfiguration and SVC can increase the
PVHC in the DN that is more prone to overvoltage. And SVC can increase the PVHC by
400 kW, while network reconfiguration increases the PVHC by 60 kW. This means that AM
methods are more effective in DN, which is prone to overvoltage.
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Table 10. The AM methods analysis results of the overcurrent DN.

Case Origin 1 2 3

AM None Reconfiguration SVC Both
Reverse power (kW) 3743 3735 3790 3790

PVHC (kWp) 8482 8471 8527 8529
Overvoltage (%) 3.63 3.60 3.81 3.80
Overcurrent (%) 0 0 0 0

Off branches 33/34/35/36/37 10/14/16/28/33 33/34/35/36/37 6/8/11/12/27

Table 11. The AM methods analysis results of the overvoltage DN.

Case Origin 1 2 3

AM None Reconfiguration SVC Both
Reverse power (kW) 5312 5364 5674 5744

PVHC (kWp) 10,272 10,330 10,685 10,766
Overvoltage (%) 0 0 0 0
Overcurrent (%) 14.98 14.48 10.08 8.94

Off branches 33/34/35/36/37 11/14/17/27/33 33/34/35/36/37 6/8/13/26/37

5.2. Practical Case

To further demonstrate the applicability and practicability of the model, the PVHC
calculation model is applied in a practical case. As shown in Figure 8, the practical case
consists of 17 buses and 20 branches, in which branches 17, 18, 19, 20 are the spare branches.
In this system, the output efficiency is 0.9, and the resident, commercial, and industrial
loads are 200, 160, and 160 kW. The load type of buses is shown in Table 12, and the branch
data are shown in Table 13. The maximum transmission power is 7 MW. The data not
mentioned are the same as the IEEE 33-bus system. Four cases are set up according to the
type of AM method taken, and the calculation results are shown in Table 14.

From Table 14, it can be seen that the SVC increases the PVHC by 166 kW, which is
similar to the results of the IEEE 33-bus system. But network reconfiguration increased
the PVHC by 3272 kW, which is much larger than the IEEE 33-bus system. As for the
completely different effects of network reconfiguration in the two cases, we think that
these are due to the difference in the branch networks of each case. The branch network
in the IEEE 33-bus system is superior, so the effect of network reconfiguration on PVHC
improvement is small, while the branch network in the practical case is not suitable for the
situation of a large number of PV access, so the network reconfiguration can effectively
improve PVHC. Based on the above analysis, it can be concluded that SVC can improve
the PVHC, but the effect is mediocre. For systems with poor branch networks, network
reconfiguration can significantly increase PVHC by more than 50%.
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Table 12. Bus load type in the practical case.

Load Type Buses

Resident 5/6/12/14/15
Commercial 4/7/9/10/11/13/16/17

Industrial 2/3/8

Table 13. Branch data for the practical case.

Branch Begin Bus End Bus Resistance (Ω) Reactance (Ω)

1 1 2 0.3431 0.1909
2 2 3 0.2244 0.1249
3 2 4 0.3392 0.1887
4 4 5 0.2494 0.1388
5 4 6 0.3292 0.1832
6 6 7 0.1496 0.0833
7 6 8 0.0948 0.0527
8 4 9 0.3392 0.1887
9 9 10 0.1692 0.0944
10 10 11 0.3611 0.2009
11 11 12 0.1337 0.0744
12 10 13 0.3641 0.2026
13 13 14 0.2244 0.1249
14 14 15 0.3112 0.1732
15 13 16 0.2025 0.1127
16 16 17 0.2753 0.1532
17 5 7 0.3392 0.1887
18 8 12 0.3392 0.1887
19 12 15 0.3392 0.1887
20 14 17 0.3392 0.1887

Table 14. The AM methods analysis results in the practical case.

Case 1 2 3 4

AM None Reconfiguration SVC Both
Reverse power (kW) 3378 6201 3521 6242

PVHC (kWp) 6873 10,145 7039 10,189
Overvoltage (%) 3.31 1.45 3.34 7.30
Overcurrent (%) 45.62 0 43.96 0

Off branches 17/18/19/20 6/11/13/16 17/18/19/20 6/11/14/15

5.3. Comparison of Solution Methods

The second-order cone relaxation method is adopted in the linearization. If the
model is solved directly, the relaxation deviation will be too large, resulting in the original
constraint becoming invalid. For this case, ref. [28] reduces the relaxation deviation by
iterative approximation. And the method proposed in this paper solves this problem by
constructing a two-stage model. In the second stage, the minimum loss is the goal while
trying to ensure the effectiveness of second-order cone relaxation, and, in the first stage,
the maximum PVHC is the goal while trying to obtain the calculation results. The results
of the two methods are listed in Table 15.

In the IEEE 33-bus system, the PVHC obtained by the two methods is almost the same
when the AM is not adopted. However, the PVHC obtained in ref. [28] is larger than that
in this paper after AM is adopted. The above situation occurs because the method in this
paper limits the loss. Therefore, different from ref. [28], the method in this paper does
not increase the PVHC by increasing the loss. In the practical case, ref. [28] already has
relatively large losses without considering the AM. The reason for this difference may be
the same as previously analyzed, from the point of loss, the branch network of IEEE 33-bus
system is better than the practical case. Therefore, the configuration of PV is not enough to
increase the loss of IEEE 33-bus system. Based on the above analysis, we conclude, only
from the PVHC calculation effect, that the method in ref. [28] is better. But, if the branch
network and loss are considered, the method in this paper is more effective.
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Table 15. Results of the different methods.

Methods
Ref. [28] This Paper

PVHC (kWp) Loss (kW) Relaxation
Deviation PVHC (kWp) Loss (kW) Relaxation

Deviation

IEEE 33-bussystem No AM 11,362 137 10−14 11,365 113 10−14

With AM 11,777 432 10−12 11,420 112 10−13

Practical case No AM 7935 782 10−4 6873 48 10−6

With AM 11,030 943 10−4 10,189 167 10−9

6. Conclusions

Calculating and improving the PVHC is conducive to the orderly development of
the PV industry and the construction of green power grids. This paper presents a PVHC
calculation model and improvement method considering the uncertainty of source load
to achieve PVHC calculation as truly and accurately as possible. We have analyzed the
effectiveness of the model by the IEEE 33-bus system and practical case, and then obtained
the following conclusions:

(1) The established calculation model of PVHC can ensure that all the constraints are not
exceeded, and the DN can operate safely and stably under the obtained PVHC;

(2) The PVHC is affected by the load and PV power generation efficiency. The smaller the
load and the larger the PV power generation efficiency, the smaller the PVHC obtained;

(3) To shorten the power flow and alleviate the rise of voltage and current, the strategy of
this paper is to first configure PV in each bus to absorb the load, and then configure
PV in the bus closer to the balance bus for reverse power supply;

(4) SVC can improve the PVHC, but the effect is mediocre. For systems with poor branch
networks, network reconfiguration can significantly increase PVHC by more than 50%.

In order to solve the problem of calculating the PVHC, this paper discusses the
calculation method of PVHC by considering RTP and uncertainty and analyzes the AM
methods to improve PVHC. The PVHC calculation model significantly guides the PV
configuration of the distribution network. However, there are still many factors that are not
taken into account in the model constructed in this paper. New modules in DN systems
such as energy storage and EVs can increase the flexibility of the system and, thus, improve
the PVHC. And, in the real world, various system faults will reduce the PVHC. If these are
taken into account, the model will be more accurate. Moreover, due to ownership issues,
the distributed system operator does not have access to individual PV installations, making
the configuration of PV capacity not fully controllable, so the practical feasibility of the
PVHC calculation model needs to be further investigated. In the future, we will add the
energy storage and EVs models of DN system into the calculation model, and collect the
faults that may occur in the DN system to make the results more accurate and reliable.
In addition, we will further study the practical and feasible method for producing a PVHC
calculation model.
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Nomenclature of Symbols and Abbreviations

Abbreviations
PV Photovoltaic
DN Distribution Network
PVHC Photovoltaic Hosting Capacity
MISOC Mixed-Integer Second-Order Cone
RTP Reverse Transmission Phenomenon
AM Active Management
SVC Static Var Compensators
PSO Particle Swarm Optimization
GA Genetic Algorithm
NSGA-II Non-dominated Sorting Genetic Algorithm II
MOAGWO Multi-Objective Advanced Gray Wolf Optimization
OLTC On-Load-Tap-Changers regulation
SOP Soft Open Point
EVs Electric Vehicles
C&CG Column-and-Constraint Generation
Sets
I Set of buses, indexed by i , and I = {1,2,. . . ,nb}
J Set of branches, indexed by j, and J = {1,2,. . . ,nl}
S Set of scenarios, indexed by s
Ωup,i the branch set with bus i as the start bus
Ωdown,i the branch set with bus i as the end bus
Parameters
φv,s Actual PV power generation efficiency in scenario s
φ′

v,s Predicted PV power generation efficiency in scenario s
∆φv+,s Upward deviation value of PV power generation efficiency in scenario s
∆φv−,s Downward deviation value of PV power generation efficiency in scenario s
αv+,s Upward deviation coefficient of PV power generation efficiency in scenario s
αv−,s Downward deviation coefficient of PV power generation efficiency in scenario s
Pv,i,s PV power generation of scenario s and bus i
Pd,i,s Actual load of scenario s and bus i
P′

d,i,s Predicted load of scenario s and bus i
∆Pd+,i,s Upward deviation value of load of scenario s and bus i
∆Pd−,i,s Downward deviation value of load of scenario s and bus i
αd+,i,s Upward deviation coefficient of load of scenario s and bus i
αd−,i,s Downward deviation coefficient of load of scenario s and bus i
Pv,s Total PV generation of all buses in scenario s
Pd,s Total load of all buses in scenario s
Ploss,s Total loss in scenario s
Pup,s Power transmission from the DN to the upper power network in scenario s
Sv PVHC
φvmax,s The maximum PV power generation efficiency in scenario s
Pdmin,i,s The minimum load of scenario s and bus i
Qv,i,s PV reactive power generation of scenario s and bus i
Qd,i,s Reactive load of scenario s and bus i
rj Resistance of branch j
xj Reactance of branch j
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Qup,s
Reactive power transmission from the DN to the upper power network
in scenario s

Vmin Minimum voltage threshold
Vmax Maximum voltage threshold
Imax Maximum current threshold
Pup,max Maximum transmission power threshold
Sv,min Minimum PV configuration capacity
Sv,max Maximum PV configuration capacity
θv,max Maximum inverse angle
ϵg Arbitrary number
ϵmin A minimal positive value close to zero
M A maximal positive value
Vout,s Overvoltage margin of scenario s
Iout,s Overcurrent margin of scenario s
Variables
Sv,i,s PV configuration capacity of scenario s and bus i
Pj,s Active power of scenario s and branch j
Qj,s Reactive power of scenario s and branch j
Ij,s Current of scenario s and branch j
Vi,s Voltage of scenario s and bus i
θv,i,s Inverse angle of scenario s and bus i
Fj,s Virtual power of scenario s and branch j
αj,s Branch switch status of scenario s and branch j
I2,j,s Square of current of scenario s and branch j
V2,i,s Square of voltage of scenario s and bus i
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