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Abstract: With the large-scale centralized PV clusters connected to grid, the grid power flow has
certain randomness. Considering the fluctuation of PV output, an improved Krawczyk-Moore
algorithm in a mixed coordinate system is proposed to solve the uncertain power flow problem.
Firstly, aiming at the special structure of a centralized PV cluster with only load node and no generator
node, this paper proposes a power flow calculation in the mixed power flow coordinate, and then
the Krawczyk-Moore operator is used to combine interval and affine arithmetic to overcome the
shortcoming of over-conservative interval algorithm. Finally, the voltage operating condition under
different volatility and different partial shading conditions is studied through the simulation of a
practical example, and the out-of-limit voltage problem inside the centralized PV cluster is analyzed.
Meanwhile, the effectiveness of the proposed algorithm is verified.

Keywords: centralized PV cluster; power flow analysis; interval and affine arithmetic;
Krawczyk-Moore operator; mixed power flow calculation; out-of-limit voltage; partial shading

1. Introduction

With the increasingly severe global energy crisis, developing renewable energy has become the
consensus of the whole human society. The development of renewable energy is also an inevitable trend
in future power systems [1]. As a widely utilized renewable energy, solar energy has been developing
rapidly in the world, especially in China in recent years. According to national energy-related data, by
the end of 2018, China had added 44 GW of PV installations, with a total installed capacity of 174 GW,
including 124 GW of centralized PV clusters [2].

Power flow analysis is one of the most fundamental and heavily used tools in power engineering,
such as reactive power optimization, state estimation, and fault diagnosis [3]. It allows power system
analysts to determine the steady state or operating conditions of a power system for a specified set of
values, such as load and generation levels. Power flow calculation is the basis of power flow analysis.
On the one hand, power flow calculation can provide the basis for the selection of electrical equipment
and the optimization of power supply schemes for power system planning; on the other hand, it can
provide the analysis of static security and adjust operation mode for the power system, as well as
provide the initial data for fault calculation and stability calculation of the power system. However,
due to the fluctuation of PV cells, the original deterministic power flow calculation model is no longer
applicable. As centralized PV clusters undertake more and more power transmission tasks in the
power grid, its stable operation is crucial to the stability of the entire power grid. In order to ensure the
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safe, stable, and reliable operation of power systems, it is particularly important to study the uncertain
power flow algorithm of centralized PV clusters [4,5].

At present, there are three main calculation methods for uncertain power flow: (1) The fuzzy
mathematical method [6,7]; (2) the probability power flow method, which mainly includes the
analytical method [8,9], the approximation method [10] and the simulation method [11]; and (3)
interval analysis [12–14]. When the first and second kinds of methods are adopted, the probability
density function or membership function of uncertain parameters needs to be known; due to the
randomness of data, these functions are difficult to be determined in practice and usually rely on
presetting. Considering the above limitations, the third type, the interval analysis method, is considered
to be an effective method to solve the problem of uncertain power flow because it only needs to
determine the range of variables, which is simple to model. In addition, interval analysis can avoid the
interference of human factors, which has been paid close attention by researchers [15]. Based on the
existing research results, the calculation methods of interval power flow are mainly divided into the
affine optimization method, the direct optimization method, and the iterative method [16]. In [17], an
affine-based interval power flow analysis method was proposed. By solving a power flow equation
and two linear programming problems, the upper and lower bounds of the power flow solutions
that restrain interval extension were obtained. In [18], Taylor expansion of intervals was carried
out according to affine ideas, and interval power flow equations in the Cartesian coordinate system
were expanded into three deterministic power flow equations for solution, which avoids interval
iteration process. However, as with [18], the complexity of the calculation is increased by Taylor
expansion. In [19], an interval optimization framework was proposed. Upper and lower bounds of
power flow solutions were obtained respectively by solving two deterministic optimization problems.
Reference [20] proposed a new optimization scenario method, which regarded the uncertainty of the
interval as bounded variables and solved these unknown variables using the two methods of minimum
programming model and maximum programming model, which determined the range of interval
power flow problem. In [21], the Ybus Gaussian iterative interval power flow equation in complex
affine form was established considering the uncertainty of the operation of distributed power supply.
The iterative process was simplified and the accuracy and efficiency of interval power flow calculation
were improved by using the method of noise element merging. In [22], the Krawczyk-Moore operator
was used to combine interval and affine to achieve the requirement of overcoming interval conservatism.

However, in [17,18], Taylor expansion was adopted, which undoubtedly increased the amount of
calculation and made the calculation process too tedious. When using the affine optimization method,
the objective function and constraint conditions need to be constructed. Whereas, due to the large
number of nodes in the PV cluster, the curse of dimensionality may occur due to too many constraints,
eventually leading to the failure of the algorithm. In [19,20], the interval power flow solution problem
can be converted into the maximum and minimum solution problem. However, a large amount of
computational resources is consumed in the optimization process, and it is difficult to find the global
optimal solution. In [21], when the iterative method is used, the accuracy may be insufficient due to
the structure of the algorithm itself. Moreover, this method is only applicable to small-scale systems
and DC power flow models, and is not applicable to the research object in this paper. In [22], the initial
interval affects the convergence of iteration. When the output of PV cells within the cluster fluctuate
greatly, non-convergence may occur. In [6–22], only the uncertainty of power was studied, and there
was no specific research object. In [23–25], the centralized PV cluster was taken as the research object,
but only to study their external characteristics, namely the fluctuation of output, without considering
the huge internal network structure, which ignores the operation fluctuation of each PV generation
unit within the cluster.

In order to solve the above problem, this paper proposes an improved algorithm based on the
iterative method for the special structure of centralized PV clusters. The algorithm utilizes interval
and affine arithmetic to process the Jacobi matrix elements in the two coordinate systems, and uses
the K-operator to conduct iteration, respectively. At the end of each iteration, it is transformed into
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polar coordinate form for intersection processing, and then determines whether the iteration stop
condition is satisfied or not, and finally gets the more ‘constricted’ interval result. The advantages of
this algorithm are as follows: (1) The convergence performance of the Krawczyk-Moore operator is
improved by processing the initial interval of iteration; (2) the mixed power flow avoids the waste of
computing resources and saves computing time; (3) the application of affine arithmetic is expanded to
overcome the shortcoming of too conservative interval results.

The rest of the paper is organized as follows: Section 2 presents the internal structure and modeling
of centralized PV clusters. In Section 3, the principle of uncertain power flow algorithm is introduced.
Section 4 introduces the modeling and iterative steps of mixed uncertain power flow. The voltage
operating condition under different volatility and different partial shading conditions is analyzed in
Section 5. The main conclusions and contributions of the paper are drawn in the last section.

2. Centralized PV Clusters

2.1. Description of Centralized PV Clusters

Most of the centralized PV clusters are built away from the load in remote areas, which are weak
grid structures over a long transmission distance and the voltage stability is poor.

As is shown in Figure 1, a PV unit consists of a PV array, two inverters, and a 0.27 kV/10kV
transformer. A large number of PV units are series-connected in multiple branches, which are integrated
in parallel, forming a radiant cluster structure. Then, the main transformer boosts the voltage to 110 kV,
and the power is transmitted to the power grid through the high-voltage ac transmission line. It can be
seen that there is a huge structure inside the cluster, which contains a large number of PV units, with a
large amount of node information. However, in the previous analysis of the transmission network, the
centralized PV cluster was considered a node, while the power flow analysis and research within the
centralized PV cluster were ignored.
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Figure 1. Take the centralized PV cluster in Bayannur city of Inner Mongolia province as an example to
describe. (a) Electrical wiring diagram of boost station; (b) Wiring diagram of centralized PV clusters.
Abbreviations: PV, photovoltaic; PCC, point of common coupling.

2.2. Modeling of PV Power Generation Units

PV power generation units transform the solar energy into electricity, of which the output is
affected by light intensity, the exposed area of the cell, conversion efficiency, and other factors [26,27].
Its maximum output power is expressed as below:

P = ηAS[1− 0.005(TL − 25)] (1)

where η is the conversion efficiency; A is the area of PV panels; S is the light intensity; TL is the
temperature of PV panel.

For a particular centralized PV cluster, the area of the PV power generation unit is determined.
Without considering factors such as PV unit aging, PV conversion efficiency is a fixed constant, usually
17%. Generally, the ambient temperature is used to calculate the temperature of PV cells, as shown in
Equation (2):

TLTa + CS (2)

where Ta is the ambient temperature and C is the influence factor of light intensity on temperature,
which is 0.03.

According to the above, the output power of each PV power generation unit is:

P = ηAS[1− 0.005(Ta + CS− 25)] (3)

It can be seen from Equation (3) that the output of the PV unit is mainly affected by light intensity
and has volatility. The inverter is assumed to work normally and outputs active power. All PV units
are regarded as load nodes, power flow analysis is carried out within the centralized PV cluster, and
the operation status of each node and its influence on the whole internal system are studied.

2.3. Impedance Modeling and Voltage Out-of-Limit Analysis of Centralized PV Clusters

The impedance of the centralized PV cluster is shown in Figure 2. In order to facilitate the study,
the admittance of the split transformer in the PV power generation unit is neglected. The impedance
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in the cluster mainly includes the split-transformer impedance in the PV power generation unit, the
integrated line impedance between adjacent PV power generation units, and the main transformer
impedance. Grid impedance mainly includes ac transmission line impedance. Where ZTnm is the
transformer impedance of the PV power generation unit; Znm is the integrated line impedance between
adjacent PV power generation units; ZT is the main transformer impedance; ZS is the transmission
line impedance.

Energies 2019, 12, x FOR PEER REVIEW 5 of 17 

 

integrated line impedance between adjacent PV power generation units, and the main transformer 
impedance. Grid impedance mainly includes ac transmission line impedance. Where 

T n mZ  is the 
transformer impedance of the PV power generation unit; 

n mZ  is the integrated line impedance 
between adjacent PV power generation units; 

TZ  is the main transformer impedance; 
SZ  is the 

transmission line impedance. 

01 01
jP Q+

n1 n1
jP Q+

nm nm
jP Q+

n2 n2
jP Q+

Figure 2. Line impedance of the centralized PV cluster. 

The voltage of the grid connection point of the centralized PV cluster is closely related to the 
voltage of the PV power generation unit within the cluster and the parameters of the integrated line 
[28]. Figure 2 shows that the structure of each line within the cluster is approximately the same. 
Taking the first line as an example, the node voltage is analyzed as shown in Equation (4): 

m m

k loss i k loss i
k i k i

i i
i

P P R Q Q X
U U

U
= =

−
−

− + −
= +

 0 0 0 0

0 0( 1)
0( 1)

( ) ( )
 (4) 

where 
iU 0
 and 0(iU −1)  are the outlet voltage of the ith and i-1th PV power generation unit; 

iR0
 and

iX0
 are the resistance and reactance of the transmission line between the ith PV power generation 

unit and the i-1th PV power generation unit; 
kP0
, 

kQ0
 represent the active and reactive power output 

of the kth PV power generation unit; 
l o s sP  and 

l o s sQ  represent the active and reactive power lost 
on the integrated line before the ith PV power generation unit. 

It can be seen from Equation (4) that node voltage keeps rising with the increase of node label. 
For one of the lines, the terminal PV power generation unit has the highest voltage. The resistance 
value of the internal integrated lines of the centralized PV cluster is much higher than the reactance 
value. With the increasing installed capacity of centralized PV clusters, fluctuations in the output of 
PV power generation units will cause large fluctuations in the voltage of internal node and grid 
connection point, and even cause serious out-of-limit voltage problems, affecting the safe and stable 
operation of the entire power system. 

3. Interval Analysis 

3.1. Interval Arithmetic 

Figure 2. Line impedance of the centralized PV cluster.

The voltage of the grid connection point of the centralized PV cluster is closely related to the
voltage of the PV power generation unit within the cluster and the parameters of the integrated line [28].
Figure 2 shows that the structure of each line within the cluster is approximately the same. Taking the
first line as an example, the node voltage is analyzed as shown in Equation (4):

U0i = U0(i−1) +

(
m∑

k=i
P0k − Ploss)R0i + (

m∑
k=i

Q0k −Qloss)X0i

U0(i−1)
(4)

where U0i and U0(i−1) are the outlet voltage of the ith and i-1th PV power generation unit; R0i and X0i

are the resistance and reactance of the transmission line between the ith PV power generation unit
and the i-1th PV power generation unit; P0k, Q0k represent the active and reactive power output of
the kth PV power generation unit; Ploss and Qloss represent the active and reactive power lost on the
integrated line before the ith PV power generation unit.

It can be seen from Equation (4) that node voltage keeps rising with the increase of node label.
For one of the lines, the terminal PV power generation unit has the highest voltage. The resistance
value of the internal integrated lines of the centralized PV cluster is much higher than the reactance
value. With the increasing installed capacity of centralized PV clusters, fluctuations in the output of PV
power generation units will cause large fluctuations in the voltage of internal node and grid connection
point, and even cause serious out-of-limit voltage problems, affecting the safe and stable operation of
the entire power system.



Energies 2019, 12, 4008 6 of 16

3. Interval Analysis

3.1. Interval Arithmetic

The method of interval analysis is used to solve the problem of uncertain power flow in the
centralized PV cluster, so that all solutions are included in the interval. Use interval form to express
the range of uncertain quantity, for given real numbers x and x ⊂ R, If x ≤ x is satisfied, then the closed

bounded set
∼
x= [x, x

]
is called bounded interval [29]. The basic algorithm of defining interval is shown

in Equation (5): 

∼
x +

∼
y =

[
x + y, x + y

]
∼
x−

∼
y =

[
x− y, x− y

]
∼
x×

∼
y =

[
min

(
xy, xy, xy, xy

)
, max

(
xy, xy, xy, xy

)]
∼
x/
∼
y = [x, x] · [1/y, 1/y] 0 <

∼
y

(5)

Other algorithms related to intervals can be referred to in [29], which will not be listed in this
paper. It can be seen from the above that interval operations are conservative. For example, an interval
number

∼
x = [1, 3], then

∼
x−

∼
x , 0.

3.2. Affine Arithmetic

As can be seen from the above example, the interval operation ignores the correlation between
two interval numbers, the result of interval operation is often larger than the actual range, which is the
conservatism of interval operation. To improve the conservative interval operation, affine operation
is proposed in [28], which takes the correlation between interval variables into account. A more
‘constricted’ interval solution is thus obtained. The basic affine form is shown in Equation (6).

x̂ = x0 + x1ε1 + x2ε2 + . . . xnεn = x0 +
n∑

i=1

xiεi (6)

where x̂ represents uncertain variable; x0 is the mid-range; εi is the noise item, which is within the
interval [−1, 1]; xi is the coefficient of the ith noise term, representing the influence of corresponding
noise term on uncertain variables. The basic operation of affine arithmetic can be referred to in [30].

Interval arithmetic and affine arithmetic are interchangeable. Given an interval number
∼
x =

[
x, x

]
,

it is converted into the second-order affine form by Equation (7). Given an affine number x0 +
n∑

i=1
xiεi,

it is converted to interval form by Equation (8).
x̂ = x0 + x1ε1

x0 =
x+x

2

x1 =
x−x

2

(7)


x = x0 −

n∑
i=1
|xi|

x = x0 +
n∑

i=1
|xi|

(8)

Similarly, for the example in Section 2.1, the interval form is converted to affine form x̂− x̂ = 0.
If the same noise term appears in the two affine numbers, it means that they are related. The more
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noise terms that exist in the form, the closer the relation of they are. This is how affine operation
overcomes the interval conservatism and make the calculation result more accurate.

3.3. Krawczy-Moore Interval Operator

The Newton iteration method is considered to be an effective method for solving nonlinear
equations, x = y− f (y) · ( f ′(x)) −1. Moore builds on this by introducing interval variables for interval
mapping; the uncertain nonlinear equations can be solved, and the iteration form is as follows:
∼
x = m(

∼
x) − f (m(

∼
x)) · (F′m(

∼
x))
−1

, where m
(
∼
x
)

is the midpoint of the interval.
However, in the iterative process above, the interval inverse matrix is complex. Based on the

fixed-point theorem, Krawczyk improved it with avoiding the inverse process of interval matrix, and
effectively simplified the iterative process. In this paper, the Krawczyk-Moore interval operator is used
to solve the uncertain power flow problem, and the iterative algorithm is shown in Equation (9):

∼
x

i+1
=
∼
x

i
∩K(

∼
x

i
)

K(
∼
x

i)
= yi

−Yi f
(
yi
)
+ (I −YiF′

(
∼
x

i
)) ·

(
∼
x

i
− yi

)
yi = m(

∼
x

i)
Yi = (m(F′(

∼
x

i
)))−1

(9)

where F′
(
∼
x

i)
is the interval Jacobi matrix and Yi is the inverse matrix of the midpoint value of the F′

(
∼
x

i)
.

4. Interval Analysis

4.1. Mixed Uncertain Power Flow Model for Centralized PV Clusters

For centralized PV clusters, there are only load nodes, without generator nodes in the whole
network. When the polar coordinate is used to represent the power flow equation or the rectangular
coordinate is used to represent the power flow equation, the number of equations is the same. Therefore,
power flow calculation will be carried out at the same time in two coordinates. The deterministic
power flow equation of the centralized PV cluster in polar coordinates and rectangular coordinates is
shown in Equations (10) and (11):

∆P = Pi −Ui
n∑

j=1
U j(Gi j cosθi j + Bi j sinθi j) = 0

∆Q = Qi −Ui
n∑

j=1
U j(Gi j sinθi j − Bi j cosθi j) = 0

(10)


∆P = Pi −

n∑
j=1

[
ei(Gi je j − Bi j f j) + fi(Gi j f j + Bi jej)

]
= 0

∆Q = Qi −
n∑

j=1

[
f (Gi je j − Bi j f j) + ei(Gi j f j + Bi jej)

]
= 0

(11)

where Pi is the active power output of the ith PV power generation unit, which can be obtained
according to Equation (3), and Qi is 0 in the case of unity power factor operation. For the convenience
of expression, the above power flow equation is expressed as f (x) = 0.
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The fluctuation of the PV power generation unit output leads to the failure of traditional
deterministic power flow algorithm. Therefore, combining Equations (9)–(11), the uncertain power
flow model of the centralized PV cluster can be obtained as shown in Equation (12).

∼
x1 =


∼

θ
∼

U

 =


[
θ,θ

]
[
U, U

] 
∼
x2 =

 ∼f∼e
 =


[

f , f
]

[
e, e

]


F′(
∼
x) =


∼

H
∼

J

∼

N
∼

L


yi = m(

∼
x

i)
f
(
yi
)
= f (m(

∼
x

i
))

Y = (m(F′(
∼
x)))−1

(12)

In the whole iterative calculation process, affine operation exists in YiF′
(
∼
x

i)
,(I −YiF′

(
∼
x

i
)) ·

(
∼
x

i
− yi

)
and Yi f

(
yi
)
− (I − YiF′

(
∼
x

i
)) ·

(
∼
x

i
− yi

)
. Finally, affine results are uniformly transformed into

interval results.

4.2. The Processing of Jacobi Matrix Elements

Section 3.1 introduces the mixed uncertain power flow model of the centralized PV cluster.
Compared with the traditional deterministic power flow model, the difference lies in the interval form
or affine form when calculating each element of the Jacobi matrix.

∼

Hi j =
∂∆
∼

Pi

∂
∼

θ j

= −
∼

Ui
∼

U j(Gi j sin
∼

θi j − Bi j cos
∼

θi j)

∼

Hii =
∂∆
∼

Pi

∂
∼

θi

=
n∑

j=1,i, j

∼

Ui
∼

U j(Gi j sin
∼

θi j − Bi j cos
∼

θi j)
(13)


∼

Hij =
∂∆
∼

Pi

∂
∼

f j

= −Bi j
∼
ei + Gi j

∼

f i

∼

Hii =
∂∆
∼

Pi

∂
∼

f i

= 2Gii
∼

f i +
n∑

j=1, j,i

(
Gi j
∼

f j + Bi je j

) (14)

In this paper, considering the strong correlation between trigonometric functions sin
∼

θi j and

cos
∼

θi j in Equation (13), as well as the strong correlation between
∼
ei and

∼

f i in rectangular coordinates
in Equation (14). The Jacobi element form of a mixed power flow calculation is shown below.

∼

Hi j = −
∼

Ui
∼

U j

√
G2

i j + B2
i j sin(

∼

θi j + δi j)
∼

Hii =
n∑

j=1,i,j

∼

Ui
∼

U j

√
G2

i j + B2
i j sin(

∼

θi j + δi j)

δi j = arctan(−Bij/Gij)

(15)


Ĥi j = −Bi jêi + Gi j f̂i

Ĥii = 2Gii f̂i +
n∑

j=1,i, j

(
Gi j f̂ j + Bi jê j

) (16)
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By using different methods to the Jacobi elements in the two coordinate forms, the range can be
reduced effectively and different results can be obtained. The rest of the elements are handled the
same way.

4.3. Calculation Steps of Mixed Uncertain Power Flow

Step 1: The interval expansion based on the deterministic power flow solution of the upper and
lower limits of power fluctuation can ensure the relatively small range of the initial iteration interval
and effectively reduce the number of iterations. Set the initial value of the independent variable as:

∼
x

0
=

 ∼a∼b
 =

 [a, a]

[b,
−

b]

,
where

∼
a and

∼

b represent
∼

θ and
∼

U in the polar coordinate system,
∼

f and
∼
e in the rectangular coordinate

system, respectively.

Step 2: The mixed form Jacobi matrix F′(
∼
x

i
) is calculated according to Equations (15) and (16).

Step 3: Extract the mean value of the interval form and the real term of the affine form of each
Jacobi element, and find the inverse matrix to get the real matrix Yi.

Step 4: Convert the interval form to affine form, and compute (I −YiF′(
∼
x

i
)) · (

∼
x

i
− yi) and Yi f (yi)

in affine form.
Step 5: Calculate K(

∼
x

i
) in affine form and convert it to interval form.

Step 6:
∼
x

i+1
=
∼
x

i
∩K(

∼
x

i
).

Step 7: The results of the two coordinate systems are mixed by using the method in this paper.
The specific mixing process is shown in Figure 3.
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5. Simulation Analysis

5.1. Simulation Parameter Setting

In order to verify the effectiveness of the proposed algorithm in this paper, a centralized PV
cluster system in China is taken as an example in Figure 4. The K-operator algorithm combined with
affine (hereinafter referred to as affine algorithm) proposed in [22], the algorithm in this paper, and
the Monte Carlo method are used for comparative analysis. Node 1 is set as the slack bus, and the
remaining nodes are load nodes. Set the reference capacity as 10 MW and the reference voltage as
10 KV. The power fluctuation range of load nodes is set as ±10%. Convergence accuracy isω = 10−5.

The total installed capacity of the centralized PV cluster is 40 MW, which is composed of four
integrated lines in parallel. Each integrated line is composed of 10 PV power generation units in series.
Each PV power generation unit has a capacity of 1 MW (including two inverters with a capacity of 500
kW) and is connected to the integrated line through split transformer with a capacity of 1.5 MVA. The
integrated line between adjacent PV power generation units is 1 km long and connected by cable of
model YJV23-8.7/10, 3× 150 mm2. The main transformer capacity is 60 MW. The transmission line is
100 km long and adopts the overhead line of LGJ185. Data parameters are shown in Tables 1 and 2.
The PV power generation unit output is set to 0.7 MW according to Equation (3), in the case of
unity power factor operation. Reactive power compensation device is added at the PCC (point of
common coupling).Energies 2019, 12, x FOR PEER REVIEW 11 of 17 
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Table 1. The parameter of the line.

Type R(Ω/km) X(Ω/km) b(Ω/km)

YJV23-8.7/10 0.128 0.0113 -
LGJ185 0.17 0.402 2.78 × 10−6

Table 2. The parameter of the transformer.

Type P0/kw P0/kw Ud%

Split
transformer 1.155 10.3 4.5%

Main
transformer 29.44 148.8 10.5%
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5.2. Comparison and Analysis of Simulation Results for Centralized PV Clusters

The Monte Carlo method obtains multiple sets of solutions through a large number of repeated
sampling calculations, and then expresses them in interval form as the exact solution of uncertain power
flow (in fact, the range of interval obtained by this method is smaller than the real). In the simulation
test in this paper, the sampling random numbers of the Monte Carlo method obey uniform distribution
within the power fluctuation range, and the results of 4000 deterministic power flow calculations
are taken as interval results. Affine algorithm proposed in literature [22], the method presented in
this paper and Monte Carlo method were used for simulation calculation. The simulation results of
the voltage amplitude and phase angle of nodes 2 and 3 are shown in Tables 3 and 4. The voltage
amplitude and phase Angle of PV power generation unit node are shown in Figures 5 and 6.

Table 3. Voltage amplitude intervals.

Node Number MC Mixed Method Affine

2 [1.0195, 1.0281] [1.0171, 1.0302] [1.0156, 1.0326]
3 [0.9530, 0.9615] [0.9506, 0.9638] [0.9494, 0.9659]

Table 4. Voltage angle intervals.

Node Number MC Mixed Method Affine

2 [18.25, 20.11] [17.71, 20.65] [17.50, 20.89]
3 [20.52, 22.50] [19.95, 23.02] [19.74, 23.24]Energies 2019, 12, x FOR PEER REVIEW 12 of 17 
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As can be seen from the chart above, the results of node voltage amplitude and phase angle
obtained by the algorithm in this paper include all solutions of the Monte Carlo method, which
proves the completeness of the algorithm proposed in this paper. Moreover, the interval range is more
‘constricted’ than the results obtained by the method in reference [22], which effectively reduces the
interval range. This is due to the expansion of the application of affine arithmetic in the calculation of
the K-operator algorithm and the full consideration of the correlation of interval elements. With the
mixed power flow algorithm, the calculated results complement each other. In previous studies, these
factors were not fully considered, resulting in relatively conservative interval results. In this paper, the
upper bound and lower bound maximum error rates η are used to evaluate the relative error of the
results, and the results are shown in Table 5.

η = max(

∣∣∣∣∣∣Xi − xi

xi

∣∣∣∣∣∣,
∣∣∣∣∣∣∣∣
Xi − xi

xi

∣∣∣∣∣∣∣∣) × 100%, i ∈ (2, 43) (17)

where Xi and Xi are the upper and lower bounds of simulation results obtained with the proposed

algorithm and the affine algorithm, and xi and xi are the upper and lower bounds of simulation results

obtained by the Monte Carlo method.

Table 5. Relative error rate.

Type Mixed Method Affine

Voltage error rate 0.20–0.28% 0.38–0.46%
Phase angle error rate 2.1–3.0% 3.1–4.2%

As can be seen from Table 5, for the voltage relative error rate, the phase relative angle error rate
obtained by the proposed algorithm is relatively large. In the calculation of the mixed power flow, the
upper and lower limits of the real part and the imaginary part of voltage are generally not reached at
the same time. Therefore, the reduction of the range of interval is not obvious in the mixing process,
during which the Cartesian coordinates are converted into polar coordinates.

For the voltage amplitude interval results in Figure 5, it can be seen that as the number of nodes
of each integrated line PV power generation unit increases, the voltage amplitude becomes larger,
and the PV power generation unit outlet at the end of the line faces the risk of out-of-limit voltage,
which also verifies the correctness of Equation (4). According to Table 3, the internal node 3 of the
centralized PV cluster is also facing the risk of out-of-limit voltage. Considering the special structure
of the centralized photovoltaic cluster with only load nodes, mixed power flow calculation is adopted
in this paper, which is carried out in two coordinate systems at the same time. No more computing
resources were consumed during the whole computing process, and the consumption time was 2.8 s,
which is almost the same as that of the improved previous K-operator algorithm (2.7 s), and higher
calculation accuracy is achieved. This is nearly 50 times faster than the Monte Carlo method (138.6 s).

5.3. Voltage Operating Condition Under Different Volatility

Based on the system setup in Section 4.1, the voltage amplitude variation range of the centralized
PV cluster with different volatility is studied.

Considering the internal structure of the centralized PV cluster, due to the similar operation
conditions of each integrated line, only the nodes of the first branch are selected for analysis. As can
be seen from Figure 7, the amplitude of node voltage variation becomes larger with the increase of
output fluctuation of the PV power generation unit. In addition, the number of nodes with out-of-limit
voltage also increases. When the power fluctuation range reaches 30%, most PV power generation
units are faced with the problem of out-of-limit voltage. The voltage amplitude fluctuation range at
PCC (node 3) is larger than the voltage amplitude fluctuation range at the outlet of the PV power
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generation unit, which is also faced with a serious out-of-limit voltage problem. With the increase
of the power fluctuation range, the lower limit of voltage of node 2 is closer to the voltage of slack
bus, reactive power is required to be absorbed from the grid to maintain the normal operation of the
centralized PV cluster. Through the simulation analysis above, it can be seen that there is a serious
risk of out-of-limit voltage within the centralized PV cluster, which may even lead to the interlocking
disconnection of the PV power generation units and influence stability of the power grid. Therefore,
it is necessary to strengthen the monitoring and regulation of PCC and terminal PV power generation
units for more efficient and reliable power flow analysis, which can ensure the normal operation of
each PV unit within the cluster and the safe grid-connected centralized PV clusters.
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5.4. Voltage Operating Condition Under Different Partial Shading Conditions

As is shown in Figure 4, voltage distribution inside the cluster under different partial shading
conditions is studied. In this paper, it is assumed that the lower limit of output fluctuation is 50% when
the PV units are partially shaded. This part selects the following three partial shading conditions to
research: (1) The PV unit at the end of each integrated line shows the same degree of partial shading;
(2) in the first integrated line, partial shading occurs in some PV units; and (3) the PV units of each
integrated line have different degrees of shading conditions.

As can be seen from Figure 8, the voltage distribution inside the centralized PV cluster is different
under different partial shading conditions. For scenario a, the node voltage range of four integrated
lines within the cluster is the same because of the same shading condition of each integrated line.
For scenario b, the voltage amplitude of this integrated line varies greatly because partial shading only
occurs in this integrated line. In this scenario, there are a large number of PV generation units with
partial shading at the end of the integrated line. It can also be deduced from Equation (4) that, when
the terminal PV generation unit occurs a violent power fluctuation, it will have a violent impact on all
the voltage distributions of the integrated line. For scenario c, each integrated line has different degrees
of shading, and the voltage range of each integrated line is therefore different. When partial shading
occurs in the centralized PV cluster, the voltage at the PCC will decrease, resulting in the overall drop
of the voltage in the station. In addition, by comparing the results under the three scenarios, it can be
seen that: (1) The more PV generation unit with partial shading, the greater the voltage fluctuation
of the integrated line; (2) compared with the PV generation unit at the start of the integrated line,
when the PV generation unit at the terminal of the integrated line appears partial shading, the voltage
fluctuation is larger. From the analysis above, it can be seen that when partial shading occurs, uneven
voltage distribution will occur in the cluster, which may lead to out-of-limit voltage problems and
even affect the stable operation of the whole system.
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6. Conclusions

In order to ensure the safe and reliable operation of power systems, the power flow calculation
of the centralized PV cluster was carried out, and an improved uncertain power flow algorithm of
K-operator based on mixed power flow was proposed. The main conclusions are as follows:

(1) In this paper, internal network structure was considered and the power flow calculation was
carried out inside the PV cluster. According to the results, a more ‘constricted’ interval, with the voltage
error within 0.20–0.28% of the proposed method, was obtained. Interval expansion was effectively
suppressed. For the calculation time, the proposed method takes less time (2.8 s) than the Monte Carlo
method (138.6 s).

(2) According to the simulation results, when the power fluctuation occurs, the voltage amplitude
of the whole cluster changes dramatically, and the PV unit at the end of the integrated line is faced
with a serious out-of-limit voltage problem. It is concluded that no matter where the internal fault
occurs, it will have a huge impact on the operation of the PV unit at the end. The study in this paper
has some guiding significance for the field of reactive power optimization.
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