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Abstract: The large-scale renewable energy power plants connected to a weak grid may cause bus
voltage fluctuations in the renewable energy power plant and even power grid. Therefore, reactive
power compensation is demanded to stabilize the bus voltage and reduce network loss. For this
purpose, time-series characteristics of renewable energy power plants are firstly reflected using
K-means++ clustering method. The time group behaviors of renewable energy power plants, spatial
behaviors of renewable energy generation units, and a time-and-space grouping model of renewable
energy power plants are thus established. Then, a mixed-integer optimization method for reactive
power compensation in renewable energy power plants is developed based on the second-order cone
programming (SOCP). Accordingly, power flow constraints can be simplified to achieve reactive
power optimization more efficiently and quickly. Finally, the feasibility and economy for the proposed
method are verified by actual renewable energy power plants.

Keywords: renewable energy generation; grid-connected; reactive power configuration; K-means++
clustering; optimal economic operation

1. Introduction

In the renewable energy power technology trend, the grid-connected renewable energy power
plant is gradually built up from a low-voltage and small-scale level to a large-scale and high-voltage
level. Furthermore, a cluster of renewable energy power plants, two or more neighboring renewable
energy power plants that are connected to the power system via a common substation, regarded as a
renewable generation cluster, is a more popular developed format in the areas with good solar resources.
However, the utilization in a large-scale renewable energy generation faces a big challenge such as
long-distance power transmission and large reactive loss [1-3]. Therefore, renewable energy power
plants require to be configured with reactive compensation. Unfortunately, the configuration and
operating cost of reactive power compensation devices still may not be sufficient so far in the industry.

According to the literature reports [4-8], most renewable energy power plants in operation use
a centralized reactive power configuration scheme based on standard technical requirements in the
European Union and USA. Additionally, the capacity of the reactive power equipment takes about
30% of the installed capacity of the renewable energy power plant to meet the standard requirement
of voltage deviation within 5-10%. Although the current reactive power configuration methods can
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satisfy the limitation of voltage deviation at the grid interconnection point, it may not achieve the
voltage deviation at all nodes of renewable energy power plants within a reasonable range. In other
words, the configuration of reactive power as well as the economic operation of the power plants may
not be working as the optimal solutions presently in power systems.

Currently, there are two main methods for studying reactive power configuration in renewable
energy generation clusters. First, referring to the reactive power optimization method of the distribution
network [9-12], the solution of reactive power configuration is to minimize network loss, based on
the objective function of voltage stability. In the literature [13-16], based on the probabilistic idea,
the scenarios of the distribution power system are cataloged to reduce the network loss with low
probability in the voltage over-limit. The optimization algorithm is therefore used to solve the reactive
power configuration in the distribution network [17-20]. However, the economic issue of the reactive
power configuration was ignored.

Second, the reactive power configuration was configured based on the target of transient stability
in the regional power grids connected with renewable energy generation [21-23]. The literature [24-26]
analyzed the operation mode of the wind farm and then determined the reactive power configuration
of the wind farm through the transient simulation using the typical operation mode and the limit
operation mode. In this method, the reactive power configuration often ignores the cost of renewable
energy generation normal operation, and greatly increases the construction and operation costs to
meet system stability [27-29].

In this paper, large-scale renewable energy generation plants are taken as the research object.
The typical operating curves of renewable energy generation clusters and the output characteristics
of renewable energy generation units at different locations in renewable energy power plants are
analyzed. Then, the chronological and spatial modeling of renewable energy power plant output is
established. To minimize the renewable energy power plants’ investment and operating cost, voltage
stability, and the reactive power optimization configuration model in renewable energy generation
clusters are solved based on the genetic algorithm.

2. Spatial Modeling of Renewable Energy Generation Cluster Based on K-Means++
Clustering Algorithm

Renewable energy generation, wind power, or photovoltaic power output can be used to estimate
the power plants operating curves using the probability and statistical significance according to a large
number of measured data [30,31].

The time-series data (operating data) of the renewable energy power plant is collected,
with sampling interval (tm), and number (m) of samples per day. The output sample of renewable
energy power plants on Day iis X; = [xi1, X2, ... ,Xim], and the renewable energy power plant
output (X) is expressed as

Xq X11 X120 Xim
X2 X1 X2 ottt Xom

X=1 . |=] . ) . 1)
Xn Xnl Xn2 - Xnm

where 7 is the number of days (samples).
Based on the K-means++ algorithm, the typical scenarios of renewable energy power plant output
in one year are extracted, and the process is shown in Figure 1 and listed as follows.

Step1: Choose a uniformly random center X; of all renewable energy power plant day generation
curves, and X; = (Xj1, Xj2, -+ - - ,Xim ) is the output sample of the renewable energy power plant
on Day i;
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Step2: Calculate Euclidean distance (Dj) between the sample (X;) and the central sample (X;);

m
Dy = DX, X)) = | ¥ (xiw =) @)

w=1

where Xj = (Xj1, Xj2, - - - , Xjm) s the output sample of the power plant on Day j. Then, calculate
the sum (Sum(D)) of Euclidean distances between all samples with the center.

j=n,j#i

Sum(D) = Y’ D(X;,X) 3)

=1

where Sum(D) is the sum of all Euclidean distances between samples X; (j = 1:n, j # i) with X;.
Step3: Choose a new random value Rin at the range of 0 to Sum(D), and calculate R = D(X;) one by
one until R <0, and X; is the sample except for X; in Step 1, which is the next central sample;
Step4: Repeat Steps 2-3 until all central samples are selected;
Step5: Based on the selected central samples, the time groups of renewable energy power plants
day—output curves are calculated through the K-means clustering algorithm, including the
center for each group, which is a typical scenario of renewable energy power plants.

Start

A 4

Choose a uniformly
random center Xi

A 4

Calculate Euclidean distance
(Dj) and Sum (D)

A 4

Choose a new random center

All central samples are
selected?

Implement k-means clustering
process

A 4

End

Figure 1. Flowchart of extracting typical scenarios for renewable energy power plants.
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Unlike the K-means method needing to define K for the selected center sample, K-means++
method can avoid the defects of initial center deviation and fixed group size without the requirement
of the K definition. The selection process ends when all central samples are selected.

Based on the number of clusters in a typical scenario, the probability of a typical scenario is

defined as

1y
P =— 4
k= 4)

where Py is the probability of the typical scenario Xy, n is the number of samples in the Xj group,
and 7 is the number of all samples.

After the time group modeling of renewable energy power plants, the K-means++ algorithm
is used for the spatial clustering of renewable energy power units from one power plant or nearby
power plants according to the generation output states and positions [32]. In order to optimize the
configuration of reactive power compensation, it is necessary to keep the special group model consistent
in each time group scenario. In other words, if the renewable power generation units are inconsistent
in two typical time group scenarios, the special group would be subdivided again according to the
process of extracting typical scenarios, shown in Figure 1, until it meets the requirements for each time
group scenario, which is shown in Figure 2.

N e c— c—

k ]n

Figure 2. Spatial group modeling of renewable energy generation units.

As shown in Figure 2, the renewable power generation units are classified into three groups using
a red circle according to the branches and types, while there are three subgroups using green circles
according to the operating curves of renewable power generation units. Accordingly, the renewable
power generation units have four subgroups in total, shown in blue circles. For each spatial cluster,
we defined a node connected with the whole system.

3. Reactive Power Optimization Model

3.1. Objective Function

According to the extracting typical scenarios process, shown in Figure 1, the total power network
loss of renewable energy power plants in the kth scenario can be obtained as

Loss = Zt tm'Zi rij - Ii2j (5)
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where tp, is the sampling interval. r;; is the resistance of the branch between node i and node j, and I;; is
the current of the branch between node i and node j. The inner sum calculates the network loss of all
branches at the time t,. The outer sum presents the total network loss of all time periods.

Another economic factor for the power plant operation is the cost of reactive power compensation.
Set Cypit as the minimum capacity unit of reactive power compensation. N¢; is the decision variable of
the reactive power optimization configuration model for the power plant:

Ci = NciCunit (6)

C:ZQ @)

where C; is the reactive power compensation capacity at node i, and C is the sum of reactive power
compensation capacity.

Then, taking the optimal economic operation of renewable energy power plants [33], the objective
function of reactive power optimization is established based on the chronological scenario:

1
Minimize G = ) Py (Lossi + C:M) ®)

where G is the objective function; Py is the probability of the kth typical scenario with a total of [
scenarios; M is the investment and maintenance cost of unit capacity for reactive power. Lossy is the
total power network loss of the renewable energy power plants in the k-th scenario.

3.2. Constraints

Each typical scenario is required to meet the following constraints in renewable energy power
plants. First, power balance at each time and each node should be ensured, that is to say, the active
and reactive power inputs and outputs of each node are equal. Second, the active power output of
each spatial clustering of renewable energy power units should not exceed its maximum value. Third,
the reactive power output of each node cannot exceed the maximum capacity of its configured capacity.
Fourth, the voltage of each node should be controlled within a certain range.

(1) Power flow constraints

Each spatial group of renewable power generation units is regarded as a node in the renewable
energy power plants, and the power flow constraints between node i and node j are expressed as

P22
)J;( [ Tij ]Vz ]]:PiG_PiL
jef(i)

o )
y [Qll Xij V2 } Qig + Qic — Qi
jef(i)
o Y- Re:
Vi= V]- = 2(rPy + x5Qj) +(rii+xii)7 "
i

where f(i) is the set of nodes in renewable energy power plants. r; and x;; are the resistance and
reactance of the branch between node i and node j, respectively. P and Qj; are the active and reactive
power of branches between node i and node j, respectively. V; and Vj are the voltage of node i and
node j, respectively. Pig and Q;g are the active power and reactive power output of the renewable
power generation unit group of node i. P, and Qjp. are the active power and reactive power of load of
node i, respectively, where there is no load in the renewable energy power plants. Qjc is the reactive
power compensation of node i.

(2) The group output constraints of renewable power generation units
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For each spatial group, the output constraints are:

Pimin<Pi<Pimax

Qimin < Qi < Qimax (]1)
. /Pi2 +Q7<S;

where Pinin and Pjiy,x are the minimum and maximum active power of the spatial group of node i,
respectively. Qimin and Qimax are the minimum and maximum reactive power of the renewable power
generation unit group of node i, respectively. S; is the apparent power of the spatial group of node i.

(3) Reactive power capacity constraints

For eachnode i, the reactive power capacity constraint defined as Qjc is limited by its compensation
capacity:
—Gi<Qic<G (12)

where Cj, i.e., the reactive power compensation capacity, is the product of the minimum capacity
unit of reactive power compensation and the decision variable of the reactive power optimization
configuration model, as shown in Equation (6). It is regarded as one of the major parameters to
determine the objective function in Equation (8).

(4) Voltage constraints

The voltage (V;) of each node as a key parameter in the reactive power configuration should be
maintained within a stable range [34,35]:

Vimin < Vi < Vimax (13)
where Vinax and Vinin are the voltage up-limit and down-limit of node i, respectively.

3.3. Mixed-Integer Optimization Algorithm Based on Second-Order Conic Relaxation

The previous section presented the original mathematical model of the reactive power optimization
configuration, which includes the nonlinear constraints Equations (9)—(11). Besides, the problem of
node voltage overrun is dealt with in Equation (13).

Therefore, the proposed reactive power optimization process is achieved by the two following
steps. First, the second-order conic relaxation algorithm is used to transform the load flow constraints
of renewable energy power plants into second-order cone-convex constraints [36-38]. Second, the
genetic algorithm is used to solve the mixed-integer model, and the optimal solution of the reactive
power optimization is thus obtained.

The standard form of second-order cone programming is:

G

Minimize G; = {Z ClTxl
I=1

S
ZDlxl:d/xIEKl/lzlrlg} (14)
=1

where G is the object function of second-order cone programming, variable x;eR,;; constant deRy,,
c1€R 1, D1€Ryoxn1; K is a second-order cone or a rotating second-order cone. Specific to this paper, R,;,
Ry0, Ruoxn are the time and special groups of renewable energy generation units.

The second-order cone is expressed as:

n
Ki=1x1€ Ry xzz,l > Zx%j,xl,l >0 (15)
j=2
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A rotating second-order cone is expressed as:

ny
2
Kj = {x € Ry |2xi1%i2 = Z Xj s %11, %i2 2 0 (16)
j=3

The second-order cone programming is a convex one that can convert nonlinear constraints into
polynomial constraints [39-41], and the error of second-order conic relaxation can be ignored [42,43].
Using the second-order cone relaxation, the nonlinear constraint of system power flow is simplified to
Equation (17) to achieve the solution of the system convex set. Based on this principle, the load flow
constraints of renewable energy power plants can be obtained as follows:

L (Pij_rijlij): Y Pyj+P

jef(i) ( ) jef(i)
Y (Q—xl) = X Qi+ Qi 17
e e 17

V= V] — z(rijpij + xijQij) + (1’12] + x121)112]

L;Vi > P} + Qf (18)

When solving the second-order cone relaxation problem, the constraint of Equation (18) is relaxed
to be greater than or equal to the determined constraints. The error may exist during the relaxation
process, but the accuracy can reach satisfactorily high.

After the second-order conic relaxation, the reactive power optimization G, defined as Equation
(8), can be expressed as

1
Minimize G = }, Py(Lossi + C-M)
k=1
ct : Equations (16), (17) (19)
Equations (6), (7), (12)
Equations (11), (13)

where Equation (19) implies that Equation (8) is the objective function for reactive power optimization
with constraint functions Equations (16), (17), (6), (7), (11), (12) and (13).

In the second step, the genetic algorithm is used to reach the optimization solution, and the
process is shown in Figure 3.

Step1: Initialization: Problem complexity and problem size can be taken into account when the
number of initial samples is decided.

Step2: Fitness calculation: The fitness function is used to evaluate the goodness of the chromosomes
(samples). It is defined using the objective function to optimize the economy of renewable
energy power plants, as shown in Equation (8).

Step3: Reproduction and crossover: Select the chromosomes into the mating pool, and crossover
operation is used to perform on chromosomes, including single-point crossover, two-point
crossover, uniform crossover, order crossover, and some others.

Step4: Mutation: The operation is used to perform on chromosomes, including bitwise mutation,
insert mutation, inversion mutation, scramble mutation, swap mutation, and some others.
Appropriate mutation operators can be selected by taking problem and chromosome
representation into account.

Step5: Stopping criteria: If the predefined number defined in Step 1 is reached, the calculation process
will stop. Take the greatest fitness obtained in the evolution process as the optimal solution.
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Initializaton
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Predefined number of
generatons is reached?

Optimal solution

Figure 3. Process of genetic algorithm.

4. Performance Results

There were two wind farms and one photovoltaic power plant used to carry out calculation
analysis in this study. The scenario from large-scale renewable energy power plants remotely connected
to the power grid in Xinjiang, China, was used to verify the effectiveness of the proposed model.
The installed capacity of wind farms and photovoltaic power plants is 50 MW, 100 MW, and 150 MW,
and the diagram of which is shown in Figure 4.

Using K-means++ clustering algorithm, the renewable energy power plants’ operation curves
are group modeling into six typical scenarios, and each scenario has a central sample. Figure 5 is a
typical scenario of a renewable energy generation plant containing wind farms and photovoltaic power
plants. It shows the center sample of typical scenarios after time group modeling. On the other hand,
the probability of typical scenarios is shown in Figure 6, which is used for calculating the annual loss
in Table 1.



Energies 2020, 13, 3556 9of 15

Spacial groups

i

V

<«

V

<« | |«
<« | |«
«—t) <
N <=

L/

:

IRRRL
IRER)
IRRE)

)

N

=
<
<
Nam
(—
«—t| ||| | — | | | |
\«—)

IRRNER
A N/
[N [ | [ | L—H l l l l
Spacial groups,—\ = =
—f ([ ([ ([ [ Photovoltaic power
<« R R . .
d| |<d| |ed| |<d||led]| |« generation unit
—V &V Y
< b —h = 0 Ty )\
< [ A A D
}f <« <« <«
<« <« <« <« <« <«
<« <«
Wind turbines )\ ([T T [T
\—
) &\ &
Figure 4. Diagram of renewable energy power plants of the case.
Scenario 1 Scenario 2
0.8
Scenario 3 Scenario 4
0.7 Scenario 5 Scenario 6
F)
2
"
LY
a
©
£
“
©
]
c
L]
o
0 T T T T T T T 1
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Time (h)

Figure 5. Time group samples of renewable energy power plants.



Energies 2020, 13, 3556 10 of 15

35%

0 Probability

25

20%
15%

Scenariol  Scenario2 Scenario3  Scenario4  Scenario5  Scenario 6

1%,

Figure 6. Probability of time group scenarios of renewable energy power plants.

According to the time group model and electrical location, renewable power generation units
are grouped on scenarios, and the final spatial group model of renewable power generation units is
shown in red circles of Figure 4. The renewable energy power plants include two wind farms and
one photovoltaic power plant, contain three feeders, six feeders, and nine feeders, respectively; and
each feeder contains 67 renewable power generation units. After the time-and-space group model,
each feeder is divided into two renewable power generation unit groups. Therefore, the simplified
diagram of renewable energy power plants for reactive power optimization is defined in Figure 7.

| (1)

(5) @
(2
(7)| |(6)
l aol
9
9) (8) 1
(12) (13)
(14)
)
(15—~ (20
(16)__(19)
an_L @)

Figure 7. Simplified diagram of renewable energy power plants for reactive power optimization.

As mentioned in the opening paper, there are two main methods for studying reactive power
compensation in renewable energy generation plants, minimize operation network loss [18,20] and
transient stability. The cost of reactive power compensation is not included in the targets of the
mentioned methods. The result of network loss and static var generator (SVG) cost is shown in Table 1.
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Table 1. Reactive capacity configuration according to minimize operation network loss target.

The Whole SVG Cost and Loss

Location  Capacity (MW)  Year Network  Cost, Solution from Maximum Voltage

Deviation (p.u.)

Loss (MWh) Equation (19)

1 20

3 5

(11) 12

(22) 5 19,261.7 18,375.01 1.50%
(25) 20

(36) 5

(42) 2.5

Note 1: Investment and maintenance cost of unit capacity for reactive power: US$14.17 dollar/kVar; Note 2:
Renewable energy power tariff: US$0.07 dollar/kWh [44].

In the study, the reactive power compensation configuration methods can be classified into two
major objectives as follows. The first method aims to reach the lowest network loss in the operation
of renewable energy power plants. Therefore, in Equation (13), the voltage deviation of each type of
bus node tends to maintain the smallest value. This ensures that the network loss is minimal when
renewable power is sent out to the grid connection. The second method, considering the operation
stability of the renewable energy power plant as the first priority, the reactive power compensation
attempts to meet the voltage control as much as possible, that is, the Equation (13) is regarded as the
control target. Generally, in these two methods, the obtained reactive power compensation scheme
remains the same, and the voltage deviation of each node of the renewable energy power plant can be
controlled within 1.5%.

The minimization of network loss and SVG cost in this study in each typical scenario and multi
scenario with probability is shown in Table 2. It is obvious that the economy of multi scenario result is
better than Table 1.

Table 2. Reactive capacity optimization results in each scenario.

The Whole SVG Cost and Loss Maximum Voltage

Evaluation Item Location Capacity (MW)  Year Network  Cost, Solution from Deviation (p.u.)
Loss (MWh) Equation (19) ev p-t.
(1) 20
(3) 5
. (11) 12 o
Scenario 1 22) 7 17,677.37 11,536.91 2.00%
(25) 9
(36) 4.5
(1) 5.5
. (3) 5.4 o
Scenario 2 (11) 10 12,491.85 8066.01 5.00%
(25) 18
(1) 17
(3) 5.2
Scenario 3 (11) 12 25,240.58 14,877.88 2.50%
(22) 7
(25) 9
(1) 20
. (3) 4
Scenario 4 (11) . 23,884.46 13,853.38 3.80%
(25) 12
(1) 6.9
. (3) 5.6 o
Scenario 5 (11) 10 15,956.82 9843.84 3.00%

(25) 18
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Table 2. Cont.

The Whole SVG Cost and Loss Maximum Voltage

Evaluation Item Location Capacity (MW)  Year Network  Cost, Solution from Deviation (p.u.)
Loss (MWh) Equation (19) p-u.
(1) 20
©) 5
(11) 12
Scenario 6 (22) 5 30,408.18 18,375.01 1.50%
(25) 20
(36) 5
(42) 2.5
(1) 19
Multiscenario with 3) 5 o
probability (11) 1 16,768.82 10,916.72 2%
(25) 18

As above, it can be observed that the investment of multi scenario reactive compensation is not
the lowest one among six scenarios. On the other hand, owing to the voltage constraints, the maximum
value of the voltage deviation of the multi scenario is less than 2% [45,46]. However, the maximum
voltage deviation ranges between 1.8% and 5% due to the influence of other scenarios.

Comparing Tables 1 and 2, the configuration scheme of Table 1 is relevant to Scenario 6 in
Table 2. In this research, multi scenario with probability targeted at all scenarios, the voltage control
accuracy is slightly sacrificed, that is, the voltage deviation increases from 1.5% to 2% to maximize the
economic benefit. Nevertheless, the voltage control accuracy is still satisfactory in the grid operation
requirements, i.e., £5% [4-8] under overall optimization consideration in the construction cost of the
reactive power compensation.

5. Conclusions

After analyzing the demand for reactive power for large-scale renewable energy power plants,
the time-and-space grouping model has been established successfully. The proposed method is
to reduce investment and loss costs with the premise of the stable operation of renewable energy
generation. The key contribution of this approach is different from the ones already developed and used
successfully in the EU and USA. First, the typical scenarios of renewable energy power plant output and
the probability, as time modeling, are extracted using the K-means++ algorithm. The spatial clustering
of renewable energy power units is then built in one power plant or nearby power plants, according to
typical scenarios and electrical positions of the renewable power generation unit. The time-and-space
grouping model of renewable energy power plants is therefore constituted.

Second, taking the optimal economic operation of renewable energy power plants, the objective
function of reactive power optimization is established based on the time-and-space grouping model,
including four major constraints, i.e., power balance, output limitation of renewable power generation,
reactive power capacity limitation, and voltage operation limitation. Among them, the power flow
constraint is relaxed to second-order cone-convex constraint due to the nonlinear characteristics,
and reactive power optimization is solved by genetic algorithms.

Consequently, reactive power compensation optimization considering crucial constraints such as
power balance, renewable power generation unit output, and voltage deviation in renewable energy
power plants has been achieved. In this paper, the renewable energy power plants with the capacity of
300 MW were studied, and some key contributions are listed as follows.

(1) The proposed model has taken account of full-cycle time characteristics and used a smaller
number of samples from 35,040 to 384. Additionally, the number of network nodes has been
reduced from 127 to 43.
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(2) The reactive power optimization model with an optimal economic operation is achieved.
The complex power flow constraints are simplified into a convenient second-order cone model,
which reduces the number of iterations of nonlinear optimization problems.

Additionally, it is found that the voltage of each node in the renewable energy generation plant
plays a key role in the reactive power configuration. Accordingly, the future research of this paper
would move forward to the control of voltage constraints under high renewable energy resources
penetration in a network. Furthermore, the condition of the network with the stability of the nod
may affect the reactive power controlling method, especially in very large wind systems of rather
weak networks. This issue is more complex in this field, and it would be established as a subsequent
research objective.
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