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As new energies integrated into grid, the harmonics in the grid are more serious, and the
Voltage Detection Active Power Filter (VDAPF) has been used as the mitigation equipment
to solve the harmonic problems in power electronic distribution network. The global
optimization method generally utilizes 15 min to mitigate harmonic which is named long-
time-scale, and it is impossible to mitigate harmonic timely. This paper studies a multi-time-
scale harmonic mitigation method which adds 5 min prediction to the global optimization
method which is named multi-time-scale. The objective is to correct the deviation of
harmonic caused by the long-time-scale harmonic prediction error. This paper utilizes
MPC to predict the amplitude and phase variation of the harmonics in short time scale, and
utilizes distributed VDAPF to optimize harmonic in long time scale. The IEEE 33 nodes
system was used as an example to conduct a comparative analysis of mitigation effects in
two different harmonic injection scenarios which injected separately 10 and 20%. The
results shows that the mitigating effect of the global optimization method is limited under
two different harmonic injection scenarios, and it needs to combine with short time scale
harmonic prediction information to ensure the effectiveness and rationality of the mitigation
results. When the harmonic current fluctuates, there are unqualified voltage distortion
nodes in each region, and the voltage distortion rate is larger. But the MPC can change
harmonic prediction in a short time, so every harmonic of each VDAPF conductance values
is set bigger, and harmonic conductance of the higher harmonics is relatively lower.

Keywords: multi-time scale predictive, VDAPF, harmonic mitigation, MPC, high proportion clean energy

1 INTRODUCTION

The harmonics on the power grid reduce the life of power supply equipment; and nowadays a new
situation has emerged from the power grid, that is a large number of new energies such as
photovoltaics and wind power are used to distribution network (Yang et al., 2017; Xie et al,
2021), and new elements such as controllable load, distributed power generation, distributed energy
storage, and electric vehicles were used (Munir et al., 2020). This forms a power electronic
distribution network. Literature (Munir et al., 2019) proposes to improve the performance of
harmonic control through the cooperation of multiple APFs. Literature (Chen et al., 2017) proposed
a parallel APF with selective closed-loop control to achieve compensation for the harmonic voltage at
the common connection point. Literature (Lee et al., 2008) proposed a droop control strategy for
multiple distributed APFs operating in parallel. Literature (Tian et al., 2020) studies the optimal
configuration method of distributed VDAPF for the decentralized harmonic problem of distribution
network. However, a trend of harmonic dispersion and network-wide diffusion has been formed due
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FIGURE 1 | System harmonic equivalent circuit.

to the diversification of equipment types and characteristics, and
the complexity of disturbance distribution (Ebrahimzadeh et al.,
2019; Wang et al.,, 2019; Artale et al., 2021).

In response to this situation, a distributed global optimization
for harmonics on the grid side was proposed, which used the
strategy of combining global optimization and local control to
achieve distributed harmonic mitigation. This method aims at the
overall optimization of the voltage distortion of all nodes of the
distribution network, and solves the global optimization model by
establishing the objective function and constraint conditions of
the power electronic distribution network, so as to obtain the
optimized parameters of VDAPF at operating point in the long-
term scale. However, long-term global optimization is based on
short-term harmonic prediction, and prediction errors are
inevitably present, which may lead to deviation from long-
term global optimization solutions. In order to correct the
deviation from harmonic caused by the long-time-scale
harmonic prediction error. This paper used the prediction in
short-time-scale based on the model predictive control (MPC) to
make up for the shortcomings of the long-time-scale global
optimization. The long-time scale global optimization method
which combined with the short-time scale optimization is called
the multi-time scale harmonic optimization method.

2 MODEL AND PARAMETERS SETTING

2.1 Harmonic Equivalent Circuit of Power

Electronic Distribution Network

The harmonic Norton equivalent model is used to characterize
the model of the distributed harmonic source of the distribution
network. The equivalent parameters of each model are received
by experiment. The power electronic distribution network can be
represented by the system network shown in Figure 1. The
equivalent harmonic injection and linear load of each node
can be represented by Norton circuit, and it is approximately
considered that the scattered harmonic sources distributed
among each node are not affected by the node voltage.

In Figure 1, the conductance to ground for each VDAPF which
connected to parallel on the node is expressed by the harmonic
conductance. The power branch of the large power grid side is
equivalent to the harmonic impedance to ground. Taking the hth
harmonic circuit as an example, Zgy, is the equivalent harmonic
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impedance of the power supply on the large grid side, and I, , is the
hth harmonic current of the harmonic source #, and g, is the
equivalent harmonic conductance of mth VDAPF, and i,, is the
harmonic compensation current injected by mth VDAPF.

2.2 Harmonic Optimization Method on Long

Time Scale
2.2.1 Global Optimization Objective Function
The data monitoring and collection system of distribution network
generally collects data every 15 min, and the active and reactive
power dispatching of the distribution network usually takes 15 min
as the dispatching period (Xia et al, 2019; Zhao et al, 2019).
Therefore, the long-time scale optimization takes 15 min as the
time granularity. It considers the overall optimization of power
quality at the nodes in the entire network, and it takes harmonic
conductance values of VDAPF at distributed and parallel
connected nodes as the optimization variables. The weight
coefficient ¢, corresponding to different nodes is set to
characterize the degree of requirements for the power quality.
This paper introduces the node sensitivity factor a, whose value
reflects the sensitivity about voltage distortion of the load
equipment which is connected to nodes. The larger the value of
a, the higher requirement for distortion of the node. As shown in
Eq. 1, the weight coefficient of the node is defined by the proportion
of the sensitivity factor of the known nodes in all the nodes.

¢ = (1)

In the formula, a; is the load sensitivity factor of node j, and its
value can be set and adjusted according to actual situation, and N
is the total number of system nodes.

Considering the difference in the weight coefficients of different
nodes, the objective function of long-term global optimization are
set as the weighted summation of the harmonic voltage distortion
rate of the nodes. The calculation formula is shown in Eq. 2.

N
fTHD = min Z Cj . THD] (2)
j=1

In the formula, frgp is the objective function of global
optimization; ¢; is the weight coefficient of node j, whose
magnitude can be obtained by Eq. 1; THD; represents the total
voltage distortion rate of node j, which is calculated by Eq. 3.

\2 Ui
THD; = "2 x 100% 3)

1,j

In the formula, U, is the effective value of the fundamental
wave’s voltage at node j; Uy, is the effective value of the voltage of
h-order harmonic at node j, which can be calculated by the
h-order harmonic power flows.

2.2.2 Global Optimization Constraints

During the harmonic compensation process of VDAPF, the
maximum compensation amount cannot exceed the rated
capacity limit. That expressed as Eq. 4.
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SAPF,ci < Sgpp)ci (4)

In the formula, Sapp, are the actual total harmonic
compensation capacity of the ¢; VDAPF; S%prei are the rated
capacity of the ¢; VDAPFE.

The compensation capacity Sxpg,; can be calculated by Eq. 5.

®)

SAPF,ci =

In the formula, Gj are the values of hth harmonic
conductance of VDAPF, and U, are the hth harmonic
voltages of the VDAPF node. The particle swarm optimization
(PSO) has fast solution speed and few parameters. The particle
updates its speed and position according to Eq. 6.

V?H = a)Vfc +c 1y (P’b(esti - Xfc) + Czrz(glgest - X:() (6)
X;c+1 — Xfc + V:ﬁ-l

In the formula, V¥*! represents the particle velocity of particle
i in the k+1 iteration; X5 i represents the position of particle i in
the k+1 iteration; P, and g’;ﬁesﬁ respectively represent the
particle i at individual optimal position and global optimal
position at the k iteration; w is the inertia weight; ¢; and ¢,
are respectively the individual learning factor and the group
learning factor; r; and r, are random values between [0, 1].

The inertia weight when the particle update velocity needs to
be increased successively with the number of iterations, the
inertia weight shown in Eq. 7 changes from the maximum to
the minimum.

* — .
W= wmax _ t (wmax wmll‘l) (7)

tmax

The steps to improve the PSO algorithm are:

1) Initializing the conductance value and the change rate of each
harmonic conductance of VDAPF;

2) Comparing the objective function’s values of all conductance
under different harmonics and getting the corresponding
optimal conductance value;

3) Updating the conductance value and the change rate
according to current inertia weight value;

4) Performing the next iteration calculation;

5) Setting the error threshold or the number of iterations as the
iteration termination condition. If one of them is met, the
iteration will be terminated and the final global optimal
conductance value will be obtained; otherwise, return to
step (4).

2.3 Multi-Time Scale Rolling Optimization

According literature (Zhang et al.,, 2017; Huang et al., 2019; Yan
et al,, 2019), the time granularity of the daily active and reactive
power dispatching of the distribution network is generally
maintained at the minute level, such as 1-5min. Therefore,
the short-time-scale prediction choose 5min. The rolling
optimization method is an optimization method which
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combined 5min prediction and the long-time scale
optimization. Its feature is to perform the rolling optimization
of the local control operating characteristic parameters based on
the short-term prediction of the harmonic current.

The model predictive control (MPC) method was used in short-
time scale current prediction. Its characteristic is to solve the
optimization model in a finite time domain according to the
objective function and the constraints. In the vector of the
obtained optimal solution, the first decision variable is taken as
the optimal decision for on the current period. The optimization
task of each sampling time is performed according to this cycle,
and a new objective function is obtained according to the updated
measurement information, and the solution is updated.
Combining the control method and optimization objective of
the VDAPF local controller of the zone, the difference between
the actual voltage and the reference voltage of each node in the
zone is controlled firstly. That is to make the difference between
actual harmonic voltage and reference value of the harmonic
voltage smallest in time domain. For the hth harmonic, the
objective function J is shown as Eq. 8:

J = min i’uj -ul (8)
j=1

In the formula, U]h is the actual hth harmonic voltage of node
j» and U]h* is the reference voltage of hth harmonic of node j.
The constraints during the solution process are shown in Eq. 9.
Ul <UL )
In the formula, UJh max is the limit voltage of each harmonic.
Based on current state and system model, the rolling method
cycle of a limited time domain, and updates the forecast
information and operating status in the future scheduling
cycle. Then it re-optimizes in the current rolling window, and
executes results of scheduling decisions.

2.4 Parameters Setting

In order to verify the effectiveness of the harmonic distributed
optimization method based on the combination of VDAPF global
optimization and local control, IEEE 33-nodes distribution
network system is taken as the example.

According literature (Zhou et al, 2015), the electrical load
connected to each node contains a variety of sensitive loads,
and different equipment is divided into four levels by the
sensitivity of equipment voltage sags. The weight coefficient ¢;
of each observation node is set to represent the degree of voltage
distortion, and is reflected in the proportion of voltage distortion in
the total objective function in the optimization process. For the
nodes which connected to electric sensitive load, the sensitivity
factors of nodes 4, 23, and 28 is setting to 10, 9, and 7, and the
sensitivity factors of other nodes is setting to 1. The weight
coefficient of each node is shown in Table 1.

Long-term scale PSO parameters: the maximum inertia weight
Wpmay 1S 1.4; the minimum inertia weight w,y,;, is 0.4; the initial
value of the learning factor is 2; the particle swarm size is 400, and
the maximum number of iterations is 150.
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TABLE 1 | Weight coefficient of each node.

Node number Weight coefficient

4 0.179
23 0.156
28 0.125
Else 0.018

3 RESULTS AND DISCUSSION

3.1 Results of Two Scenario

Since the affection of harmonic are different, this paper considers
two different harmonic injection scenarios which injected 10 and
20%. The global optimization results of the equivalent
conductance of each harmonic of the VDAPF at each control
node in Scenario 1 and Scenario 2 were shown in Tables 2, 3.

In scenario 1, the harmonic conductance values of VDAPF can
be seen from Table 2. The conductance value of higher-order
harmonic is smaller than the lower-order. For example, the 13th
and 11th harmonic conductance values of the control nodes 13
and 24 are smaller than the 5th and 7th harmonic conductance
values; the 13th harmonic conductance value of the control node
29 is smaller than the harmonic conductance values of other
control nodes; and the conductance value of the 13th harmonic of
node 5 is small. Because the low-order harmonics injected into
the network by the harmonic source such as the 5th and 7th
harmonics have larger amplitudes, while the content of higher-
order harmonics is less. Since the equivalent harmonic
conductance of VDAPF characterizes the intensity of
harmonic control, the content of low-order harmonics in the
network is relatively high, and the corresponding harmonic
conductance value is relatively large, so greater control
intensity is required for low-order harmonics.

In Table 3, the harmonic conductance value of VDAPF also
follows the same law, that is the conductance value of higher-
order harmonic is smaller than the lower-order. Because the
overall harmonic current injection of scenario 2 is larger than that

Multi-Time Scale Harmonic Mitigation

in scenario 1, and the resulting harmonic pollution is also more
serious. At the same time, it also satisfies that the injection
amplitude of high-order harmonic current is smaller than that
of low-order harmonic current injection. Similarly, the equivalent
harmonic conductance of VDAPF characterizes its treatment
strength. Therefore, under the same network parameters, more
serious harmonic pollution requires more treatment to smooth
the harmonic current injection.

Comparing the harmonic conductance optimization results of
scenario 1 and scenario 2, it can be concluded that the harmonic
conductance value of the VDAPF in scenario 1 is generally
smaller than the value of scenario 2. Because the harmonic
pollution of scenario 2 are more serious than scenario 1, and
stronger treatment is required, and the harmonic conductance
value represents the intensity of VDAPFs treatment of
harmonics. The greater the harmonic conductance, the greater
the required intensity of harmonic control. Therefore, under the
requirements of the same harmonic voltage limit, the VDAPF
needs to output more control amounts under the scenario of
more serious harmonic pollution.

3.2 Comparison of Multi-Time Scale Rolling
Optimization and Global Optimization

Results
Option 1: Distributed global optimization method used in this
paper based on the voltage detection type APF grid-side.
Option 2: Decentralized local harmonic control method based
on current detection type APF.

The results of voltage distortion rate of each node before and
after mitigation in two scenarios are shown as Figures 2, 3.

The voltage distortion of each node is compared, and the
comparison results under scenario 1 and scenario 2 are shown in
Figures 4, 5, respectively.

For Scenario 1, when a 10% fluctuation occurs to the
harmonic current injection, the harmonic voltage distortion

TABLE 2 | Global optimization results of VDAPF harmonic equivalent conductance under scenario 1.

Node 5th harmonic conductance 7th harmonic conductance
reference value/S reference value/S

5 0.51 0.32

13 0.62 0.42

24 0.53 0.31

29 0.44 0.61

13th harmonic conductance
reference value/S

11th harmonic conductance
reference value/S

0.42 0.34
0.34 0.24
0.22 0.13
0.52 0.34

TABLE 3 | Global optimization results of VDAPF harmonic equivalent conductance under scenario 2.

Node 5th harmonic conductance 7th harmonic conductance
reference value/S reference value/S

5 0.81 0.63

13 0.80 0.61

24 0.71 0.44

29 0.82 0.82

13th harmonic conductance
reference value/S

11th harmonic conductance
reference value/S

0.63 0.22
0.51 0.50
0.34 0.23
0.76 0.45

Frontiers in Energy Research | www.frontiersin.org

January 2022 | Volume 9 | Article 801197


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Suo et al.

Multi-Time Scale Harmonic Mitigation

—_
=)}

—e— Without mitigation
—g— Scheme 1

—_
N

—&—  Scheme 2

THDv of nodes in scene 1/%

8
4
0
0 4 8 12 16 20 24 28 32
Node number

FIGURE 2 | Total voltage distortion rate of each node before and after
mitigation under scenario 1.
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FIGURE 3 | Total voltage distortion rate of each node before and after
mitigation under scenario 2.
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FIGURE 4 | Comparison results of operating point mitigation between
rolling optimization and global optimization under scenario 1.

of each node is aggravated. If the solution to the global
optimization result is still used to manage, it can be seen in
Figure 4 that there are nodes with unqualified voltage distortion
in each partition, such as node 3, node 10, node 22, and node 28.
This verifies that the global optimization results are only feasible
for long-term but the actual harmonic current injection
fluctuates in real time. The fluctuation range after multi-time
scale rolling optimization are smaller than global optimization

16[—«—20% fluctuates without mitigation
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FIGURE 5 | Comparison results of operating point mitigation between
rolling optimization and global optimization under scenario 2.

method. The multi-time scale optimization method is more
efficient than Global optimization method.

It can be seen from Figures 3-5 that for scenario 2, the
harmonic current injected by the harmonic source load has a
20% fluctuation, and the harmonic voltage distortion of each
node is aggravated also, and global optimization is adopted. As a
result of the solution, the number of nodes with unqualified
voltage distortions in each partition is significantly increased
compared with scenario 1, such as node 10, node 19, and
node 30, which are more serious. It is also verified that the
global optimization results are only for the long-term, and the
actual harmonic current is injected into real-time fluctuations.
The global optimization results need to be combined with the
short-time-scale rolling optimization to ensure the harmonics of
all nodes in each region. The multi-time scale optimization
method is more efficient than Global optimization method.

4 CONCLUSION

This paper proposes a multi-time-scale harmonic optimization
method based on the long-term scale global optimization of the
distributed VDAPF and the short-time scale rolling optimization
of local control. The long-term scale global optimization aims at
the overall optimization of the voltage distortion at all nodes of
the distribution network. It constructs a global optimization
objective function and constraint conditions, and using
intelligent optimization algorithms to solve the global
optimization model. The operating characteristic parameters of
VDAPF are optimized on a short time scale base on MPC, and the
feedback correction is brought in to correct the predict deviation
caused by mitigation error to make the harmonic voltage of every
node always maintained at a qualified level. Through the multi-
time scale optimization, the harmonic control is continuously
revised, and optimized entire nodes of the distribution network. It
provides a grid-side solution for the power electronic distribution
network to optimize the harmonic voltage of the entire
network nodes.

The multi-time-scale optimize method can solve the large
fluctuation problem of harmonic voltage in global optimization
method, but the short-time-scale prediction need more memory
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and calculation. It needs communication on time with control
computer. In addition, this method can efficiently mitigate the
13th and lower harmonic, but the effects about higher harmonic
are not verified in this paper, and that would be studied in
after work.
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