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METHOD FOR GROUP COORDINATED
VOLTAGE CONTROL OF PHOTOVOLTAIC
INVERTERS IN LOW-VOLTAGE
DISTRIBUTION NETWORK

TECHNICAL FIELD

[0001] The present invention relates to the technical field
of'voltage control of a low-voltage distribution network, and
more particularly relates to a method for group coordinated
voltage control of photovoltaic inverters in a low-voltage
distribution network.

BACKGROUND

[0002] With the increasing aggravation of energy crisis
and environmental pollution, the household photovoltaic
grid connection in the distribution network has developed
rapidly by means of the advantages of cleanness, flexibility
and high efficiency. However, massive photovoltaic access
has an important influence on the power flow, voltage and
network loss of the system, wherein voltage overlimit has
become an important factor that limits the massive photo-
voltaic access. Therefore, for the distribution network with
a high photovoltaic proportion, a convenient and effective
voltage control strategy is an important basis for the stable
operation of a power system.

[0003] In recent years, as more and more photovoltaic
inverters are connected to the distribution network, many
scholars at home and abroad have put forward the idea of
DG grouping according to different maximum photovoltaic
access amounts and voltage regulation capacities of a Dis-
tributed Generation (DG) at different locations of feeders,
and have divided the decentralized DG into several groups
for regional voltage management. “A decentralized and
cooperative architecture for optimal voltage regulation in
smart grids” in “IEEE transactions on industrial electron-
ics”, in issue 58, 2011 has proposed a decentralized and
cooperative voltage control frame for a microgrid, which can
suppress voltage and frequency fluctuation of the microgrid
in an isolated island mode through decentralized cooperation
of the DG. However, this method is limited to the isolated
island mode and has a small scope of application. “Cluster-
ing and cooperative control of distributed generators for
maintaining microgrid unified voltage profile and complex
power control” in “Transmission and distribution conference
and exposition” in 2012 has proposed a distributed optimi-
zation method of group cooperation, which achieves the
optimal scheduling of DG power output in the microgrid by
adjusting the voltage of control nodes with reactive power
output. However, this method needs to pass a consistency
variable and a change rate at the same time, which does not
meet the requirements of a consistency protocol. “Layered
and regional voltage regulation strategy of a distribution
network based on HEM sensitivity” in “Power Construc-
tion” in issue 43 of 2022 has proposed a method of layered
and regional voltage regulation of a distribution network
with light storage involvement based on sensitivity analysis
of a holomorphic embedding method. The upper and lower
layers of voltage optimization models are established
according to voltage sensitivity. This method can fully
explore the adjustment ability of each adjustable resource
and improve the voltage supporting ability. However, the
proposed clustering partitioning method with reactive
matching degree and node coupling degree as indexes has a
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certain contingency when the number of samples is small.
“Research on optimal control method of distribution net-
work voltage and power based on distributed cooperation”
in Proceedings of the CSEE in issue 40 of 2020 designs a
multi-objective distributed optimal control strategy of a
distribution network in a DG grouping mode, and designs a
distributed control algorithm with two groups of voltage
control and power control with a capacity utilization ratio
and a power factor as consistency variables. The algorithm
can still quickly and accurately realize voltage control of
multiple important nodes in case of photovoltaic and load
change, and has strong robustness. However, the power
factor of the photovoltaic inverter in this control strategy is
low, and there is more active power reduction.

[0004] Therefore, an urgent problem for those skilled in
the art is the voltage overlimit problem caused by the
distribution network with high-proportion photovoltaic
access.

SUMMARY

[0005] In view of this, the present invention provides a
method for group coordinated voltage control of photovol-
taic inverters in a low-voltage distribution network, which
effectively inhibits the voltage overlimit in the distribution
network, increases the maximum photovoltaic access
amount of the distribution network and has strong robust-
ness in case of the photovoltaic and load fluctuation.
[0006] In order to achieve the above purpose, the present
invention adopts the following technical solution:

[0007] A method for group coordinated voltage control of
photovoltaic inverters in a low-voltage distribution network
comprises the following steps:

[0008] step 1: dividing all photovoltaic inverters in a
distribution network into a first voltage control group
and a second voltage control group;

[0009] step 2: collecting voltages of the photovoltaic
inverters corresponding to nodes in each voltage con-
trol group respectively, calculating voltage increments
of access nodes, and collecting an active output of the
distribution network;

[0010] step 3: synchronously judging whether the volt-
age increment of a first access node in the first voltage
control group and the voltage increment of a second
access node in the second voltage control group exceed
a limit according to a set threshold range;

[0011] if the voltage increment of the first access node
exceeds the limit, starting the first voltage control
group to use a consistency algorithm for reactive volt-
age control, and calculating a reactive capacity accord-
ing to the active output; and if the voltage increment
cannot be inhibited from exceeding the limit when the
reactive capacity in the first voltage control group is
exhausted, entering step 5; otherwise, returning to step
2;

[0012] if the voltage increment of the second access
node exceeds the limit, starting the second voltage
control group to use the consistency algorithm for
reactive voltage control; and if the voltage increment
cannot be inhibited from exceeding the limit when the
reactive capacity in the second control group is
exhausted, entering step 4; otherwise, returning to step
2;

[0013] step 4: taking actions by the second voltage
control group; conducting active reduction by the pho-
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tovoltaic inverters in the group through the consistency

algorithm; ending the control; otherwise, returning to

step 2;
[0014] step 5: sending a reactive compensation instruction
to the second voltage control group by the first voltage
control group to start the second voltage control group to
participate in reactive voltage control by using the consis-
tency algorithm; if the overlimit cannot be inhibited when
the reactive capacity of the second control group is
exhausted, taking actions by the first voltage control group;
conducting active reduction by the photovoltaic inverters in
the group through the consistency algorithm; ending the
control; otherwise, returning to step 2.

[0015] The technical effects of the above technical solu-
tion are that: in step 3, the reactive capacity of the photo-
voltaic inverters is used to regulate the voltage. If the voltage
exceeds the limit, the voltage is inhibited from exceeding the
limit through the reactive power of the inverters. However,
if the voltage overlimit degree is large, even if the full
reactive capacity of the inverter is used, the voltage over-
limit cannot be completely eliminated. That is, when the
reactive capacity of the first voltage control group is
exhausted, the first voltage control group sends the reactive
compensation instruction to the second voltage control
group to start the second voltage control group to participate
in reactive voltage control. If the capacity is not exhausted,
the inverters of the group are continuously used for voltage
control. Because reactive voltage control does not need to
reduce the photovoltaic power output, it is preferably used.
If the voltage still exceeds the limit when the reactive power
is insufficient, the active power output must be reduced to
inhibit the voltage from exceeding the limit.

[0016] Preferably, the voltage increments of the access
nodes are calculated according to a DistFlow power flow
algorithm, specifically:

[0017] step 21: if an output power of the photovoltaic
inverter (PV) located on node I or any node i down-
stream of the node I is changed, comprising an active
change AP and a reactive change AQ, then expressing
a voltage change AU, of an access node I as:

APiRn + AQi:Xn
n=1 n=1

AU =
7 Vo

[0018] if the output power of the PV located on any
node i upstream of the access node [ is changed,
expressing the voltage change AU, of the access node
I as:

APY'R,+AQ) X,
=1 n=1

AU = —=
I VO

[0019] wherein [ represents a serial number of the
access node; R, +jX,, is a line impedance from node n=1
to node n, n=1, . . ., L, i.e., the line impedance of all
nodes before the access node; and V, represents a
voltage of an initial node of a line;
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[0020] thus, the voltage change at any node is simplified
as:

[0021] wherein S is a sensitivity of the voltage of the
node i to the power change of node j in a voltage
sensitivity matrix;

[0022] step 22: obtaining a voltage increment of the
access node according to the voltage variation of each
node, expressed as:

7 7 Nl Nl
NIPPVZRk -M QPVZXk NZPPVZRk - NZQPVZXk
AL = 1 =1 =1 1

Vo Vo

PpyR—QprX
=N N

[0023] wherein P, represents an active output power
of the photovoltaic inverter of the access node; R, +jX,
represents a line impedance from node k—1 to node k;
Qpy represents a reactive output power of the photo-
voltaic inverter of the access node; N, represents a
number of nodes in the first voltage control group; N,
represents a number of nodes in the second voltage
control group; I represents a serial number of the access
node; R+jX represents a line impedance of each section
of the distribution network; V, represents a voltage of
an initial node of the line. Each node in the distribution
network carries the same load, the line impedance of
each section between two nodes is the same; and
Pt Q=P prtQpys PytjQu=P+jQ.. and
R HX=R+X.

[0024] Preferably, a reactive absorption in the process of
reactive voltage control is calculated; the output active
power is calculated according to the active output; the
reactive capacity is calculated according to the output active
power; and if the reactive absorption is greater than the
reactive capacity, then the reactive capacity is exhausted at
this time, and the overlimit cannot be inhibited.

[0025] Preferably, the set threshold range is from 0.95 pu
to 1.05 pu; and if a set threshold is exceeded, overlimit is
considered.

[0026] Preferably, the reactive capacity is expressed as:

0pu=tN5—P

[0027] wherein S represents the capacity of the photo-
voltaic inverter, which is a

[0028] determined value known according to performance
parameters of the photovoltaic inverter; and P represents the
output active power.
[0029] Preferably, when each group of the voltage control
groups is controlled by the consistency algorithm to make
control actions, a capacity utilization ratio of the photovol-
taic inverter corresponding to each access node is the same;
and the consistency algorithm is expressed as:
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o1k +1)= Y Borim06sm K + 1 ain(@crin (0) = I, ()
m=1 m=1

Ny
Bavigm =liml ) Lim
Jgm =1 7
=1

[0030] wherein a Jy;; (k+1) is the capacity utilization
ratio or power factor obtained after k+1 iteration of the
photovoltaic inverter of the node j in the voltage control
group i, and the capacity utilization ratio is consistent
with the power factor; N, is a number of the photovol-
taic inverters in the voltage control group i; A is an
iteration step size, and a value range is 0-1; the larger
the iteration step size is, the faster a convergence speed
is, but the lower the accuracy is; ,,,, is an element in an
adjacency matrix A; the adjacency matrix A is con-
structed according to a topology of network connec-
tion; if there is a connection between the node i and
node m, the element is 1;

M
ZBGVi,jmaGVi,m (k)

m=1

is a comprehensive influence on the photovoltaic inverter of
the node j by other nodes in the voltage control group;
BGuiym is a weight of the power factor or the capacity
utilization ratio a 3y, ,, (k) of the PV of node m in the same
group in all information received by the PV of node j in the
voltage control group; if 1,,=1(j#m), it represents that there
is a bidirectional communication line between the PV of the
node j and the PV of the node m; and if 1,,,=0, it represents
that there is no communication line between the PV of the
node j and the PV of the node m.

[0031] Preferably, when the voltage increment of the first
access node of the first voltage control group exceeds the
limit, reactive voltage control is carried out only by the first
voltage control group, or when the second voltage control
group participates in reactive voltage control, the reactive
absorption Qg is expressed as:

AUV,
nx

QGVI =

wherein AU', represents the voltage increment of the access
node of the first voltage control group; V represents a
voltage of the initial node of the line; I, represents a serial
number of the access node of the first voltage control group;
the line impedance of each section between the nodes in the
distribution network is the same, and R+jX represents the
line impedance of each section in the distribution network;
because the power changes of the first voltage control group
and the second voltage control group have the same influ-
ence on the voltage of the access node, calculation formulas
for the reactive absorption are the same; and when the
second voltage control group participates in reactive voltage
control, the second voltage control group still controls the
voltage of the first access node, so the node voltage incre-
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ment still belongs to the first access node, but the power
change at this time belongs to the second voltage control
group.

[0032] When the voltage increment of the second access
node of the second voltage control group exceeds the limit
and the second voltage control group performs reactive
voltage control, the reactive absorption Qg2 of the second
voltage control group is expressed as:

AU3V,
LX

QGVZ =

wherein AU, represents the voltage change of the access
node of the second voltage control group; V, represents the
voltage of the initial node of the line; I, represents a serial
number of the access node of the second voltage control
group; R+jX represents the line impedance of each section
in the distribution network; the active output power of the
photovoltaic inverter of each node in the distribution net-
work is the same as the reactive output power of the
photovoltaic inverter; each node carries the same load; the
line impedance of each section between two nodes is the
same; P, 4jQu=PptQpy:  PyetjQu=P,4jQ,, and
RHX,=R+X.

[0033] Preferably, when the photovoltaic inverter in the
first voltage control group adopts the consistency algorithm
for active reduction, the active reduction Py, of the first
voltage control group is expressed as:

AUV,
LR

Pgyy =

[0034] wherein AU', represents the voltage increment of
the access node of the first
[0035] voltage control group; V, represents the voltage of
the initial node of the line; I, represents a serial number of
the access node of the first voltage control group; the line
impedance of each section between the nodes in the distri-
bution network is the same; and R+jX represents the line
impedance of each section in the distribution network;
[0036] when the photovoltaic inverter in the second
voltage control group adopts the consistency algorithm
for active reduction, the active reduction P, of the
second voltage control group is expressed as:

AU3V,
LR

Pgyz =

[0037] wherein AU', represents the voltage increment of
the access node of the second voltage control group; V,,
represents the voltage of the initial node of the line; I,
represents a serial number of the access node of the
second voltage control group; the line impedance of
each section between the nodes in the distribution
network is the same; R+jX represents the line imped-
ance of each section in the distribution network; the
active output power of the photovoltaic inverter of each
node in the distribution network is the same as the
reactive output power of the photovoltaic inverter; each
node carries the same load; the line impedance of each
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section between two nodes is the same; P,,+

JQpui=P eyt Qpy, PytjQu=P;+jQ;, and R +jX,=R+jX.
[0038] Preferably, the reactive compensation instruction is
transmitted through a communication line between the first
voltage control group and the second voltage control group.
The reactive compensation instruction is transmitted
through the communication line between the groups, and
after the reactive compensation instruction is transmitted to
the second voltage control group, the second voltage control
group adjusts the reactive change for voltage control.
[0039] According to the above technical solution, com-
pared with the prior art, the present invention discloses and
provides a method for group coordinated voltage control of
photovoltaic inverters in a low-voltage distribution network,
which proposes the idea of group coordinated control of the
photovoltaic inverters according to the differences of voltage
stability factor (VSF) of different nodes for the problem of
voltage overlimit caused by massive photovoltaic grid con-
nection, and adjusts the sequence of the groups for partici-
pating in voltage control according to the VSF of each
group. The photovoltaic inverters in each group use the
capacity utilization ratio and the power factor as consistency
variables for voltage control, and use the coordinate control
strategies between the groups to ensure that the voltage of
key nodes converges to a set value. When the voltage
overlimit occurs, the group with high voltage stability factor
is preferably used to participate in voltage control. After the
group cannot inhibit the voltage overlimit, a voltage control
instruction is transmitted to other groups. This control
strategy can effectively inhibit the voltage overlimit, avoid
unnecessary active reduction, and has strong robustness
during load and photovoltaic fluctuation.

DESCRIPTION OF DRAWINGS

[0040] To more clearly describe the technical solutions in
the embodiments of the present invention or in the prior art,
the drawings required to be used in the description of the
embodiments or the prior art will be simply presented below.
Apparently, the drawings in the following description are
merely the embodiments of the present invention, and for
those ordinary skilled in the art, other drawings can also be
obtained according to the provided drawings without con-
tributing creative labor.

[0041] FIG. 1 is a flow chart of a group coordinated
voltage control strategy provided by the present invention;
[0042] FIG. 2 is a structural schematic diagram of a feeder
network of a simplified low-voltage distribution network
provided by the present invention;

[0043] FIG. 3 is a schematic diagram of a traditional
distributed photovoltaic access distribution network pro-
vided by the present invention;

[0044] FIG. 4 is a schematic diagram of photovoltaic
groups of a distribution network provided by the present
invention;

[0045] FIG. 5 is a schematic diagram of access voltage
distribution by a traditional

[0046] distributed mode and a group mode without control
provided by the present invention;

[0047] FIG. 6 is a schematic diagram of voltage distribu-
tion of each node at maximum photovoltaic access amounts
provided by the present invention;

[0048] FIG. 7 is a schematic diagram of key node voltage
at sudden change of loads provided by the present invention;
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[0049] FIG. 8(a) is a schematic diagram of active output
of each PV in GV1 at sudden change of loads provided by
the present invention;

[0050] FIG. 8(b) is a schematic diagram of reactive output
of each PV in GV1 at sudden change of loads provided by
the present invention;

[0051] FIG. 9(a) is a schematic diagram of active output
of each PV in GV2 at sudden change of loads provided by
the present invention;

[0052] FIG. 9(b) is a schematic diagram of reactive output
of each PV in GV2 at sudden change of loads provided by
the present invention;

[0053] FIG. 10 is a schematic diagram of voltage distri-
bution of key nodes at sudden photovoltaic change provided
by the present invention;

[0054] FIG. 11(a) is a schematic diagram of active output
of each PV in GV1 at sudden photovoltaic change provided
by the present invention;

[0055] FIG. 11(b) is a schematic diagram of reactive
output of each PV in GV1 at sudden photovoltaic change
provided by the present invention;

[0056] FIG. 12(a) is a schematic diagram of active output
of each PV in GV2 at sudden photovoltaic change provided
by the present invention;

[0057] FIG. 12(b) is a schematic diagram of reactive
output of each PV in GV2 at sudden photovoltaic change
provided by the present invention.

DETAILED DESCRIPTION

[0058] The technical solutions in the embodiments of the
present invention will be clearly and fully described below
in combination with the drawings in the embodiments of the
present invention. Apparently, the described embodiments
are merely part of the embodiments of the present invention,
not all of the embodiments. Based on the embodiments in
the present invention, all other embodiments obtained by
those ordinary skilled in the art without contributing creative
labor will belong to the protection scope of the present
invention.

EMBODIMENT 1

[0059] The embodiment of the present invention discloses
a method for group coordinated voltage control of photo-
voltaic inverters in a low-voltage distribution network, and
the process is shown in FIG. 1. The feeder network of the
simplified distribution network is shown in FIG. 2. In the
figure, P,+Q, is a power flowing from node N-1 to node
N; P, ,+jQ,n represents a load carried by the node N;
P\ +iQsy represents a power outputted by PV at the node
N: R+jX,y is a line impedance from node N—1 to node N;
and V,, is a voltage of the node N.

[0060] According to a DistFlow power flow algorithm, if
the output power of the photovoltaic inverter (PV) located
on the node N or a node i downstream of the node N is
changed, and active and reactive changes are AP and AQ,
then the voltage change of the node N is:

N N [¢8)
APZRn + AQZXn
n=1 n=1

AUy =
v Vo
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[0061] If the output power of the PV located on a node i
upstream of the node N is changed, the voltage change of the
node N is:

i i @)
APY'R,+A0) X,
AUN - n=1 VO n=1

[0062] In combination with formulas (1)-(2), the voltage
change of the node N is quantified and simplified into
formula (3) for calculating a relationship between the volt-
age change and the power change, that is, for calculating the
voltage increment of the access node.

AU=S;

[so] N

[0063] In the formula: S; is a voltage stability factor
matrix, with a calculation formula as follows:

1 < 1 o @

Ve Xl i>j

=~
iNg
&

n=1

[0064] It can be seen from the above formula (4) that the
node voltage of the distribution network is more sensitive to
the power changes of the node itself or downstream nodes,
and the sensitivity is only related to line impedance. There-
fore, according to the sensitivity, an idea of controlling
different node voltages for different voltage control groups
is proposed.

[0065] The node voltage changes in the same photovoltaic
access of the traditional distributed control strategy and the
group coordinated voltage control of the present invention
are compared. The schematic diagram of the traditional
distributed photovoltaic access distribution network is
shown in FIG. 3, comprising 8 groups of photovoltaic
inverters corresponding to 8 nodes. Taking the voltage
increment of node 8 as an example, the voltage increment of
node 8 during photovoltaic access is:

1 1 2 2 5)
valZRk - valZXk vaZZRk - vaZZXk
=1 = =1 =1

Vo Vo

8 8
Pmssz - Oms ZXk
=1 = 36PPVR - QOpy X
Vo - Vo

AUg =

[0066] The schematic diagram of photovoltaic grouping of
the distribution network in the group coordinated voltage
control method of the present invention is shown in FIG. 4,
comprising 8 groups of photovoltaic inverters corresponding
to 8 nodes. Nodes 1-6 are divided into a first voltage control
group, and the accessed PVs comprise PV,, PV, . .. PV,
nodes 7-8 are divided into a second voltage control group,
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and the accessed PVs comprise PV7 and PVS8, wherein node
3 and node 8 serve as access nodes, and the voltage
increment of the node 8 during photovoltaic access is:

3 3 6 6 (6)
6PPVZRk - 6QPV;X1¢ ZPPV];Rk - ZQPVZXk

k=1 k=1
,
AU =

N
Vo Vo
PpyR - OppX
Vo

=30

[0067] It can be seen from formulas (5)-(6) that when the
photovoltaic inverters output the same active power, the
voltage change in the grouping mode is reduced by 5/6
compared with the traditional distribution. Therefore, the
grouping mode of the present invention can better suppress
the voltage overlimit problem when dealing with the distri-
bution network with high-proportion of photovoltaic access.

[0068] In order to better use the limited reactive capacity
of PV to control the node voltage, unnecessary active
reduction is avoided and the reactive flow in the system is
reduced. Under the same voltage change, the reactive
changes of the photovoltaic inverters in different groups are
compared, which is convenient to arrange the order of the
groups to participate in voltage regulation when the voltage
exceeds the limit.

[0069] 1) In a reactive voltage control stage, when the
voltage increment AU'; of node 3 is the same, a reactive
absorption and an active reduction are derived from formula
(3). The reactive absorptions in separate actions of the first
voltage control group GV1 and the second voltage control
group GV2 are compared, and a set of action schemes with
less active reduction or reactive absorption are preferably
selected. This set has better economy.

[0070] When the GV1 performs reactive voltage control
by separate actions, the reactive absorption is:

AUV, @)
3X

QGVI =

[0071] When the GV2 performs reactive voltage control
by separate actions, the reactive absorption is:

AUV ®
QGVZ = IX
[0072] Similarly, for voltage overlimit of the node 8, when

the voltage increment AU'g of the node 8 is the same, the
reactive absorptions in separate actions of the GV1 and the
GV2 are compared, and when the GV1 performs reactive
voltage control by separate actions, the reactive absorption
is:

AUgVy ®
3X

O6r1 =
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[0073] When the GV2 performs reactive voltage control
by separate actions, the reactive absorption is:

AUsVo (10)
8X

QG2 =

[0074] 2) In an active reduction voltage control stage,
when the voltage increment AU'; of node 3 is the same, the
active reductions in separate actions of the GV1 and the
GV2 are compared. When the GV 1 performs active reduc-
tion by separate actions, the active reduction is:

AU}V, (1
3R

Pgyy =

[0075] When the GV2 performs active reduction by sepa-
rate actions, the active reduction is:

AUV, (12)
Pory = IR
[0076] Similarly, for voltage overlimit of the node 8, when

the voltage increment AU’y of the node 8 is the same, the
active reductions in separate actions of the GV1 and the
GV2 are compared.

[0077] When the GV1 performs active reduction by sepa-
rate actions, the active reduction is:

, AUV, a3
Py = T

[0078] When the GV2 performs active reduction by sepa-
rate actions, the active reduction is:

A (4
Py = W

[0079] It can be seen from formulas (7)-(8) that for Uj
overlimit, if the GV1 and the GV2 are used separately for
reactive voltage control, the reactive absorptions of the PVs
in two node groups are the same, but the GV1 has 6 PVs and
the reactive absorption of each PV is Q;,/6. The GV2 has
two PVs, and the reactive absorption of each PV is Qg/2.
If the voltage U, is controlled by the GV2, the reactive
margin of PV in the GV2 group may be insufficient. There-
fore, when the node 3 in the first voltage control group
exceeds the limit, the first voltage control group firstly
performs reactive voltage control and overlimit suppression.
It can be seen from formulas (9)-(10) that for Ug overlimit,
the GV1 and the GV2 are used separately for reactive
voltage control. When the GV2 is operated separately at the
same voltage reduction, the absorbed reactive power is less,
which can reduce the reactive flow in the system. Therefore,
when the node 8 in the second voltage control group exceeds
the limit, the second voltage control group firstly performs
reactive voltage control and overlimit suppression.

[0080] It can be seen from formulas (11)-(12) that for Uy
overlimit, if the GV1 and the GV2 are used separately for
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active reduction voltage control, the active reductions of the
PVs in two groups are the same, but the GV1 has 6 PVs, and
the active reduction of each PV is P,/6; the GV2 has two
PVs, and the active reduction of each PV is P /2. This may
cause that the active output of the PV in the GV2 group is
too low. Therefore, when the node 3 in the first voltage
control group exceeds the limit, if the reactive voltage
control cannot achieve effective overlimit suppression, the
first voltage control group performs active reduction control
and overlimit suppression. It can be seen from formulas
(13)-(14) that for Ug overlimit, the GV1 and the GV2 are
used separately for active reduction voltage control. When
the GV2 is operated separately, the active reduction is
smaller, and unnecessary active reduction can be avoided.
Therefore, when the node 8 in the second voltage control
group exceeds the limit, if the reactive voltage control
cannot achieve effective overlimit suppression, the second
voltage control group performs active reduction control and
overlimit suppression.

[0081] In conclusion, a flow chart of the group coordi-
nated voltage control strategy is shown in FIG. 1.

[0082] The photovoltaic inverters in the groups use the
capacity utilization ratio and the power factor as consistency
variables for voltage control, and an iterative formula of the
consistency algorithm is:

5, » as)
vy (k+ 1 = )" Bovi mOcyion K + 1) @im(@cyim U0 = I ; ()

m=1 m=1

[0083] In the formula, 3y, ; (kt1) is the capacity utiliza-
tion ratio/power factor obtained after k+1 iteration of the PV
j in the voltage control group i, and the capacity utilization
ratio is consistent with the power factor; Ni is a number of
the PVs in the group; a value range of an iteration step size
A is 0-1; the larger the iteration step size is, the faster a
convergence speed is, but the lower the accuracy is. o;,, is
an element in an adjacency matrix A;

Ny
ZBGVi,jmaGVi,m (k)

m=1

is a comprehensive influence on the node j by other nodes in
the group; Biy; 5, is a weight that is set for m PV information
a 35y,,(k) in the same group received by the PV j in the
group, calculated as follows:

Ny (16)
Bovim =Limd ) lm
m=1

[0084] In the formula: I,,_, (J#m)—there is a bidirectional
communication line between the PV j and the PV m if there
is a communication link between the distributed power
supplies j and m, and 1,,,_O—there is no communication line
therebetween.

[0085] After the capacity utilization ratio and the power
factor in each group are determined, the active power and
reactive power output of each PV in the group can be
determined. The active power is P=S*cos ¢, and the reactive
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power Q=Q,,,.”* reactive utilization ratio, wherein S is the
capacity of the photovoltaic inverter, cos ¢ is the power
factor, and Q,,,,, is a maximum idle capacity.

EMBODIMENT 2

[0086] The IEEE node 8 example simulation with photo-
voltaic inverters is built in MATLAB software, as shown in
FIG. 4. The basic parameters of the system are: unit line
impedance (0.602+j0.232) €/km, node spacing 0.06 km,
inverter capacity 15 kVA, safe voltage range 0.95 pu-1.05
pu, and rated voltage 380V. Since the geographical location,
temperature, light and load conditions of each photovoltaic
inverter are very close, it is assumed that each load condi-
tion, photovoltaic inverter capacity and photovoltaic output
are consistent. The access node that contains photovoltaic
inverters 1-6 in the voltage control group GV1 is node 3; and
the access node that contains photovoltaic inverters 7 and 8
in the voltage control group GV2 is node 8. The capacity
utilization ratio and the power factor are used as the con-
sistency variables in the groups, and coordinated control is
adopted between the groups. The node voltage distribution
in the traditional distributed mode and the group

[0087] mode is verified when the photovoltaic output is
11.5 Kw and the load is 7.5 kW without control, as shown
in FIG. 5.

[0088] The traditional distributed Q(U) control strategy,
the traditional distributed COSq(P) control strategy and the
group coordinated control strategy of the present invention
are adopted respectively in the distribution network. On the
premise of ensuring that the voltage does not exceed the
limit, a trial method is used to compare the maximum
photovoltaic access amounts of the three control strategies.
The voltage distribution of each node at the maximum
photovoltaic access amounts is shown in FIG. 6. The maxi-
mum photovoltaic access amounts of the three control
strategies are 109.6 Kw, 103.2 kW and 111.2 kW. This
indicates that the group coordinated control can also
improve the absorption capacity of the low-voltage distri-
bution network on the photovoltaic on the premise of
ensuring that the voltage of key nodes converges to a set
value.

[0089] In order to further verify that the present invention
has strong robustness at load and photovoltaic fluctuation,
based on the maximum photovoltaic access amounts, the
load is reduced from 7.5 kW to 5.5 kW at 1 h. After the group
coordinated control, the voltage changes of the key nodes
are shown in FIG. 7, and the active and reactive outputs of
each PV in the GV1 and the GV2 are shown in FIGS. 8-9.
In addition, on the basis of the load of 7.5 kW, the output
power of the photovoltaic inverter increases sharply at 1 h,
from 11.5 kW to 12.5 kW, to simulate the fluctuation of
photovoltaic output. After the group coordinated control
strategy, the voltage of the key nodes is shown in FIG. 10,
and the active and reactive outputs of each PV in the GV1
and the GV2 are shown in FIGS. 11 and 12.

[0090] The simulation example results indicate that: com-
pared with the traditional distributed Q(U) control and the
traditional distributed control, the control strategy proposed
by the present invention can improve the maximum photo-
voltaic access amounts of the system, wherein the maximum
photovoltaic access amounts are increased by 1.46% and
7.75%, respectively. In addition, the proposed control strat-
egy preferably uses the group with high voltage stability
factor to participate in voltage control, which can reduce the
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active reduction and the reactive absorption of the photo-
voltaic inverters, thereby improving the economy of the
system. During load and photovoltaic fluctuation, the con-
trol strategy proposed by the present invention can still
accurately control the voltage convergence of the key nodes
to the set value, which indicates that the strategy has strong
robustness. Based on the group control method of the
present invention, the distribution network is divided into
two or several groups of voltage control groups. By judging
whether the voltage increment of the access node exceeds
the limit, the consistency algorithm is adopted to combine
several groups of voltage controllers to control reactive
voltage or active reduction, so as to suppress the voltage
overlimit.

[0091] Each embodiment in the description is described in
a progressive way. The difference of each embodiment from
each other is the focus of explanation. The same and similar
parts among all of the embodiments can be referred to each
other. For a device disclosed by the embodiments, because
the device corresponds to a method disclosed by the embodi-
ments, the device is simply described. Refer to the descrip-
tion of the method part for the related part.

[0092] The above description of the disclosed embodi-
ments enables those skilled in the art to realize or use the
present invention. Many modifications to these embodi-
ments will be apparent to those skilled in the art. The general
principle defined herein can be realized in other embodi-
ments without departing from the spirit or scope of the
present invention. Therefore, the present invention will not
be limited to these embodiments shown herein, but will
conform to the widest scope consistent with the principle
and novel features disclosed herein.

What is claimed is:

1. A method for group coordinated voltage control of
photovoltaic inverters in a low-voltage distribution network,
comprising the following steps:

step 1: dividing all photovoltaic inverters in a distribution

network into a first voltage control group and a second
voltage control group;
step 2: collecting voltages of the photovoltaic inverters
corresponding to nodes in each voltage control group
respectively, calculating voltage increments of access
nodes, and collecting an active output of the distribu-
tion network;
step 3: synchronously judging whether the voltage incre-
ment of a first access node in the first voltage control
group and the voltage increment of a second access
node in the second voltage control group exceed a limit
according to a set threshold range;
if the voltage increment of the first access node exceeds
the limit, starting the first voltage control group to use
a consistency algorithm for reactive voltage control,
and calculating a reactive capacity according to the
active output; and if the voltage increment cannot be
inhibited from exceeding the limit when the reactive
capacity in the first voltage control group is exhausted,
entering step 5; otherwise, returning to step 2;

if the voltage increment of the second access node
exceeds the limit, starting the second voltage control
group to use the consistency algorithm for reactive
voltage control; and if the voltage increment cannot be
inhibited from exceeding the limit when the reactive
capacity in the second control group is exhausted,
entering step 4; otherwise, returning to step 2;
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step 4: taking actions by the second voltage control group;
conducting active reduction by the photovoltaic invert-
ers in the group through the consistency algorithm;
ending the control; otherwise, returning to step 2;

step 5: sending a reactive compensation instruction to the
second voltage control group by the first voltage con-
trol group to start the second voltage control group to
participate in reactive voltage control by using the
consistency algorithm; if the overlimit cannot be inhib-
ited when the reactive capacity of the second control
group is exhausted, taking actions by the first voltage
control group; conducting active reduction by the pho-
tovoltaic inverters in the group through the consistency
algorithm; ending the control; otherwise, returning to
step 2.

2. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 1, wherein in step 2, the voltage
increments of the access nodes are calculated according to a
DistFlow power flow algorithm, specifically:

step 21: if an output power of the photovoltaic inverter
located on access node I or any node i downstream of
the node I is changed, and the changes comprise an
active change AP and a reactive change AQ, then
expressing a voltage change AU, of the access node I
as:

APiRn + AQi:Xn
n=1 n=1

AU =
I Vo

if the output power of the photovoltaic inverter located on
any node i upstream of the access node I is changed,
expressing the voltage change AU, of the access node
I as:

APZi:Rn + AQZi:Xn
n=1 n=1

AU =
7 7o

wherein I represents a serial number of the access node;
R,+jX,, is a line impedance from node n—1 to node n,
n=1,...I; and Vg represents a voltage of an initial node
of a line;

the voltage change at any node is simplified as:

AP
sv=5] yp ]
1< 1<
—Sr, =S'x| i<
VOZ 7 ] P=J
n=1 n=1
Sy = v ,
=R = X|, i>
Vo o Vo i /

wherein S is a sensitivity of the voltage of the node i to
the power change of node j in a voltage sensitivity
matrix;
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step 22: obtaining a voltage increment of the access node
according to the voltage variation of each node,
expressed as:

7 7 M M
NIPPVZRk -M QPVZXk NZPPVZRk - NZQPVZXk
, i1 =1 =1 =1
AU = + =
Vo Vo

PpyR - QpyX

N +Ny) 7

wherein P, represents an active output power of the
photovoltaic inverter of the access node; R, +jX, rep-
resents a line impedance from node k—1 to node k; Qpy
represents a reactive output power of the photovoltaic
inverter of the access node; N, represents a number of
nodes in the first voltage control group; N, represents
a number of nodes in the second voltage control group;
[ represents a serial number of the access node; the line
impedances between two nodes in the distribution
network are the same, and then R, +jX,=R+jX; and V,,
represents a voltage of an initial node of the line.

3. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 1, wherein a reactive absorption in
a process of reactive voltage control is calculated; the output
active power is calculated according to the active output; the
reactive capacity is calculated according to the output active
power; and if the reactive absorption is greater than the
reactive capacity, then the reactive capacity is exhausted at
this time, and the overlimit cannot be inhibited.

4. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 3, wherein the reactive capacity is
expressed as:

Q,W=i\/sz—1>2

wherein S represents the capacity of the photovoltaic
inverter, and P represents the output active power.

5. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 1, wherein when each group of the
voltage control groups is controlled by the consistency
algorithm to make control actions, a capacity utilization
ratio of the photovoltaic inverter corresponding to each
access node is the same; and the consistency algorithm is
expressed as:

Ni Ni
o1k +1)= Y BoriimO6sn K + 1) ain(@crin (0) = Igrs,; ()
m=1 m=1

N
Bovin =Linl )\ i

m=1

wherein 9y, (k+1) is the capacity utilization ratio or
power factor obtained after k+1 iteration of the photo-
voltaic inverter of the node j in the voltage control
group i; N; is a number of the photovoltaic inverters in
the voltage control group i; A is an iteration step size;
Q,,, is an element in an adjacency matrix A;
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M
ZBGVi,jmaGVi,m (k)

m=1

is a comprehensive influence on the photovoltaic inverter of
the node j by other nodes in the voltage control group;
BGvijm is @ weight of the capacity utilization ratio or the
power factor Jgy; ,,, (k) of the photovoltaic inverter of node
m in the same group in all information received by the
photovoltaic inverter of node j in the voltage control group;
1,,,=1(j#m) represents that there is a bidirectional commu-
nication line between the photovoltaic inverter of the node
J and the photovoltaic inverter of the node m; and 1, =0
represents that there is no communication line between the
photovoltaic inverter of the node j and the photovoltaic
inverter of the node m.

6. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 2, wherein when the voltage
increment of the first access node of the first voltage control
group exceeds the limit, reactive voltage control is carried
out only by the first voltage control group, or when the
second voltage control group participates in reactive voltage
control, the reactive absorption Qgy, is expressed as:

AUV,
nx

QGVI =

wherein AU'; represents the voltage increment of the
access node of the first voltage control group; Vg
represents a voltage of the initial node of the line; I,
represents a serial number of the access node of the first
voltage control group; the line impedance of each
section between the nodes in the distribution network is
the same, and R+jX represents the line impedance of
each section in the distribution network;

when the voltage increment of the second access node of
the second voltage control group exceeds the limit and
the second voltage control group performs reactive
voltage control, the reactive absorption Qg2 is
expressed as:

AUSV,
hX

QGVZ =

wherein AU', represents the voltage change of the access
node of the second voltage control group; V, represents
the voltage of the initial node of the line; I, represents
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a serial number of the access node of the second voltage
control group; the line impedance of each section
between the nodes in the distribution network is the
same, and R+jX represents the line impedance of each
section in the distribution network.

7. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 2, wherein when the photovoltaic
inverter in the first voltage control group adopts the consis-
tency algorithm for active reduction, the active reduction
Py, of the first voltage control group is expressed as:

AUV,
LR

Pgyr =

wherein AU'; represents the voltage increment of the
access node of the first voltage control group; V,
represents the voltage of the initial node of the line; I,
represents a serial number of the access node of the first
voltage control group; the line impedance of each
section between the nodes in the distribution network is
the same; and R+jX represents the line impedance of
each section in the distribution network;

when the photovoltaic inverter in the second voltage
control group adopts the consistency algorithm for
active reduction, the active reduction P, of the sec-
ond voltage control group is expressed as:

AUSV,
LR

Pgyz =

wherein AU', represents the voltage increment of the
access node of the second voltage control group; V,
represents the voltage of the initial node of the line; I,
represents a serial number of the access node of the
second voltage control group; the line impedance of
each section between the nodes in the distribution
network is the same; and R+jX represents the line
impedance of each section in the distribution network.

8. The method for group coordinated voltage control of
photovoltaic inverters in the low-voltage distribution net-
work according to claim 1, wherein the reactive compensa-
tion instruction is transmitted through a communication line
between the first voltage control group and the second
voltage control group.

* * * * *



