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Abstract

Energy storage is an effective measure to deal with internal power fluctuation of micro-grid and
ensure stable operation, especially in the micro-grid with high photovoltaic ( PV) penetration. Its
capacity configuration is related to the steady, safety and economy of micro-grid. In order to improve
the absorptive capacity of micro-grid on maximizing the use of distributed PV power in micro-grid,
and improve the power quality, an optimal energy storage configuration strategy is proposed, which
takes many factors into account, such as the topology of micro-grid, the change of irradiance, the
load fluctuation and the cable. The strategy can optimize the energy storage allocation model to mini-
mize the storage power capacity and optimize the node configuration. The key electrical nodes are
identified by using the sensitivity coefficient of the voltage, and then the model is optimized to sim-
plify calculation. Finally, an example of the European low-voltage micro-grid and a micro-grid sys-
tem in the laboratory is used to verify the effectiveness of the proposed method. The results show that
the proposed method can optimize the allocation of capacity and the node of the energy storage sys-
tem.
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0 Introduction

With the decreasing of distributed energy cost, the
proportion of distributed energy in micro-grid is gradu-
ally increasing. In the future, photovoltaic ( PV) will
be the main distributed energy in micro-grid in cities.
PV output has characteristics of randomness and inter-
mittence, and is connected to the micro-grid by power
electronic interface, which has little inertia and poor
anti-interference ability. When the photovoltaic pene-
tration is high, due to the inherent characteristics of
photovoltaic power supply, it has a negative impact on
voltage stability and safe operation of micro-grid.

The micro-grid is connected to the power grid
through a transformer at the point of point of common
coupling ( PCC), which limits the power delivered to
the micro-grid. The power input from PCC is not suffi-
cient to balance the voltage when the PV power is af-
fected by clouds in a short time. The configuration of
the energy storage system ( ESS) can stabilize the fluc-

tuation of PV output power and improve PV utilization
rate, especially in the case of high photovoltaic pene-
tration micro-grid. While ensuring the safety and stable
operation of the micro-grid, the storage capacity and
the optimal configuration node are of great significance
to the power quality of the micro-grid and the consump-

3!, Considering the vol-

tion of the distributed energy'"
ume and price of the ESS, it is necessary to study the
capacity and optimal node configuration of energy stor-
age in high PV penetration micro-grid.

The application of ESS in the micro-grid includes
peak shaving and valley filling, operating reserve and
smoothing line power fluctuations'**’. In Ref. [7],
the spectrum of distributed energy output was analyzed
by discrete Fourier transform. It took the operating
characteristic of ESS as the constraint, then got the
minimum capacity of ESS that meets the demands for
smooth output operation. Taking peak shaving and val-
ley filling as optimization objective, and considering
the maximum power of charge/discharge and power
flow constraint, an optimal allocation model of ESS was
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established and solved by particle swarm optimization
(PSO) in Ref. [8], but the location of ESS was not
given. In Ref. [9], an energy storage allocation model
with minimum annual operation cost as the objective
function was established under the constraint of volatili-
ty. The capacity allocation model was established with
the target of minimum operating cost in Ref. [10].
Some of these methods only consider the optimal eco-
nomic problem, but ignore the power quality problem
caused by distributed energy in micro-grids. Some only
consider the capacity of ESS, while ignoring the loca-
tion.

An optimal configuration model of energy storage
systems with high PV penetration micro-grid consider-
ing PCC point power constraint is proposed in this pa-
per, and the model is optimized by voltage sensitivity
coefficient. The optimal solution of the model is the
minimum power capacity and the optimal node configu-
ration scheme of the energy storage device, which
makes sure the voltage fluctuation of all nodes in the
micro-grid in accordance with the power quality stand-
ard. The model takes into account various factors, such
as micro-grid topology, line parameters, environmental
temperature, irradiance, etc. , which can be used to
evaluate the acceptance capacity of micro-grid for PV
systems. The effectiveness of the proposed method is
demonstrated by the European low-voltage micro-grid
and micro-grid in laboratory.

1 High photovoltaic penetration micro-grid

1.1 Definition of photovoltaic penetration
At present, there is no uniform definition of PV
penetration, the PV penetration in this study is defined
as the ratio of total PV power(installed capacity) to ac-
tually consumed load power' " | as shown in Eq. (1).
PV _ PV install capacity (kWh)
actual consumed load power (kWh)

(1)

penetration

1.2 Influence of PV output fluctuation

PV output is susceptible to environmental factors,
such as solar irradiance, temperature, in which the im-
pact of solar radiation is the largest''>’. When the tem-
perature remains constant, the relationship between the
PV system output and the solar irradiance can be ap-

proximately represented as the following expression' "’ ;

PSHR(t)Z
5 = :
R.R 0 < R(t) <R,
P,(t) =P, R(1 (2)
! Puk(t) ), R, < R(t) <R,
Rsrd
Psu’ Rsl(l = R(t)

where P, () is the output power of a PV system at
time t (MW), P
(MW), R, is the unit luminous intensity in the stand-

is the rated power of PV system

sn

ard environment (W/m”) , R, is the setting specific lu-
minous intensity values (W/m?).

When the cloud blocks PV panels, the amplitude
and frequency of the voltage in the system will be af-
fected. Within the micro-grid system R/X ratio is
much larger than the bulk power system, the fluctua-
tion of PV output is closely related to voltage fluctua-
tion.

The fastest rate of irradiance change can reach
705 W/m’ per second due to the influence of
clouds'™’ | and the location of the micro-grid is small,
so it” s a short time for clouds to cover the PV panels.
When the penetration exceeds 20% , the fluctuation of
PV output caused by clouds can cause voltage fluctua-
tion showed in Ref.[15]. As shown in Ref.[16],
when the PV penetration reaches 30% and clouds cov-
er 20 s in PV panels, the voltage of a node within the
system is reduced to 0. 891 pu for up to 15 s. If there is
no effective measure to be taken during this period, it
is possible that PV inverters will be out of the sys-

17 .
71 and cause more serious problems. Another

tem
effect is that when the load in the micro-grid is small,
and the output of PV systems is relatively large, termi-

nal voltage will rise'"®'. In this case, it is necessary to
use ESS to achieve the purpose of dynamic power bal-

ancing in micro-grid.
2 Energy storage system configuration model

2.1 The objective function

Considering the investment and operation cost of
the energy storage system, the optimal allocation objec-
tive is to minimize the sum of the storage power capaci-
ty of the configurable nodes. The corresponding model
objective function is

S:mini“l W (3)

where S is the sum of the power capacity of the energy
storage system, N is the total number of electrical nodes

and Q

and reactive capacities of the energy storage system on

are the active

s,n

in the micro-grid system, P

s,n
node n.

2.2 Constraint conditions of system safety opera-
tion

In the energy storage optimization strategy of high

photovoltaic penetration micro-grid, the capacity of the

PV system and the ESS, the balance of the micro-grid-
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power flow and the voltage are taken into account.
2.2.1
The output of the PV system is closely related to

PV system output constraints
factors such as installed capacity of PV, irradiance,
ambient temperature and conversion efficiency. It is dif-
ficult to realize the peak power of the PV system due to
the ambient temperature and the solar irradiance.

Pl'v,n = churzngji,nFTn (4)
0<Pp, <Pluugin (5)
0<0Qp, < Qs (6)
where P, , is the installed capacity of the PV sys-

tem at node n, Q is the reactive output limit of the

oo max, n
PV system at nocie n, Fis the irradiance, T is the am-
bient temperature, 7 is the conversion efficiency, P, ,
is the actual active power output of PV system at node
n, Qpy, is the actual reactive power output of PV sys-
tem at node n.
2.2.2 ESS power constraints

The energy absorbed or released by ESS shall not

exceed the upper limit of its power capacity configura-
tion.

S S PO < ST ™

where u, is the 0 —1 variable, P_, and Q,., are the ac-
tive and reactive capacities of the energy storage system
at node n, Sp* is the maximum power of the preset
ESS, when it is positive, it means to discharge, and
when negative it means to charge.
2.2.3 Power flow balancing and voltage constraints
in micro-grid systems

In order to ensure the stable operation of the mi-
cro-grid system, the active and reactive power balance
of the system must be satisfied, and the voltage at each
node in the system is within the limits of the power
quality standard. Eqs(8) and (9) are static power

flow constraint equations of micro-grid.

PPV,/L + PS,n - L n — Un z U (an(’Obenk + Bnk 5lnenk)
(8)
N
QPV,/L + QS,/L - QL,/L = Un, z Uk ( GnkSinenk - Bnkcosenk)
k=1
(9)
Umin = Un = Umax (10)

where Py, , and Q,, , represent the active and reactive
power outputs of PV system at node n respectively, U
and @ represent the amplitude and phase angle of node
voltage respectively, G and B are the conductance and
the susceptance of the corresponding branch, the sub-
script n, k is the corresponding electrical node number.

In Eq. (10), U, and U,

min max

are the voltage limits of
nodes in the micro-grid system.
2.2.4 Power flow constraint at PCC

The micro-grid is connected to the bulk power sys-
tem through the PCC,

former at PCC determines the power flow between the

and the capacity of the trans-

micro-grid and the bulk power system. When the power
flow at PCC does not reach the rated capacity of the
transformer, the PCC point can be treated as a bal-
anced node. When meteorological factors such as irra-
diance mutation or insert high-power impact loads, the
power flow at PCC reaches the rated capacity of the
transformer. PCC should be regarded as a PV bus in
power flow calculation. The power flow of PCC should
not exceed the rated capacity of the transformer, and

Eq. (11) needs to be satisfied ;

= Spuns S /Prcc + Qhce < Spns (11)
where P, and Qp.. are active and reactive powers of
PCC respectively, when it is positive, it means that the
power is absorbed from the bulk power system, and if
it is negative, it means the energy is fed into the bulk

power system from the micro-grid. S, is the rated ca-

trans
pacity of the transformer at PCC.
2.2.5 Power flow constraint of branch
In order to ensure the safe and stable operation of
the micro-grid system, variation range of the branch
flow should be limited to the range of the line transmis-
sion capacity
Fro<fin <P, (12)
where f, , is the power ﬂow of the branch busn, F,  is

the maximum power flow value of branch bus n.
3 Model optimization and solution

3.1 Identification of key nodes

Most of the sensitivity analyses in voltage stability
analyses are based on the power flow equation which is
based on node power balance. The system power flow
equation considering the resistance and inductance

characterl%tlcs of the power line is as follows'"’

P, = ZIUIIUIIYIcos(H -8 +§)
(13)
N
Q.= X LUIIUIIY,I sin(g; -5 +8)
(14)

where , P, and (), represent the active and reactive pow-
er at node i respectively; U; and U, represent the voltage
amplitude at nodes i and j, respectively; 8, and §, repre-
sent the voltage phase angle at nodesiandj; Y, < 6;is
the admittance of line between nodes i and j.

The sensitivity of the node voltage to active and
reactive deviations can be calculated by the Newton-

Raphson method for Eq. (13) and Eq. (14).
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AP| _ |aP/as aP/aU|, | AS (15)
AQ 0Q/06 0Q/0U| |AU
Eq. (16) can be obtained by Eq. (15) .

AS | _ [Se Sy |, |AP (16)
AU S, S., AQ

In each iteration, the Jacobian matrix of the sys-
tem is updated until the convergence condition is satis-
fied, then the voltage sensitivity matrix is obtained by
the inverse Jacobi matrix.

The 5-node low-voltage micro-grid system is
shown in Fig. 1. When the 10 kW active power is in-
jected into the nodes 1 — 4 respectively, the voltage
sensitivity analysis is carried out to analyze the influ-
ence of the same power on the voltage of each node in
the micro-grid. In order to facilitate the analysis, it is
assumed that the three-phase power flow is balancing,
and the load is 0.

Parameters of the micro-grid system are as follows
(the unit of impedance is (}/km) ; the transformer at
PCC, 20kV/0.4 kV, Dynll, 50 Hz, 400 kVA, u, %
=4% , r, % = 1% ; the type of the line is 4 x 25
mm’Cu, R, =0.871, X,, =0.081. The length of the

line between two nodes is 150 m.

S [E_SS | If_Ess - If_E_ss_ [E_ss_ I
5 boc nII_:!-— n|__-|- |_ _-I-—- nl_ _T_.
10‘5% 1& 1& 1<;a|;%
PVI PV2 PV3 PV4

Fig.1 The topology of a 5-node micro-grid system

The test parameters for the 5-node micro-grid sys-
tem are shown in Table 1. The voltage sensitivity coef-
ficient matrix is calculated by using Eqs(13) - (16),
and the sensitivity coefficient of voltage amplitude and
active power, the sensitivity coefficient of voltage am-
plitude and reactive power are obtained, as shown in
Table 2 and Table 3, respectively, where S, (4,4) is
2.1247 pu/MW , which indicates that 10 kW of active
power is injected into node 4 and the voltage at node 5

rises by 4.91 V.

Table 1  The test parameters for the 5-node micro-grid system
Base voltage 0.4 kV
Base power 1 MVA
Slack bus voltage 1.02 pu
Cable impedance per segment 0.8166 +j0.07596 pu
Transformer impedance 0.0625 +j0.1

It can be seen from Table 2 that the same capacity

of the power is injected at different nodes, and the sup-
port of node 4 in the micro-grid system is more effec-
tive. Based on this characteristic, the voltage sensitivi-
ty coefficient can be used to configure active and reac-
tive power to different nodes in micro-grid, to achieve
the purpose of using the minimum power to achieve the
voltage support.

Table 2 Sensitivity coefficient of voltage amplitude

and active power( pu/MW)

S, 1 2 3 4

1 0.0593  0.0564  0.0545  0.0536
2 0.0568  0.7851  0.7623  0.7513
3 0.0552  0.7628  1.4559  1.4349
4 0.0544  0.7519  1.4352  2.1247

Table 3 Sensitivity coefficient of voltage magnitude

and reactive power( pu/MW)

S., 1 2 3 4

1 0.0957  0.0957  0.0957  0.0957
2 0.0916  0.1612  0.1612  0.1612
3 0.0890  0.1566  0.2242  0.2242
4 0.0877  0.1544  0.2210  0.2875

3.2 Model optimization

The length of cables within the micro-grid is rela-
tively short, compared with the bulk power system, the
R\X ratio is high, and the base voliage is low, so the
impedance of the line has influence on the voltage am-
plitude. In this paper, the active and reactive sensitiv-
ity of the voltage amplitude is used to optimize the
model.

From Eq. (16), it can be concluded that the
effect of active and reactive power fluctuations of node j
on the voltage amplitude of node i is

AU, =S, (i,j) - AP; + S, (i, j) - AQ;, (17)
where S, (i, j) and S, (i, j) are the sensitivity of ac-
tive and reactive power fluctuations at node to the volt-
age amplitude of node i, AP;and A(); are the active and
reactive {luctuation values at node j respectively, AU, is
the fluctuation value of the voltage amplitude at node i.

Combining Eq. (8) and Eq. (9) the voltage am-
plitude at node n can be expressed as

N
U, =U; + ZSup(n’k)(P[’V,k +P, - PL,k)
f=1

* ;Suq(n’k)(opv,k +Q,, -0.4)
(18)

where U, is the voltage of the bulk power system at
PCC, Ppy , and Q,, , represent the active and reactive
power output of PV system at node k respectively, P_,
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and Q) , represent the active and reactive power output
of the energy storage system at node k respectively, P, ,
and QL’,‘_ represent the active and reactive power con-
sumed by the load at node k respectively. All voltage
and power are converted to the value per unit when the
voltage sensitivity coefficient is obtained. In order to
keep consistent, all the data mentioned above are also
normalized.

In order to convert as much sunlight energy as
possible, PV inverters are generally required to operate
in a state close to the unit power factor. PV systems in
the model can only consider the active power, and the
reactive power is 0. The reactive power in micro-grid is
mainly provided by the bulk power system and ESS.

It can be seen that the ESS configuration model is
a combination problem for the power allocation in PV
systems, energy storage system and load. The objective
function and constraint condition are linear and a
mixed integer linear programming model which can be
solved by linear programming. CPLEX optimization
software package or Yalmip toolbox in Matlab can solve
the above model. The optimal solution of the model is
the minimum capacity and the optimal node configura-
tion to meet the stability of the high photovoltaic pene-
tration micro-grid.

4 Experiment and demonstration
4.1 Verification in EU low-voltage micro-grid

In order to study the ESS of high PVpenetration
micro-grid when the PV output fluctuation or load im-

occurs, this section takes the typical low-voltage micro-
erid topology proposed in the European ( EU) micro-

! as an example. The energy

grid research project
storage configuration strategy of the short-time voltage
amplitude decline caused by the induction motor is
tested when the PV output fluctuates.

Nodes in this topology are renumbered as shown in
Fig.2. The corresponding relationship between the
nodes is that node 3 in Fig.2 corresponds to load 1 in
the original topology, node 6 corresponds to load 2,
node 8 corresponds to load 3, node 10 corresponds to
load 4, and node 11 corresponds to load 5.

p 4 10
0 |1 2 5 7 9 11
3 b 6 8

Fig.2 EU low-voltage micro-grid topology

Scenario 1 PV penetration is 40% . The EU low-
voltage micro-grid system test parameters are as fol-
lows: the base voltage is 0.4 kV, the base power is
1 MVA and the slack bus voltage is 1. 05 pu. The
type, capacity, node location of DG sources and loads
are shown in Table 4 and Table 5, respectively.

When parts of the PV panels are covered by
clouds, PV output dropped to 75% , a 120 kW induc-
tion motor is accessed at node 7. The motor’ s power
factor is 0.75, the starting current is 6 times of the ra-
ted current. The active power consumed by the motor

act
b Table 4 The type, capacity, and node location of DG sources
Node The type of DG sources Aclzvl::‘;/)())wer Reazlli:;af)o wer
4 Photovoltaic (pq) 40 4.4
6 Photovoltaic ( pq) 20 2.2
1 Wind power generation 40 MjEX 5.5
(pv) Min 3.3
Table 5 The capacity, and location of loads used to configure the ESS to achieve the goal that the
Node Active power Reactive power voltage amplitude of all nodes is no less than 0.9 times
(kW) (kVar) the base voltage.
3 40 4 The active power voltage sensitivity coefficient and
5 50 0 the reactive power voltage sensitivity coefficient in sce-
8 30 0 nario 1 can be found in the Appendix. The optimal con-
9 60 6 figuration node in scenario 1 is node 8, the configura-
10 30 1.5 tion active power is 22.25 kW, and the reactive power

is 120 kW and the reactive power is 180 kVar during
the full load starting process. The proposed method is

is 6. 89 kVar.
To prove the accuracy of the proposed method , the
capacity required for ESS in a single node in scenario 1
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is shown in Table 6. It can be seen that the minimum
capacity required for energy storage is at node 8.

Table 6 Energy storage configuration capacity of each node

Active power Reactive power

The minimum capacity required to configure ener-
gy storage at multiple nodes in scenario 1 is shown in
Table 7. It can be seen that the minimum capacity re-
quired for energy storage is at node 8.

In order to verify the effect of energy storage con-

Node (kW) (kVar) figuration, the power flow distribution in scenario 1
1 62.3468 95.7592 with no energy storage configuration and the corre-
2 54.4155 28.8903 sponding energy storage capacily at node 8 in accord-
3 51,7451 25.7976 ance with the calculation results is calculated respec-
4 428157 199354 tively. The voltage fluctuation before and after energy

storage configuration in scenario 1 is shown in Fig. 3.
5 42.4574 19.5137 . .
It can be seen that the node voltage has improved sig-
6 43.4247 20.5304 nificantly and the voltage amplitude is above 0.9 pu af-
7 30.0505 12.1781 ter the configuration, which demonstrates the effective-
8 22.2535 6. 8880 ness of the proposed method.
9 30.0293 12. 1495
10 31.2790 13.1420
11 30. 6387 12.6301
Table 7 Minimum capacity of multi nodes energy storage configuration ( Scenario 1)
Total
Number 1 2 3 4 5 6 7 8 9 10 11
AP(KW) - - - - - - - 22.2535 ] - ]
RP(kVar) - - - - - - - 6. 8880 - - -
5 AP(kW) - - - - - - - 14. 6675 10.2353 - -
RP(kVar) - - - - - - - 4.1431 4.5399 - -
3 AP(kW) - - - - - - 7.6285 10. 9446 7.6374 - -
RP(kVar) - - - - - - 3.0915 3.3876 3.0900 - -
4 AP(kW) - - - - - - 6.1371 8. 8049 6.1443 - 5.9899
RP(kVar) - - - - - - 2.4871 2.7253 2.4859 - 2.4692

1.1 7

==8=— Before

&

—e— After

—_
w o

—_
1 1

o A

097

o
o0

10 11

1 2 3 4 5 6 7 8 9
Node number

Change of voltage amplitude (pu)
=
K=

w
(=}

Fig.3 Voltage distribution of each node before and
after energy storage

4.2 Verification of energy storage configuration
in laboratory micro-grid

In order to verify the feasibility of the proposed

energy storage configuration method, the micro-grid of

the laboratory is used for verification which is connect-

ed to the bulk power system through the Simulation

Grid ( California Instruments RS Series ), and the to-
pology of the system is shown in Fig. 4.

nl n2 n3 ESS

PCC 1l 12 3 K
CI

RLC

Motor
PV

Fig. 4 The topology of the micro-grid of the laboratory

The PCC is defined as node 1, the capacity is 50
KVA; the RLC programmable load is node 2, and the
active power is 20 kW; node 3 is PV, and the output
active power is 7.5 kW ; the induction motor is node 4,
the rated power is 5.5 kW. The base voltage is 0. 4
kV, the base power is 1 MVA, and the voltage of the
bulk power system at PCC is 1.05 pu.

The line analog impedance is connected between
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two nodes. The analog line length between node 1 and
node 2 is 350 m and impedance rl is 0. 1 + jO. 029 ().
The analog line length between node 2 and node 3 is
350 m, and the impedance r2 is the same as rl. The
analog line length between node 3 and node 4 is 750 m
and impedance r3 is 0. 22 + j0. 0672().

When the system is stable, close the circuit
breaker K, and the 5.5 kW induction motor is connect-
ed to the system with a full load. The voltage amplitude
of node 4 is pulled down to 0.96 pu, then make the
voltage amplitude of the node 4 not less than 1.0 pu
through the energy storage configuration.

According to the proposed method, the active and
reactive sensitivity coefficients of voltage amplitude is
shown in Table 8 and Table 9, respectively. The opti-
mal node for the energy storage configuration is node
4, the minimum capacity of active power is 2. 97 kW,
and reactive power is 1. 3267 kVar. Considering the
need of practical engineering, the final energy storage
configuration results are retained 1 decimal place, the
active power is 3. 0 kW, and reactive power is 1.3
kVar, respectively.

Table 8  Sensitivity coefficient of voltage amplitude
and active power( pu/MW)

Sup 1 2 3 4
1 0.1463  0.1826  0.1617  0.1617
2 0.1557  2.6963  2.5811  2.5811
3 0.1503  2.6037  4.7828  4.7828
4 0.1503  2.6037  4.7828  9.9175

Table 9 Sensitivity coefficient of voltage amplitude
and reactive power( pu/MW)

Sug 1 2 3 4
1 1.4586  1.4591  1.4592  1.4592
2 1.5519 2.255 2.2556  2.2556
3 1.4986  2.1775  2.8552  2.8552
4 1.4986  2.1775  2.8552  4.4236

When the 5.5 kW induction motor is connected to
the system with a full load, the active power of 3.1 kW
is injected into node 4. The voltage amplitude fluctua-
tion of node 4 is recorded by the Fluke435 power quali-
ty analyzer, as shown in Fig.5, and the sampling in-
terval is 0.5 s. It can be seen that the voltage ampli-
tude of node 4 rises from 212.4 V to 220.2 V, which
is in accordance with the experimental expectations.
The experimental results show that the proposed method
of energy storage configuration is feasible.

UOLTS/AMPS/HERTZ U rmsA
B 250.8¢0 |° 220.62U N 0.¢6U

e

09:3  09:3 09:3 09:3 09:3 09:3 09:3 09:3
0:25 0:35 0:45 0:55 1:05 1115 1:25 1:35

(P

00 1305 905, S0 . 305 =
10718717 09:32:06 4000 50Hz38 WVE _ EN50160

Fig.5 The voltage amplitude of node 4
S Conclusions

In this paper, an optimized configuration model of
high photovoltaic penetration micro-grid energy storage
system is proposed, and the model is optimized by volt-
age sensitivity coefficient. The optimal solution of the
model is to satisfy the minimum power capacity and op-
timal node configuration of the energy storage device,
which meets the voltage fluctuation of all nodes in the
micro-grid in accordance with the national power quali-
ty standard. Experiments are carried out both in micro-
grid model based on the European low-voltage micro-
grid topology and a micro-grid system built in the labo-
ratory. The results show that the proposed method can
effectively suppress the power fluctuation and stabilize
the voltage in micro-grid.
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The active power voltage sensitivity coefficient and the reactive power voltage sensitivity coefficient in scenario
1 are given in Table 10 and Table 11.

Table 10  The active power voltage sensitivity coefficient of scene 1( pu/MW)

Node 1 2 3 4 5 6 7 8 9 10 11
1 0.0788 0.0826 0.0893 0.0845 0.0858 0.0826 0.0857 0.087 0.0859 0.0814 0.0835
2 0.0824 0.2474 0.2671 0.252 0.2553 0.2471 0.255 0.2585 0.2553 0.2424 0.2488
3 0.0889 0.2669 1.2681 0.2718 0.2754 0.2665 0.2751 0.2788 0.2754 0.2615 0.2684
4 0.0837 0.2514 0.2713 0.3365 0.3409 0.33 0.3405 0.3452 0.3409 0.3237 0.3323
5 0.0848 0.2544 0.2746 0.3406 0.4671 0.3341 0.3447 0.3494 0.3451 0.3277 0.3364
6 0.0822 0.2468 0.2664 0.3304 0.3347 0.9243 0.3343 0.3388 0.3347 0.3178 0.3263
7 0.0846  0.254  0.2742 0.3401 0.3445 0.3335 0.5064 0.5132 0.507 0.4814 0.4942
8 0.0857 0.2573 0.2778 0.3445 0.349 0.3378 0.513 0.736  0.5136 0.4877 0.5007
9 0.0847 0.2543 0.2745 0.3404 0.3449 0.3339 0.5069 0.5137 0.7497 0.712 0.731
10 0.0805 0.2415 0.2607 0.3234 0.3276 0.3171 0.4815 0.488 0.7122 1.5081 0.6944
11 0.0826 0.2481 0.2678 0.3321 0.3365 0.3257 0.4945 0.5012 0.7315 0.6946 1.1147
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Table 11 The reactive power voltage sensitivity coefficient of scene 1( pu/MW)

Node 1 2 3 4 5 6 7 8 9 10 11
1 0.1215 0.1216 0.1222 0.1216 0.1216 0.1214 0.1216 0.1216 0.1216 0.1211 0.1213
2 0.1271 0.1319 0.1338 0.1319 0.1319 0.1314 0.1319 0.1319 0.1319 0.1304 0.1311
3 0.1371 0.1423 0.1719 0.1423 0.1423 0.1418 0.1423 0.1423 0.1422 0.1407 0.1415
4 0.1291  0.134 0.1359 0.1573 0.1574 0.1567 0.1573 0.1573 0.1573 0.1554 0.1563
5 0.1307 0.1356 0.1376 0.1593 0.1802 0.1586 0.1592 0.1593 0.1592 0.1572 0.1582
6 0.1268 0.1315 0.1334 0.1545 0.1545 0.2427 0.1545 0.1545 0.1544 0.1525 0.1535
7 0.1305 0.1354 0.1374  0.159 0.159 0.1584 0.2061 0.2061 0.2061 0.2032 0.2047
8 0.1322 0.1372 0.1391 0.1611 0.1611 0.1604 0.2088 0.2288 0.2087 0.2058 0.2073
9 0.1306 0.1355 0.1375 0.1592 0.1592 0.1585 0.2063 0.2063 0.277 0.2728 0.275
10 0.1241 0.1288 0.1306 0.1512 0.1512 0.1506  0.196 0.196 0.2632 0.2785 0.2612
11 0.1274 0.1322 0.1342 0.1553 0.1553 0.1547 0.2013 0.2013 0.2703 0.2661 0.3102




