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A B S T R A C T   

The power distribution networks are deeply influenced by the lightning weather. Such impact includes not only 
the load loss caused by the outage of the overhead lines due to direct and/or indirect lightning strikes, but also 
the output fluctuation of the wind power and photovoltaic (PV) connected to the network. Since lightning storms 
can be forecasted to some extent, it would be useful to establish a model for lightning risk estimation and 
preventive control of the distribution network, in order to cut the economic loss in extreme weather. In this 
paper, the scene analysis method is used to simulate the indeterminacy of the wind and PV output based on the 
lightning storm pre-warning, and the lightning risk and operating state of the distribution networks can be 
estimated. Referring to the results, lightning preventive strategy of distribution network can be formulated by 
network topology reconstruction and resource synergy.   

1. Introduction 

Lightning has always been a major natural factor endangering the 
safety of the power grid. More than 30% of power outages in the United 
States, and over half of grid disturbances and outages in Europe are 
caused by lightning each year. Especially in the distribution networks, 
hundreds of trip-outs can be caused in overhead distribution lines by a 
single time of lightning storm, and resulting in the power loss of large 
number of power consumers. Besides, due to the increase number of 
distributed wind turbine and photovoltaic connected to the network, the 
impact of lightning weather is becoming more remarkable, since the 
output power of the renewable energy will fluctuate drastically in such 
extreme weather, which may result in the power flow overload on the 
distribution lines and overvoltage on the critical network nodes. 

Conventional measures for lightning protection of distribution net
works includes the improvement of insulation level, installation of surge 
arresters and so on [1]. However, the power grid faults and load loss are 
still remarkable according to the operating experience, even if the 
network is well protected by one or several conventional measures. 

The development of lightning detection and pre-warning technology 
in recent years provides a new idea so-called dynamic lightning 

protection (DLP) [2,3], which means to cut the economic loss of power 
network originated by lightning strikes by preventive control based on 
the forecast of lightning storms. Since DLP needs little adjustment on the 
existed power network and has decent effect on lightning protection, it 
has been regarded as the effective supplement to the conventional 
lightning protection measures, and one of the most promising research 
orientations in lightning protection area [4]. 

When DLP is supposed to be applicated in distribution networks, the 
model should be established to estimate the damage the lightning strikes 
will do to the grid, as well as the probable operation mode after the 
strikes, according to the announced lightning storm pre-warning. And 
then, feasible control strategy should be generated using the available 
resource in the regional grid, based on the anterior estimation results. 

In this paper, the scene analysis method is used to simulate the in
determinacy of the wind and PV power output based on the lightning 
storm pre-warning, and the lightning risk and operating state of the 
distribution networks can be estimated. Referring to the results, light
ning preventive strategy of distribution network can be formulated by 
network topology reconstruction and resource synergy. 
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2. Risk estimation model 

2.1. Modelling for the output of wind and PV power in lightning weather 

The Copula function is used in this manuscript to analyze the rele
vance between the output of wind and PV power, which was firstly 
proposed by Sklar in 1959, and improved by Nelsen in 1998 [5,6]. In 
Sklar Theorem, if the marginal distribution functions of variables x1, x1, 
…, xn are F1(x1), F2(x2), …, Fn(xn), then there will be a Copula function 
C(F1(x1), F2(x2), ⋅⋅⋅, Fn(xn)) to build the joint distribution function F(x1,

x2, ⋅⋅⋅, xn) for the anterior variables, namely 

F(x1, x2, ⋅⋅⋅, xn) = C(F1(x1),F2(x2), ⋅⋅⋅,Fn(xn)). (1) 

Since the Copula function are of several types, it will be significant to 
select the most suitable type and corresponding parameters in such 
situation. In this manuscript, the empirical function and Euclidean dis
tance are introduced as the basis of selection, for the simple operation 
and little impact from the marginal distribution function. 

Moreover, in order to explicit the expression of the empirical Copula 
function, assume (xi, yi) as the samples of the two-dimension variable (X,
Y), whose empirical distribution functions are Fn(x) and Gn(y), respec
tively, and the empirical Copula function Ĉn(u, v) can be expressed as 

Ĉn(u, v) =
1
n

∑n

i=1
I[Fn(xi)≤u]I[Gn(yi)≤v], (2)  

where the data range of variable u and v is [0,1], and I is the indicative 
function, 

I =
{

1, Fn(xi) ≤ u
0, Fn(xi) > u . (3) 

Assume the expression of Copula function is Cn(u, v), calculate the 
Euclidean distance between Cn(u, v) and Ĉn(u, v) using the following 
formula 

dgu =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
|Ĉn(u, v) − Cn(u, v)|2

√

. (4) 

The smaller Euclidean distance, the higher fitting precision will be. 

2.2. Scene extraction of the wind and PV power output in lightning 
weather 

In order to obtain the representative scenes of the wind and PV 
power output in lightning weather, the probability function of the wind 
and PV power output in each period should be generated firstly using 
nonparametric kernel density estimation, based on the historical data in 
the past n days under the influence of lightning weather, as shown in Eq. 
(5). 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

f̂
t
h(x

t) =
1

nh
∑n

d=1
K
(

xt − Xt
d

h

)

f̂
t
h(y

t) =
1
nh

∑n

d=1
K
(

yt − Yt
d

h

) (5) 

In Eq. (5), t represents each period under the influence of lightning 
weather with duration of 15 min. xt and yt are the output of PV and wind 

power, respectively. f̂
t
h(xt) and f̂

t
h(yt) are the marginal probability den

sity function of PV and wind power, respectively. Xt
d and Yt

d are the 
output of PV and wind power in the tth period of dth day, respectively. K(⋅ 
) is the Gaussian kernel density function shown in Eq. (6). 

K
(

xt − Xt
d

h

)

=

(
1̅̅
̅̅̅

2π
√

)

exp

[

−

(
xt − Xt

d

)2

2h2

]

(6) 

In Eq. (6), h is the band width which can deeply affect on the accu
racy of the kernel density estimation, and can be selected as 

fx(h) = E
{∫

[ f̂ h(x) − fh(x)]2dx
}

, (7) 

Fig. 1. The risk index system of distribution networks in lightning weather.  
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where fx(h) is the empirical distribution function, and the minimal value 
of fx(h) is the most suitable value of the band width h. 

After the marginal probability density functions of PV and wind 
power are estimated with Eq. (5), the empirical Copula function Ĉn(u, v)
can be calculated with Eq. (2), and based on the Euclidean distance 
expressed in Eq. (4), the most suitable Copula function can be selected as 
the joint probability distribution function of PV and wind power. After 
that, inverse transform can be done on the cumulative distribution 
function the obtain the samples of the PV and wind power output. 

Samples of the output in each period are treated as a scene. However, 
most of the scenes obtained in the last step are similar with each other, 
which will increase the computational cost. Hence, the K-means cluster 
method is introduced used to cut down the number of scenes. With this 
step, several representative output curves of PV and wind power will be 
derived, along with the probability of the corresponding scenes. 

2.3. Estimation of the risk of power distribution network load loss in 
lightning weather 

The risk of power distribution networks can be simplified as the 
product of the probability of the accident and its severity, which can be 
used to estimate the operation level of the system [7]. In this manuscript, 
the indeterminacy of the output of PV and wind power, along with the 
trip out of the distribution lines in lightning weather, are taken into 
account. 

2.3.1. Risk level of distribution networks 
The risk index system of distribution networks in lightning weather 

can be established based on the spatial composability of the risks, as 
shown in Fig. 1, which can be divided into two aspects, namely proba
bility and severity. The index in the figure can be described as follows: 

(1) Risk of node overvoltage 

This index is introduced to reflect the risk that the node voltage 
exceeds the upper limit during operation. If the normal fluctuation range 
of the node voltage are limited between 0.95 to 1.05 p.u., the probability 
and risk of node overvoltage can be expressed as 

Prvh
i =

∑

s∈Ω
PrSCBvh

i,s

(
Vi,s
)
, ∀i (8)  

Rvh
i =

∑

s∈Ω
PrSC,sBvh

i,s

(
Vi,s
)
Sevvh( Vi,s

)
, ∀i (9)  

Sevvh( Vi,s
)
=

eVi,s − Vmax − 1
e − 1

, (10)  

where Prvh
i represents the probability of overvoltage on Node i. PrSC,s is 

the occurrence probability of Scene s. Ω is the set of the scenes of PV and 
wind power output. Bvh

i,s is a Boolean quantity which equals to 1 if 
overvoltage appeared in Scene s, and otherwise, equals to 0. Rvh

i is the 
risk of overvoltage on Node i. Sevvh is the severity of node overvoltage. 
Vi,s is the per-unit value of the voltage on Node i in Scene s. Vmax is the 
per-unit value of the maximum permissible voltage on Node i. 

(2) Risk of node low voltage 

This index is introduced to reflect the risk that the node voltage fell 
below the permissible value, which is usually 0.95 p.u.. The expression 
of the index is similar to Eq. (8) and (9), except for the expression of the 
severity of the risk, which can be expressed as 

Sevvl( Vi,s
)
=

eVmin − Vi,s − 1
e − 1

. (11) 

The meanings of the variables are similar to those in the last index. 

(3) Risk of line overload 

The expression of the index is also similar to Eq. (8) and (9), except 
for the expression of the severity of the risk, which can be expressed as 

Sevp( Pj,t,s
)
=

Pj,t,s − Pj,max

Pj,max
, (12)  

where Pj,t,s is the power on branch j at Time t in Scene s, and the unit is 
kW. The other variables are similar to those above. 

(4) Risk of load loss caused by lightning strikes 

Load loss is the direct harm of line trip-out. In order to describe such 
impact, the severity of the line trip-out caused by lightning strikes can be 
defined as 

Prl
j =

∑

s∈Ω
PrSC,sPrLST,sBl

j,s

(
Pl

j,s

)
∀j (13)  

Rl
j =
∑

s∈Ω
PrSC,sPrLST,sBl

j,s

(
Pl

j,s

)
Sevl

(
Pl

j,t,s

)
∀j (14)  

Sevl
(

Pl
j,t,s

)
=

Pl
j,t,s

Pj,t
, (15)  

where Pj,t is the active power of all the load in the distribution network 
before trip-out. 

(5) Risk of overvoltage, low voltage and over load 

This index is defined as the summary of the risk value of all the nodes 
in the network, and can be expressed as 

Rvh
sys =

∑Nb

i=1
Rvh

i , (16)  

where Rvh
sys is the risk of distribution network overvoltage, and Nb is the 

number of the nodes in the network. Similarly, low voltage and over 
load risk of distribution network can be defined using the same format 
with different subscripts or superscripts. 

(6) Risk of load loss 

This index is defined to estimate the power loss of distribution net
works due to the lightning strikes. As some indirect factors can result in 
the power loss, it is necessary to figure out the relationship among power 
loss, node voltage and branch power. In this manuscript, the criterion 
proposed in [8] is introduced to estimate the power loss due to the 
fluctuation of node voltage and branch power, namely when the node 
voltage falls below 0.6 p.u. or exceeds 1.2 p.u., or the branch power flow 
is 13.6% higher than the upper limit, all the loads connected to the node 
or the branch will be cut off. The relationship of system severity, node 
power loss and branch power loss can be expressed as 

Pvh
load =

⎧
⎪⎪⎨

⎪⎪⎩

100
9.4

Sevvh, Sevvh ≤ 0.094

1, Sevvh > 0.094
, (17)  

Pvl
load =

⎧
⎪⎨

⎪⎩

100
24.4

Sevvl, Sevvl ≤ 0.244

1, Sevvl > 0.244
, (18)  
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Pp
load =

⎧
⎪⎨

⎪⎩

100
13.6

Sevp, Sevp ≤ 0.136

1, Sevp > 0.136
, (19)  

where Pvh
load, Pvl

load, Pp
load are the percentage of power loss caused by 

overvoltage on the node, low voltage on the node and over load on the 
branch, respectively. Vi is the voltage on Node i. Vmax and Vmin are the 
upper and lower limit of the node voltage, respectively. Pj is the power 
on Branch i. Pj,max is the upper limit of the power on the branch. The risk 
of load loss due to overvoltage, power flow off-limit and lightning- 
caused trip out can be expressed as 

Rvh
load =

∑Nb

i=1

∑

s∈Ω
PrSC,sBvh

i,s

(
Vi,s
)
Pvh

load, ∀i, (20)  

Rvl
load =

∑Nb

i=1

∑

s∈Ω
PrSC,sBvl

i,s

(
Vi,s
)
Pvl

load , ∀i, (21)  

Rp
load =

∑Nl

i=1

∑

s∈Ω
PrSC,sBj,s

(
Pj,s
)
Pp

load , ∀j, (22)  

Rl
load =

∑Nl

i=1

∑

s∈Ω
PrSC,sPrLST,sBl

j,s

(
Pl

j,s

)
Pl

load , ∀j. (23) 

Then the overall risk of load loss of the distribution network can be 
calculated as 

Rload1
sys = max

{
Rvh

load,Rvl
load,Rp

load

}
, (24)  

Rload2
sys = Rl

load. (25)  

where Rload1
sys is the overall risk of load loss due to overvoltage and power 

flow off-limit, and Rload2
sys is the risk of load loss due to lightning-caused 

trip out. 

(7) Composite risk of the distribution network 

The composite risk of the distribution network during the evaluation 
period can be defined as 

CRI1 = w1Rvh
sys + w2Rvl

sys + w3Rp
sys + w4Rload1

sys , (26)  

CRI2 = Rload2
sys , (27)  

CRI = CRI1 + CRI2 (28)  

where CRI1 is the composite risk due to overvoltage and power flow off- 
limit. w1, w2, w3 and w4 are the weight coefficients. CRI2 is the com
posite risk due to lightning-caused trip out, and CRI is the composite risk 
of the distribution network. 

2.3.2. Power flow calculation of the distribution network considering the 
load loss due to lightning-caused trip out 

Due to the uncertainty of the wind and PV power output in lightning 
weather and the probable trip out of the lines, the smooth operation of 
the network might be interrupt. In such situation, the power flow opti
mization algorithm will be introduced to estimate the load loss caused 
by the lightning strikes, in order to minimize load loss under the con
straints [9]. 

The conventional power flow optimization model is nonlinear, and in 
this manuscript, transformation will be realized on the conventional 
model using second order cone relaxation (SOCR). The target function in 
this model is the minimality of the load loss, which can be described as 

min
∑T

t

[

a× f
(

r, x,Pt,Qt,Vt
∼

, It
∼)

+ b×
∑Nb

i
ΔPL,i,t

]

, (29)  

where 

f =
∑nb

n=1
Ĩij,trij =

∑nb

n=1

Ṽ j,t − Ṽ i,t + 2
(
Pij,trij + Qij,txij

)

(
r2

ij + x2
ij
) rij, (30)  

rij and xij are the resistance and reactance of branch ij, respectively. ̃Iij,t is 
the square of the current on branch ij at time t. Pij,t and Qij,t are the active 
and reactive power on branch ij at time t, respectively. Ṽi,t is the square 
of the voltage on node i at time t. ΔPL,i,t is the load loss on node i at time t. 
Nb is the number of the nodes, and a, b are the corresponding weight 
coefficients. 

The condition that the distribution network can keep operating 
smoothly after lightning-caused trip out is that some constraints are 
satisfied. Such constraints are usually about branch current, node 
voltage, load loss, node power balance, branch terminal voltage, energy 
storage devices, static VAR compensation (SVC), renewable energy 
output, and second order cone constraints, which can also be found in 
some previous researches [10]. 

3. Loss preventive model 

Lightning-caused trip-out can result in large load loss in the distri
bution network, which can be divided in two sorts, namely the direct 
load loss and indirect load loss. The direct load loss refers to the loads 
which connected to the trip-out line and lost power supply immediately 
when accident took place, and the indirect load loss refers to the loads 
which was actively or passively cut off due to the subsequent system 
oscillation or power shortage caused by the trip-out. In order to reduce 
the load loss in such situation, backup power supply can be set up near 
the main line. However, in most of the time, no lightning can be detected 
even in the lightning-prone areas, making it not economical to install too 
many backup power sources. 

A more promising measure for lightning protection in distribution 
networks is to implement preventive controls based on the risk 

Fig. 2. Overall flow of the active lightning protection of distribution networks.  
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estimation model before the lightning accident happens, by network 
topology refactoring, resource collaboration, branch power flow risk 
penalty, and so on [11]. 

In this sector, considering the different characteristics of direct and 
indirect load loss, the active protection of lightning in the distribution 
network will be divided into two stages, and the resources in the 
network will be fully invoked. The flowchart of the active protection for 
distribution networks is shown Fig. 2, namely to preventively recon
figure the network for power flow transfer once the lightning risk is 
accessed, and afterwards, to collaboratively optimize the multiple re
sources in the system to improve safety margins. Besides, considering 
the operating economy, such control measures will be implemented only 
when the risk level is above yellow alert. 

3.1. Active prevention of lightning-caused direct load loss based on 
network reconstruction 

The first stage is mainly about the topological reconstruction of the 
system. As lightning-caused trip-out usually results in heavy losses to the 
power grid, the existing contact switch will be used to reconstruct the 
network, and decision will be made according to the lightning threat 
area, the original network frame, and the load distribution of each 
period. 

Since too much switching operations will not only reduce the service 
life of the switches, but also affect the stability of the distribution 
network, the number of topology reconstructions should be minimized 
based on the load loss and line status fluctuation in each period. For 
instance, if the status of the lines threatened by the lightning changes N 
times in the evaluation period, N times of reconstructions will be carried 
out based on the load distribution at the time the maximum load loss 
appeared. 

3.1.1. Target function 
Set ̃Iij = I2

ij and Ṽi = V2
i , and SOCR transformation will be made on 

the conventional power flow optimization model. The target function 
will be set as 

min
∑T

t=1

∑ni

i=1

⃒
⃒Ṽ i,t − 1

⃒
⃒, (31)  

namely the maximization of the voltage security margin, ensuring the 
power system has the capacity to accommodate the fluctuation of wind 
and PV power output, and reduce the risk of overvoltage in the system. 
In this function, Ṽi,t is the square of the voltage on node i at time t. ni is 
the number of the nodes, and T is the toal time of the evaluation period. 

3.1.2. Constraints 
When the distribution network is under reconstruction, several 

constraints should be satisfied as follows [12]: 

(1) Constraints about nodes and branches 

This sort of constraints is about node power balance, node voltage, 
branch current, and SOC constrains, which can be expressed as 
⎧
⎪⎨

⎪⎩

pj,t =
∑

k∈δ(j)

Pjk,t −
∑

i∈π(j)

(
Pij,t − Ĩij,trij

)
+ gjṼ j,t, j ∈ nb

qj,t =
∑

k∈δ(j)

Qjk,t −
∑

i∈π(j)

(
Qij,t − Ĩij,txij

)
+ bjṼj,t, j ∈ nb

, (32)  

Ṽ j,t = Ṽi,t − 2
(
Pij,trij +Qij,txij

)
+ Ĩij,t

(
r2

ij + x2
ij

)
, ij ∈ nl. (33)  

‖

2Pij,t
2Qij,t

Ĩij,t − Ṽj,t

‖2 ≤ Ĩij,t + Ṽj,t, ij ∈ nl (34)  

⎧
⎨

⎩

I2
ij,min ≤ Ĩij,t ≤ I2

ij,max, ij ∈ nl

V2
j,min ≤ Ṽj,t ≤ V2

j,max , j ∈ nb
(35)  

where nl is the set of the branches in the distribution network, and the 
other parameters are similar with that in Eq. (30). 

(2) Constraints about network connectivity 

While doing preventive reconstruction to the distribution network, 
the network connectivity should also be considered. For arbitrary node i, 

aj = 1, ∃ li,0, ∀ j ∈ li,0 (36)  

where aj = 1 represents that branch j is closed. li,0 is the set of the 
branches which connects Node i with the source node of the network. 

Besides, an assumption should be made in such situation that when 
the line under lightning threaten is disconnected, no circuit is existed in 
the network, namely 

H = G + 1 (37)  

where H and G are the number of the nodes and branches in the network, 
respectively. 

3.2. Active prevention of indirect load loss based on cooperative control of 
power source and load 

The aim of this stage is to optimize the operation status of the dis
tribution network, in order to minimize the impact of the fluctuation of 
wind and PV power output, and reduce the risk of voltage off-limit. 

3.2.1. Target function 
The security of operation of distribution network is the critical factor 

which should be considered in lightning weather. Hence, the target 
function should be set to reduce the overvoltage and load loss caused by 
the fluctuation of wind and PV power output, and meanwhile minimize 
the cost of preventive control. Detailed function can be expressed as 

minf = min[αf1 + βf2 + γf3], (38)  

where 

f1 =
∑T

t=1

∑nb

b=1

Ṽ j,t − Ṽi,t + 2
(
Pij,trij + Qij,txij

)

(
r2

ij + x2
ij
) rij, (39)  

f2 =
∑T

t=1

(
∑nb

i=1
μi

⃒
⃒Ṽ i,t − 1

⃒
⃒+

∑nl

l=1
μlUl,t

(
Ĩl,t − 0.4356̃Il,max

)
)

, (40)  

f3 =
∑T

t=1

∑nb

b=1
τb

(
PIL

b,t +PTSL
b,t

)
. (41) 

μb and μl are the penalty coefficient for voltage excursion and orange 
alert, respectively. Ul,t is a Boolean quantity, when Ĩl,t > 0.4356̃Il,max, 
Ul,t = 1, otherwise, Ul,t = 0. τb is the cost coefficient of demand response 
on the load side. nb is the number of the nodes with controllable loads. 
PIL

b,t and PTSL
b,t are the power of the interruptible load and load with time 

shift on node b at time t, respectively. α, β and γ are the weight coeffi
cient. Other parameters are similar with that in Eq. (30). 

3.2.2. Constraints 
Except for the constraints in the last stage, constraints about load 

characteristics should be considered in this stage, which includes time 
shift and interruptible characteristics. The time shift characteristics 
represent the power of the load can be adjusted according to the demand 
while the total load demand remains unchanged. The constraints can be 
described as 
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Fig. 3. The topology of IEEE 33 nodes power distribution system.  

Fig. 4. Load on the nodes.  

Fig. 5. Typical scenes of joint output of wind and PV power.  
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⎧
⎪⎪⎨

⎪⎪⎩

PTSL
t,min ≤ PTSL

t ≤ PTSL
t,max

∑T

i=1
PTSL

t = 0
, (42)  

where PTSL
t is the power of the load with time shift at time t. PTSL

t,max and 
PTSL

t,min are the upper and lower limit of the time shift power at time t. 
The interruptible characteristics represent the power of the load can 

be cut down within the accepted range, so that when the power supply is 
short, part of the loads can be cut off to relieve the pressure and keep the 
stability of the operation. Corresponding constraints can be described as 

0 ≤ PIL
t ≤ PIL

t,max, (43)  

where PIL
t,max is the maximum interruptible power of the load at time t. 

4. Simulation 

4.1. Risk estimation 

The IEEE 33 nodes power distribution system, as shown in Fig. 3, is 
used in this chapter as the simulation example. In this model, the 
reference value of apparent power and voltage is 1 MW and 12.66 kV, 
respectively. The testing system contains an array of PV cells, a wind 
turbine, 2 sets of power storage battery, and 3 SVC devices, whose 
configures are as follows: 

PV cells: rated power 600 kW, connected on Node 32. 
Wind turbine: rated power 1000 kW, rated wind speed 12 m/s, 
connected on Node 17. 
Power storage battery: ESS1: maximum power 400 kW, minimum 
state of charge (SOC) 0.18, connected on Node 15. ESS2: maximum 
power 300 kW, minimum SOC 0.1, connected on Node 23. 
SVC: maximum output reactive power 500 kvar, maximum 
absorbing reactive power 100 kvar. Define positive value as output, 
and negative value as absorbing. 
The testing system is connected to the higher-level grid through 
Node 33. 

In this chapter, the power fluctuation of the loads in the network is 
not under consideration, and the initial load data is introduced as the 
accurate predicted value, as shown in Fig. 4. 

4.1.1. Generation of the typical wind and PV power output scenes 
The historical data of the wind and PV output somewhere is selected 

as the samples for simulation. Each data sample is of 6 h long with 15 
minutes’ interval. 200 samples are selected in this procedure, and 5 
typical scenes are obtained after cutting down, as shown in Fig. 5, and 
the probability of occurrence is displayed in Table 1. 

4.1.2. Analysis of the lightning-caused load loss 
In this chapter, an assumption is made that each distribution line in 

IEEE 33-node system has the same probability to be stroke by lightning. 
However, the load loss and operation risk of being stroke differs from 
each other due to the different topological position and load. In con
ventional distribution systems, the shorter the distance between the 
stroke point and the power source, the large the load loss will be. 
Nevertheless, such regulations are inapplicable in distribution systems 
with distributed power sources, and the weak point of the system should 
be reappraised. 

In IEEE 33-node system, the branches between Node 2 and Node 22, 
Node 1 and Node 18, Node 5 and Node 25, and Node 1 and Node 2 are 

Table 1 
Probability of occurrence of typical wind and PV power output.  

Typical Scene 1 2 3 4 5 

Probability of Occurrence 0.05 0.23 0.025 0.405 0.29  

Fig. 6. Active power loss due to lightning-caused trip out.  

Fig. 7. Reactive power loss due to lightning-caused trip out.  

Fig. 8. The expected active load loss due to the accident between Node 1 and 
Node 2. 
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the major branches which will result in the most severe load loss if 
tripped out by lightning strikes. Hence, faults on the above 4 branches 
will be simulated in order to find the weak point of the system. The 
active and reactive load loss caused by the 4 types of accidents are 
illustrated in Fig. 6 and Fig. 7, respectively. It can be found that the 
active power loss of the trip out of the branch between Node 1 and Node 
2 is much larger than the other branches. However, the corresponding 
reactive power loss is closed to zero, which means this branch is the 
weakest point of active load in the system, and meanwhile, due to the 
existence of the SVC devices, the reactive load is not impacted. Conse
quently, such accident requires more active power source, and no more 
reactive power source is needed. 

In order to reflect the influence of lightning-caused trip out to each 
node, the trip-out accident of branch between Node 1 and Node 2 is 
taken as an example to calculate the expected load loss and the risk level. 
Is the expected active load loss due to the accident between Node 1 and 
Node 2, and is the proportion of load loss of the whole distribution 
network caused by the accident. It can be found that although the pro
portion of load loss is high in this situation, the load loss between Node 
14 and Node 21 is closed to zero. Because of the distributed power 
source, the power supply on the branch between Node 14 and Node 17 is 
not interrupted. However, due to the long length of the branch, the 
power of the source is not high enough to supply the whole branch, 
which results in the load loss on the other nodes. Besides, due to the 
power supply from the wind turbine, loads on Node 31 and 32 are not 
interrupted either. 

Fig. 10 illustrates the reactive power output of the SVC devices after 
the trip out accident. As the accident makes the distribution system lose 
the reactive power supply from the higher-level grid, the output of the 
SVC devices becomes higher to satisfy the power requirement and 
reduce the network loss. 

Based on the simulation results, it can be found that the average 
proportion of load loss when the accident between Node 1 and 2 
occurred exceeds 30%, and preventive control measures should be done 
against such situation. Similar procedure can be done to calculate the 
load loss due to the trip out of different branches, and corresponding 
preventive adjustment can be planned. 

4.1.3. Estimation of the risk caused by the indeterminacy of wind and PV 
output in lightning weather 

In order to take full advantage of the wind and solar power, normally 
the wind turbine and PV batteries will be fully used. Due to the forecast 
error of wind and illumination in lightning weather, overvoltage and 
power flow off-limit may occur in the distribution system, and bring 
operation risk to the network. In this chapter, the extreme case which 
the SVC and ESS devices do not take part in the control procedure will be 
considered, in order to estimate the maximum risk caused by the inde
terminacy of wind and PV output. 

(1) Analysis of time series risk 

Fig. 11 indicates there is little risk about low voltage or line overload 
in the system, and the major risk is consisted of load loss and over
voltage. During the whole estimation period, the load loss risk is high, 
and because of the high output of wind turbines, the reactive power 
cannot be effectively absorbed, which results in the overvoltage on the 
nodes. 

Fig. 12 illustrates the risk of voltage off-line of the nodes in the 
distribution system. The overvoltage risk of Node 17 and Node 32 is 
shown in Fig. 12(c). Since the two nodes are the access points of dis
tribution generation (DG), it is more probable for the overvoltage to 
occur on these two nodes, especially on Node 17, as the wind turbine 
usually has higher output than the PV arrays in lightning weather. 

(2) Prewarning of the accident 

Fig. 9. The proportion of the load loss due to the accident between Node 1 and 
Node 2. 

Fig. 10. SVC output after the trip out of the branch between Node 1 and 2.  

Fig. 11. The operation risk of the distribution network during estima
tion period. 
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Fig. 13 is the proportion of load lost in the estimation period of the 
distribution system [13]. Obviously, at most of the time, the proportion 
of load loss is more than 4%, which is set as the yellow alert level in the 
distribution system, and actions should be taken to keep the power 
supply for the loads. 

Fig. 14 is the predicted risk of the network in the 18th time interval, 
and considering the expected load loss on branch between Node 1 and 
Node 2, red alert may be announced at the time. 

4.2. Loss prevention 

As the risk of the network has been predicted, topological recon
struction could be done to reduce the upcoming load loss in lightning 
weather. Since only the branch between Node 1 and 2 is threatened by 
lightning, reconstruction should be done for only once to reduce the 
introduced instability. According to the proportion of load loss illus
trated in Fig. 9, the largest load loss occurred in the 20th time interval, 
so the preventive reconstruction should be done based on the power of 
the load at that time, and the topology of the system after reconstruction 
is shown in Fig. 15. Once the branch between Node 1 and 2, the load on 
the branch can be transferred to the branch between Node 1 and 18, and 
the stability of power supply can be enhanced. 

Due to the access of the distributed generation, the voltage of the 
network after reconstruction may also be off-limit, so optimization 

Fig. 12. Risk of voltage off-limit in the estimation period.  

Fig. 13. Proportion of load loss in the estimation period.  
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should be done for stable operation. Fig. 16 illustrates the operation risk 
of the distribution network after construction while energy storage, the 
SVC adjustment and the wind and PV power abandonment is not 
considered in such situation [14]. 

Obviously, risk about overvoltage [15], low voltage and load loss is 
existed in the distribution system after reconstruction. The fluctuation of 
the output of PV and wind power leads to the fluctuation of the risk 
value, especially when the output of the wind power increase, the 
reactive power cannot be effectively absorbed by the system, and results 
in the overvoltage. Besides, some branches are so long that low voltage 
may occur on some of the nodes far away from the power source, and 
meanwhile enhance the risk of load loss. Hence, it is necessary to opti
mize the resource in the system, to ensure the stable operation and the 
power supply of the load. The results of the optimization are shown in 
Fig. 17, and the voltage of the system after optimization is shown in 
Fig. 17(f). 

Compare the node voltage before and after optimization in the 4th, 

10th, 13th, and 18th time interval with the highest risk of overvoltage, 
and the results are shown in Fig. 18. It can be found that the optimiza
tion steps effectively reduced the voltage excursion, and improved the 
resilience to the risk of overvoltage caused by the indeterminacy of the 
wind and PV power output. The measures used in the optimization, 
including the reduction of PV and wind power output, and the adjust
ment of ESS and SVC power, can help to improve the stability of dis
tribution system operation, and cut down the probable load loss in 
extreme weather [16]. 

5. Conclusion 

The lightning problem has attracted much attention from the re
searchers of the power industry due to the climate change in recent 
years, and the DLP strategy for lightning protection in power systems has 
begun to be accepted by the public. In this manuscript, lightning pro
tection issues for distribution networks are focused, and risk estimation 
model and preventive protection method are proposed to reduce the 
damage to the distribution system from the lightning weather. 

Due to the fast development of distributed generations [17], more 
controllable resource is introduced into the distribution network, along 
with more indeterminacy caused by the output fluctuation of wind and 
PV power. In order to establish the lightning risk estimation model, the 
historical data of the wind and PV output are collected and analyzed to 
extract several presentive scenes of DP output, and the operation risk is 
analyzed considering not only the direct load loss caused by the light
ning strikes, but also the indirect loss induced by the fluctuation of the 
DP output. 

Based on the risk estimation, corresponding preventive protection 
could be carried out in two stages, namely the power flow transferring 
by topological reconstruction, and the coordination of the controllable 
resource such as the adjustment of the ESS, SVC, and DP output. 

Simulations are done on the IEEE 33-node system. The operation risk 
and probable load loss caused by the lightning strike is calculated using 
the estimation model, and corresponding preventive steps are taken on 
the network, along with the other controllable devices in the system. The 
results indicates that the topological reconstruction and the 

Fig. 14. The predicted risk of the nodes and lines in the distribution system in the 18th time interval.  

Fig. 15. Topology of the distribution system after reconstruction.  

Fig. 16. The operation risk of the distribution network after reconstruction.  
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optimization to the distributed power source can help to improve the 
stability of distribution system operation, and cut down the probable 
load loss in extreme weather. 

In the future, researches will be done on the transmission system to 
verify the feasibility of DLP application in power systems with long 
distance and high voltage level. 
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