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Abstract 
 
The rapid growth in the electricity demand and expansion 
of renewable energy (RE) generation are presenting 
serious challenges for the optimal network operation. The 
future perspective of the dramatic increase in renewable 
generation, such as wind and solar energy will lead to 
severe problems related to the load dispatch. Power 
system security is threatened due to increase in the 
uncertainties of RE outputs and the reduction of 
controllable resources.  
 
This paper investigates power system “robust security” in 
relation with the increase in the uncertainties and the 
decrease in system control ability. A new concept of 
robust security and its security regions is defined and then 
a new technique for real-time dynamic ELD is proposed. 
It is guaranteed secure operation in the security region 
and mitigating the irregularity associated with renewable 
power generation. Key issue is an effective treatment of 
uncertainties caused by RE forecast and an efficient 
solution for real-time management over the limited 
control resources of a power system. The flexible 
operational outcome of the proposed approach satisfies 
the economical requirements and reliability against 
uncertainties. The proposed method is also useful to 
investigate the limitation of RE under given ability of 
real-time generation control. Critical problems anticipated 
in the future are further investigated from the point of 
view of robust security concerned with the load dispatch. 
Robust security for West Japan system is also investigated 
from the present up to 2030 concerned with the transient 
stability. 
 
Introduction  
 
The use of renewable energy is expected to grow 
substantially in the near future. A reasonable estimation is 
that 20-30% of the energy will be delivered through such 
sources in the upcoming 15 years in considerable number 
of power systems. Photovoltaic (PV) as well as wind 
turbine (WT) systems are amongst such predictions, but 
are prone to cause degradation of power quality as well as 
grid security due to unforeseen weather conditions. 
Continuous intermittency incurs into sudden changes in 

the output, leading to uncertainty such as significant ramp 
effect. The influence of the increasing usage of renewable 
energy technology requires essentially new 
methodologies for power system operation.  
 
In various power systems, unpredictable uncertainties 
have increased significantly. Preliminary examinations 
have shown that the present scheme of power system 
planning and operations may face difficulty in the future. 
Especially, an issue of power system security will be a 
critical problem in the operation planning as well as in 
real-time operation. So far power system security has 
been maintained based on the N-1 security criterion, 
which has been refined through various basic studies on 
the security control scheme [1-3], relating optimal power 
flow method [4-11], and various techniques supporting 
the scheme [12-14]. These methods are deterministic and 
highly depend on accuracy of load forecast and prediction 
of system conditions. Therefore, new measures as well as 
effective methods [15-19] are studied based on the 
extension of deterministic approaches. However, 
uncertainties caused by RE will be beyond a level that 
existing methods can be adequately treated. In general, 
RE outputs sometimes behave very fast and the 
uncertainty in their behavior considerably increases as a 
function of the prediction time for future issues. On the 
other hand, the available capacities of controllable 
generations and their ramp-rates are very limited. In this 
relation, the authors have proposed a new concept of 
“Robust Power System Security” by extending the 
conventional N-1 security criterion [20-22]. 
 
Novel methodologies for dynamic economic load dispatch 
(DELD) have become necessary to guarantee secure 
operation in real-time scenarios. The ramping behavior of 
the system must be carefully maintained together with 
uncertainty. This particular concern is common to various 
widely-adopted power systems, where smart gird projects 
make use of all available controls including demand 
response. As the role of thermal power plants continues to 
increase, robust and reliable load dispatching methods are 
made necessary. Various techniques have been proposed 
so far concerned with DELD problem, classified into two 
approaches. The first approach performs static ELD 
repeatedly at each interval by taking into account the 
ramp rate constraints [23, 24]. The second approach 



 

 

determines GS by solving a single optimization problem 
and includes heuristic technique in dynamic programming 
[25], improved simulated annealing [26, 27], hybrid 
approach of Hopfield neural network and quadratic 
programming (QP) [28], variable scaling hybrid 
differential algorithm [29], re-dispatch algorithms using 
QP, linear programming and the Danzig Wolfe’s 
decomposition technique [30], a multi-stage algorithm 
[31], and the interior point method [32]. As the expansion 
of the renewable energy generation continues, decreased 
number of controllable resources is necessary to be 
utilized utmost. 
 
Feasibility and optimality are the improvement goals in 
[33] where non-monotonic load is taken into account. In 
the conventional approaches demand is assumed feasible 
for dispatch and generation schedule (GS) does not vary 
greatly.  Important issue with conventional generation is 
that it might not respond adequately to sudden variations 
in renewable generation. Consequently forecast error such 
as high fluctuation and fast changes in the load might 
cause infeasibility for the dispatch. To cope with the 
forecast error, GS should be updated frequently, 
guarantying the dispatch feasibility with optimal reserve 
management (RM) within available computation limits. A 
fast reliable DELD method satisfying these requirements 
has been proposed by the authors in [34, 35]. Computing 
feasible operation region allows dealing with uncertainty 
to avoid infeasibility of GS. However, the network 
constraints such as overload are not implemented. 
Difficulty exists in treating network constraints since they 
become probabilistic variables when uncertainty cannot 
be neglected. Stochastic load flow (SLF) [36, 37] is a 
powerful tool for network analysis related to wind farms 
[38], network reliability [39], distribution network with 
PV and WT [40]. Those approaches effectively evaluate 
networks in a probabilistic manner, but are not useful for 
DELD problem. Thus, novel real-time DELD method is 
required to guarantee system security against increasing 
uncertainties in load and RE forecast. 
 
In this paper, the conventional N-1 security criterion is 
extended to define a new criterion, Robust Power System 
Security based on the previous studies in [20-22]. The 
new criterion has the same concept as the conventional 
method except the treatment of uncertainties. Robust 
Static and Dynamic Security regions, RSS and RDS, are 
defined respectively for snapshot state and for dynamic 
state transition, as the regions of power system operation 
in which the system is secure regardless of existing 
uncertainties such as RE outputs. The concept of 
confident intervals is used to model uncertainties of 
important parameters. When the confident intervals of 
uncertain parameters are specified, RSS and RDS are 
identified. The concept has been introduced referring to 

the “robust stability” which implies the stability of a 
system under a pre-specified set of uncertainties.  
 
Then, a new real-time DELD method is proposed to 
provide the solution in RSS and RDS guaranteeing secure 
operation while optimizing the outputs of controllable 
generators. Security constraints for transmission lines are 
only taken into account as security factor, while other 
factors are neglected such as transient stability and 
voltage stability. A DELD approach in [34] and GS 
update technique in [35] are extended to meet the 
condition for the new concept of the robust security. The 
proposed method computes 24 hour GS, where 1 hour 
update is performed every 5 minutes in real-time 
operation. New proposals of this paper includes the use of 
confidence intervals for load and RE forecasts, an 
algorithm for identifying robust regions for DELD, 
security constraints based on linear SLF, a new 
formulation of QP using all these techniques.  
 
Another important issue discussed in this paper is the 
difficulties in the robust power system security concerned 
with transient stability (TS) problem [41]. Analysis is 
performed in an equivalent 3-machine system assuming 
the future circumstance in West Japan system. It is shown 
that, as REs are increased, the RSS as well as RDS 
regions shrink and finally disappear due to uncertainties. 
Since TS is critical factor among the security factors in 
the West Japan system, the results should be carefully 
investigated to develop countermeasures. 
 
Definition of Robust Power System Security  
 
Conventional N-1 Security Criterion 
 
In this section, the conventional N-1 deterministic 
security criterion is represented by a set of equations in 
order to be extended to a new criterion. First, we express 
the power flow equations before and after contingencies 
as follows. 
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Where, f is the power flow equation (B dimensions), x is 
state variable vector, u is control variable for output 
power of generation (G dimensions), p is uncontrollable 
fluctuation parameter such as load (L dimensions). 
Concerned with the power flow equation nf , n=0 
represents pre-fault operation condition and n=1~N stand 
for the contingency conditions to define N-1 security 
criterion. In power system operation planning, while load 
p is predicted, generation output power u matching load p 
is determined. When pre-fault parameter (u, p) is given, x 



 

 

of equation (1) is determined for each condition n and we 
describe x0~xN  for each condition, where x0 indicate pre-
fault condition and x1~xN denote fault conditions. We 
suppose that, once (u, p) is determined, it does not change 
before and after the fault. After all, the N-1 security 
criterion is satisfied with the following constraints for all 
x0~xN  conditions. 
 
(C1) Transmission line or transformer limit 

   1.n ( , , ) 0 , 0,1, ,C ng x u p n N≤ = "        (2) 

(C2) Voltage limit 

   2.n ( , , ) 0 , 0,1, ,C ng x u p n N≤ = "     (3) 

(C3) Voltage stability limit 

   3.n ( , , ) 0 , 0,1, ,C ng x u p n N≤ = "                  (4) 

(C4) Transient stability limit 

   4.n ( , , ) 0 , 0,1, ,C ng x u p n N≤ = "     (5) 

(C5) Frequency deviation (power supply and demand 
control) 

   5.n ( , , ) 0 , 0,1, ,C ng x u p n N≤ = "     (6) 

Where, inequality above can be composed of all factors 
over vector functions. Equations (2) and (3) express the 
constraints for transmission and voltage limit, and can be 
solved by simple calculations. Equation (4) expresses the 
constraint for voltage stability implying to calculate 
maximum load point. Equation (5) expresses the 
constraint for transient stability. Equation (6) expresses 
the constraint for frequency deviation. By using 
mathematical expressions above, the objective of the 
operation planning is to determine control variable u of 
generation output power to satisfy equations (1)~(6) 
under given load condition p . In the following, we 
summarize the equations (2)~(6) as follows:  
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Where min maxu u u≤ ≤ , nx  is the solution of   

( , , ) 0nf x u p =  
 
SS Region Satisfying N-1 Criterion 
 
Satisfying N-1 security criterion for given load p is 
equivalent to determining control variable u inside the 
region where a set of constraints (1) and (7) holds for all 
contingencies. That is, 
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We call the region “Static Security (SS) region” defined 
for a snapshot of power system operation at specific time. 
SS region is the region of generator outputs satisfying N-1 
security criterion for specific parameter values of p. 
Power system operating point inside SS region is 
equivalent to that the system state is secure based on the 
N-1 security criterion. 
 
Security Criterion Considering Uncertainties 
 
Estimation of fluctuation parameter such as load forecast 
is very important for power system operation. Expressing 
p(t) for such a fluctuation parameter vector at time t, we 
assume the following form of estimation formula. 

   ˆ( ) ( | ) ( ) 0,1,...,p t p t t t t n Nδ δ= − + Δ =  

   Pr{ ( ) ( ) ( )} , 0 1t t t CL CLδ δ δΔ < Δ < Δ = ≤ ≤             (9) 

Where, the first term in (9) is the forecast of p(t) predicted 
at t-δt, and the second term is the forecast error, referred 
to as “uncertainty” in this paper. The uncertainty is 
characterized by the confidence interval, upper and lower 
bounds with confidence level CL. The uncertainty usually 
becomes larger as forecast time δt increases. In this paper 
we will take a standpoint that confident level is specified 
so that the upper and lower bounds of uncertainty are 
treated by deterministic approach. Confidence region of p 
is defined by the confidence intervals of their elements as 
follows.  

   ˆ ˆ{ | }PR p p p p+ Δ < < + Δ    (10) 

The expression permits uncertainty Δ around prediction p̂  
for selective value of confidence level, whose concept is 
given in Fig. 1. Practically, maximum forecast error in p  
  
may be regarded as Δ. Power system planning and  
operation task is usually based on four stages, which are 
yearly system planning (reinforcement planning, 
expansion planning), electric power demand-supply 
planning from monthly to weekly, day ahead operation 
planning, and real-time operation. 
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Fig.1. Confidence region for uncertain parameters. 
 
For each stage, we examine power system security. In the 
conventional power system operations, p of load power is 
almost patterned and rather easily forecasted, where 
uncertainties are small. However, as RE is largely 
penetrated, the outputs may be fluctuated due to weather 
condition causing larger forecast error and then the power 
system planning and operation tasks should consider 
directly Δ of uncertainties. When the uncertainties exist in 
the confidence region of (10), the region of generator 
output power satisfying N-1 security criterion is reduced 
and is defined as the intersection of SS region with the 
parameter variations as follows. 

   { }| ( )
p

u u
p R

RSS u u SS p
∈

= ∈ ∩        (11) 

We define the region above Robust Static Security (RSS) 
region. RSS is the region of control variable u satisfying 
N-1 security criterion regardless of the existence of 
uncertainty. 
 
Dynamic Feasible (DF) Region 
 
Generators have dynamic operation constraints such as 
output power change rate limitation, or ramp-rate 
constraint due to thermal stress. Unit commitment and 
reactive power control problems are with such constraints. 
For example, control from u(t1) to u(t2) is constrained by a 
bound as a function of control duration δt. This kind of 
dynamic constraints may be represented as follows. 

   1 2( ( ), ( ), ) 0h u t u t tδ ≤       (12) 

Suppose that the state (x1, u1, p1) at t1 is given as starting 
point and that p2 at t2=t1+δt is also given. Then, the next 
operation point (x2, u2, p2) at t2 will be determined 
satisfying power flow equation and (12). The region may 
be mathematically represented by: 

2 1

0
2 1 2 1 2 2 2 2
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{ | ( , , , , ) 0, ( , , ) 0}

uDF u p

u h u u t p p f x u pδ

=

≤ =
 (13) 

We define this region as Dynamic Feasible (DF) region. 
DF region is defined as the region where generators can 
reach with maximum usage of power supply capacity 
from u1 of generators output power at t1 to u1 at t2 based 

on electric power demand forecast p2. DF region does not 
necessarily take into account security constraints but takes 
into account the dynamic constraints and the power flow 
equations, implying the minimum constraints for the 
system operation such as demand and supply balance 
constraint. A sequential calculation method of DF is given 
in [20-22], which is discussed in the latter chapter in this 
paper, taking into account upper and lower limitation of 
generator output power, ramp-rate constraint and power 
demand and supply balance constraints based on load 
forecast. Next, we introduce uncertainties to the 
computation of DF region for consistency with RSS. 
Taking into account parameter confidence region based 
on equation (10), we define Robust Dynamic Feasible 
(RDF) region as follows. 

   { }
1 1 2 2

2 1 2 2 1
,

( ) | ( , )
p p

u
p R p R

RDF u u u DF u p
∈ ∈

= ∈ ∩  (14) 

Note that RDF is not related to security issues but defines 
possible operation region δt ahead reachable from u0 
under the specified uncertainty. 
 
Dynamic Robust Security Region 
 
Suppose that we draw up the operation planning 
considering uncertainties at several time points. From the 
viewpoint of continuity of the time sequence of the 
planning, we expand the concept of RS to dynamic 
approach. In the conventional power system operation 
planning, it used to be a common practice that only static 
analysis is performed to examine snapshot power flow 
without taking into account dynamic constraints. Direct 
extension of this approach is corresponding to the 
determination of RSS regions at different time points in 
advance before the dynamic transition examination. We 
assume that RSSs at t=t1 and t=t2 are determined in 
advance by the static snapshot analysis. Then, the set of u1 
at t1 reachable to RSS at t2 will be identified, which is 
represented by the region satisfying next equation. 

   { }1 1 2 1 2| ( ( ) )u u uRTA u RDF u RSS φ= ≠∩   (15) 

Thus we define the equation above as robust reachable 
region for Time-Ahead security (RTA). The region at t1 
going back from overlap region of RDF and RSS at t2 is 
defined as RTA. In other words, RTA is the operation 
region not necessarily inside RSS at t1 (not necessarily 
secure at t1) but reachable to a secure point inside RSS at 
t2. 
 
After all, Robust Static Securities at t1 and t2 can be 
guaranteed only when u1 exists within the overlap region 
of RSS and RTA, implying secure at t1 and secure 
dynamic path for operation at t2. In this paper, we define 
this overlap region as RDS region as follows.  



 

 

   { }1 1 1 1 1|u u uRDS u u RSS RTA= ∈ ∩   (16) 
The concept of the regions for robust security is shown in 
Fig. 2. This figure explains that every kind of regions are 
defined in the space for control vector u, generation 
output power at t1 and t2, and that for this duration the 
security is guaranteed only when we set up operation 
point u within RDS. In other words, RDS guarantees the 
conventional N-1 security in the sense that uncertain 
parameters must exist in their confidence region. The size 
of confidence region may vary depending on the accuracy 
of forecasting of parameters and on a specified confidence 
level. The more the uncertainties are increased, the larger 
is the confidence region and the smaller is RDS, implying 
the difficulty of secure operation. 
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Fig.2. Concept of robust security regions. 
 
Robust Security Region for DELD  
 
In the following section, we consider real-time DELD 
problem, where the problem is more restricted in that the 
system is under operation on-line. We extend the DF 
region of (13) to a time sequence problem starting with a 
fixed operation point 0u at present, which restricts 
subsequent operation regions. Then, taking into account 
the condition for the on-line time-sequence circumstance, 
we define Time-sequence DF (TDF) region as follows.   

{ }( ) 0

( , )

( ) | ( ) ( ( 1), ), 1.. , (0)

u

u

TDF t p

u t u DF u p t u uττ τ τ

=

∈ − = =
 (17) 

Note that TDFu(t, p) is function of parameters p(1),…, 
p(t) in (13), and t=0 represents the present time with no 
uncertainty with fixed value of u(0), the present operating 
point. The above region may be extended in the same way 
to Robust TDF (RTDF) dealing with uncertainties of the 
parameters to be forecasted as follows. 

{ }
, 1.. t

( ) ( ) | ( ) ( , )
p

u u
p R

RTDF t u t u t TDF t p
τ τ τ∈ =

= ∈ ∩  (18) 

Where Rpt implies the confidence interval of  p(t). In the 
following section, we propose a method to determine 
RTDF and the operating point inside the robust security 
region in the intersection of RTDF and RSS as follows. 

{ }( ) ( ) ( )u uu t RTDF t RSS t∈ ∩    (19) 

The above region is more restricted than RDS and 
therefore is composed by RDSu(t) which guarantees the 
robust security. In the next section, although only 
overloading condition C1 is considered, a new approach 
for real-time DELD is proposed for treating uncertainties. 
 
DELD Problem with Uncertainties 
 
In this section, conventional DELD problem is 
investigated taking into account uncertainties. 
Transmission line or transformer limit in (2) is considered 
while the other security constraints are neglected. We 
assume that preliminary contingency analysis has been 
completed and then that the security limits of transmission 
line flow has been determined. Since treatment of 
uncertainty for the robust security is a main subject, we 
mainly focus on constraints in DELD problem rather than 
the objective in order to study the region of power system 
operation. Any objective function may be applied to the 
proposed method to be described.  
 
The proposed method computes 24 hour GS, where 1 
hour update is performed every 5 minutes in real-time 
operation. The time duration for the real-time GS is 
referred to as time horizon in this paper. The proposed 
method has the following characteristics: 
 
(i) A novel DELD method using 1 hour forecast with 

confident intervals as functions of prediction time. 
The solution combines QP and liner SLF, where the 
probability of network constraint violation is a 
specified value. 

(ii) Supply-demand balance in the entire time horizon is 
kept to the maximum (high feasibility of dispatch). 

(iii) In case of a critical situation when the forecasted load 
cannot match the existing generator’s capability, the 
method will detect the minimum amount of SDM in 
advance and handle it reliably for the considered time 
horizon. 

 
DELD Problem 
 
The conventional problem of DELD may be written as 
follows: 
 
Minimize: 

( )
1 1

NgT

k Gkt
t k

Cost f P
= =

=∑∑    (20) 

( ) 2= + +k Gkt k Gkt k Gkt kf P a P b P c                         (21) 
 
Subject to: 
 

i. Supply and demand balance constraint 



 

 

1 1

Ng Nd

Gkt Dt Dmt
k m

P P P
= =

= =∑ ∑    (22) 

ii. Generator output limit 

Gk Gkt GkP P P≤ ≤     (23) 

iii. Ramp-rate constraint 

( 1)−− ≤ − ≤k Gk t Gkt kP Pδ δ                                  (24) 
iv. Security constraint for transmission line 

l l lLF F UF≤ ≤     (25) 

v. Power flow equation  (DC power flow method) 
See equations (40) in the following section. 

 
Where PGkt : power output of k-th generating unit at time t,  
fk : k-th generation cost, PGkt : output of generator k at 
time point t [MW], ak, bk, ck : quadratic cost coefficients 
of  k-th generator, DtP is total demand at time t [MW], 
PDmt : demand for load m at time t [MW], and δk : ramp-
rate limit of generator k [MW/unit time]. Note that we use 
the index t=0 for the present moment point and t=T for the 
end point of the time horizon. The terms GkP and GkP  are 
the upper and lower limit of generator output; UFl and LFl 
are the upper and lower bounds with respect to the 
transmission line l for security [MW]. 
 
Uncertainty Expression 
 
In recent power system, uncertainty mainly exists in the 
power demand, including RE output and demand forecast.  
We assume that node injection powers for loads are 
probabilistic variables having the following characteristic: 

[ ] [ ]Dmt PDmt Dmt Dmt PDmtE P P E P+ Δ < < + Δ                 (26) 

   Pr{ } , 0 1PDmt PDmt PDmt C CΔ < Δ < Δ = ≤ ≤                (27) 

Where E [*] is the expectation. When probabilistic 
density function for DmtP  is available, the following 

confidence intervals may be computed from (27).  

1
[ ] [ ]

Nd

Dt PDt Dt Dmt Dt PDt
m

E P P P E P
=

+ Δ < = < + Δ∑          (28) 

Pr{ } , 0 1PDt PDt PDt C CΔ < Δ < Δ = ≤ ≤                    (29) 

 
Algorithm for RTDF 
 
In this section, an algorithm for RTDF is proposed by 
improving the method in [34, 35], where we have 
proposed a real-time DELD method in [35] based on the 
computation of TDF in [34]. The computation method of 

TDF will be explained first and then will be extended to 
RTDF as below. 
TDF has been defined in (17) in a general form but is 
redefined for the set of constraint for the DELD problem 
first. TDF is defined as the region of generator output PGkt 
reachable from a specified operating point and satisfying 
all constraints (22)-(24) with load forecasts for t = 1,…,T. 
The upper and lower bounds of TDF for generator k at t 
are represented by ( ktα , ktα ). Then, TDF defined by (17) 
is expressed as follows.   

( , ) { | }ktPk D kt kt ktTDF t P P Pα α= ≤ ≤   (30) 

Note that PD is parameter to define TDF, starting from 
Pkt0 with predicted PDt. A TDF evaluation algorithm was 
proposed in [35], where the present operating point t=0 is 
used as a starting point in order to obtain reachable points 
successively in forward direction to t=T. The upper 
feasible operation limit ktα  and lower feasible operation 
limit ktα  are calculated for each committed generator 
k=1,…,N using the latest forecasted demand PDt , 
t=1,…,T. 
The upper bound of TDF for each generating unit is 
decided by 3 variables below. 

( ){ }1min , ,kt kt ktkt k tP M Rα α −= +   (31) 

i. Unit k’s maximum generation limit, ktP , the first 
term of (31). This is dictated by the physical limit 
and may include certain margin (reserves etc.). 

ii. Unit k’s generation limit considering the generating 
capability of other generating units and load, ktM , 
the second term of (31).This is the amount that unit 
k must generate in order to match the load when the 
other units’ generation is fixed to their minimum 
output. It is described by the following equation. 

1,

gN

kt Dt j
j j k

M P P
= ≠

= − ∑    (32) 

iii. The upper bound restricted by ramp rate from the 
previous interval, ( )1 ktk t Rα − + , the third term of 

(31).  The value of ktR is the effective ramp rate 
limit decided by the minimum of δk and ktN .  

( )min ,kt ktkR Nδ=     (33) 

where, δk is the physical ramp up limit of unit k. ktN is the 
amount that unit k must ramp up when the other units  
ramp down at their ramp down limit in order to 
accommodate the load change as given below. 

( )( ) ( )1
1,

gN

kt Dt jD t
j j k

N P P δ−
= ≠

= − − −∑   (34) 



 

 

With three variables defined above, the upper boundary of 
the feasible operation region of unit k at time t, can be 
calculated by using the following equation. 
 
By setting 0 0k kPα = , the initial condition at the present 
output of generator k, the upper boundary of the feasible 
operation region for the whole time zone is sequentially 
calculated (t = 1 to t = T).  
In the same way, the lower boundary of TDF is calculated 
using equations listed below. 

1,

gN

jDtkt
j j k

M P P
= ≠

= − ∑     (35) 

( )( )1
1,

gN

Dt jkt D t
j j k

N P P δ−
= ≠

= − − ∑    (36) 

( )max ,kkt ktR Nδ= −     (37) 

( ){ }1max , ,k kt ktkt k tP M Rα α −= +   (38) 

 
Extension to RDS 
 
TDF obtained in the previous section is represented as 
TDF(t, PDt) using the expression of (30), RTDF is 
computed by taking into account upper and lower 
tolerance PDtΔ  and PDtΔ  of the prediction error, that is, 

( )
{ ( ,E[ ] ) ( ,E[ ] )}Dt PDt Dt PDt

RTDF t
TDF t P TDF t P

=

+ Δ + Δ∩  (39) 

where “ ∩ ” implies the intersection. An extended 
algorithm is proposed as follows. 
 
Detection of Possible Supply Demand Mismatch 

 
Once the upper and lower limits are obtained, any 

output values PGkt inside the limits (4) are guaranteed as 
reachable in respect to the latest load forecast. In this 
algorithm, when 1kα < 1kα  is detected, TDF is 
nonexistent and the supply and demand mismatch (SDM) 
is able to be computed. In such case, SDM must be 
compensated by additional power provision or load 
reduction. After the management of SDM, recalculating 
TDF, optimization process is continued. Note that this 
case does not appear in normal operation if RM is 
properly performed in the preliminary operation planning 
stage.  
 
Line flow Security Constraints to Define RSS 
 
Since the prediction errors of load and RE result in line 
flow uncertainty, line flow constraints are treated in a 
probabilistic manner as presented on Fig. 3.  The SLF 
method is applied in such a way that the probability of 

constraint violation is less than a specified value for each 
line, consistent with the specified confidence level in the 
entire analysis. Assuming the normal distribution for the 
prediction error characteristic, linear DC power flow 
calculation method is used to provide the most efficient 
computational time.  
 

 
Fig. 3.  Treatment of security limits by stochastic load flow. 
 

Based on the DC power flow method, the following 
relationships hold. 

PθSN =      (40) 

θSF C=      (41) 

Where, we introduce bold letters for vectors and matrixes.  
1Nn×∈Rθ : voltage angle [rad], 1Nn×∈RP : real power 

injection [pu], 1Nl×∈RF : real power line flow, 
Nn Nn×∈RNS : node susceptance matrix [pu/rad], 
Nl Nn×∈RCS : line susceptance matrix.  From (40) and 

(41), we obtain: 
1−= = ⋅C NF S S P S P     

(42)  

Node injection P is represented as 

DG PPP −=      
(43) 

Where PD is a probabilistic variable consisting of loads 
and RE outputs (negative demands), while PG 
corresponds to a variable of conventional generator 
outputs to be determined in the optimization process. 
Therefore, the mean value E [P] of node injection power 
P is represented by the following expression:  

[ ] [ ]E E= − DGP P P     
(44) 

Then, the mean value vector and covariance matrix of 
line flow are represented as follows:

 

[ ] [ ] [ ] [ ]iE E E u⎡ ⎤= − = − ⋅ =⎣ ⎦G D G DF S P P SP S P  
(45)  

[ ] [ ] [ ]T
ijCov Cov σ= ⋅ ⋅ =F S P S    (46) 

The probability density function for line flow l may be 
described using the elements from (45) and (46): 



 

 

2

2

( )1 1( ) exp
22l

l l
F l

lll l

F uFξ
σπσ

⎧ ⎫−= −⎨ ⎬
⎩ ⎭   

(47) 

In order to constrain the violation probability to a value 
less than X, threshold β  is defined by the following 
equations. 

1 ( )l

l
l

F

FF
X x dxξ

−
≥ − ∫

    
(48) 

[ ]l ll lF E Fβ σ− ⋅ ≥
    

(49) 

Note that X should be determined consistent with a 
required confidence level C in (9) and importance of 
constraints. Further substitution of (42) and (43) into (49), 
probabilistic power flow constraint is obtained. 

1

nN

l lj Gj l
j

LBF S P UBF
=

≤ ≤∑    
(50) 

Where, 

l l ll lLBF F Dβ σ= − + ⋅ +  

l l ll lUBF F Dβ σ= − ⋅ +  

[ ]∑
=

=
nN

j
Djljl PESD

1

　   

     lF : deterministic security limit for line l   
 
Constraint (50)  provides line flow limits, which must be 
consistent with the setting of (26)-(29). The method 
described above is to define RSS region for snapshot of 
time t, where the conditions vary depending on accuracy 
of prediction of DjP  as well as llσ  in (50). Therefore, 
constraint (50) is time variant and will be treated as a 
function of time in the next section. 
 
DELD with Robust Security 
 
In the previous section, we have proposed a method of 
determining RTDF region and of dealing with line flow 
constraints to define RSS region. In this section, an QP 
problem is formulated to provide a solution of DELD 
problem with uncertainty. The solution satisfies (19) 
guaranteeing the robust security. The DELD with 
uncertainties may be formulated as follows: 
 

Minimize:  

( )
1 1

NgT

k Gkt
t k

Cost f P
= =

=∑∑    (51) 

( ) 2
k Gkt k Gkt k Gkt kf P a P b P c= + +   (52) 

Subject to: 
i. Supply and demand balance constraint 

[ ]
1 1

Ng Nd

Gkt Dmt
k m

P E P
= =

=∑ ∑    (53) 

ii. Generator feasibility constraint 

kt Gkt ktPα α≤ ≤     (54) 

iii. Ramp-rate constraint 
( 1)k Gk t Gkt kP Pδ δ−− ≤ − ≤    (55) 

iv. Probabilistic network constraint  

1

nN

lt lt lj Gjt lt
j

LBF F S P UBF
=

≤ = ≤∑   
(56) 

Where E [PDmt] : expected demand for load m at time t 
[MW], Slj : conversion matrix. UBFlt and LBFlt are the 
upper and lower bounds with respect to the transmission 
line l for security at time t [MW], which is the extension 
of (50) and is a new concept introduced in this paper. 
Robust security for future operating points up to T may be 
achieved at the present operating point at t=0 by the 
following steps 1-4 for t=1..T and step 5. 
 
Step 1  Estimate PDmt and PDt for future time point t. 
Step 2  Determine PDtΔ  and PDtΔ in (29). 
Step 3 Compute ktα  and ktα  based on (31), (38). 
Step 4  Determine UBFlt and LBFlt . 
Step 5  Solve QP problem (51)-(56). 
 
Real-time Robust Control Scheme 
 
Controller Configuration 
 
Our goal is to develop a new type of smart grid controller 
that enforces robust security against uncertainties. Figure 
4 shows the configuration of the control system being 
developed: there are three types of managers responsible  
 
for day-ahead operation planning, minute-order real-time 
operation, and second-order real-time control. Based on 
the prediction of RE outputs, the system manages the 
existing generators, storage battery (BT) and demands in 
optimal manner. Detailed description of each of them is 
presented below. 
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Fig. 4.  Robust control manager. 
 
Planning manager 
 
This manager provides an updated schedule of the output 
pattern for the limited resources.  The output is 
represented as a 24 hour GS which also comprises the 
battery operation schedule, where each unit of GS is 30 
minutes. Existing techniques for the unit commitments 
have been fully utilized in the optimization process.  
Uncertainties related to the prediction and fluctuation of 
RE are handled particularly [42], and they will be 
discussed in a further publication.  
 
Minute-Order Real-Time Manager 
 
The manager releases real-time outputs for each generator 
based on the real time forecast values. The optimization is 
performed in two stages. In the first optimization, the 24 
hour GS, which was planned in the previous day, is 
updated every 30 [min] from the present moment to fulfill 
a one hour schedule. Note that a one hour schedule is 
composed of 5-minute time units. In this stage, the 
starting and stopping time schedule is refined for the 
existing generators. The importance is related to 
significant impact on the prediction error. The next step 
utilizes only the starting and stopping time schedules and 
the battery operation. The rest of the optimization data is 
used only for reference. The second stage of optimization 
is the main topic of this paper.  Scheme of the proposed 
method is given in Fig. 5, focusing on uncertainty 
managing process, which is explained in the next section. 
The procedure execution is performed every 5 minutes, 
which affirms substantial feasibility and robustness versus 
prediction error.  
 
Entire Algorithm 
 
(1) the 24 hour GS in the previous day 
(2) 1 hour real-time GS with start/stop schedule 
(3) 1 hour GS update in every control cycle (5 minutes) 

in which the following steps are performed. 
 

Step A Perform load and RE forecasts (Steps 1 and 2). 
Estimate the current operating condition. Obtain 
a starting and stopping time schedule for 
generators    and BT operation from 24 hour GS.  

Step B Calculate RTDF (Step 3) and line flow limit 
(Step 4). Compute Supply-Demand Mismatch. 

 
1. Generation Schedule (GS) Day ahead:    Reserve Management (RM) 
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2. Generation Schedule (GS) 90min ahead: Reserve Management (RM) 
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Fig. 5.  Outline of a real-time GS and RM. 
 
Step C If SDM appears, or if RSS region is 

nonexistence, arrange relevant reserve and 
update RTDF and/or line flow limit.  

Step D   Perform the optimization (Step 5) to provide real 
time GS, which will be sent to the generators as 
real-time control signal. 

 
Examination of DELD 
 
Simulation Conditions 
 
The proposed method is demonstrated using an example 
system [42] in Fig. 6. Although the network is different, 
demand and supply data are prepared based on an 
ordinary Japanese smart grid project where the installed 
PV generation is about 15% of peak demand. It is 
composed of three diesel generators, two load areas with 
PV generations and a battery station. Detail data are given 
in Tables 1-3.  
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Fig. 6. Simulation model. 
 



 

 

Typical weekday and weekend load patterns are used for 
the optimization process. Figure 7 shows the output of 
Day-ahead (DH) manager including the demand and PV 
output predictions, the total of generator outputs and BT 
operation given by 24 hour GS. In this stage of 
optimization, only the schedules for the starting and 
stopping time and for the battery operation are used. 
 

Table 1  Specification of generators. 

Unit 
k 

GkP  

[kW] 
GkP  

[kW] 
kδ  

[kW/min] 
kf  

1 1000 2000 66.7 0.0011P1
2+16.416P1

+4320 

2 625 1250 41.7 0.0021P2
2+17.410P2

+3667.5 

3 1125 2250 75 0.0002P3
2+20.178P3

+3933.7 

 
Table 2  Start and stop times. 

Demand 
pattern Unit k Start time Stop time 

Weekday 
1 - - 
2 14:20 17:20 
3 - - 

Weekend 
1 - - 
2 - - 
3 - - 

 
Table 3  Line data. 

Line No. Reactance [ohm] Line limits [kW] 
1-2 0.06 -1200 ～  1200 
1-5 0.24 -650 ～ 650 
2-4 0.03 -4600 ～ 4600 
2-5 0.18 -900 ～ 900 
3-4 0.24 -2000 ～ 2000 
3-6 0.10 -2700 ～ 2700 
6-5 0.06 -2700 ～ 2700 
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(b) Weekend 
Fig. 7.  Demand, PV and Battery operation patterns. 
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Fig. 8. The tolerances of prediction error 
 
Although the rest of the data is just for reference, real-
time demand prediction data are generated from the same 
data base and therefore Fig. 7 is informative. 
 

PDtΔ  and PDtΔ are set assuming that variances in the 
prediction errors increase linearly regarding time shown 
in Fig. 8. The upper and lower tolerances of prediction 
error are set as a linear function of time as follows: 

PDt PDt Dt
tP
T

γΔ = Δ = × ×     (57) 

Where T = 60 [min], t : prediction time (t = 0 for present 
operating point), γ is a parameter representing maximum 
prediction error, and [0%, 10%, 20%] will be examined. 
Allowable constraint violation for line flow is set to X = 
3σ = 0.26[%] in this examination. 
 
Results and discussions 
 
Figure 9 shows GS for 1 hour ahead for weekday ( γ = 
10%) at 13:45, including the upper and lower limits of 
TDF. As discussed before, the larger TDF, the larger 
system capability that copes with uncertainty is expected. 
It is observed that the feasibility of operation is 
guaranteed for 1 hour ahead in the GS. The most recent 
GS 5 minutes ahead is to be sent to each generating unit 
as a control signal. In this GS, PG2 will start-up at 14:20 to 
meet the increasing demand. 
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Fig. 9.  Feasible region (RTDF) and GS during weekdays. 
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Fig. 10. Feasible region (RTDF) at 10:00 during weekdays. 
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(b)  Weekend 
Fig. 11. The dispatch schedule. 

Figure 10 compares TDFs in γ =0, 10%, showing the 
effect of different setting of prediction error limits. It is 
clearly seen that TDF shrinks as the prediction error 
tolerances increases. 
 
Figure 11 shows the actual 1-day generation after the 
optimization process has been completed. Economic 
operation is attained, while coordinating uncertainty 
management. The network violation is successfully 
avoided by all means of the controllable resources, PG1, 
PG2, PG3 and BT. 
 
Table 4 summarizes the fuel cost and CPU time for the 
total of 24 hour real-time computation for individual cases 
using Pentium P6200 2.13GHz. Stable computation is 
realized in all the cases. 
 

Table 4  Fuel cost and CPU times. 
Pattern γ [%] Fuel cost [yen] CPU time [sec] 

Weekday 
0 1,759,200 21.2 

10 1,759,700 35.2 
20 1,760,400 48.9 

Weekend 
0 1,638,200 18.3 

10 1,638,400 18.3 
20 1,638,600 17.9 

 
Concluding Remarks for DELD 
 
Fluctuating levels of electricity production encountered 
from integrating large amounts of intermittent renewable 
energy into supply systems makes the demand-supply 
balance difficult to maintain. In this case, treatment of 
uncertainty is a critical issue by means of limited 
controllable resources.  
 
Concept of Robust Security is proposed and its solution is 
demonstrated for DELD problem. Frequent evaluation of 
generation schedule takes important role in order to 
update Robust Security regions against prediction error 
and to establish a reliable and accurate operation response 
to the sudden changes in supply output. Although the 
computation time is a critical issue, the proposed method 
provides a solution for a grid operation where a large 
amount of RE resources is to be operated successfully. 
 
Only the security limit for line flow is directly treated in 
the DELD problem, while effective approach is required 
to deal with the other stability factors. In the next section, 
the transient stability problem is investigated from the 
viewpoint of the robust security problem  
 
Basic Examination of TS 
 
Conditions for Simulation 
 
A scope of this section is to provide clear examples of the 
problems arising in the operation planning tasks caused 



 

 

by RE penetration. In order to demonstrate the concept of 
robust security, we hereby examine only transient stability 
(TS) for simplicity and neglect all other constraints such 
as transmission line thermal limits, voltage limits, voltage 
stability. We use simulation network of Fig.12 consisting 
of three areas, which is a dynamic equivalent obtained 
from the IEEJ West Japan 10-machine system. 3LG faults 
are considered at points A~C with fault clearing time, 
70ms. There are several premises as follows. 
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Fig. 12. Equivalent 3-machine model for West Japan system. 
 

Table 5  PV Gen output power forecast. 
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Fig.13. Setting of confidence region (PV Gen output power) 
 
1. Photovoltaic generation (PV) is introduced at load 

terminals, up to 25% of total generation capacity and 
is simulated as negative load. Its electric power 
output is up to 70% of installed capacity.  

2.  Sufficient reactive power is supplied. 
3. PV’s output power fluctuation is compensated by 

generator G1~G3. 
 
Outputs of PVs are treated as fluctuation parameter, 
which is uncertain a year before, but predictable one hour 

before. Thus, the size of uncertain may change depending 
on the purpose of analysis. In this examination, we set up 
two cases of PV’s fluctuation with different sizes of 
uncertainties in Table 5 and in Fig. 13. Case 1 is with 
small uncertainty and case 2 with large uncertainty. In 
both cases, we assume that area 3 is sunny and PV 
generates 6,000MW. It is noted that the uncertain setting 
in this section may be controversial but provides 
important information concerned with inherent 
characteristic of TS problem against uncertainties. More 
realistic setting for future West Japan system will be 
presented in the next section. 
 
Robust Static Security region (RSS) 
 
RSS at t is analyzed by TS simulation. Case1 is studied 
through analysis at representative four points of PV 
outputs, expressed by circles 1~4 in Fig. 14. At each point 
of PV output, transient stability analysis is repeated by 
changing continuously the generator dispatch patterns to 
check stability. The set of analysis has been performed for 
faults A, B and C individually. The results are shown in 
Fig.15, where the individual regions within dotted lines 
indicate SS regions for different PV outputs at circles 1~4 
in Fig.13. At planning stage where PV outputs have large 
uncertainty, we need to decide the operation point within 
the region overlapping all these SS regions.  
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Fig.14. Robust static security region for case 1 (fault A) 
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Fig.15. RSS region for case 1 (all faults A, B, C) 
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Fig.16. Nonexistence of RSS region for case 2 (all faults A, B, C) 
 
Security analysis under large uncertainties (Case2) 
 
Examination of RSS for fault point A is given in Fig.16. 
In this case, no overlap region is found, implying that 
RSS region disappears due to large uncertainty. The 
simulation result shows that, as uncertainties are 
becoming larger, RSS tends to shrink so that it may be 
difficult to keep operation point within RSS.  
 
Robust Dynamic Security region (RDS) 
 
Power system security analyses at t1 and t2 are performed 
to discuss dynamic transition and reachability through 
operating points using network in Fig. 12. Based on RSS 
at t1 and t2 obtained by transient stability analysis, we 
examine Robust Dynamic Security region (RDS). 
Suppose that load curve is given in Fig.17(a) and PV 
output powers at t1 and t2 are predicted as parameter 
fluctuation regions in Fig.17(b). Although unrealistic, no 
uncertainties are assumed in Area 3 where the output 
power of PV is constantly 6,000MW for simplicity. Based 
on the assumption, RSS is calculated at t1 and t2 in Fig. 18. 
In this examination, we set several point within RSS(t2) in 
Fig.18 as the starting points of analysis and then calculate 
DF region backward from the starting points. RTA(t1) is 
obtained as the sum set of the reachable points from the 
starting points.  
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(a) Power demand increasing scenario from t1 to t2.  
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(b) Power output of PV generations at t1, t2.  
Fig.17. Power demand and PV’s output patterns. 
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Fig.18. Transition of RSS. 
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Fig.19. Backward dynamic feasible regions. 
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Fig.20. Robust dynamic security region (RDS). 
 



 

 

An example of DF region at t2 is given in Fig. 19, which 
is a set of the reachable points from SS at t1 in Fig. 18. By 
repeating this calculation, RTA is obtained in Fig. 20 as 
the region at t1 reachable to RSS(t2) within the dynamic 
capability of electric power supply facilities. Finally, we 
obtain RDS(t1) as the intersection of RSS(t1) and RTA.  
 
An important observation is that, even though RSS is 
enough preserved in the static sense, only small RDS 
exists in this case. This implies that the operation 
planning taking account of dynamic transition of system 
states is a difficult task since the region of security itself 
shrinks with rapid change in loads, and furthermore, the 
shrink of the region is accelerated in the presence of 
uncertainty. 
 
TS Examination for West Japan system 
 
In this section, future conditions of the robust security of 
West Japan power system from present up to 2030 are 
analyzed from the point of view of transient stability. 
Other constraints such as thermal limits for transmission 
line, voltage limits and voltage stability are neglected. 
Static and dynamic characteristics of PV generations are 
studied based on the statistical analysis method in [43] 
applied to the weather data for West Japan, which is given 
in the Appendix. Then, using the PV generation 
characteristic data, the robust security analysis will be 
performed to compute RDS to investigate future 
conditions. The RDS will be used as a quantitative index 
for the N-1 security. Note that the examinations of this 
section are completely independent of those of previous 
section in the setting of parameters. 
 
Model System for Simulation 
 
The maximum load demand in 2010 for 60Hz power 
system in western part of Japan was 93GW and the 
maximum load demand in 2030 will be 108GW [41]. 
Since the original 60Hz power system is nearly 1,000 km 
in length from east to west and typical fish-bone type, it is 
rather easy to reduce the original system to a small 
equivalent system. We used the simulation model with 
three generators shown in Fig.12. Spinning reserve is 
secured 8% above the maximum load. Power supply 
capacities and maximum load demands at each area are 
shown in Table 6. The load demands at t1=10 [min] and 
t2=20 [min] are set up in Table 7 after preliminary 
examinations. In this time duration, the load following 
capability is quite important to be examined and is done 
by three generators. The ramp rate for each generator is 
set at 3%/min. 
 
 
 
 

Table 6  Power supply capacities and peak load in each area in 2030. 
[GW] G1, Area1 G2, Aera2 G3, Area3 Total 

Upper limit 20.5 21.5 74.0 116 
Lower limit 6.5 6.5 22.5 35.5 
Max. Load 19.5 20.0 68.5 108 

 
Table 7  Load demands at t1 and t2 in 2030. 

Time t0 
(present) 

t1 
(10 min. later) 

t2 
(20 min. later) 

Load [GW] 108.0 107.5 107.0 
 
Conditions for daily load curve and PV 
 
It is assumed that the daily load curves from the present 
up to 2030 are similar to each other where the yearly peak 
load will appear around 14 o’clock. All PVs are equipped 
with fault ride-through (FRT) function. That is, even in 
case of fault, all PVs keep operation without 
disconnecting from the power system. The characteristic 
of PV output fluctuation including treatment of the 
smoothing effect is given in the Appendix. 
 
RDS as the benchmark for the N-1 security 
 
The area of RDS will be used as a quantitative index for 
the N-1 security. First, 24 hour RDS is calculated from 
daily load curves in Fig. 21 using typical data for specific 
months, and the minimum value of RDS in each month is 
selected, given in Table 8, where low PV generation 
occurs in 2010. The minimum value of RDS is considered 
as the minimum level of the N-1 security. The result 
seems reasonable since the minimum RDS appears when 
yearly peak load is recorded. In this analysis, RDS is 
calculated for two cases with spinning reserves of 3% and 
8%. 
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Fig.21. Typical daily load demand curves. 
 
 
 



 

 

 
Table 8  RDS values. 
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Fig.22. RDS and daily load demand curve for present power system. 
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Fig.23. Scenarios of PV installation and load demand. 
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Fig.24. RDS at yearly maximum load demand. 
 
Since the minimum RDS, most severe situation, appears 
in August (as shown in Table 8), the detailed data are 
shown on Fig. 22, where 24 hour RDS curves are given 

for August. It is observed that the values of RDS are 4.5 
for 3% and 27.3 for 8%, which are used as the 
benchmarks for the security in 2010. 
 
Future security with increased penetration of PV 
 
Fig. 23  shows expected PV generation up to 2030, 
which correspond to target policy of the Japanese 
government. RDS of each year is calculated in a similar 
manner, given in Fig. 24. 
 
Note that the starting points of RDS are the benchmark 
values mentioned before. According to the result, it can 
be stated that it is difficult to maintain the N-1 security 
level especially after 2020’s. 
 
Conclusion 
 
A new concept of “Robust Power System Security” is 
proposed based on the modeling of uncertainties as well 
as the definitions of static and dynamic security regions, 
RSS and RDS. The forecast of loads and PV outputs must 
be properly modeled since their uncertainty cannot be 
eliminated. Over estimation will cause additional cost, 
while under estimation will result in system instability. 
Novel real-time DELD method is proposed, guaranteeing 
the power system operation in RDS regions. 
 
The proposed method is useful for a limited size of power 
system but is questionable for a bulk power system at 
present since the frequent update of GS requires very fast 
computations, and  most controllable power stations must 
be under the centralized control with severe output 
adjustment. The proposed method itself is robust and 
allows SDM, where no freedom of operating point exist 
and all the generators must produce specified outputs 
individually. Such a case contradicts the market based 
power system operation, implying that the increase in RE 
requires less market transactions and more integrated 
control to avoid system collapse. 
 
Transient stability analysis assuming the future 
circumstance in Japan has shown that, as the REs are 
increased, the RSS as well as RDS regions shrink and will 
finally disappear due to the uncertainties. Although more 
detailed analysis is necessary, an effective 
countermeasure needs to be developed. 
 
Furthermore, quantitative analysis is highly required to 
evaluate how much the security level is degenerated as 
functions of uncertainty. Since the security criterion 
actually determines the limit of power transfer, increase in 
uncertainty considerably affects the cost of power system 
operation. Analysis is important to describe  the 
relationship among the security criteria, size of 
uncertainty and the cost of power system operation. The 
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actual cost of RE should be more exactly evaluated in this 
respect. 
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Appendix: Analysis of PV Output Power 
 
PV output characteristics are analyzed by using the 
approach in [43] using the solar energy data provided by 
the Japan Meteorological Agency [44] for Hiroshima City. 
The solar energy data are directly converted to PV output 
powers assuming linear relationship between them. The 
smoothing effect is also taken into account to estimate PV 
output in the total area [45].  
 
The fluctuation of PV output power is analyzed by an 
index of Fluctuation Rate (FR) [%] based on the approach 
in [43].  

[ ] [ ]max  min  
[%]

    

t T t T

t t
PV Output PV Output

FR
Installed Capacity of PV

+ +−
=  (58) 

Maximum and minimum values of solar energy are 
counted during the considered time interval T as shown in 
Fig. 25. The analysis is performed by sliding the time 
window from 8 o’clock to 16 o’clock to detect the 
maximum value of FR, which is defined as MFR [%]. 
MFR is measured as ±MFR, whose denominator is the 
installed capacity of PV. Analysis is performed for 
different time windows by using one month solar data for 
Aug. 2010 [43]. The result is shown in Fig. 26. 
 

0
Time

PV
 o

ut
pu

t p
ow

er

Time window
(Window width T minutes)

Maximum fluctuation 
of  PV output power

t t+T8 16

Installation capacity of PV

t

[GW]

Fluctuation of 
PV output power

 
Fig. 25. Fluctuation rate of PV. 
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Since the  solar data were observed at a specific location 
in the area [43], the smoothing effect is taken into account 
to estimate PV output in the total area. The analysis 
concerned with the smoothing effect has been established 
recently such as in [44]. In this paper, we adopted the 
smoothing effect coefficient 25% of the actual PV output 
where the area of 100 km in radius is considered [44]. The 
result is given in Table 9, which is used in the analysis 
taking into account the smoothing effect for the three 
independent areas. 
 

Table 9  MFR with and without the smoothing effect. 

 MFR (%) 
1 min. 2 min. 10 min. 20 min. 

MFR  33.5 42.6 50.6 53.7 
MFR + smoothing effect 25.1 32.0 38.0 40.3 
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