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ABSTRACT The power prediction error of uncertain renewable energy sources (URESs) affects the
power balance of a power grid. In the power systems with high proportion renewable power sources
(PSHPRPSs), automatic generation control (AGC) cannot accommodate the day-ahead power prediction
error. The dispatching control system (DCS) of PSHPRPSs adds real-time dispatching links to modify the
day-ahead dispatching plan so that the grid power error is within the range of AGC accommodation. This
paper proposes a critical time scale (CTS) selection algorithm based on time aggregation characteristics for
real-time dispatching of PSHPRPSs and calculates the annual CTS of real-time dispatching of power grids.
The uncertainty function is used to describe the relationship between the prediction error of the URESs
and the prediction lead time. The total uncertainty function is calculated based on the time aggregation
characteristics and is used to select the annual CTS of real-time dispatching. The proposed algorithm
quantitatively describes the relationship between the CTS and the operation proportion of URESs and
also AGC accommodation capacity. The calculated annual CTS not only ensures the power balance of
the power grid, but also avoids the daily change of the CTS. Using the data of URESs in the Irish power
grid, the feasibility of the proposed method was verified. The research results of this paper are helpful to
accommodate the day-ahead power prediction error of URESs and maintain the safe operation of power grid.

INDEX TERMS Uncertain renewable energy sources, power prediction error, real-time dispatching, critical
time scale, time aggregation characteristics.

I. INTRODUCTION
An increasing interest in wind and solar power over the past
two decades has been largely driven by the need to reduce
the use of fossil fuels and address the threat of global climate
change. However, random and intermittent characteristics
exist in wind and solar power. Power systems with high pro-
portions of uncertain renewable energy sources (PSHPRPSs)
[1], [2] are particularly susceptible to the uncertainty of power
availability, and day-ahead power prediction errors are higher
for PSHPRPSs compared those that a higher proportion
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of non-renewable power sources [3], [4]. To maintain the
safe operation of a power grid and maximize the use of
renewable energy sources, PSHPRPSs should accommodate
the power prediction errors of uncertain renewable energy
sources (URESs).

Previous research on how PSHPRPSs should best accom-
modate power prediction error of URESs has mainly focused
on three aspects. First, researchers have attempted to
improve the day-ahead prediction accuracy of URESs so
that PSHPRPSs can reduce their day-ahead power prediction
errors [5]–[10]. However, even with these efforts, power pre-
diction errors are still quite large owing to the inherent uncer-
tainty of the URESs. Second, researchers have examined
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the utility of conventional and energy storage power sources
as reserve power sources to accommodate power predic-
tion errors of URESs [11]–[14]. Third, researchers have
developed a dispatching control system (DCS) with a
power accommodation capability for PSHPRPSs. This sys-
tem accommodates the power prediction error of URESs step
by step through multiple predictions [15]–[17].

The power prediction errors of traditional power grids,
compared with those of PSHPRPSs, are smaller, and their
day-ahead dispatching plan is more accurate, thereby allow-
ing automatic generation control (AGC) to balance day-ahead
power errors. Therefore, the DCS of a traditional power grid
only includes two links: day-ahead dispatching and AGC.
In contrast, PSHPRPSs contain a high proportion of URESs,
and the day-ahead prediction errors are significant, so AGC
alone cannot accommodate the day-ahead power prediction
errors. Therefore, the DCS of PSHPRPSs should add a short
time scale power balance link to maintain the power balance
of power grids. To address significant day-ahead predic-
tion errors in PSHPRPSs, [18] proposed a three timescale
DCS that is coordinated by day-ahead dispatching, real-
time dispatching, and AGC. Similarly, [19] proposed a four
timescale DCS that is coordinated by day-ahead dispatching,
rolling planning, real-time dispatching, and AGC. Overall,
research on the DCSs of PSHPRPSs has mainly focused on
the addition of short time scale dispatching links [20]–[23].
Literature [24]–[27] used prediction / scheduling / control
coordination to accommodate the power prediction error of
URESs by adding multiple time scales. To avoid too many
short time scale power balance links affecting the work effi-
ciency of power grid DCSs, this paper uses a three-time scale
DCS.

The DCS of PSHPRPSs formulates a day-ahead dis-
patching plan based on the day-ahead power forecast and
a real-time dispatching plan based on the real-time power
forecast. Due to the large errors in the day-ahead dispatching
plan of PSHPRPSs, the real-time dispatching should modify
the day-ahead dispatching plan so that the power grid error
is within the range of AGC accommodation. When setting a
real-time dispatching plan, the critical time scale (CTS) of
real-time dispatching affects the power balance of the power
grid and the operating efficiency of the DCS. A CTS that is
too small will reduce the operating efficiency of the power
grid DCS, while a CTS that is too large will result in a
AGC that cannot accommodate the residual power prediction
error and a reduction in grid safety. Therefore, it is especially
important to select a suitable CTS for real-time dispatching
of PSHPRPSs. Previous researchers examining the design
of DCSs [28]–[31] set the CTS of real-time dispatching
to 0.25 h, 1 h, or 4 h. However, these researchers usually
choose the CTS of real-time dispatching based on experience
rather than theoretical research. Wang et al. [32] designed
the uncertainty function to select the CTS of real-time dis-
patching by describing the functional relationship between
the power prediction error of URESs and the prediction lead
time. However, CTSs that are selected by this method change

with the different daily prediction error. For an actual power
grid DCS with a constant share of URESs, the CTS for real-
time dispatching should be certain for one to several years.

The paper examine the operation mode of DCSs of
PSHPRPSs from the viewpoint of power balance. The CTS of
real-time dispatching is calculated by the uncertainty function
of URESs, and the influence of various parameters on the
CTS is examined. According to the time aggregation charac-
teristics of an uncertainty function, this study propose a CTS
selection algorithm for real-time dispatching of PSHPRPSs.
This study then verify the feasibility of the proposed method
of CTS selection using data from the Irish grid’s renewable
energy source to calculate the annual CTS of the Irish grid.
The simulation results show that the CTS of the PSHPRPSs
proposed in this paper not only ensures the power balance of
the grid but is also conducive to the efficient operation of the
power grid DCS.

The remainder of this paper is structured as follows.
Section II describes the DCS of PSHPRPSs and puts forward
a definition of critical time scale. Section III proposes a CTS
selection algorithm based on time aggregation characteristics.
Section IV verifies the accuracy of the proposed algorithm
by using the CTS selection algorithm to calculate the CTS of
the Irish power grid. Finally, the conclusions of this work are
presented in Section V.

II. CRITICAL TIME SCALE OF REAL-TIME DISPATCHING
This section describes the operation process of PSHPRPSs’
DCS and proposes a definition of CTS for real-time dispatch-
ing. The uncertainty function is established according to the
statistical relationship between the power prediction error of
URESs and the prediction lead time. The CTS formula is
established based on the uncertainty function of the URESs,
and the influence of each parameter on the CTS is explained.

A. DISPATCHING CONTROL SYSTEM OF POWER SYSTEMS
WITH HIGH PROPORTION RENEWABLE POWER SOURCES
The DCSs of PSHPRPSs consist of day-ahead dispatching,
real-time dispatching, and AGC. The day-ahead predic-
tion error of URESs is large, leading to the inaccuracy of
day-ahead dispatching. According to the real-time power
prediction, the real-time dispatching is formulated to mod-
ify the day-ahead dispatching plan, so that the power grid
error is controlled within the accommodation range of AGC.
The three dispatching links are connected step by step
to form a ‘‘prediction-correction’’ power balance within
the DCS.

In this paper, the power generated by thermal power,
hydropower, nuclear power, energy storage power, and active
load is called controllable power Pc. The power of wind
and solar power is called uncertain renewable energy power
Pures and is a ‘‘negative load power.’’ The grid load power
Pl is combined with Pures into an equivalent load Pel with
uncertainty characteristics and is defined by equation (1).

Pel = Pl − Pures (1)
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1) DAY-AHEAD DISPATCHING
The formulation of a day-ahead dispatching plan is based on
the day-ahead equivalent load prediction power Pdel . The con-
trollable powerPdc is used to balance the day-ahead equivalent
load prediction power PdelP

d
el . The balance question is defined

as:

Pdc − P
d
el = 0 (2)

Due to the large prediction error associated with URESs,
the prediction error of the equivalent load power is large.
To maintain the safe operation of a power grid, the day-ahead
dispatching needs to arrange reserve power for real-time dis-
patching andAGC to accommodate the error of the day-ahead
equivalent load power prediction.

2) REAL-TIME DISPATCHING
In PSHPRPSs, the day-ahead power prediction error of
URESs is large, resulting in an AGC that cannot accom-
modate the day-ahead power prediction error. Therefore,
the DCS adds a real-time dispatching link to predict the
real-time equivalent load power. The difference between the
real-time prediction value Prel and the day-ahead prediction
value Pdel of the power grid equivalent load is called the
day-ahead prediction error 1Pdel and defined as follows:

1Pdel = Prel − P
d
el (3)

In real-time dispatching, the reserve power Prc is used to
balance the day-ahead power prediction error so that the grid
equivalent load prediction error is controlled within the range
of AGC accommodation. The power balance equation is as
follows:

Prc −1P
d
el = 0 (4)

3) AGC
The power measurement value of AGC for equivalent load
of PSHPRPSs is the actual value of equivalent load. The
difference between the measured value Pel and the real-time
prediction value Prel of the equivalent load is called the
real-time prediction error 1Prel , defined as follows:

1Prel = Pel − Prel (5)

The AGC uses the frequency modulation reserve power Pac
of the power grid to accommodate the real-time prediction
error of the equivalent load and maintain the power error
of the equivalent load at 0. The power balance equation is
defined as follows:

Pac −1P
r
el = 0 (6)

4) OPERATION MECHANISM OF DCS FOR PSHPRPS
Operators of PSHPRPSs make day-ahead dispatching plans
and set reserve power based on the day-ahead forecast of
equivalent loads. According to the real-time prediction value
of equivalent load, the reserve power is used to accommo-
date day-ahead power prediction error 1Pdel . According to

FIGURE 1. Time series diagram of DCS for PSHPRPSs.

the AGC measurement value of equivalent load, the real-
time prediction error 1Prel is accommodated by using the
frequency modulation reserve power. However, the accom-
modation capacity of AGC is limited. Grid power balance can
be maintained if the real-time dispatching controls the power
error 1Prel within the accommodation capacity of the AGC.
Therefore, the equivalent load real-time prediction error1Prel
should satisfy the AGC constraint defined as follows:∣∣1Prel ∣∣ ≤ σ (7)

where σ is the accommodation capacity of AGC.
The time series diagram of the DCS for PSHPRPSs is

shown in Figure 1:
Real-time dispatching is nested within the constraints

of day-ahead dispatching (Fig. 1). Tr,n represents the nth
real-time dispatching cycle, which is nested in the day-ahead
dispatching. In this paper, the length of the real-time dis-
patching cycle is called the CTS of real-time dispatching.
A CTS that is too short will increase the number of real-
time dispatching cycles and reduce the operation efficiency
of the DCS. A CTS that is too long will result in a real-time
prediction error that exceeds the accommodation capacity of
the AGC. Therefore, it is essential to select a suitable CTS of
real-time dispatching for the optimal performance of a DCS
of PSHPRPSs.

B. DEFINITION OF CTS FOR REAL-TIME DISPATCHING
1) CTS OF REAL-TIME DISPATCHING BASED ON AN
UNCERTAINTY FUNCTION
The power prediction error and prediction lead time of
URESs follow the law of probability and statistics [33]. The
longer the prediction lead time, the larger the prediction error;
the shorter the prediction lead time, the smaller the prediction
error. The root mean square relative error was used by [34] to
calculate the relationship between the power prediction error
of URESs and the prediction lead time.

Here, this paper use the uncertainty function to describe
the relationship between the power prediction error and the
prediction lead time of the URES, previously defined in [35],
as follows:

Eures (t) = Aures
(
1− e−

t
τures

)
(8)

where, Aures is the amplitude of the uncertainty function,
and τures is the time constant of the uncertainty function.
Eures(t) is the power prediction error of URESs affected by
the prediction lead time.

It is assumed that the proportion of URESs in the
PSHPRPSs is β. Subsequently, the total uncertainty function
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of the PSHPRPSs is defined as follows:

Eg (t) = βEures (t) = Ag
(
1− e

−
t
τg

)
(9)

where, Ag is the amplitude of the total uncertainty function
and τg is the time constant of the total uncertainty function.
Eg(t) is the total power prediction error of URESs affected by
the prediction lead time.

In the real-time dispatching process, the size of the real-
time power prediction error depends on the lengths of the
prediction lead times. In order to maintain power balance, the
real-time power prediction error of the power grid should be
within the AGC accommodation capacity. Therefore, (7) can
be replaced with:

Ag
(
1− e

−
t
τg

)
≤ σ (10)

where, σ is the accommodation capacity of the AGC.
According to (9) and (10), in order to maintain the power

balance of power grid, the real-time prediction time of the
power grid should satisfy (11):

t ≤ τures ln
ηAures

ηAures − σ
(11)

Therefore, the CTS Tr of real-time dispatching is defined
by:

Tr = τures ln
ηAures

ηAures − σ
(12)

According to (12), since Tr > 0, each parameter should
satisfy the relationship of:

0 <
σ

ηAu
< 1 (13)

2) RELATIONSHIP BETWEEN CRITICAL TIME SCALE AND
PARAMETERS
The relationship between the CTS and theURESs’ proportion
β in PSHPRPSs is shown in Figure 2.

3) EFFECT OF ALGORITHM PARAMETERS ON CTS
a: THE RELATIONSHIP BETWEEN THE CTS AND THE URESs’
PROPORTION β

The CTS is inversely proportional to the proportion of URESs
in PSHPRPSs, with larger proportions of URES, resulting
in smaller CTSs (Fig. 2). Therefore, the CTS of real-time
dispatching should be smaller for PSHPRPSs.

b: THE RELATIONSHIP BETWEEN THE CTS AND THE AGC
ACCOMMODATION CAPACITY σ
The CTS is approximately proportional to the AGC accom-
modation capacity σ of the PSHPRPSs, with an increase in
the accommodation capacity of AGC, resulting in a gradual
increase in the CTS (Fig. 3). However, for certain power grid,
the adjustment range of the AGC accommodation capacity is
not large.

FIGURE 2. Relationship between CTS and the proportion β of URESs in
PSHPRPSs.

FIGURE 3. Relationship between CTS and AGC accommodation capacity
of PSHPRPSs.

c: THE RELATIONSHIP BETWEEN THE CTS AND THE
UNCERTAINTY FUNCTION AMPLITUDE
The CTS is inversely proportional to the uncertainty function
amplitude of the URESs, with larger uncertainty function
amplitudes resulting in smaller CTSs (Fig. 4). For a given
uncertainty function amplitude, systems with larger propor-
tions of URESs had smaller CTSs (Fig. 4). This correlation
indicates PSHPRPSs that have large uncertainty function
amplitudes should use smaller CTS for the optimal operation
of renewable energy grids.

d: THE RELATIONSHIP BETWEEN THE CTS AND THE
UNCERTAINTY FUNCTION TIME CONSTANT
The CTS is directly proportional to the uncertainty function
time constant of the URESs, where larger uncertainty func-
tion time constants result in larger CTSs (Fig. 5). For a given
uncertainty function time constant, systems with larger the
proportions of URESs had smaller CTSs (Fig. 5).
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FIGURE 4. Relationship between CTS and the uncertainty function
amplitude of URESs.

FIGURE 5. Relationship between the CTS and the uncertainty function
time constant of the URESs.

e: THE RELATIONSHIP AMONG PARAMETERS IN (9)
According to (9), the power prediction error of URESs is
affected by both the amplitude and the time constant of uncer-
tainty function. When the uncertainty function amplitude
increases and the time constant decreases, the power predic-
tion error gradually increases (Fig. 6). The CTS of real-time
dispatching decreases with an increasing uncertainty function
amplitude and a decreasing time constant (Fig. 7). Together,
these results indicate that the CTS decreases with an increase
in the power prediction error of URESs.

III. CRITICAL TIME SCALE SELECTION BASED ON TIME
AGGREGATION
Keeping the CTS of real-time dispatching unchanged will
reduce the workload of dispatchers and improve work effi-
ciency. Therefore, if the proportion of URESs is constant,
the CTS should remain unchanged in the actual operation pro-
cess of power grid dispatching. This constancy is challeng-
ing to achieve for URESs because these power sources are
affected by seasonal climate change. Here, this study propose

FIGURE 6. Relationship among the power prediction error of URESs, the
uncertainty function amplitude, and the time constant.

FIGURE 7. Relationship between the CTS, the uncertainty function
amplitude, and the power prediction error of URESs.

a solution to seasonal uncertainty function of the power grid
based on the time aggregation characteristics of the uncer-
tainty function. The seasonal CTS is solved according to the
seasonal uncertainty function, after which the annual CTS is
selected.

A. TIME AGGREGATION OF THE UNCERTAINTY FUNCTION
The uncertainty function corresponding to the total time
period T is E . The uncertainty functions corresponding to
time period T1,T2, · · · ,Tn are E1,E2, · · ·En respectively.

The uncertainty function Ei corresponding to any period Ti
is defined as follows:

Ei (t) =

√
1
Ti
·

∫ Ti

Ti−1
ε2i (t) dt (14)

where, εi is the power prediction error of the URESs during
the Ti period.

The total uncertainty function E corresponding to the total
time period T is defined as follows:

E (t) =

√
1
T
·

∫ Tn

T1
ε2 (t) dt (15)
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The relationship between the total time period T and each
time period T1,T2, · · · ,Tn is defined as follows:

T = T1 + T2 + · · ·Tn (16)

The relationship between the each time period uncertainty
function E1,E2, · · ·En and the total uncertainty function E is
defined as follows:√

1
T
·

∫ Tn

T1
ε2 (t) dt =

√√√√ 1
T
·

n∑
i=1

∫ Ti

Ti−1
ε2 (t) dt (17)

According to (13), (17) can be simplified as follows:

E2 (t) = ρ1 · E2
1 (t)+ ρ2 · E

2
2 (t)+ · · · + ρn · E

2
n (t) (18)

where ρi is defined as follows:

ρi =
Ti
T
, (i = 1, 2, · · · , n) (19)

when +∞ is selected for time t,E (+∞) = A. According
to (18), the relationship between the amplitudeAi of each time
period uncertainty function E1,E2, · · ·En and the amplitude
A of the total uncertainty function E is defined as follows:

A =

√√√√ n∑
i=1

ρi · A2i (20)

The relationship between the derivative function of the
uncertainty function E1,E2, · · ·En in each time period and
the derivative function of the total uncertainty function E is
defined as follows:(
dE (t)
dt

)2

+ E (t)
d2E (t)
d2t

=

n∑
i=1

ρi

((
dEi (t)
dt

)2

+ Ei (t)
d2Ei (t)
d2t

)
(21)

Because E (0) = 0, (21) can be simplified to:(
dE (0)
dt

)2

=

n∑
i=1

ρi

(
dEi (0)
dt

)2

(22)

The initial value of the derivative function of uncertainty
function E is defined as follows:

dE (0)
dt
=

1
τ

(23)

where τ is the time constant of the uncertainty function.
According to (22), the relationship between time constant

τi of uncertainty function E1,E2, · · ·En in each time period
and time constant τ of total uncertainty function E is defined
as follows:

τ =

n∏
i=1
τi√√√√ n∑

i=1

(
ρi

i−1∏
j=1
τ 2j ·

n∏
l=i+1

τ 2l

) (24)

According to (20) and (24), the amplitude A and time con-
stant τ of the total period uncertainty function are calculated
by using the amplitude Ai and time constant τi of each period
uncertainty function.

B. SELECTION OF THE CRITICAL TIME SCALE FOR
REAL-TIME DISPATCHING
The calculated value of the CTS is generally not an integer,
which is not conducive to the actual dispatching operation of a
power grid. In this paper, the CTS is converted to an integer by
setting the resolution of the CTS of the power grid as1T , and
then selecting 1

2h,
1
3h,

1
4h,

1
6h,

1
12h in order of priority. When

the proportion of URESs is β = 1, (25) is verified from 1
2h to

1
12h in turn. When it is verified that a certain resolution 1Ti
satisfies (25), the resolution1T of the CTS of the power grid
takes this value.

Ag

(
1− e

−
1T
τg

)
≤ σ (25)

The CTS Tr,k and resolution 1T of real-time dispatching
should satisfy the following:

Tr,k = k ·1T (26)

where Tr,k represents the kth level CTS.
For any PSHPRPSs, the total uncertainty function Eg (t) is

calculated according to (20) and (24). Assuming that the CTS
Tr of real-time scheduling is the kth level CTS Tr,k , it satisfies
the following inequality constraint:

βAg

(
1− e

−
Tr,k
τg

)
≤ σ

βAg

(
1− e

−
Tr,k+1
τg

)
> σ

(27)

According to (26), the constraints of (27) can be changed
to:

τg

1T
ln

βAg
βAg − σ

≥ k >
τg

1T
ln

βAg
βAg − σ

− 1 (28)

For any PSHPRPSs, the total uncertainty function isEg (t).
If the proportion of URESs β, the amplitude of the uncer-
tainty function Ag, and the time constant τg satisfy (28), then
the CTS of the real-time dispatching for the power system is
the kth level CTS Tr,k .

C. SELECTION OF ANNUAL CTS
In contrast to non-renewable power sources, the power pre-
diction error of URESs is greatly affected by seasonal vari-
ations in climate. In this paper, the uncertainty function of
each season is calculated based on the time aggregation char-
acteristics of the uncertainty function according to the power
prediction error of URESs in different seasons. The CTS of
real-time dispatching for each season is calculated according
to the uncertainty function of each season (Fig. 8).

The intersection point of the uncertainty function curve and
the AGC accommodation capacity curve of each season is the
CTS of real-time dispatching for each season (Fig. 8).
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FIGURE 8. Seasonal uncertainty functions.

If T > Tcr , the power prediction error of the URESs
cannot be completely accommodated, resulting in the power
of grid imbalance. Therefore, for a PSHPRPSs, in order
to completely accommodate the power prediction error of
URESs, the time scale of real-time scheduling should satisfy
T ≤ Tcr . For the uncertainty function of different seasons,
different CTSs are calculated. The time scale of each season
has its own constraint. The annual CTS should meet the
requirements of the CTS for each season. According to (29),
the annual CTS is the minimum value of the CTSs for each
season, i.e.,

Tr = min{Tr,sp,Tr,su,Tr,au,Tr,wi} (29)

where, Tr,sp,Tr,su,Tr,au,Tr,wi are the CTS of spring, sum-
mer, autumn, and winter, respectively. Tr is the annual CTS
of PSHPRPSs.

D. STEPS TO SELECT THE CTS
The CTS selection algorithm for real-time dispatching
of PSHPRPSs is performed with the following steps
(Fig. 9).

1) The ARIMA model is used to predict the generation
power of URESs.

2) The uncertainty function Ei of each dispatching cycle is
calculated.

3) According to (20) and (24), the amplitude A and time
constant τ of the total period uncertainty function are calcu-
lated by using the amplitude Ai and time constant τi of each
period uncertainty function.

4) According to (25), the CTS resolution1T of the power
grid is selected.

5) According to (28), the level of the CTS for each season
of the power grid is calculated.

6) According to (26), the CTS of the grid for each season
is calculated.

7) Based on the principle that the annual CTS needs tomeet
the requirements of the CTS for each season, the annual CTS
is selected according to (29).

FIGURE 9. Steps in the CTS selection algorithm for real-time dispatching
of PSHPRPSs.

IV. SIMULATION RESULTS
This study used Irish renewable energy source data [36] to
verify the proposed CTS selection algorithm for the real-time
dispatching of PSHPRPSs. The proposed algorithm was used
to select the CTS for the Irish Island power grid. Simulations
were performed in MATLAB 8.3.0.532 (R2014a) on a per-
sonal computer with an i5-4200M CPU, 2.50 GHz processor,
and 4.0 GB RAM.

In this case, the ARIMA method was used to predict the
power generation of URESs in Ireland. According to the
power prediction error, the amplitude and time constant of
the uncertainty function of each season were calculated. The
amplitude and time constants of the seasonal uncertainty
function in Ireland are presented in Table 1.
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TABLE 1. Parameters of Irish island seasonal uncertainty function.

FIGURE 10. Uncertainty functions of URESs in Ireland for four seasons.

TABLE 2. Seasonal CTS of the Irish Power Grid.

The abscissa of the intersection of the seasonal uncertainty
function and the AGC accommodation capacity line is the
seasonal CTS (Fig. 10). Before the uncertainty function is sat-
urated, under the same prediction lead time, the uncertainty
power prediction error in autumn is the largest and the CTS
is the smallest (Fig. 10). This result indicates that in order to
maintain the safe operation of the Irish power grid, the CTS
should be based on the CTS for autumn.

The time scale resolution was used to adjust the calculated
value of the CTS to an integer. The seasonal CTS was calcu-
lated according to the seasonal uncertainty function, and the
calculation (Table 2 ). According to (29), the annual CTS of
Ireland is 1 h, and the annual CTS should meet the needs of
each seasonal CTS.

If the daily CTSs are larger than the annual CTS, then
the annual CTS can meet the demand of the daily real-time
dispatching. The ratio of the total number of days that met
the demand to the total number of days per year was used to
evaluate the accuracy of the annual CTS, defined as follows.

Per =
N
365
× 100% (30)

where, N is the number of days that the annual CTS meets
the requirements.

TABLE 3. Annual critical time scale evaluation index of Irish power grid.

FIGURE 11. Annual critical time scale evaluation index of Irish power grid.

FIGURE 12. Total uncertainty function corresponding to the different
proportions of URESs.

TABLE 4. CTS for real-time dispatch of Irish power grids with different
proportions of URESs.

Using (30), Per was 100%, demonstrating that the annual
CTS satisfied the CTS requirement for each dispatching day
throughout the year (Fig. 11; Table 3). These results suggest
that the annual CTS calculated using the algorithm proposed
here satisfies the CTS requirements of the Irish power grid.
Simulation results verify the accuracy of the annual CTS
selection algorithm proposed in this paper.

The proportion of URESs in the power grid exaggerates
the total uncertainty with increasing CTSs of real-time dis-
patching in the Irish power grid (Fig. 12; Table 4). The CTS
of the real-time dispatching for the Irish power grid gradu-
ally decreases with an increase in the proportion of URESs
(Fig. 12). Therefore, we can predict that as the Irish power
grid increases the proportion of renewable energy sources,
the CTS of the power grid will decrease.
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FIGURE 13. Influence of AGC accommodation capacities on the CTS of
real-time dispatching for the Irish power grid.

TABLE 5. CTS of real-time dispatching for the Irish power grid
corresponding to different AGC accommodation capacities.

The CTS of real-time dispatching gradually increases with
the increase in the AGC accommodation capacity of the Irish
power grid (Fig. 13; Table 4 ). This result indicates that adding
AGC regulating units to the Irish power gridwill help increase
the CTS of real-time dispatching and reduce the frequency of
real-time dispatching.

In this section, the algorithm proposed in this paper is
used to calculate the CTS for the Irish Island power grid.
Based on the analysis of the influence of the proportion of
URESs on the CTS of real-time dispatching in the Irish power
grid, we conclude that the CTS of real-time dispatching will
decrease as the proportion of URESs increases in this grid.
By analyzing the influence of AGC accommodation capacity
on the CTS of real-time dispatching, we show that adding
AGC regulating units serves to increase the CTS of real-time
dispatching. The simulation results verify the accuracy of the
proposed algorithm

V. CONCLUSION
The AGC of PSHPRPSs cannot accommodate the power
prediction error of power grids. The DCS adds real-time
dispatching to rectify the day-ahead dispatching plan, and
the control power error is within the AGC accommodation
capacity. If the CTS of real-time dispatching is extremely
large, it will cause the power grid to be unbalanced and
if it is extremely small, it will increase the frequency of
real-time dispatching and reduce the operational efficiency
of the DCS. To maintain the safe and efficient operation of a
power grid, this paper proposes a CTS selection algorithm

for the real-time dispatching of PSHPRPSs based on the
characteristics of time aggregation. The proposed algorithm
quantitatively depicts the relationship between the annual
CTS of real-time dispatching and the prediction error, opera-
tion proportion ofURESs, andAGC accommodation capacity
of URESs. Calculating the total uncertainty function through
time aggregation characteristics ensures that the CTS of
real-time dispatching is stable over a year. The CTS of the
PSHPRPSs proposed in this paper not only ensures the power
balance of the grid but is also conducive to the efficient
operation of the power grid DCS. In comparison with the
existing literature, the main contributions of this work can
be summarized as follows: (1) this paper reveals the time
aggregation characteristics of the uncertainty function of
URESs and proposes a CTS selection algorithm for real-time
dispatching based on the time aggregation characteristics. (2)
The CTS of annual real-time dispatching for PSHPRPSs is
calculated to ensure that the CTS does not change every day.

REFERENCES
[1] E. Du, N. Zhang, C. Kang, and M. Miao, ‘‘Reviews and prospects of the

operation and planning optimization for grid integrated concentrating solar
power,’’ Proc. CSEE, vol. 36, no. 21, pp. 5765–5775, 2016.

[2] L. Zhang, L. Zhu, N. Chen, D. Jiang, Y. Liu, and D. Zhao, ‘‘Review on
generic model for wind power generation,’’ Autom. Electr. Power Syst.,
vol. 40, no. 12, pp. 207–215, 2016.

[3] K. Heussen, S. Koch, A. Ulbig, and G. Andersson, ‘‘Unified system-level
modeling of intermittent renewable energy sources and energy storage
for power system operation,’’ IEEE Syst. J., vol. 6, no. 1, pp. 140–151,
Mar. 2012.

[4] N. Li and K. W. Hedman, ‘‘Economic assessment of energy storage in
systems with high levels of renewable resources,’’ IEEE Trans. Sustain.
Energy, vol. 6, no. 3, pp. 1103–1111, Jul. 2015.

[5] N. Chen, Z. Qian, I. T. Nabney, and X.Meng, ‘‘Wind power forecasts using
Gaussian processes and numerical weather prediction,’’ IEEETrans. Power
Syst., vol. 29, no. 2, pp. 656–665, Mar. 2014.

[6] M. Cui, J. Zhang, Q. Wang, V. Krishnan, and B.-M. Hodge, ‘‘A data-driven
methodology for probabilistic wind power ramp forecasting,’’ IEEE Trans.
Smart Grid, vol. 10, no. 2, pp. 1326–1338, Mar. 2019.

[7] U. Das, K. Tey, M. Seyedmahmoudian, M. Idna Idris, S. Mekhilef,
B. Horan, and A. Stojcevski, ‘‘SVR-based model to forecast PV power
generation under different weather conditions,’’ Energies, vol. 10, no. 7,
p. 876, 2017.

[8] O. Elena Dragomir, F. Dragomir, V. Stefan, and E. Minca, ‘‘Adaptive
neuro-fuzzy inference systems as a strategy for predicting and controling
the energy produced from renewable sources,’’ Energies, vol. 8, no. 11,
pp. 13047–13061, 2015.

[9] F. Wang, Z. Mi, S. Su, and H. Zhao, ‘‘Short-term solar irradi-
ance forecasting model based on artificial neural network using sta-
tistical feature parameters,’’ Energies, vol. 5, no. 5, pp. 1355–1370,
2012.

[10] Y.-K. Wu, P.-E. Su, T.-Y. Wu, J.-S. Hong, andM. Y. Hassan, ‘‘Probabilistic
wind-power forecasting using weather ensemble models,’’ IEEE Trans.
Ind. Appl., vol. 54, no. 6, pp. 5609–5620, Nov. 2018.

[11] X. Liu, B. Wang, Y. Li, and K. Wang, ‘‘Stochastic unit commitment model
for high wind power integration considering demand-side resources,’’
Proc. CSEE, vol. 35, no. 14, pp. 3714–3723, 2015.

[12] S. Nag, K. Y. Lee, and D. Suchitra, ‘‘A comparison of the dynamic per-
formance of conventional and ternary pumped storage hydro,’’ Energies,
vol. 12, no. 18, p. 3513, 2019.

[13] A. Nikoobakht, M. Mardaneh, J. Aghaei, V. Guerrero-Mestre, and
J. Contreras, ‘‘Flexible power system operation accommodating uncertain
wind power generation using transmission topology control: An improved
linearised AC SCUC model,’’ IET Gener., Transmiss. Distrib., vol. 11,
no. 1, pp. 142–153, Jan. 2017.

VOLUME 8, 2020 52265



Y. Chen et al.: Selection of a CTS of Real-Time Dispatching for Power Systems With High Proportion Renewable Power Sources

[14] S. K. Nimma, M. D. A. Al-Falahi, H. D. Nguyen, S. D. G. Jayasinghe,
T. S. Mahmoud, and M. Negnevitsky, ‘‘Grey Wolf optimization-based
optimum energy-management and battery-sizing method for
grid-connected microgrids,’’ Energies, vol. 11, no. 4, p. 847, 2018.

[15] E. A. Bakirtzis and P. N. Biskas, ‘‘Multiple time resolution stochastic
scheduling for systems with high renewable penetration,’’ IEEE Trans.
Power Syst., vol. 32, no. 2, pp. 1030–1040, Mar. 2017.

[16] C. Liu, Q. Chao, and L. Wei, ‘‘Wind-storage coupling based on actual data
and fuzzy control in multiple time scales for real-time rolling smoothing of
fluctuation,’’ Electr. Power Autom. Equip., vol. 35, no. 2, pp. 35–41, 2015.

[17] K. Wang, B. Zhang, D. Yan, Y. Li, and T. Luo, ‘‘A multi-time scale rolling
coordination scheduling method for power grid integrated with large scale
wind farm,’’ Power Syst. Technol., vol. 38, no. 9, pp. 2434–2440, 2014.

[18] Z. Wang and Z. Guo, ‘‘On critical timescale of real-time power balancing
in power systems with intermittent power sources,’’ Electr. Pow. Syst. Res.,
vol. 155, pp. 246–253, Feb. 2018.

[19] B. Zhang, W. Wu, T. Zheng, and H. Sun, ‘‘Design of a multi-time scale
coordinated active power dispatching system for accommodating large
scale wind power penetration,’’ Autom. Electr. Power Syst., vol. 35, no. 1,
pp. 1–6, 2011.

[20] E. Mayhorn, L. Xie, and K. Butler-Purry, ‘‘Multi-time scale coordination
of distributed energy resources in isolated power systems,’’ IEEE Trans.
Smart Grid, vol. 8, no. 2, pp. 998–1005, Mar. 2017.

[21] J. Shang and Z. Liu, ‘‘Coordination theory of energy-saving generation
dispatch and its application,’’ Electr. Power Autom. Equip., vol. 29, no. 6,
pp. 109–114, 2009.

[22] H. Wang, C. He, G. Fang, and L. Fu, ‘‘A gradual optimization model
of dispatching schedule taking account of wind power prediction error
bands,’’ Autom. Electr. Power Syst., vol. 35, no. 22, pp. 131–135, 2011.

[23] G. Zhang, B. Zhang, and W. Wu, ‘‘Coordinated roll generation scheduling
considering wind power integration,’’ Autom. Electric Power Syst., vol. 35,
no. 19, pp. 18–22, 2011.

[24] P. Lu, ‘‘Multi-time scale active power optimal dispatch in wind power
cluster based on model predictive control,’’ Proc. Chin. Soc. Electr. Eng.,
vol. 39, no. 22, pp. 6572–6582, 2019.

[25] W. Shen, W. Wu, B. Zhang, T. Zheng, and H. Sun, ‘‘An on-line rolling
generation dispatch method and model for accommodating large-scale
wind power,’’ Autom. Electr. Power Syst., vol. 35, no. 22, pp. 136–140,
2011.

[26] B.Wang, N. Tang, X. Fang, S. Yang, andW. Ji, ‘‘Amulti time scales reserve
rolling revisionmodel of power systemwith large scale wind power,’’Proc.
Chin. Soc. Electr. Eng., vol. 37, no. 6, pp. 1645–1656, 2017.

[27] Y. Zhang, K. Liu, X. Liao, and Z. Hu, ‘‘Multi-time scale source-load coor-
dination dispatch model for power system with large-scale wind power,’’
High Voltage Eng., vol. 45, no. 2, pp. 600–608, 2019.

[28] Y. Huang, W. Hu, Y. Min, W. Luo, Z. Wang, and W. Ge, ‘‘Multi-
objective coordinative dispatch for wind-storage combined systems con-
sidering day-ahead generation schedules,’’ Proc. CSEE, vol. 34, no. 28,
pp. 4743–4751, 2014.

[29] Z. Li, W. Wu, B. Zhang, and B. Wang, ‘‘Adjustable robust real-time power
dispatch with large-scale wind power integration,’’ IEEE Trans. Sustain.
Energy, vol. 6, no. 2, pp. 357–368, Apr. 2015.

[30] S. Yang, J. Liu, J. Yao, H. Ding, K. Wang, and Y. Li, ‘‘Model and strategy
for multi-time scale coordinated flexible load interactive scheduling,’’
Proc. CSEE, vol. 34, no. 22, pp. 3664–3673, 2014.

[31] J. Zhai, J. Ren, M. Zhou, and Z. Li, ‘‘Multi-time scale fuzzy chance
constrained dynamic economic dispatchmodel for power systemwithwind
power,’’ Power Syst. Technol., vol. 40, no. 4, pp. 1094–1099, 2016.

[32] Z. Wang, Z. Guo, G. Wang, and Z. Wu, ‘‘On the critical timescale of
real-time dispatch considering power balancing under power systems with
high proportional intermittent power sources,’’Proc. CSEE, no. S1, vol. 37,
pp. 39–46, 2017.

[33] X. Xu, D. Niu, M. Fu, H. Xia, and H. Wu, ‘‘A multi time scale wind
power forecasting model of a chaotic echo state network based on a hybrid
algorithm of particle swarm optimization and tabu search,’’ Energies,
vol. 8, no. 11, pp. 12388–12408, 2015.

[34] P. Lauret, E. Lorenz, and M. David, ‘‘Solar forecasting in a challenging
insular context,’’ Atmosphere, vol. 7, no. 2, p. 18, 2016.

[35] Z. Wang and Z. Guo, ‘‘Quantitative characterization of uncertainty levels
of intermittent power sources,’’ J. Renew. Sustain. Energy, vol. 10, no. 4,
Jul. 2018, Art. no. 043304.

[36] System Information. Accessed: Dec. 13, 2019. [Online]. Available:
http://www.eirgridgroup.com/how-the-grid-works/system-information/

YUE CHEN is currently pursuing the Ph.D. degree
in electrical engineering with the Harbin Institute
of Technology. His research interests include opti-
mal dispatching theory of power systems, opti-
mal power flow of power systems, and renewable
energy power systems.

ZHIZHONG GUO received the Ph.D. degree from
the Harbin Institute of Technology, in 1989. His
research interests include automation of power
systems, power system stability analysis and
control, power system optical measurement tech-
nology, research on operation and dispatching
technology of consumer-type pumped storage
power stations, and research on key technologies
of large-scale wind power generation bases wait.

HONGBO LI received the master’s degree. His
research interests include measurement technol-
ogy of power optical sensor and research on opera-
tion and dispatching technology of consumer-type
pumped storage power stations.

YI YANG received the Ph.D. degree from the
Harbin Institute of Technology, Harbin, China,
in 2019. His current fields of interests include
power system analysis, power system optimal dis-
patching, and power system transient analysis.

GUIZHONG WANG received the master’s
degree. His research interests include renewable
power generation, grid information monitoring,
and research on operation and dispatching tech-
nology of consumer-type pumped storage power
stations.

ABEBE TILAHUN TADIE is currently pursuing
the Ph.D. degree in electrical engineering with
the Harbin Institute of Technology. His research
interests include power system operation and con-
trol, power system optimization, renewable energy
integration, energy storage and optimization, and
smart micro grid.

52266 VOLUME 8, 2020



Y. Chen et al.: Selection of a CTS of Real-Time Dispatching for Power Systems With High Proportion Renewable Power Sources

OUYANG ZHIBIN received the master’s degree
from the Harbin Institute of Technology. His
research interests include full-waveform protec-
tion based on optical current transformers and
has performed research on reducing the impact of
protection action time on power system stability
in-depth exploration.

ZHE DING is currently pursuing the master’s
degree in electrical engineering with the Harbin
Institute of Technology. His research interests
include renewable energy grids, optimal power
flow of power systems, and power system stability
analysis and control.

VOLUME 8, 2020 52267


	INTRODUCTION
	CRITICAL TIME SCALE OF REAL-TIME DISPATCHING
	DISPATCHING CONTROL SYSTEM OF POWER SYSTEMS WITH HIGH PROPORTION RENEWABLE POWER SOURCES
	DAY-AHEAD DISPATCHING
	REAL-TIME DISPATCHING
	AGC
	OPERATION MECHANISM OF DCS FOR PSHPRPS

	DEFINITION OF CTS FOR REAL-TIME DISPATCHING
	CTS OF REAL-TIME DISPATCHING BASED ON AN UNCERTAINTY FUNCTION
	RELATIONSHIP BETWEEN CRITICAL TIME SCALE AND PARAMETERS
	EFFECT OF ALGORITHM PARAMETERS ON CTS


	CRITICAL TIME SCALE SELECTION BASED ON TIME AGGREGATION
	TIME AGGREGATION OF THE UNCERTAINTY FUNCTION
	SELECTION OF THE CRITICAL TIME SCALE FOR REAL-TIME DISPATCHING
	SELECTION OF ANNUAL CTS
	STEPS TO SELECT THE CTS

	SIMULATION RESULTS
	CONCLUSION
	REFERENCES
	Biographies
	YUE CHEN
	ZHIZHONG GUO
	HONGBO LI
	YI YANG
	GUIZHONG WANG
	ABEBE TILAHUN TADIE
	OUYANG ZHIBIN
	ZHE DING


