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1 | INTRODUCTION

The power fluctuation of distributed photovoltaic (PV) systems significantly impacts the
balance of the power system, leading to risks like PV curtailment and load shedding, This
paper proposes a multi-level rolling warning method for distributed PV power fluctuation
(DPPF) based on interval analysis, aiming to establish a framework for proactively mitigat-
ing the potential adverse effects of fluctuations in distributed PV systems. Firstly, the power
control mechanism to deal with DPPF is clarified, and warning levels are defined to deter-
mine the range of fluctuations that can be controlled by different power control measures.
Secondly, based on the probability density of DPPE, the probabilities of each warning level
are obtained by integrating the probability densities within each warning range. Finally, the
differences in the forecasting accuracy of PV power fluctuations at different time scales
are analysed, and the rolling warning of DPPF is achieved by periodically updating PV
power output to adjust the warning results. Simulation results demonstrate that the pro-
posed method identifies the thresholds for each warning range and provides warnings
for different system operating conditions and PV power fluctuation events, confirming
its effectiveness and applicability.
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tion (DPPF) events to reduce the risks of PV curtailment and
load shedding is an area that needs to be investigated.

To accelerate the achievement of the “30-60” goal and pro-
mote the low-carbon transformation of energy, China has been
increasing its investment in the development of new energy, and
the installed capacity of photovoltaic (PV) power has rapidly
expanded [1-3]. However, distributed PV generation exhibits
strong randomness and volatility [4, 5], leading to increased
challenges in handling midday valley and evening peak power
supply challenges [6, 7]. This can result in imbalances between
power supply and demand as well as insufficient accommo-
dation of distributed PV power [8—10]. Therefore, how to
provide advanced warnings for distributed PV power fluctua-

Existing power system warning methods can be categorised
into statistical learning methods [11, 12] and physical analysis
methods [13, 14]. In [11], an eatly warning method based on a
decision tree and semi-supervised deep learning was proposed,
which considered dynamic security constraints and wind power
uncertainty and could quickly form insecure operating condi-
tion sets corresponding to different insecure levels. In [12], a
probabilistic risk assessment and eatly warning model based on
Bayesian deep learning was proposed that considered meteo-
rological conditions, aiming to provide warnings for potential
extreme weather events and reduce the impact of such events. A
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measurement-based approach was presented in [13] to evaluate
potential transient instability issues in a cascading power outage
scenario, effectively providing an eatly warning of impending
system instability. The security information index was proposed
in [14] to evaluate the static security of a system based on the
power flow calculation formula, aiming to identify the current
state of the power system, enhance its security, and establish
hierarchical thresholds to categorise the severity into four levels.
However, because DPPFs often involve “black swan” events,
there are technical challenges in the comprehensive and system-
atic collection of effective fault datasets. Therefore, from the
perspective of reliability, it is more appropriate to use physi-
cal analysis methods to address the issue of eatly warning for
DPPF; statistical learning methods are not practical.

DPPF can affect primary and secondary frequency regu-
lation, energy storage system charging and discharging, and
spinning and non-spinning reserves [15, 106], thereby leading
to risks, such as PV curtailment, load shedding, and frequency
excursions, which are closely related to power imbalance. There-
fore, the aforementioned risk warnings are valuable from the
perspective of power balance. For instance, a power balance
warning approach for regional grids was presented in [17],
where the probability of simultaneity rate compliance was detet-
mined using historical data, and a transmission power index
was introduced to assess grid stability. Under large-scale PV
integration into regional grids, variations in meteorological
conditions affect PV output within the affected areas. These
clustered power fluctuations are transmitted from the distribu-
tion to the transmission networks, significantly increasing the
grid frequency regulation requirements [18]. Additionally, com-
pared with centralised PV generation, predicting fluctuations in
distributed PV systems is more complex and challenging, There-
fore, the effect of DPPF on the power system balance cannot be
ignored.

In addition, DPPF is primarily caused by meteorological
factors, such as solar irradiance and temperature, which are
stochastic and uncertain [18-22]. The typically used methods
to address uncertainties in power systems include the scenatio
[23], robust optimisation [24], and interval analysis methods
[25, 26]. The scenatio method simulates uncertainties by gen-
erating several scenarios through sampling, which requires
knowledge of the probability distributions of the variables.
However, this is computationally intensive and often imprac-
tical for early warning systems that require a timely response.
The robust optimisation method makes optimal decisions based
on the worst-case scenario of uncertain parameters, resulting
in lower computational demands but overly conservative out-
comes, making it less suitable for warning systems because of
its one-sided results. In contrast, the interval analysis method
describes variables in the form of interval numbers, which
have lower computational requirements and more compre-
hensive results than robust optimisation methods. A Bayesian
optimisation-based time-series forecasting algorithm was pro-
posed in [25], which used interval analysis to obtain probability
prediction intervals for PV power generation under 15% to
95% confidence levels. In [26], a hybrid interval forecasting

model was developed based on fuzzy information granulation,
an improved long- and short-term memory network, and an
autoregressive moving average to predict the interval of PV out-
put power, which can accurately cover the actual PV power and
deliver more valuable decision information for power system
dispatching, This method is suitable for solving optimal dis-
patching problems using the vatiable-range information alone.
Currently, providing an accurate probability distribution of the
PV output for DPPF events remains challenging [27, 28]. This
aligns with the application scenario of interval analysis, in which
interval numbers can be used to represent the uncertainty of PV
power fluctuations.

Therefore, to address the aforementioned issues, this study
focuses on the power balance in the power system and incor-
porates interval analysis into DPPF warnings. Based on the
effectiveness of different power regulation measures on DPPF
events, a multi-level interval rolling warning method is pro-
posed, aiming to reduce risks, such as PV curtailment, load
shedding, and frequency excursions. The primary contributions
of this study ate as follows:

1) A multi-level warning method for DPPF events is proposed.
This method aims to achieve power balance and divides the
warning levels based on the effectiveness of different power
regulation measures. Five levels of warning were defined
based on the severity of the DPPF events.

2) Considering the uncertainty of the PV power, interval num-
bers were used to represent the DPPE The probability
density of the DPPF within each warning interval was deter-
mined, and warning probabilities were calculated. A rolling
warning approach was proposed that uses the latest PV pre-
diction data to adjust the warning results, thereby improving
the accuracy of long-term warnings.

2 | ALLOWABLE RANGE OF PV POWER
FLUCTUATION AMPLITUDE

The foremost power regulation measures in power systems
include primary frequency control, secondary frequency con-
trol, energy storage system charging and discharging, spinning
reserves, non-spinning reserves, solar power curtailment, and
demand response initiatives, such as load shedding. This sec-
tion evaluates the effectiveness of different power regulation
measures derives acceptable thresholds for the amplitude of
the fluctuations in the distributed PV output that can be equili-
brated via each power control mechanism across different time

petiods.
2.1 | Automation of power control in power
systems

Implementing automatic frequency control is crucial for main-
taining the power balance of power systems, particularly when
the distributed PV power fluctuates frequently.
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2.1.1 | Primary frequency control
According to the power balance condition, the power changes
of the generator and load satisfy:

Ng

Z Af +AP"Y = APF + K A, (1)

where Ng, 6;, Af, AP/pV, AP}, and K represent the num-
ber of conventional units, unit’s regulation rate, static frequency
deviation, magnitude of PV power fluctuation, the load predic-
tion deviation, and load’s frequency regulation effect coefficient,
respectively.

The composite frequency regulation effect coefficient of the
system is

Ng

K= Z—+KL @)

We used interval arithmetic to determine the allowable range
of PV power fluctuation amplitude so that power balance can
be achieved with one frequency regulation action alone, which
can be expressed as

—pvl .
AP AP = ARE K [AS A ()
vl =L i
APP = AP, + KA f™; 4
—pvl I
AP, = APY + KA ™, 5)

—pvl v )
where AP,V and APP ! represent the upper and lower lim-

its of the allowable range of PV power fluctuation amplitudes

at time 7 respectively. Aﬁf and AE} represent the upper
and lower bounds of the load power change caused by load-
Afmax and Afmin
represent the upper and lower limits of the allowable system

forecasting errors at time #, respectively.

frequency deviation, respectively.
As long as the PV power fluctuation amplitude falls within

the interval [Affwl , AFEV 1], power balance can be achieved with
just one frequency regulation action.

Considering the load prediction error, when calculating the
upper and lower limits of the PV power fluctuation range
according to Equations (4) and (5), the upper and lower bound-
ary values of the load power change should be used to ensure
that the power balance condition is satisfied within the error
range.

2.1.2 | Secondary frequency control

When power regulation capability of the primary frequency reg-
ulator is insufficient to independently address DPPF events,
secondary frequency regulation is required to further adjust the

output of the units to achieve power balance. According to the
power-balance condition, we obtain

NaGe

—2—Af+ 2 AP,

where NyGc represents the total number of automatic gen-
eration control (AGC) units, and AP, represents the output

A+ AP = APY+ KEA S, (6)

adjustment of unit ; at time 7.

By applying interval arithmetic rules, we can obtain the allow-
able range of PV power fluctuation amplitudes when both
the primary and secondary frequency regulations are in effect,
ensuring the condition of power balance is met, as

Nace
V2 —pVZ max min
[APP? AP, | =APY = Y [AP/; AP ]
=1
K [Afmin’ Afmax] : (7)
L Nace _
APP? = AP, — ) APTS 4+ KA ®)
J=t
—pv2 Nace _
AP, "= AP — Y APTT 4 KA, )

J=1

where AF;VZ and AE’VZ respectively represent the upper and
lower limits of the allowable range of DPPF amplitudes at time
¢t when secondary frequency regulation is involved. As long as
the PV power fluctuation amplitude falls within the interval

[ABEWQ, Aﬁfﬂ], the system can achieve power balance through
the combined action of the primary and secondary frequency
regulations. APm"‘ and AP represent the minimum and max-
imum ad]ustments of the AGC unit 7 at time #, respectively,
which can be expressed as

X : X 1
AP = min { PP = B AP L R A (10)

in _ in real,max
AP;T;' = max {P;m - /-’(),AP —A) T R Az‘} (11)
where P™" and P™™ represent the minimum and maximum
allowable outputs of the AGC unit, respectively; P, represents
the initial outputs of the AGC unit / when the warning occurs;
AP“Z11 nAng and APre(;‘1 rx}; respectively represent the upper and
lower limits of the actual adjustment of the AGC unit / at the

previous period, which can be expressed as

real,min __ ideal,min
AP ¢ ar = max {Ap/mén A AL Zan } . 12)

APrcal smax _ = min {AP ax Apldca ,max

J>(t=Ar) (r=Ar)> =7 j,(t—Ar) } (13)

ideal, ideal, :
Pl(ia An;j\ and AP ;"‘ 3‘;‘ respectively represent the

upper and lower limits of the ideal adjustment of AGC unit ;
determined by the deviation of the load forecast at time # — Az

where
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and the actual PV power fluctuations. The overall adjustment
range of all AGC units is determined by the deviation of the load
forecast and actual fluctuations of the distributed PV, which can
be written as

Nace
ideal,min __ 1. : —pv .
Zl A]_)/,(z‘—At) - A£(t_m> + KAfmm - AP(;—A/)’ (14)
=
Nage el L
ideal,max __ A7y ax pV
AP = AP(_pp + KAS/™ = APV (19)

From (10)—(15), it is evident that in the entite regulation pro-
cess, the ideal adjustment of the AGC units that can achieve
power balance at time # — A# should initially be calculated using
(14) and (15):

2.2 | Charging and discharging processes of
energy storage systems

Due to the limited foresight in predicting DPPE, relying solely
on primary and secondary frequency regulation methods may
lead to challenges in maintaining power balance during signif-
icant PV power fluctuation. This in turn affects the frequency
stability of the system. In such cases, it is necessary to consider
the discharging or charging of energy storage systems to achieve
power balance.

Based on the power balance conditions, it can be determined
that:

NG Nage

1 .
- FAS AR+ > AP, + AR = APM+ KR,
=1 "1 J=1

(16)

where ABESS represents the output of the energy storage system
at time 7. It is crucial to consider scenatios in which the energy
storage system is depleted or fully charged.

Transforming Equation (106) into interval form, we get

. —pv3 ) x ) in
[APPVS’ APF ] — AP) _ |:APtLSS,mm , ABLSS’ml ]
—

NaGc

— Z [AP;;“,AP;?I]]

J=1

+ K [Afm0 A 17
3 _ A" 1SS & i
AEE‘ =AP; _AP/,\,max_ A[;j’r;ax_i_KAfmm; (18)
J=1
Nage

— 73 ao . .
AP[;\ _ AE} _ ABESS,mm _ Z AP/{_I;m + KAfmax’ (19)
=t

—pv3 . o
where AP, and Afﬁ“‘o’ represent the upper and lower limits
of the permissible interval for the DPPF at time 7, respectively,

when secondary frequency regulation and the energy storage
system ate involved. As long as the PV power fluctuation ampli-

. L o . —pv3
tude remains within this interval [Aff”z, AP, ], the system can

achieve power balance through automatic power control and the
. . . ESS,ma
charging and discharging of energy storage systems. AR~

LSS, mi . .
and AP™7™" denote the maximum and minimum outputs of

the energy storage system at time #, respectively. The calculation
process can be expressed as

-

0,

ESS < 0or APPY? < APPY
. ~ L)
min {nerEESEI’ PFSS,maX} ,

A PfESS,max

EPS > 0and APP? > AP
— —t

S
-

O,

. . —pv2 —pv
EFS > EES or AP, > AP,

max

APESS,min _
- o . ’
max { (EtE_bls _ EIE?)?) /nf/mr’ PESS,mm} ,

s =

o o —pv2 —pv
EUSS < BESS and AP, < AP,

max
Y

)

t=Ar t=Ar

Z APTESS’mMAf _ 77[/)“, Z APTESS’minAf,

T=At T=A¢

. 1
ESS _ 77ESS _
Ez—A/ - E() 774/;

(22)

where EIESS represents the remaining capacity of the energy
EESS

storage system at time 7. F 0

denotes the maximum capac-
char and 77(115

the charging and discharging efficiency of the energy storage

ity of the energy storage system, and 7 represent
. —py ,

system, respectively. AP, and Afﬁ“ represent the upper and

lower limits, respectively, of the predicted output interval of the

distributed PV system.

23 |
system

Process of active power control in power

Owing to the limited lead time for forecasting PV power fluc-
tuations, achieving power balance solely through automatic
frequency regulation and the charging and discharging of energy
storage systems may become challenging during intense PV
power fluctuations, potentially affecting the stability of the sys-
tem frequency. In such cases, reserve capacity must be scheduled
to achieve power balance, including spinning and non-spinning
reserves.

23.1 | Spinning reserve

We increase the use of spinning reserves by issuing dispatch
instructions to adjust the output of non-AGC units, thereby
enhancing the power regulation capability. According to the
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powet-balance condition, we obtain

Ng Nace Nrnmsr ]
_Z 5 SAf+ARSS + N AP, + Y AP, + AP
J=1 m=1
= AP+ K A, 23)

where Npysr represents the number of units participating in
the spinning reserves, and AL, , represents the adjustment of
the output power of the splnnlng reserve unit z.

By applying interval arithmetic rules, we can obtain the allow-
able range of PV power fluctuation amplitudes when the system
achieves power balance through the simultaneous use of auto-
matic frequency control and spinning reserve scheduling, which

can be expressed as

Nrumsk

Z [Apqu Apmm]

it n,t

—pvé
a7 = a1t

m=1

_ [ A PSS min A PESS,max]
/ b

12

Nage
— Z [Apf’x;ax’ Apjrj}m]
+ K [Afmin, Ao (24)
\ Nrpsr bss Nage
< ,max <
AP = = AP, 2 AP — AP, - ) apm
=1
+ KA fmin; (25)
—pv4 Ninmisr S Nage
‘SS,min i
AP, = Z API® = ARSI — N AP
m=1 J=1
+ KA fmax, (26)

—pv4 . .
where AP, and A]_’lj“4 represent the upper and lower lim-
its, respectively, of the allowable range of PV power fluctuation
amplitudes at time 7 when both secondary frequency regulation

and spinning reserves ate involved. As long as the PV power

. . L. . 4 —pv4
fluctuation amplitude falls within the interval [Aff“ AP, ],
the system can achieve power balance through automatic power
control and spinning reserves. AP;I;“ and AP, respectively,
represent the minimum and maximum adjustment of spinning

reserve units » at time 7, which can be expressed as

AP = min {pg — Pag, AP + R,ﬁAf} ;@D

I,max
P,é o A Prea

AP = max {P A R/éAt} . (28)

where £ represents the sum of AGC and spinning reserve
units; AP/;“;“ and AP™ represent the minimum and maximum
adjustments of AGC or spinning reserve units, respectively;
P and B represent the minimum and maximum allowable

outputs of unit &, respectively; £ represents the initial output

of unit £ when the warning occurs, and AP, c;l n;‘; and APre(jl rzltn)

represent the upper and lower limits, respectively, of the actual
adjustment of unit £ at time # — A7, which are similarly affected
by the regulating variable and real-time PV power fluctuations.
They can also be calculated similarly to Equations (12) to (15).

2.3.2 | Non-spinning reserve and shutdown

When automatic frequency regulation and spinning reserve fail
to achieve power balance, the non-spinning units should be
started immediately in response to downward PV power fluc-
tuations to mitigate the risk of load shedding, Conversely, some
units should be shut down in the case of upward PV power fluc-

tuations to prevent PV curtailment. Based on the power balance
condition, we have

Ng Nage NrMsrR
Z 307+ 2 AP, +ARPS + 3 AP,
m=1
NyvNsrR )
+ ) AR, + AR = AR+ KA, 29)

n=1

where Npynsr tepresents the total number of non-spinning
reserve units and turned-off units, and AF,, represents the
power adjustment of the non-spinning reserve or shutdown
unit 7.

Simplifying and transforming Equation (29) into interval
form, we have

N1yvNsr

2 [APmax APmm]

nt nyt

- —pvh
[APY?, AP, ] = ABY -

n=1

NTMSR

_ Z [APmaX APmm]

myt mt
m=1

_ [APESS,min APESS,max]
/ )

2

Nace

= 2 [arpany]
/=1
+ K [Afmin, A o] (30)

L NyMNSR NTMSR
PVS _ AD max __ max
AE; = AP, 2 Az nt 2 A])/i/f
”/—

n=1

NaGe

_AP FSb max Z API‘:I;aX + KAfmin; (31)

NryNsr Nryvisr

_p\ T,
AP, =AP; - Y, AP - Z ARy
=1

=1

NaGe
_APthSS,mm _ Z AP;T“ + KAfmaX, (32)
=t
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where AB™ and APX}i“ tepresent the maximum and minimum
power adjustments of the non-spinning reserve or shutdown
unit 7, respectively. There ate primarily affected by the minimum
startup/shutdown time of the unit, which can be expressed as

A Pﬂr:x}ax — Panx ;Z/n’ (33)
on __ NES ) > l‘;/)ﬂ . (34)
A N R
in _ i ff
A]_';r;m - _Bzmm_];(:/ (35)
ff
f()ff — 17— ") = l;ff (36)
nt 0 r—t <™’

whete 5" and B, respectively, represent the maximum and
minimum allowable output power of unit #. f,’}
variable indicating whether unit #» can complete startup at time

is a binary

¢, depending on the startup time 7" of unit », with a value
of one indicating the completion of the startup. Similatly, f;’ff
is a binary variable indicating whether unit # can complete

shutdown at time 7.

2.4 | Process of forced power balancing of
power systems

When the aforementioned measures fail to satisfy the power
balance condition, it becomes necessary to implement load
shedding to address the downward PV power fluctuation or
curtailment to address the upward PV power fluctuation. The
forced power balancing situation can be expressed as

Ng N

1 A V,cur

-y Y + AP + Y AP, + AR — AR
i / i

I, 1,shed
=AP" - AP + KA f, (37
pv,curt . I.,shed
where AP represents the curtailed PV power, and AP,
represents the load power shed.
Assuming that the installed capacity of the PV generation
is PPV and the PV output power before the fluctuation
. PV . . . .
event is /7, it can be inferred that the maximum fluctuation
i« ppv,max _ pPV _ pbv
is P Ry or =R .

3 | ROLLING EARLY WARNING
PROCESS OF DPPF

3.1 | Classification of multi-level early
warning for PV power fluctuation events

When the allowable amplitude ranges of the DPPF corre-
sponding to different power control measures are determined,
different early warning levels can be established and compared
with the predicted values of the DPPF to achieve a hierarchi-

cal early warning. In this study, based on the severity of the
impact of DPPF events on the stability of the power system,
five warning levels were classified as follows:

1) When AP,pV € [AEF\Yl,AFE\l] indicates a relatively small
amplitude, the primary frequency regulation measure is
sufficient to achieve a power balance. Simultaneously, by
adjusting the AGC units, the system frequency quickly
returns to the rated value. Therefore, this DPPF event has
minimal impact on the stability of the power system and does
not require an alarm.

pv pv2 pvl —pvl —pv2

2) When AP" € [A£t ,A£t JU[AP, ,AP, ] indicates a
moderate amplitude, both primary and secondary frequency
regulation measures are required to achieve a power balance.
During the regulation process, it is necessary to continuously
monitor the operational status of the AGC units. There-
fore, DPPF events in this range have a minor impact on the
stability of the power system and require only a Level IV
warning,

PV pv3 pV2 —pv2  —Pv3

3) When AR € [AL7", AP "JU[AP, ,AP; ],the DPPF
is significant. During this period, automatic control mea-
sures alone cannot achieve power balance, necessitating
the adjustment of power by the energy storage system to
maintain balance. The activation of the energy storage sys-
tem requires manual operation. Considering the cost and
backup capacity limitations of energy storage systems [29,
30], DPPF events within this interval were classified as Level
IV warnings.

4) During AP € [APP™, APP7U a7 a7, auto-
matic control measures and energy storage methods are
insufficient to achieve a power balance. Hence, operators
must dispatch spinning reserve units to achieve power
balance. Therefore, PV power fluctuation events in this
range significantly impact the stability of the power system,
warranting Level ITI warnings.

PV v5 V4 —pv4 —pvS :

5) When AP € [Aff ,Aff JU[AP, ,AP, ], thereis a
substantial amplitude; hence, non-spinning reserve units
must be started, or some units must be shut down to achieve
power balance within a specific period. Operators must start
or stop the units in the appropriate time sequence to ensure
that the reserve capacity remains within a reasonable range
while maintaining the power balance. PV power fluctuation
events in this range significantly impact the stability of the
power system, leading to Level II warnings.

6) AP € [—APO"",AE”G] U [AFfVS,pn‘j;’X — APY] indicates
that during the specified period, all power adjustment mea-
sutes mentioned above are insufficient to achieve a power
balance. Consequently, PV curtailment or load shedding
must be implemented. In the event of an upward fluctu-
ation, resorting to PV curtailment results in a significant
waste of energy resources, leading to an increase in the
cost of power system operation. Conversely, in the case
of downward fluctuations, load-shedding measures must be
implemented, which may cause local power outages and
severely affect the reliability of the power system. Therefore,
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PV power fluctuation events within this range have a severe
impact on the economy and reliability of the power system,
warranting the highest level of warning, classified as Level 1
warnings.

3.2 | Probabilistic representation of
multi-level warning levels for PV power
fluctuation events

The PV power fluctuation amplitude is expressed in the form
of an interval number, which allows the probability that the
PV power fluctuation amplitude falls within different warning
intervals to be calculated. The probabilities of the other warning
levels for the DPPF can be expressed as

APPY

H = ) Japey (P)dP
min{APPS APP}

maLx{Al_)PVS ,AFPV }
+ / Sare (P)dP; (38)

IV

APPY

by = / Japes (P)dP
min{AP™ max{APP"? APPYY}

max{A]_)PV4 ,min{Avas ,AFPV}}
; / Jam (PP (39)
A

A va3
Fin = / ) Sapes (P)dP
min{APP*? max{APP" APPV}}
—pv3 —pv4d  —pv
max{APPV ,min{APm ,APp\ 1B

+ / I Sapey (P)dP; - (40)
AP

A vaZ

ﬁV = f APPY (P ) dP
min{APP*? max{APP"> APPV}}

—pv2 —pv3  —pv
max{APp ,rnin{APp ,APP B

+ / - Jap (P)AP; (41)
AP

APPY!

R = farr (PYAP

min{APP! max{APPY? APPV

max{AFPVl ,min{A]_Dp\ Z,A]_Dpv B
/ Sape (PYAP; (42

—pvl
N

Fon=1—Hh—-F —Fhn—hyv - K, (43)

where fpppv is the probability density distribution of the PV
power fluctuation amplitude between the upper and lower limits
of the prediction; f1, Fy, Fyy, I1y, and I, represent the prob-
abilities of the DPPF amplitudes falling within level I, II, III,
1V, and V warning intervals, respectively, and F7,,,, denotes the
probability of no warning being required.

Start

The prediction of DPPF
and load forecasts

v

Calculation of the allowable range
of photovoltaic fluctuation
amplitudes for different power
control methods at each moment

v

Division of warning
intervals

- + ™ Awaiting new
Calculation of the probability of forecast values

each warning level and
determination of the warning level A

photovoltaic fluctuation event
ended?

FIGURE 1 DPPF event multi-level interval rolling warning process
diagram.

Suppose that the prediction error of PV power fluctua-
tion amplitude follows a normal distribution [31-33], it can be
expressed as

AP” ~ N(u,0%), (44)

where p and o2 represent the expected value and variance of
DPPE, respectively. Assuming that the confidence interval for

v PV .
the confidence level 1 — & is [AE}? ,AP, ], then the variance of

the DPPF s 07 = (AP — AP, )/ (2Zz2).

3.3 | Multi-level interval rolling warning for
PV power fluctuation events

The rolling warning process is illustrated in Figure 1. The
primary steps are as follows:

1) Obtain the forecast values of the DPPF and load forecasts.
Calculate the allowable interval for the DPPF for different
power control methods at each moment based on Equations
(1)—(37) or the revised Equations (45) and (40).

2) Divide the allowable interval for the DPPF obtained in step
1 into five warning levels. Calculate the probability of each
potential warning level according to Equations (38)—(43) and
determine the warning level.
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TABLE 1 Parameters of the thermal units.
Maximum allowable Minimum allowable Minimum startup Minimum shutdown Ramp rate
Unit number output (MW) output (MW) time (h) time (h) (Prhax/h)
1 455 150 8 8 20%
2 455 150 8 8 20%
3 130 20 5 20%
4 130 20 5 5 20%
5 162 25 6 6 20%
6 80 20 3 3 20%
7 85 25 3 3 20%
8 55 10 1 1 20%
9 55 10 1 1 20%
10 55 10 1 1 20%
3) Determine whether the DPPF event has ended. If not,await 4.1 | Warning results of the PV power

new forecasted values and proceed to step 1 to recalibrate
the warning results; if so, conclude the process.

Using the predicted PV power fluctuation forecast data and
the operating status of the units in the previous petiod, the
warning limits and results of each warning interval are updated.
For example, if rewarning is performed at time #), the maximum
and minimum adjustments AP™™! and APmml of the AGC

y
unit 7 are modified from Equatlolns (10) and (111) as follows:

APmax,l

. = min { P —
/1 J

P ARSI L R A (4

AP = mas { B = B AP s} )

1, ,0 1, 0
where APW1 mAaY nd AP0 5 e the maximum and min-
) (1=

imum actual adjustments of the AGC unit ; at time # — Az,
respectively.

Similarly, equivalent modifications can be made to Equations
(12)—(15) and (27)—(28). This approach enables rolling warnings
and the correction of warning results.

4 | CASE STUDIES

In this study, a power system with ten conventional thermal
units [34, 35] was used to validate the effectiveness of the pro-
posed method. The detailed parameters of these units are listed
in Table 1. The lower-level distribution network of the sys-
tem has a total capacity of 600 MW for the DPV system. All
conventional units participate in the primary frequency regula-
tion, where units 1 to 4 are AGC units. The governor droop of
each unit is 5%, the load-damping coefficient is 1% [36], and
the allowable range of the power system frequency deviation is
+0.1Hz. Assume that the load and the PV power fluctuation
forecasting errors are 2% and 15%, respectively. Calculations
for the case study were performed using MATLAB R2022a.

fluctuation events

Three cases were designed to test the effectiveness of the pro-
posed approach. In Case 1, we assumed that a DPPF event with
an upward amplitude of 30% of the total output power of the
conventional units would occur from 10:00 am. Such extreme
events are primarily caused by weather conditions like intense
sunlight. The DPPF event warning was updated every 10 min
based on new PV forecasting data. The predicted load followed
a bimodal curve with peaks at 12:00 and 18:00 h, which is the
load of a typical urban area. Four warnings were issued in this
case, at 10:00, 10:10, 10:20, and 10:30 am, and the results are
shown in Figures 2-5. The computation time of the proposed
method was 0.42865 s.

As shown in Figure 2a, from 10:00-10:10 am, a power
balance was achieved through primary frequency regulation.
From 10:15 am onwards, the effects of the primary and sec-
ondary frequency regulations were insufficient to meet the
power balance requitements. Power balance can be achieved
by charging and discharging the energy storage system. How-
ever, after 10:50 am, owing to the capacity limitations of the
energy storage system, it becomes fully charged and is unable
to maintain the power balance. At 10:55 am, even an increased
dispatch of spinning reserve units could not ensure power bal-
ance. Because non-spinning reserves cannot be activated at this
time, power balance can only be achieved by curtailing PV
generation. By 11:00 am, with the activation of non-spinning
reserves, the system can achieve a power balance through these
measures.

The PV forecast fluctuation was assumed to follow a normal
distribution with a confidence level of 90%. Using interval rank-
ing methods to determine the probability density of the DPPF
within each warning interval, the probabilities of PV power
fluctuations falling within each warning level were obtained, as
shown in Figures 2b, 3b, 4b, and 5b.

Assuming a risk-warning threshold of 10%, the warning pro-
cess can be divided into four stages, as shown in Figure 2b. In
Stage 1, from 10:00 to 10:10 am, no warnings were generated.
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FIGURE 2  Warning results at 10:00 am for Case 1.

In Stage 2, from 10:10 to 10:50 am, the probability of generating
a Level IV warning or above exceeded 10%, placing the system
in a Level IV warning state. From 10:50 to 10:55 am, the system
entered Stage 3, and from 10:55 to 11:00 am, it transitioned to
Stage 4, corresponding to Level I and IT warning states.

4.2 | Validity analysis

The system parameters, DPPF events, and load conditions were
varied, and their impact on the warning results was analysed to
verify the effectiveness of the proposed warning method.

42.1 | Impactof different system parameters

In Case 2, unit 5 is changed to an AGC unit, and the minimum
downtime of units 9 and 10 is reduced to 0.5 h to allow for
early participation in response to PV power fluctuations. The
PV power fluctuations and load forecast data remained the same
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FIGURE 3  Warning results at 10:10 am for Case 1.

as in Case 1. The warning results at 10:00 am are shown in
Figure 6.

Comparing Figures 6a and 2a, it can be observed that the
upper limit of the fluctuation allowed by the secondary fre-
quency regulation slightly increased. This is because the addition
of AGC units in Case 2 increases the regulating rate and
adjustable capacity of the secondary frequency regulation. The
upper limit curve of the non-spinning reserve zone experi-
ences a stepwise upward shift at 10:30 am owing to the eatlier
shutdown of units 9 and 10.

Comparing Figures 6b with 2b, the overall probability of
Level III warnings decreases significantly, primarily because of

the upward shift in AF;\Z. Additionally, the Level I warning pre-
dicted to occur between 10:50 am and 10:55 am in Case 1 was
changed to a Level 1I warning because of the earlier shutdown
of Units 9 and 10. Thus, it can be concluded that for systems
with high penetration of distributed PVs, increasing the number
of AGC units or reducing the start/stop time of units can con-
tribute to achieving power balance in the power system, thereby
improving the stability and flexibility of the power system.
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FIGURE 4  Warning results at 10:20 am for Case 1.

42.2 | Impact of different PV power fluctuation

event occurrence times

In Case 3, the load curve changed to a typical bimodal curve in
the industrial area, with load peaks at 6:00 and 18:00. The load
variation changed from increasing to decreasing, whereas the
other data remained the same as in Case 1. The warning results
at 10:00 a.m. are shown in Figure 7.

In Case 1, the load and PV power fluctuations were in
the same direction, partially offsetting each other, and result-
ing in a slower net load variation, leading to a relatively lower
severity of warnings. In Case 3, however, the load demand grad-
ually decreased while the PV output increased, resulting in an
increased net load variation and increased difficulty in achieving
a power balance. A comparison of Figures 7b and 2b shows that
the probability of higher-level warnings significantly increases.
For example, between 10:45 and 10:50, the likelihood of a level
I warning in Case 1 was nonexistent. However, Case 3 showed
approximately a 50% chance of a Level I warning occurring,
This was because of the charging and discharging being shifted

Il Probability of Level V. E&Probability of No Warning
(b) Probability of each warning level

FIGURE 5 Warning results at10:30 for Case 1.

5 min eatlier, resulting in the battery reaching full charging
sooner. This indicates that the impact of PV power fluctua-
tion events on power system stability varies depending on the
scenario. Therefore, it is necessary to analyse the characteris-
tics of PV power fluctuation events and load demand vatiations
to accurately assess the severity of DPPF events and assign
appropriate warning levels.

In conclusion, the warning method proposed in this study
allows the analysis of the impact of different system parameters
and DPPF events. By analysing the allowed upper/lower lim-
its of PV power fluctuation and calculating the probability of
PV power fluctuations falling into each warning level, the pro-
posed method enables operators to understand the severity of
DPPF events and take appropriate measures in advance, avoid-
ing misjudgment caused by considering only extreme scenarios
and minimizing the adverse effects of extreme events on power
system stability. However, this method has certain limitations.
It does not consider the network topology of the actual system
and ignores network security constraints during the calculation
process. Consequently, the proposed method can only provide
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FIGURE 6 Warning results at 10:00 am for Case 2.

warnings for risks, such as potential PV curtailment and load
shedding, caused by the DPPE, without reflecting the risk of
line ovetload.

5 | CONCLUSION

In response to the power balance challenges caused by DPPE,
this study proposes a multi-level rolling warning method for PV
power fluctuation events based on interval analysis.

1. The allowable ranges of PV power fluctuations for power
control measures, including primary frequency modulation,
secondaty frequency modulation, enetgy storage system
charging and discharging, spinning reserve, non-spinning
reserve, and PV curtailment or load shedding, were deter-
mined, thereby obtaining the warning limits corresponding
to each warning level.

2. The probability of each warning interval can be obtained
using the proposed method, which allows operators to take
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FIGURE 7 Warning results at 10:10 for Case 3.

corresponding measures according to the warning status to
mitigate the impact of the DPPE. Additionally, rolling warn-
ings of DPPF events based on the latest PV forecast data
can effectively improve the reliability and accuracy of the
warning results.

3. For different system operation statuses and different PV
power fluctuation events, the proposed method can perform
multi-level rolling warnings, which verifies the effectiveness

and applicability of the technique.

The proposed method has practical significance in enhanc-
ing the stability of power systems with a high proportion of
distributed PV generation.
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