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An Optimal Over-frequency Generator Tripping
Strategy for Regional Power Grid with High
Penetration Level of Renewable Energy

Zhihang Zhou, Libao Shi, and Yixuan Chen

Abstract—This paper proposes an optimal over-frequency gen-
erator tripping strategy aiming at implementing the least
amount of generator tripping for the regional power grid with
high penetration level of wind/photovoltaic (PV), to handle the
over-frequency problem in the sending-end power grid under
large disturbances. A steady-state frequency abnormal index is
defined to measure the degrees of generator over-tripping and
under-tripping, and a transient frequency abnormal index is
presented to assess the system abnormal frequency effect dur-
ing the transient process, which reflects the frequency security
margin during the generator tripping process. The scenario-
based analysis method combined with the non-parametric ker-
nel density estimation method is applied to model the uncertain-
ty of the outgoing power caused by the stochastic fluctuations
of wind/PV power and loads. Furthermore, an improved fire-
works algorithm is utilized for the solution of the proposed opti-
mization model. Finally, the simulations are performed on a re-
al-sized regional power grid in Southern China to verify the ef-
fectiveness and adaptability of the proposed model and method.

Index Terms—Frequency response, over-frequency generator
tripping, wind power, photovoltaic (PV), fireworks algorithm.

[. INTRODUCTION

T is generally known that the system frequency in a pow-

er grid reflects the real-time balance of the active power
between the supply side and the demand side [1]. As a con-
sequence, the system frequency will deviate following a
fault such as the tripping of the main transmission line.
When the unbalanced power exceeds the acceptable regula-
tion limit of the system, the conventional frequency regula-
tion effects of loads and generators fail to prevent the contin-
uous system frequency excursion [2]-[4], and several emer-
gency control measures including the over-frequency genera-
tor tripping (OFGT) [5]-[8] and the under-frequency load
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shedding (UFLS) [9]-[13] will be triggered to rebalance the
active power between the supply side and the demand side
by tripping generators or shedding loads.

In recent years, the rapid development of large-scale grid-
connected renewable energy sources has posed huge chal-
lenges to the power system dynamics involving voltage sta-
bility, transient stability and frequency stability [14]-[17].
These non-synchronous generation units lower the system in-
ertia and make the system frequency response capability
worse, which lead to the frequency variation and excursion
at a relatively alarming rate when a fault occurs. On August
9, 2019, there was a large power outage accident in the UK
that affected nearly 1 million people. The lack of system in-
ertia caused by the high penetration level of renewable ener-
gy weakens the system ability to withstand active power dis-
turbances, and on the other hand, it is one of the main rea-
sons to trigger the UFLS protection during faults [18]. In
China, there exists higher penetration level of renewable en-
ergy in some regional sending-end power grids, and the high
frequency problem becomes more serious owing to the un-
balanced power in the case of a fault. Therefore, it is impera-
tive to conduct in-depth exploration and exploitation on how
to efficiently formulate the OFGT strategy with high penetra-
tion level of renewable energy.

To date, the vast majority of the research on the emergen-
cy control under a disturbance has mainly focused on the
UFLS strategy for the receiving-end power grid, whereas
there have been relatively few studies discussing the OFGT
strategy for the sending-end power grid. As one of the most
important emergency protection measures to alleviate the
power surplus in the sending-end power grid, the OFGT
strategy can effectively prevent accidents from evolving into
a blackout and ensure the safety of the system at the cost of
tripping a small number of units in the initial stage of the
fault. The capacity of generators to be tripped and the appro-
priate tripping rounds of the stage-by-stage OFGT strategy
are discussed in [6] based on the single-machine equivalent
load model. In [7], the configuration principle of the OFGT
strategy for multiple circuits of the ultra-high voltage direct
current (UHVDC) transmission blocking faults is analyzed,
and the OFGT strategy is proposed correspondingly. In addi-
tion, in [8], the system frequency characteristics considering
the high penetration level of renewable energy are studied.
The advantages of tripping the conventional generation unit
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and the renewable energy source with the same capacity for
the OFGT strategy are discussed as well. However, most ex-
isting OFGT strategies are developed more or less based on
the engineering experience. Furthermore, it is not clarified
how to set the specific generators to be tripped in each
round of OFGT, which needs to be studied further.

This paper proposes an optimal OFGT strategy to discuss
the impact of high penetration level of wind/photovoltaic
(PV) generation units on system frequency characteristics of
the regional sending-end power grid. The scenario-based
analysis method is applied to deal with the uncertainties of
renewable energy generation, and an improved fireworks al-
gorithm is applied for the solution of the proposed optimiza-
tion model. The case studies are performed on a real-sized
regional power grid in Southern China to verify the validity
of the proposed model and method. The main contributions
of this paper are summarized as follows.

1) We propose an optimal OFGT model to suppress the
system frequency deviation and avoid the frequency collapse
under faults with minimum generator tripping cost.

2) We define a steady-state frequency abnormal index
(SFAI) and introduce it as a penalty term into the objective
function to avoid the risk of generator over-tripping and un-
der-tripping. Furthermore, we propose a transient frequency
abnormal index (TFAI) to implement the quantitative evalua-
tion of the system abnormal frequency effect during the tran-
sient period under a fault.

3) We adopt the non-parametric kernel density estimation
method to model the uncertainty of the outgoing power
caused by the uncertainty of renewable energy. And we im-
prove the fireworks algorithm to avoid falling into the local
optimal solution when solving the proposed optimization
model.

The remainder of this paper is shown as follows. In Sec-
tion II, the effect of the high penetration level of renewable
energy on the frequency characteristics is evaluated, and an
optimal OFGT model is established. The solution of the pro-
posed optimization model based on the improved fireworks
algorithm combined with the scenario-based analysis method
is described in Section III. In Section IV, the case studies
are performed on a real-sized regional power grid in South-
ern China. The conclusions are summarized in Section V.

II. PROBLEM FORMULATION

A. Frequency Characteristics of Aggregated System Frequen-
¢y Response (ASFR) Model

In this paper, an ASFR model [19] is applied to analyze
the frequency response process of the system under a distur-
bance. Figure 1(a) shows the block diagram of the ASFR
model, where H is the equivalent system inertia constant, D
is the damping factor including the generator damping and
the load frequency response, R is the frequency droop coeffi-
cient, /¥, T, T, T; and K, are the high-pressure turbine
constant, the reheater time constant, the steam chest time
constant, the governor time constant, and the mechanical
power gain, respectively. The forward link represents the
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equation of motion of the system equivalent generator, and
the feedback loops describe the responses of generators to
the frequency variation Af. When the initial unbalanced pow-
er APy occurs in the system, it is quickly manifested as a
system frequency deviation, and this part of the unbalanced
power is absorbed by the speed governor action response
AP, and the transient surplus power AP,. From Fig. 1(a), the
frequency deviation Af is mainly affected by AP, R, and H.
If AP, is a constant, the transient frequency deviation per-
tains to the system inertia H, and the larger H is, the smaller
the transient frequency deviation is. Similarly, the steady-
state frequency deviation is highly correlated to R, and the
larger R is, the larger the steady-state frequency deviation is.
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Fig. 1. Block diagram of frequency response process of system. (a) ASFR

model. (b) Modified ASFR model with OFGT.

Figure 1(b) shows the block diagram of the modified
ASFR model incorporating the OFGT block, where AP, is
the total capacity of generators to be tripped. Based on the
local frequency information, the stage-by-stage OFGT strate-
gy quickly reduces the redundant power by tripping the gen-
eration units when faults occur, thus maintaining the frequen-
cy stability of the system.

B. Impact of Grid-connected Renewable Energy Systems on
Frequency Response

When the large-scale PV power stations and wind farms
are connected to the existing power grid, the frequency re-
sponse of the system will significantly change owing to the
entirely different operation characteristics of the renewable
energy generation compared with the conventional power
generation. In particular, the changes of the frequency char-
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acteristics are primarily reflected in the variations of the fre-
quency droop coefficient and the system inertia constant.

It should be noted that the participation of the renewable
energy generation units like wind farms and PV power sta-
tions in the frequency regulation is an inevitable trend with
increasing penetration level of renewable energy. Some re-
search has been conducted on providing the short-term iner-
tia and supporting the frequency regulation of wind farms
[20]-[22]. In a regional power grid, when the installed capac-
ity of the conventional generation units such as hydropower
and thermal power units is P, and the installed capacity of
the renewable energy generation units is P,, the penetration
level of the renewable energy S can be defined as:

Py Py

p= —

= 1
PortPoc Py M

where P; is the total installed capacity of the system.

To be more specific, if we further differentiate the renew-
able energy generation units, f can be divided into the fol-
lowing two items: item f,, which participates in the frequen-
cy regulation with improved control strategies, and item f,
that is not involved in the frequency regulation. Regarding
item f,, for the PV power stations, they have no inertia, and
for the wind farms, since they are connected to the power
grid via converters, the mechanical system is fully or partial-
ly decoupled from the power grid. Therefore, the frequency
droop coefficient of the corresponding renewable energy gen-
eration R, can be perceived as infinity, and the correspond-
ing inertia H,, is approximated as zero (or very small). We
assume that the frequency droop coefficient of the conven-
tional generation system is R.., and the corresponding iner-
tia constant is H.. Then the system frequency droop coeffi-
cient R, and the inertia constant H, with integration of re-
newable energy can be expressed as:
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where P, is the total power of the renewable energy gener-
ation, which contributes to the frequency response and the
virtual inertia of the system; P, is the rated power of the
renewable energy generation without frequency regulation
control; H,, is the equivalent virtual inertia constant; and
Ry, 1s the equivalent droop coefficient.

It should be noted that (2) and (3) have only theoretical
significance, because some variables such as R, and H g,
are difficult to calculate and may be time dependent [23]. In
particular, when all renewable energy generation units do not
have the ability of frequency regulation, namely £, =0, (2)
and (3) can be simplified as:
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It can be seen from (4) that the system frequency droop
coefficient becomes larger with the integration of wind
farms and PV power stations, and the frequency droop coef-
ficient pertinent to the equivalent system R, increases with
the increase of f. As the penetration level of renewable ener-
gy increases, the steady-state frequency deviation of the sys-
tem will eventually become larger. Similarly, it can be seen
from (5) that the integration of renewable energy reduces the
total inertia of the entire system. Furthermore, as the penetra-
tion level of renewable energy increases, the system inertia
constant declines, and the frequency deviation in the tran-
sient process will further deteriorate according to Fig. 1(a).
Therefore, for the regional power grid with the high penetra-
tion level of renewable energy, the system frequency would
tend to be jeopardized in some extreme faults, and some emer-
gency protection measures such as OFGT should be applied.

C. Optimization Model of OFGT

As the critical stability control measures for the sending-
end power system in China, the primary frequency control,
the secondary frequency response based on automatic genera-
tion control, and the OFGT strategy play significant roles in
maintaining the system frequency stability under disturbanc-
es. However, the activations of the primary and secondary
frequency control require relatively long periods of time, and
the regulation capacity is limited [24]. In case of emergency,
it is necessary to trip power generation units through OFGT
strategy in an attempt to greatly reduce the unbalanced power.

As shown in Fig. 2, when the frequency f rises above the
predefined threshold for a period of time (usually 0.1-0.5 s
delay time to prevent malfunction), the stage-by-stage OFGT
control and processing unit is triggered based on the local
frequency, and the tripping signal is sent to the generation
side. However, the variation of system operation conditions
and the randomness of system failures will weaken the adapt-
ability of the OFGT strategy to a certain extent. In addition,
once the OFGT strategy is set up, it will remain unchanged
for a long time. Therefore, an effective OFGT strategy
should meet the system stability requirements under various
operation conditions at the lowest possible generator tripping
cost.
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Fig. 2. Schematic diagram of stage-by-stage OFGT strategy.
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In this paper, we propose an optimal OFGT model that
aims to minimize the generator tripping cost while satisfying
a series of system constraints. In the proposed optimization
model, the generator tripping cost is represented by the sum
of generator capacities tripped for each round, and the corre-
sponding objective function F' can be modeled as:

minF= Y w, Y43 S ui Py + |APY |+ APY

ieN jeM teKlel

(6)
where w, is the probability of the /" fault type; 4, is the prob-
ability of the j™ typical scenario; N and M are the sets of
faults and typical scenarios, respectively; K is the set of gen-
erator tripping rounds; L is the set of power generation units
including the wind/PV generation units; x}/ is a binary vari-
able indicating whether the unit is tripped or not; P}/, is the
generator capacity to be tripped correspondingly; and AP’
and AP/’ are the penalty terms pertinent to the steady-state
and transient frequencies, respectively, which are described
in detail as follows.

1) The penalty term AP,/ is defined as a SFAI in this pa-
per, aiming to avoid possible generator over-tripping and un-
der-tripping. The expression of SFAI AP, is expressed as:

Cl (f}[n _f;p) f}hz 2 up
SFAI=AP} = 10 Jio <Jn <fup
CZ (/}in _/;(7) f;in Sﬁo

where C, is the under-tripping coefficient, whose physical
meaning is to convert the excessive steady-state frequency
into the under-tripping generator power corresponding to the
ideal OFGT strategy; C, is the over-tripping coefficient,
whose physical meaning is to convert the deficient steady-
state frequency into the over-tripping generator power corre-
sponding to the ideal OFGT strategy; f;, is the steady-state
frequency after generator tripping; f, and f, are the lower

and upper bounds of the normal allowable gteady—state fre-
quency, respectively, such as 49.8-50.2 Hz prescribed for the
power grids in China.

The physical meaning of SFA/ is to measure the degree of
generator over-tripping and under-tripping in the OFGT strat-
egy from the perspective of steady-state frequency. Accord-
ing to (7), the value of SFA/ is mainly determined by the
steady-state frequency f;, and the value range of SFAI is
(-0, +o0). In our work, SFAI >0 denotes the generator under-
tripping condition, namely f, is greater than the upper
bound of the allowable steady-state frequency, and the larger
the SFAI value is, the higher the degree of generator under-
tripping is; SFAI <0 denotes the generator over-tripping con-
dition, namely f,, is less than the lower bound of the allow-
able steady-state frequency, and the smaller the SFA/ value
is, the higher the degree of generator over-tripping is; SFAI =
0 denotes the appropriate generator tripping condition, name-
ly f;, is within the allowable range after the OFGT opera-
tion. In addition, the values of C, and C, are related to the
installed capacity of generators and the regulation capability
of the system. Their values should not be too small or too
large, and need to be designed according to specific applica-
tion examples.

2) We assume that the transient frequency abnormal dura-

(7

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 5, September 2021

tion ¢, is the time when the transient frequency exceeds the
permitted threshold f, in which the corresponding allowable
time of equipment is 7, In order to avoid the adverse influ-
ence of high frequency on the turbine blades and satisfy the
transient frequency standards of the grid-connection technolo-
gy for wind and PV power generation, ¢, should be less than
t, after the operation of OFGT. Compared with the two-
element table method [25] consisting of specific frequency
and time, the evaluation method based on frequency integra-
tion [26] can better reflect the impact of the cumulative char-
acteristics of transient frequency on system security. There-
fore, in this paper, the frequency integration based method is
modified to quantitatively evaluate the system abnormal fre-
quency effect during the transient period, and we define the
following TFAL

[ =
TFAl= ———————
(f, =1,
where f is the rated frequency of power system; and ¢, is the
starting time for calculating 7FA/ and can be determined ac-
cording to (9).

®)

S@)=/t;+1,) Q)
where f(#,) and f(t, +¢,) are the transient frequency values at
time 7 and time ¢ +¢, within the oscillation range of the
maximum transient frequency, respectively.

Furthermore, according to the values of ¢, and ¢, Fig. 3
shows three cases of calculating 7FA/, and TFAI can be ex-
pressed by the areas of the shaded parts S,, S,, S, and S, as
shown in Fig. 3. Therefore, TFAI can be expressed as:

% t>t
S, r=h
FOV P L WL S
TS, 48,48, T (10)
S,
- £=0
S+, !

Fig. 3. Transient frequency curves. (a) 7,21, (b) 0<t,<t, (c) t,=0.
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The physical meaning of 7FAI denotes the degree of gen-
erator under-tripping in the OFGT strategy from the perspec-
tive of transient frequency. According to (8) and (10), the
value of TFAI is mainly determined by the transient frequen-
cy f, and the value range of TFAIl is [-1,+). Here,
TFAI >0 indicates that the generator under-tripping occurs,
and the larger the value of TFAI is, the higher the degree of
generator under-tripping is; 7FA/ <0 indicates that the tran-
sient frequency meets the transient frequency requirements
after the OFGT operation. Therefore, the transient frequency
penalty term AP/’ can be defined as:

C,-TFAI TFAI>0
0 TFAI<0

where C, is the transient frequency penalty coefficient.

The physical meaning of C, is to convert the degree of
generator under-tripping of OFGT into the under-tripping
generator power corresponding to the ideal OFGT strategy
from the perspective of transient frequency. Similar to C,
and C,, the value of C, is related to the installed capacity of
generators, the regulation capability of the system, and the
preference for transient frequency index and steady-state fre-
quency index in the objective function F. And the value of
C, needs to be designed according to specific application ex-
amples.

The proposed OFGT strategy should also satisfy the fol-
lowing constraints.

1) The tripping generator amount in each round should
not be too large or too small:

AP, iy € D P S AP,

lelL

apji=| (an

(12)

where AP, ;, and AP are the minimum and maximum al-
lowed tripping generator amounts in the ™ round, respective-

ly

f,max

2) In order to prevent the action of UFLS, the transient
frequency f should be more than a certain value after OFGT:

S > Frain (13)
where f . is the minimum frequency allowed in the transient
process, namely the frequency pertinent to UFLS in the first
round.

3) For the regional power grid, when a fault occurs on the
external transmission line, and then the regional power grid
is disconnected from the main network, the outgoing power
P, transmitted to the main network in the normal state can
be approximately equal to the initial unbalanced power
APy, . Therefore, the transient frequency can be calculated ac-
cording to Fig. 1(b), and the corresponding equality con-
straints are given as:

Pout=PR+PC_Ploud_Plusx (14)

dAf_

2H —
dr (15)

where P, is the renewable energy generation output; P. is
the conventional power station output; P, , is the load pow-
er; and P, is the power loss of the regional power grid.

loss

Poul_APlr_APG_DAf

III. SOLUTION METHOD

In our work, the scenario-based analysis method is ap-
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plied to handle the uncertainties caused by wind/PV power
generation. Regarding the nonlinear characteristics of the
proposed optimization model, it is difficult to solve the mod-
el by using the conventional mathematical programming ap-
proaches. Therefore, an improved fireworks algorithm is de-
veloped for the solution of the proposed optimization model.

A. Scenario-based Analysis Solution

The uncertainties of the renewable energy on the supply
side and the load variation over time on the demand side
make the operation state of the entire system change con-
stantly. Therefore, P, also fluctuates invariably, which af-
fects the system frequency deviation in turn when a fault oc-
curs on the external transmission line. In practice, the data
on the right side of (14) is often known in a certain period
of time. If the regularity of the outgoing power P,, can be
extracted from these samples, a probability model can be es-
tablished to describe the random variation of the power out-
put that reflects different time periods. As one of the widely
used probability density estimation methods, the non-
parametric kernel density estimation does not require any pri-
or knowledge and assumptions of the distribution type,
which has been successfully used in load sampling for
security-constrained unit commitment problems [27]. In this
paper, the Gaussian kernel K() is used as the kernel function
to estimate the probability density function (PDF) f,(P,,) of
the outgoing power P,,, and the corresponding expression is
given as:

out >

1 < Pout_Pouti
P )=—VY K|l
fi(Po) M;( ; )

where P, is the i" sample of the random variable P,,; n is
the total number of samples; and 4 is the optimal bandwidth
which can be calculated in accordance with [28].

In order to further simulate the uncertainty of P, a sce-
nario generation technique based on the Wasserstein distance
is introduced in the process of converting the continuous
PDF into deterministic discrete quantiles Z, (w=1,2,...,W).
Z, can be calculated according to (17) with the minimum
distance from the generated scenarios to the initial distribu-
tion [29].

2w—1

[ ey, = Gy e, (17)

where 7 is the order of Wasserstein distance; and W is the to-
tal number of discrete quantiles.

In addition, the probability 4, pertinent to quantile Z, can
be described as:

(16)

out >

Z,+2,

/10 = jZ ’ fd (Poul)dPoul

ZyHtZyia

/1‘4, - f ’ ﬂ(Pnut)dPnuz w= 1, 2, ceey w
Z, ,+Z,

w-1

2
ZW+I
/1W+1 =
ZW+7
2

(18)

ﬂl (Pout )dPout

where Z, and Z,,,, are the upper and lower bounds of P ,,
respectively.
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B. Improved Fireworks Algorithm

In our work, a novel swarm intelligence algorithm, called
fireworks algorithm [30], is applied for the solution of the
proposed optimization model. The procedure of the fire-
works algorithm can be divided into four steps: initializa-
tion, explosion, mutation, and selection. In order to improve
the global search ability and the optimization speed of the
fireworks algorithm, some effective measures are taken, and
the details are described as follows.

In the mutation step, a kind of differential mutation [31]
is used to replace the original Gaussian variation to improve
the convergence speed. We suppose that x* denotes the k™ di-
mension value of fireworks x, d represents the differential
coefficient, and x%,, x*, are the k™ dimension values of two
individuals randomly selected from the difference set. Only
when the generated random number is greater than the differ-
ential probability, the differential mutation operation is per-
formed as:

X =xi +d(xjy —xip (19)

In addition, the optimal solution trimming method [32] is
also introduced to avoid local optimality in this mutation
step, which performs Gaussian mutation for each component
of the current optimal solution sequentially while keeping re-
maining dimensions unchanged.

In the selection step, the original distance-based selection
method is replaced by the elitism random selection [33] to
speed up the selection process.

The entire flow chart for the solution of the proposed opti-
mization model is shown in Fig. 4.

Improved
fireworks algorithm

Initialize fireworks randomly function value of OFGT

in the search space

1 Calculate the objective

| T |

| Generate sparks after explosion |

1

solution of OFGT

|
|
|
|
|
|
:
and optimal solution trimming |
|
|
|
|
|
|
|

| Scenario i - - -

! generation ! Perform differential mutation
| il

!|  Estimate probability density  |'|! 7

3 37 TS kelinel fncion 3 3 | Utilize elitism random selection |
1 e

|| Obtain the PDF of outgoing |}/’

! power P, ! Is it terminated?

1 i it Y

|| Generate the typical scenario set |,|'

/| based on Wasserstein distance |/|! Output the optimized

1 i

Fig. 4. Flow chart of improved fireworks algorithm for solution of pro-
posed OFGT optimization model.

IV. CASE STUDY

A real-sized regional power grid in Southern China is test-
ed to validate the effectiveness of the proposed optimization
model in BPA and MATLAB simulation environments. The
geographical diagram of the regional power grid is shown in
Fig. 5. By the end of 2020, it is estimated that, in the re-
gion, there will be eleven hydropower plants with 209
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MW installed capacity, nine PV power stations with 247
MW installed capacity, and three wind farms with 343
MW installed capacity. Therefore, the penetration level of
the renewable energy will increase, up to 74%. Under the
typical operation conditions, the hydropower plants have the
output of 209 MW, and the regional load power consump-
tion is 358 MW. If the simultaneity factor which is intro-
duced to assess the coincidence of renewable energy genera-
tion output is taken as 0.5, the renewable energy generation
output will account for 59% of total power output, and the
power loss of the regional power grid is 14 MW. Therefore,
the total 132 MW outgoing power will be transmitted to the
main network through the main transformer.
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4 PV; 11 Wind; © Substation; O Load; [ ] Conventional generation

Fig. 5. Geographical diagram of regional power grid in Southern China
with wind/PV integration.

In addition, Fig. 6 shows the daily power curves of the
PV power station output, the wind farm output, the load de-
mand power and the outgoing power to the main network,
respectively. This regional power grid has the typical charac-
teristics of the sending-end power grid with wind/PV integra-
tion.

— Outgoing power; — Wind farm output
— PV power station output; — Load demand power

500
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Fig. 6. Daily power curves in regional power grid.

A. Frequency Response Characteristics of Renewable Energy

As shown in Fig. 5, when the line pilot protection oper-
ates under a short-circuit fault on the outgoing transmission
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line between the main transformer and the main network, the
regional power grid is separated from the main network and
forms an isolated network. The voltage curves of PV power
stations and wind farms at the point of common coupling
(PCC) are shown in Appendix A Fig. Al and Fig. A2. Ac-
cording to the grid code technical rules relevant to the zero/
low voltage ride-through for grid-connected wind farms and
PV power stations as given in Appendix A Fig. A3 and Fig.
A4 [34], [35], all the PV power stations and wind farms can
operate continuously without disconnecting from the power
grid within a certain voltage drop range in a time interval. In
addition, at this time, the frequency of the isolated network
rises rapidly without taking any control and protection mea-
sures, and the output power curves of different types of pow-
er generation units under a fault are shown in Fig. 7(a).
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Fig. 7. Output power variations and frequency deviations under a fault. (a)
Output power variations. (b) Frequency deviations with different wind/PV
penetration levels. (c) Comparison of system frequency excursion with/with-
out considering wind power frequency response.
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It can be seen that the hydropower unit constantly regu-
lates the outputs to adapt to the increase or decrease of the
system frequency, while the wind farm output and the PV
power station output remain constant when the frequency
changes. To study the impact of renewable energy penetra-
tion on the system frequency characteristics under the fault,
the equivalent variation of the wind and the penetration level
of PV is realized by replacing the wind turbine with a hydro-
power unit with the same capacity, as shown in Fig. 7(b). It
can be seen that the system frequency characteristic is gradu-
ally deteriorating, and the transient maximum frequency is
also rising with the increase of the penetration level of re-
newable energy. In particular, when the system frequency
changes, the wind farms and the PV power stations no lon-
ger participate in the frequency response. As mentioned
above, the large-scale grid-connected wind farms and PV
power stations significantly reduce the system inertia. There-
fore, the frequency characteristic of the system becomes
worse, and the frequency deviation gets larger under the
large disturbance. In this paper, the comparison of the sys-
tem frequency excursion with and without considering the
wind power frequency response is shown in Fig. 7(c), and
the wind farm frequency control strategy is utilized in accor-
dance with [36]. It can be seen that the participation of re-
newable energy in frequency control can be positive to re-
strain the increase of the transient frequency under a fault,
however, the effect on the restoration of the steady-state fre-
quency is relatively small due to the apparently limited regu-
lation capacity.

B. Simulation Results of Optimal OFGT Strategy

Compared with tripping the conventional generation units,
tripping the renewable energy generation units has obvious
advantages in maintaining system inertia and reducing trip-
ping capacity [8]. Therefore, the renewable energy genera-
tion units are set to be tripped in the prior round of the
stage-by-stage OFGT strategy for the regional power grid,
and the conventional generation units will be tripped in sub-
sequent rounds if the wind and PV generation capacities are
not enough. According to the grid code technical rules for
grid-connected wind farms and PV power stations to partici-
pate in the OFGT strategy in a provincial power grid of Chi-
na, when the grid frequency exceeds 51.5 Hz, the wind farm
is requested to sustain the operation for at least 5 min. How-
ever, the PV power station is allowed to be disconnected
from the power grid. Therefore, the ability of the PV power
station to withstand the high frequency is weaker than that
of the wind farm, and the PV power station should be
tripped firstly. Additionally, in order to ensure the protection
coordination of two kinds of OFGT strategies between the
provincial main network and the regional grid, the OFGT
strategy for the regional power grid should not be activated
during the OFGT operation for the main network. As a con-
sequence, the starting frequency of the OFGT for the region-
al gird should be greater than the final value of the OFGT
for the provincial main network, namely 51.4 Hz. In this pa-
per, the PV power station is taken as the target to be tripped
in the first round of the OFGT strategy with operation fre-
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quency at 51.5 Hz, and the wind farm is selected as the tar-
get to be tripped in the second round of the OFGT strategy
with operation frequency at 52 Hz. However, in the third
round, the hydropower unit is not required to be set in the
OFGT strategy of the regional power grid because the load
demands are always greater than the hydropower outputs.
Therefore, the over-frequency deviation can be suppressed
only by tripping some renewable units in the first and sec-
ond rounds. Furthermore, the delay time of each round takes
the empirical value of 0.1 s in this paper. The coefficients C,
and C, given in (7) are both set to be 2000 MW/Hz, and the
coefficient C; given in (11) is set to be 70 MW. The number
of fireworks is set to be 20, and the explosion constant and
mutation constant are set to be 20 and 5, respectively.

Figure 8 shows the comparison between the continuous
PDF and the discrete probability density of the typical sce-
nario pertinent to the outgoing power based on Section III-
A. It should be noted that, in this paper, the discrete proba-
bility density is defined as the discrete probability divided
by the length between quantiles of different scenarios to
make sense. The probability values of 4,(j=0,1,2,3,4,5)
given in (18) pertinent to these discrete scenarios are 0.133,
0.187, 0.177, 0.156, 0.218, and 0.129, respectively. It can be
seen that there is a good match between the contour of the
discrete probability density and the continuous PDF as
shown in Fig. 8. Therefore, the typical scenario generation
based on the Wasserstein distance adequately describes the
stochastic fluctuation characteristics of the initial PDF, and
provides a feasible way to model the uncertainty of outgoing
power caused by the uncertainty of wind/PV power genera-
tion.

0.007¢ Discrete probability density
0006 Continuous PDF
£ 0.005
2]
3
S 0.004
£ 0.003
=)
]
£ 0.002
0.001
0 55 MW 138 MW 216 MW Outgoing
20 MW 94 MW 178 MW 250 MW power
Fig. 8. Contour of discrete probability density and continuous PDF of out-
going power.

The detailed results of the proposed optimal OFGT strate-
gy in each round are listed in Table I. The total generator
tripping capacity is 206.5 MW, including 70 MW PV power
tripped in the first round and 136.5 MW wind power tripped
in the second round. In order to check the adaptability of the
proposed optimal OFGT strategy, the same short-circuit fault
occurring on the outgoing transmission line is applied in the
following six typical extreme cases.

1) Case 1: maximum load conditions with 99.6 MW out-
going power.

2) Case 2: minimum load conditions with 161 MW outgo-
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ing power.

3) Case 3: maximum PV power output conditions with
191 MW outgoing power.

4) Case 4: maximum wind power output conditions with
213 MW outgoing power.

5) Case 5: maximum outgoing power conditions which
are identical with Case 4.

6) Case 6: minimum outgoing power conditions with
20.5 MW outgoing power.

TABLE I
GENERATOR TRIPPING SET IN EACH ROUND

Operation Delay . Capacity

Round frequency (Hz) time (s) Tripping set (MW)
1 51.5 0.1 Dz, XXC, TGY 70.0

2 52.0 0.1 LYS-1G, DLK-1G, LYS-2G ~ 136.5

The corresponding simulation results are shown in Table
II. It can be seen from Table II that the steady-state frequen-
cies of all modes are stable close to 50 Hz and meet the fre-
quency fluctuation requirements under normal operation con-
ditions. It should be noted that the generator tripping capaci-
ty in Case 6 is zero because the redundant power under the
fault is so small that the transient maximum system frequen-
cy has not yet reached the OFGT action value of the first
round. Furthermore, Fig. 9 illustrates the frequency response
characteristics when tripping the wind/PV generation units
and the conventional generation units with the same capacity
in Case 2. As expected, the steady-state frequency approach-
es to 50 Hz when applying the proposed strategy, while the
steady-state frequency reaches 50.9 Hz when tripping the
conventional generation units.

TABLE I1
SIMULATION RESULTS IN EXTREME CASES

Case  Generator tripping capacity (MW) Steady-state frequency (Hz)
1 60.2 50.06
2 102.4 50.06
3 121.9 50.07
4 136.5 50.06
5 136.5 50.06
6 0 50.02

31 — Tripping 102 MW conventional

generation units

54+
— Tripping 102 MW renewable

’::E? 53 energy generation units
=
2 52
Q
=
=3
2 51
=
50+
49 n n n n J
0 20 40 60 80 100

Time (s)

Fig. 9. Comparison of frequency response characteristics when tripping dif-
ferent types of generation units in Case 2.
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C. Comparative Analysis

In order to achieve sustainable power generation on the
premise of giving priority to renewable energy, the conven-
tional generation units are usually tripped in the OFGT strat-
egy to avoid tripping wind and PV generation units. In this
paper, a traditional OFGT strategy incorporating the conven-
tional generation units for the regional grid is applied to
compare with the proposed optimal OFGT strategy. In the
traditional OFGT strategy, the capacity of generators to be
tripped in each round is determined by the steady-state fre-
quency just at the upper bound of the allowable steady-state
frequency (namely 50.2 Hz) after the action of OFGT. How-
ever, the consequence of tripping the conventional genera-
tion units based on the traditional method in the prior rounds
causes the system inertia to gradually decrease and is not
conducive to the system stability. The peak value of the tran-
sient frequency increases correspondingly, and the subse-
quent rounds of the OFGT strategy may be triggered incor-
rectly, resulting in a generator over-tripping problem. In par-
ticular, the continuous high and low frequency oscillations in
the configuration process of OFGT make the traditional
method difficult to implement, as shown in Fig. 10.

S55¢

Frequency (Hz)

50 100 150 200
Time (s)
Fig. 10. High and low frequency oscillations in configuration process of

OFGT when using traditional method.

V. CONCLUSION

The high penetration level of renewable energy in the re-
gional power grid causes the system frequency characteris-
tics to deteriorate owing to the low inertia and the lack of
frequency response following a fault. In this paper, an opti-
mal OFGT strategy with the least amount of generator trip-
ping incorporating renewable energy is proposed to suppress
the system frequency deviation and prevent frequency col-
lapse under large disturbances. The scenario-based analysis
method is introduced to model the uncertainty of outgoing
power caused by wind/PV generation uncertainties, and an
improved fireworks algorithm is applied to solve the pro-
posed optimization model. Finally, the simulations per-
formed on a real-sized regional power grid in Southern Chi-
na validate the effectiveness of the proposed model and
method. The results show that the proposed optimal OFGT
strategy can effectively sustain system frequency stability
and be well adapted to various operation conditions. Com-
pared with tripping conventional generation units, tripping
wind/PV generation units in the prior rounds of OFGT strate-
gy is better in stabilizing frequency under a fault.
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Fig. Al. Voltage curves at PCC of PV power stations. (a) Voltage curves
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Fig. A4. Low voltage ride-through standard for wind farm.
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