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Abstract

The large application of renewable energy generation (REG) has increased the risk of cascading failures in the power
system. At the same time REG also provides the possibility of new approaches for the suppression of such failures.
However, the capacity and position of the synchronous generator (SG) involved in regulation limit the power regu-
lation speed (PRS) of REG to the overload line which is the main cause of cascading failures, while the PRS of SG is
related to the position and shedding power. REG and SGs have difficulty in achieving effective cooperation under
constraints of system power balance. Particularly, the dynamic variation of line flow during power regulation causes
new problems for the accurate evaluation of line thermal safety under overload. Therefore, a new strategy for quan-
titatively coordinating shedding power and power regulation to block cascading failures in the dynamic security
domain is proposed in this paper. The control capability and dynamic security domain of the overload line are mod-
eled, and the coordination control method based on power regulation is then proposed to minimize shedding power.
The algorithm for the optimal control scheme considers the constraints of load capacity, power source capacity and
bus PRS. The correctness of the proposed method is verified using case studies.

Keywords Cascading failures, Overload, Shedding power, Power regulation, Thermal stability

1 Introduction

The application of renewable energy generation (REG) in
power systems has progressed considerably. Large-scale
construction of REG significantly increases the complex-
ity of power systems and the risk of cascading failures
intensifies rapidly. Consequently, highly efficient controls
are required for safe operation [1, 2]. Doubly-fed and
direct-driven wind turbines, and photovoltaic systems
with power electronic interfacing elements are the main
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types of equipment of REG [3-5]. Power electronic ele-
ments enable the flexible power control capability of REG
[6], e.g., REG can realize power reduction by pitch angle
control, over-speed control and increasing working volt-
age, etc. Thus, the flexible power control of REG can pro-
vide a new solution for blocking cascading failures.

Line overload occurs when the line current exceeds the
allowable long-term operating current and is the main
cause of the cascading failures [7-9]. The power flow
transfer caused by the outage of a faulty component can
easily generate line overload under the impact of severe
weather and high-load operation. The line tempera-
ture continues to rise after the overload, and short-cir-
cuit faults due to the increased sag or line damage from
thermal oxidation can occur when the line temperature
exceeds the maximum allowable value [10]. Therefore,
relay protection is used to trip the overload line when
required. However, the aggravated transfer of power flow
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and line tripping after the protection action may cause
cascading failures.

Some studies deal with the attempt to avoid cascading
failures by improving the protection principle and set-
ting [11, 12]. However, these methods can only delay the
line tripping to provide additional time for emergency
control, but cannot completely avoid the line tripping
or withdrawal of a large number of components after
line tripping. Thus, blocking cascading failures is gener-
ally challenging. Temperature rise is the primary cause
of line tripping and cascading failures, though line heat-
ing is a slow process. If the line current can be decreased
to a value below the long-term allowable current in the
allowable overload time, then line overheating can be
prevented and line tripping avoided. Therefore, the line
flow should be decreased to ensure the safe recovery of
the overload line so as to block cascading failures [13].

Generator tripping and load shedding can reduce line
flow directly [14]. However, shedding power may cause
reliability problems, economic losses, and even stabil-
ity problems [15]. Regulating the power of generators
to gradually reduce the line flow is an effective method
[16], but the safe recovery of the overload line cannot
be achieved solely with a synchronous generator (SG)
because of restricted power regulation speed (PRS).
Applications of the power control capability of REG in
power system operation have attracted considerable
research attention. Some studies have proposed the coor-
dination of generator tripping, load shedding and power
regulation to reduce the current of the overload line in
the optimization method. However, cost was the main
objective for coordination while the consequences and
effects caused by generator tripping on the power regula-
tion ability were neglected.

The security boundary of line overload is the basis of
coordination control. Reducing the current to the long-
term allowable value within the allowable overload time
is a widely used method [17]. The allowable overload
time depends on heating and heat dissipation power val-
ues [18]. The line current mainly determines the heat-
ing power while the environment and line temperature
affect the heat dissipation power. The allowable overload
time then must be dynamic during the power regulation
because of the change of line flow. However, the influence
of power variation is ignored in existing studies, and the
allowable overload time is treated as a constant value and
this inevitably causes significant errors in power regula-
tion [16]. Some studies allow that the allowable overload
time is variable, but only the different initial overload
power is considered [19]. Neglecting the dynamic char-
acteristics of the allowable overload time can increase
operating costs and cause line damage or even cascading
failures because of insufficient control.
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A new method for blocking cascading failures by coor-
dinating the generator tripping, load shedding and power
regulation of SG and REG, on the basis of the dynamic
security domain of line, is proposed in this study. The
influence of initial overload power, mutation power,
and continuous power regulation on line security is
described. The accurate evaluation of dynamic security is
realized by modeling the power control capability of the
overload line.

Quantitative coordination control is realized with con-
sideration of the interaction between the amount and
position of shedding power and the PRS of SG and REG,
by modeling the dynamic security domain of the over-
load line. Damage to or tripping of the line can be effec-
tively avoided with the maximum use of power regulation
capability while minimizing the shedding power. There-
fore, cascading failures can be effectively blocked.

The remainder of this paper is organized as follows.
The control capability of the overload line is character-
ized by modeling the power regulation capabilities of
SG and REG in Sect. 2. The method for evaluating the
dynamic security of the overload line via mutation power
and integrated PRS is proposed in Sect. 3, while the prin-
ciple of coordination control is put forward in Sect. 4.
The producing algorithm of the optimal control scheme
considering the constraints of load capacity, power
source capacity and bus PRS is discussed in Sect. 5. The
proposed method is verified using case studies in Sect. 6,
and conclusions are drawn in Sect. 7.

2 Modeling of control capability of overload line
Generator tripping, which is generally matched with load
shedding, can reduce line flow but cause system power
mutation [20]. The shedding power of generator buses
must be less than its initial power and important loads
should be guaranteed. Therefore, the shedding power
should be less than the difference between its initial
power and important loads. The PRS of a SG is limited
because of the inertia in the rotor, while the power output
of a SG cannot be excessively small because combustion
should be maintained. Therefore, the power regulation
capability of a SG can be modeled as:

si — “'siu (1)
P < AP, + P,y <P

si,mi si,ma

{—RsidAtSAP <R At

where AP, P, Psi'ma and Psi,mi are the power variation
within A¢, initial power, maximum power and minimum
power of the ith SG bus, respectively. R, and R, are
the landslide and climbing speed limits of the ith SG bus,
respectively.

REG usually adopts maximum power point track-

ing control and the maximum power is determined by
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natural conditions. Thus, the power output of REG can-
not be increased but can be reduced rapidly within tens
of milliseconds [3]. However, the PRS of a SG is much
smaller than that of REG, so in only adjusting the power
of a SG it can be hard to stabilize the unbalanced power
when overload occurs. The PRS of REG is restricted by
the capacity and PRS of the SG. The power regulation
capability of REG is modeled as:

wk,min

where AP, P, and Pk min ar€ the power variation
within At, initial power, and minimum power of the kth
REG bus, respectively, and R, ; is the landslide speed
limit of the kth REG bus, which meets:

Nywr

Zkad = max {O’REsu - REsd} (3)
k=1

where 7,,, is the quantity of adopted REG buses.

The real-time line flow is determined by the initial
power, mutation power caused by shedding and the con-
tinuous variation power under regulation, given as:

Py =Pry—Pp, —v,At (4)

where P;, and P;, are the initial and mutation power of
the line, respectively, and v, is the integrated PRS of SG
and REG to the line.

The continuous variation power depends on the inte-
grated PRS and regulation times of the SG and REG,
whereas the mutation power is determined by the
shedding power of the SG. The mutation power and
integrated PRS are also affected by the active power sen-
sitivity (APS) between the active power of the bus and
the overload line as [21]:

Nst 213
Pp, =3 HyPy+ > HgPg,
i=1 j=1 (5)

Hsr Hwr
Vp = Z RsiHsi + Z RWkHWk
i=1 k=1
where H;, Hy; and H , are the APS of the ith SG bus,
jth load bus and kth REG bus, respectively. n, and np, are
the quantities of SG and load buses adopted for shedding,
respectively, while 7, and #,,, are the quantities of the SG
buses adopted for regulation, respectively. P,; and Pp,
are the respective shedding power of the ith SG bus and
jthload bus. R;and R, are the PRS of the ith SG bus and
kth REG bus, respectively.

The initial power has a certain value, while the shed-
ding power is directly proportional to the power mutation.
Therefore, the shedding power can be reduced by increas-
ing the integrated PRS. The PRS of a SG is related to the
shedding position and amount, whereas the PRS of REG
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is limited by the capacity and position of the SG. There-
fore, the shedding power can be reduced only by optimiz-
ing the shedding position and coordinating the amount of
shedding power and PRS with full regard to security and
economy.

3 Modeling of dynamic security domain

The line temperature depends on the real-time power
[10]. The line flow continuously changes because of power
regulation, and this causes variations in the speed of tem-
perature rise and allowable overload time. The allow-
able overload time must be considered as a function of the
shedding power and PRS, rather than a constant value as is
the current practice. The variation of line flow determines
the security condition of the line dynamic after the over-
load. Hence, the relationship among the initial power, inte-
grated PRS, and mutation power characterizes the dynamic
security domain of line under overload.

The heating power is mainly due to the effect of cur-
rent, and the heat dissipation power includes convection
heat dissipation between the line and the surrounding air
and radiative heat dissipation. Active power has little effect
on voltage because the line overload generally occurs in
the transmission system. The radiation heat dissipation
accounts for less than 10% of the total heat dissipation
because of the limited difference between the line and
environment temperatures. Therefore, the thermal balance
equation can be expressed as [22]:

d(T.—T,) K K, 2 K,
T‘*‘E(TC—Ta)—_E(PLO—PLM—VP'?) +E
(6)

where T, and T, are the absolute temperatures of the line
and environment, respectively. The parameters Ko, Ki,
Ky, K3 are given as:

_ 2 2 _.2
Ky = IOLQLO/ (uLo”’"L)
K, = VLJTV%CL
_ 2 2
K, = /OL/ (ULO””L)
Ky =2nr M, + 8nr N, T3
where p;, M; and N are the resistivity, convection heat
dissipation coefficient and radiation heat dissipation
coefficient, respectively. Q;, and U}, are the initial reac-
tive power and voltage of the line, respectively. v, ;, and
c; are the density, radius and specific heat capacity of the

line, respectively.
The line temperature can be solved by:

T, =Bpie® — (2321/12, + ZBIVPPiO)t + Ce Bt 4 B PP

+ 2Byvi + 2ByvpPly + T, + Ky / K
(7)
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where P;, = P;, —P;,, and C is obtained via the line
temperature T, under normal operation as:

C=Ty—T,— BP} — 2B;3vp — 2B,vpP}y — Ky / K
(8)

with the parameters By, By, B3, B4 given as:
B, =K,/ K,
B, = K,K, /K2
By = K,K? /K3
B, =K;/K,

Given that the allowable overload time is presented in
minutes, the term o(t2) in the Taylor expansion of e Bat
accounts for less than 5%. Therefore, Eq. (7) becomes a
quadratic function of temperature and time after ignor-
ing o(tz). If two moments are solved by (7) when the
temperature is the maximum allowable temperature,
then the temperature between the two moments must
be greater than the maximum allowable temperature
according to the curve feature of the upper parabolic
quadratic function. Therefore, the unique solution or
non-solution of (7) is an essential condition to guaran-
tee the safety of the line, and can be expressed as:

2
2B,v2 + 2B,vpP}y + B4c} - (4311/% + ZBﬁc) ATpe <0
)

and T is the maximum

¢,max

where AToe = Ty — T, ax
allowable temperature.

The dynamic security domain under the shedding
power and power regulation to solve P;, based on (9)
and P;, = P;, — P;, is expressed as:

AP(vp) +Pp, = Ppg (10)

where AP (vp) is a variation obtained using:

B, \/4 [Buv, + $B3C| AToc — BB, [C +2v)
AP (VP) - 2B,Byv
172%p
(11)
The dynamic security domain represents the safety of
the overload line in the condition of line flow variation.
The safe recovery of the overload line is determined by
the initial power, mutation power, and integrated PRS.
The dynamic security can be evaluated using (10) on
the basis of the shedding power and integrated PRS
under a certain initial power. The change of line flow in
the dynamic security domain mainly includes two parts
from (10): the power variation caused by the power
regulation of SG and REG, which is negatively related
to the integrated PRS, and the power variation caused
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by the generator tripping and load shedding, which is
determined by the APS and the amount of shedding
power.

4 Coordination control idea

4.1 Principle of minimum generator tripping

Line security is related to the shedding power and APS.
The set of integrated PRS and shedding power that satisfy
the dynamic security domain is obtained by substituting
(5) into (10) as:

Hst npt
r={P (vp) + > HyPy + > HyPy, > Py
i=1 j=1

(12)

Larger APS of the shedding bus requires more muta-
tion power under the same shedding power from (5).
Therefore, larger APS of the shedding bus results in less
shedding power required to ensure the safe recovery
under a certain integrated PRS according to (10). Giv-
ing H,; and H, as the APS of the SG buses, Hy, and
H, as the APS of the load buses, when H; > H_, and
H,, > Hy,, the relationships between the integrated PRS
and shedding power are denoted by the solid lines in
Fig. 1 according to (12) in the scenarios of Hy; and H, ,,
Hg and H,,, H, and H,,.

The PRS of SG buses reduces after partial generator
tripping, while the remaining SGs after shedding can
only participate by reducing the power output because
the power of the shedding buses demonstrates a positive
relation with the power flow of the overload line. The set
of the integrated PRS and shedding power based on (5) is
expressed as:

Nst Mwr
i=1 k=1

where s = P / P
Larger shedding power requires smaller integrated
PRS. The shedding power in (13) demonstrates a linear

(13)

A Integrated PRS

P Shedding powe?
Fig. 1 The set of shedding power
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relationship with the integrated PRS and related to the
APS of the SG bus. Large APS causes large integrated
PRS under a certain shedding power. The dotted blue and
red lines in Fig. 1 denote the relationship between the
shedding power and integrated PRS in (13) when the APS
is H; and H,, respectively.

The generator tripping meeting the requirements of
both (12) and (13) is the minimum amount of shedding
power under a certain PRS. The line temperature rise
can be decelerated by increasing the power mutation.
Therefore, large APS of the SG bus reduces the genera-
tor tripping. P, Py, and P, are the minimum shed-
ding power under the APS combinations of {H, H,, },
{H,,H,,} and {H,,H,,}, respectively. The shedding
power decreases with the increase of APS, and the inte-
grated PRS of Oy, O, and Os continues to decrease (from
(5)), as shown in Fig. 1.

The shedding power of each SG is equal to its nor-
mal power. Therefore, the shedding power of the SG
bus is discontinuous. The safe recovery of the overload
line can be realized when the shedding power is greater
than or equal to the minimum shedding power. There-
fore, the following optimal shedding power should
be greater and the closest to the minimum shedding
power:

Nsi

i)m': Z At siPm,si (14)
m=1

where Py, is the normal power of a generator in the ith
SG bus, and 7, is the number of generators with differ-
ent power output values in the ith SG bus. A, is the
number of generators with power P, , which can be
expressed as:

Hsi
/lmt,si :{ /lmt,si’ min (Z /lmt,sipm,si - Pg[i)! (15)

m=1

Amt,si € Nipsi }

where Ny, 5 = {1, 2, .. My }, Myp,si is the number of gen-
erators with power Py, in the ith SG bus, and P, is the
minimum shedding power.

4.2 Coordination control principle

The integrated PRS reaches its maximum and genera-
tor tripping is at a minimum when all generators are
regulated according to the climbing or landslide speed
limit. However, at least one power source bus should be
the balance bus. This uses different PRS values to bal-
ance the system power. The integrated PRS is at maxi-
mum if only one balance bus exists. The total PRS can be
expressed as:
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Hgr Ryr

Rsys = ZRsi + Zka
i=1 k=1

Ry should be zero to ensure system power balance. Ry
is greater than zero when the PRS of the SG and REG
buses are at the climbing speed limits, while the climb-
ing speed of REG is zero. The balance bus can be deter-
mined by replacing the climbing speed limit with the
landslide speed limit of each power source bus in the
largest to smallest order of APS under this condition. If
Ry is greater than 0 when the power source bus ranked
m—1 is replaced and Ry is smaller than 0 when the
power source bus ranked m is replaced, then a PRS of the
power source bus ranked 7 must exist to make R, equal
to 0. The power source bus ranked m can be used as the
initial balance bus before generator tripping. The search
ensures that only one balance bus exists and the remain-
ing power source buses are regulated at the speed limit.
The PRS can be expressed as follows when the bus ranked
m is the initial balance bus:

(16)

m—1 neGr
RGmo= Z Reea — Z RGxu (17)
x=1 x=m+1

where ngr = ng + nyy, Rg,; and Rg,, are the respective
landslide and climbing speed limits of bus ranked x.

Ry can reach zero when the PRS of the first-searched
REG bus is replaced by the landslide speed limit accord-
ing to (3) and (16). Therefore, the first-searched REG bus
can work as the balance bus, and the initial integrated
PRS can be obtained by substituting (17) into (5) as:

m-1 ner
VPO = Z RGdeGx + Z RGquGx + RGmOHGm
x=1 x=m+1

(18)
where H, and H,, are the APS of buses ranked x and
m, respectively.

The principle of the coordination control to block
cascading failures includes three modules: dynamic
security evaluation, minimum generator tripping point
search and optimal control scheme of generator trip-
ping and load shedding, as shown in Fig. 2. Dynamic
security evaluation determines whether generator trip-
ping is required. The dynamic security domain is mod-
eled first using (10), and the SG, load, and all power
source buses are then ranked according to the APS in
descending order. The initial integrated PRS can be
calculated using (18) to conduct the evaluation. Gen-
erator tripping and load shedding are avoided if the
dynamic security domain is satisfied. The APS of power
source buses is set according to the search of the initial
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Dynamic security evaluation
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Fig. 2 Principle of the coordination control to block cascading
failures

balance bus. Otherwise, the shedding scheme should be
searched according to the sort order of buses.

The PRS of the balance bus must be reduced after
generator tripping because the landslide speed is
reduced, while the generator tripping and load shed-
ding should be equal to ensure the real-time power bal-
ance. If the shedding positions are the ranked 1 of SG
and load bus, then the mutation power and variation of
the integrated PRS after shedding can be expressed as:

{ P = Pg’l,Bl (Hsl - HBI)

19
AV, =115 Ra (Hg — Hep) (19)

where P p is the shedding power of the SG bus ranked

1 when the power source bus ranked m is the balance
bus and load shedding is implemented on the load bus
ranked 1. H; and Hp, are the APS of the SG and load
buses ranked 1, respectively. 775“1",31 = P p1/Ps10 and Py
is the initial power.

The mutation power and variation of the integrated
PRS are functions of PJ p;. The shedding power
required for safe recovery can be determined by substi-
tuting (5) and (19) into (10). However, the generator trip-
ping must satisfy the constraint of power source capacity.
The load shedding power determined by the generator
tripping, which bears the constraint of load capacity,
must be less than the permissible shedding power of the
load bus. The required PRS of the balance bus is affected
by the generator tripping, and hence generator tripping
should obey the PRS constraint of the balance bus. P{}; 3,
is the minimum shedding power if it satisfies these con-
straints. Otherwise, the next bus is searched. The shed-
ding power P, 5, of the SG bus ranked 2 is calculated
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under the condition that all generators of SG bus ranked
1 are cut off when the constraint of power source capac-
ity cannot be satisfied, i.e., Pftl,Bl > P, The shedding
power Pz, of the SG bus ranked 1 is recalculated
under the condition that all non-important loads of the
load bus ranked 1 are cut off when the constraint of load
capacity is not satisfied, i.e., Pftl,Bl > Pgio — Ppimin-
Ppio and Pp; . are the initial and important loads of
the load bus of the APS ranked 1. The shedding power
P;ll"’ él of the SG bus ranked 1 is recalculated under the
condition that the PRS of the power source bus ranked
m is set as the landslide speed limit and the power source
bus ranked m + 1 works as the balance bus when the
PRS constraint of the balance bus is not satisfied, i.e.,
RGmd = ngnl,mRGl + RGmO = RGmu‘

All constraints should also be examined for P, 3, P} p,
and Psr?f' 1%1' If all constraints are satisfied, then the corre-
sponding optimal shedding power can be obtained using
(14). Otherwise, the search should be conducted in the
same way until the calculated shedding power satisfies the
constraints and the optimal control scheme can then be
produced. A purpose of the optimal control scheme is to
fully exploit the power control ability of the overload line
and realize the minimum generator tripping under the
premise of satisfying the need for safe operation of the line.

5 Producing algorithm for optimal control scheme

The shedding power of the SG bus ranked « is Pga’By
when the load shedding position is the load bus ranked
y, and the balance bus is the power source bus ranked
B. All generators of SG buses ranked from 1 to « and
all non-important loads of load buses ranked from 1 to
y — 1 should be cut off when Pga,By cannot satisfy the
constraint of power source capacity. The PRS of power
source buses ranked from m to 8 — 1 are set as land-
slide speed limits. According to (19), the amount of
load shedding of bus ranked y and the PRS variation of
the power source bus ranked B can be expressed using

the shedding power Pf of the SG bus ranked

t(a+1),By
o+ 1las:

o y—1
B
Ppyy = lesio + Py t1),8y Zl Py,
i= j=

o p—1
_ B
ARgg = ZlRsid+nst<a+1),ByRs(a+1)d - ) ARG, — AR
i=
(20)

where Pgj, is the maximum allowable shedding power of

ith B B
the ; load bus, Nst(a+1),By — st(a+1),By/Ps(a+l)0’
ARG, = Rg,q + Rgyy and ARGy = Repq + Ry
Therefore, the mutation power and integrated PRS varia-
tion can be expressed as:

v=m+
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B
Z PooH; + Py i1,y Howrn) — Z Biat1pj — PpsyHp,

B
Avp = ZRsisti+nst(a+1),8yRs(ot+1)st(Dt+1)
i=1
p—1
- Z ARG Hg, — ARG, Hg,, — ARggHcy
v=m+1

(21)
Pﬁt(a +1),8y can be calculated by substituting (18) and (21)

S
into (10). If all constraints are satisfied, the optimal control

scheme can be generated as:

_ »B
TS_{PsIO’ o Py Pst(ot+1),By}

TB:{PBIO’PBZO’ S ’PBty}

Tr = {Rg1d; - - - »RG(p—1)ds R RG(B+1yus - - - » RGngu }
(22)

where Ts and Tp are sets of buses and the amount of

generator tripping and load shedding, respectively. T% is

the PRS of power source buses, and Rgg is the required

PRS of the balance bus that can be obtained via (17).

f)ﬁ(a +1),By 1S the optimal generator tripping determined

by (21), and IBBW is the optimal load shedding obtained by

(14) and Pst(oz+l) By
All generators of SG buses ranked from 1 to « — 1 and
all non-important loads of load buses ranked from 1 to

y should be cut off when PGa By cannot satisfy the con-

straint of load capacity. The PRS of power source buses
from m to B — 1 should be set as landslide speed lim-
its. The mutation power and the integrated PRS can be
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PgmB(y 41y can be calculated according to (10), (18) and
(23). If all constraints are satisfied, the optimal control

scheme is expressed as:

BB
TS:{PGlo’PG2O' s ’PGta,B(y+1)}

Tp= { Pgig: Ppygys - - - ’PByO’PBt(erl)
TR = {Rcm; s Rep—1)d» R RG(B+1yus - - - ;RGnGu}

(24)
where ﬁgm'B(y +1)and IBBt(y +1) are the optimal generator
tripping and load shedding, respectively.

All generators of SG buses ranked from 1 to & — 1 and
all non-important load of APS load buses ranked from 1 to

— 1should be cut off when PGO! By cannot satisfy the PRS
constraint of the balance bus. The PRS of power source
buses ranked from m to 8 should be set as landslide speed
limits. The mutation power and the integrated PRS varia-
sta By of the

SG bus ranked o when the power source bus ranked g + 1
works as the balance bus as:

tion can be expressed by the shedding power P

-1

a—1
B+1
PLu = Zjl PsiOHst Psta By sa Z PB/aHB] PB)/HB)/
i=
a—1 p
+1
Avp = Z RsidHSl Nsta ByRsode
i=1
B
— Y ARgHg, — ARG,Hg, — ARgs41)Hap41)
y=m+1

(25)
where ARg 4,4 is the PRS variation of the generator

expressed via the shedding power Psm B(y+1) of the SG ranked 8 + 1and 77,3;2 _ Pﬁiﬂ; /P .
bus ranked o as: stsy sy
oa—1 8
P, = E PoHgy + Py g1y H, 21 Biat8 — Pty +1HBy+1)
j=
AV - Z Rszd +nsta B(y+1)Rsoth (23)
f} 1
> ARG Hg, — ARG, Hg,, — ARgzHgy
y=m+1
where ARggis the PRS variation of the power source bus B+

ranked B, Pg,, +1) is the shedding power of load bus

B
ranked y + 1, and ’7sm By+1) = Pste B(y+1)/P

The minimum shedding power Pta By can be cal-
culated according to (10), (18) and (25). If all con-
straints are satisfied, the optimal control scheme can be
expressed as:
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where Pg;x By and f’Bty are the optimal generator tripping

and load shedding, respectively.

6 Case studies

The IEEE 30-bus system shown in Fig. 3 is used to ver-
ify the correctness of the theoretical study. Buses 1,
2, 3, 5,8, 14, 22, 23 and 27 are SG buses, and bus 13 is
the REG bus with a capacity of 50 MVA. The capacity,
climbing and landslide speed limits of SGs are listed in
Table 1. Buses 10, 21, 24, 26, 29 and 30 are load buses,
while all loads connected to buses 10, 21, 24, and 29 are
important. The permissible shedding power of buses 26
and 30 are 11 MW and 10.5 MW, respectively. The ini-
tial line temperature, maximum allowable tempera-
ture, and permissible long-term power are 50 °C, 70 °C
and 8.4 MW, respectively, while the ambient tempera-
ture is 30 °C. The normal power of SG buses 1, 2, 3, 5,
8, 14, 22, 23 and 27 are 63.62 MW, 9.68 MW, 10.47 MW,
10.73 MW, 10.77 MW, 12.36 MW, 21.59 MW, 19.2 MW
and 26.91 MW, respectively. The normal power output of
the REG bus is 37 MW.

30 29 o—4¢
o 8 28 v 26 P 25
- O @ 0
SCs o} ; Overload line \0 24

Fig. 3 Simulation system

Table 1 Parameters of the SGs

Generation Capacity L.C LL Generation Capacity L.C speedL.L speed

(MVA) speed speed (MVA)  (MW/ (Mw/
(MW/  (MW/ min) min)
min) min)
SG, 70 102 102 SGy, 20 031 031
5G, 15 021 021  SGy, 40 124 124
SGy 20 022 022 SGy 30 122 122
SGs 20 016 016  SG,, 40 086 086
SGg 15 017 017  REG; 50 —492 0

L.C speed Limit climbing speed, L.L speed Limit landslide speed

(a) Shedding power of generators (b) Shedding power of load
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Fig. 4 Control values and effects
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The line tripping of L, 4 occurs at t = 0 which causes
the power flow of L, ,, to rise to 15.22 MW. Conse-
quently, the line overload of L,_,, occurs. The APS of
each bus can be obtained by calculating the power flow.
The APS sorting of the power source bus is: buses 8, 5,
2,1, 3, 27, 13, 14, 23 and 22, while the APS sorting of the
load bus is: buses 10, 21, 24, 26, 29 and 30. Bus 13 is the
initial balance bus according to (16), and the integrated
PRS is—0.72 MW/min based on (18). Therefore, the
dynamic security domain is not satisfied with only power
regulation based on (10).

6.1 Scenario 1: comparison of different methods

Method 1 is the proposed control method in this
paper, and method 2 is the control method which cal-
culates the amount of shedding power by only using
the initial power flow of the overload line. The APS of
the power source bus 8 is the largest, and the APS of
the non-important load bus 26 is the largest. There-
fore, the search starts from the power source bus 8
and the load bus 26. By substituting (5) and (19) into
the dynamic security domain, it can be obtained that
the required PRS of the balance bus is—0.35 MW/
min, the minimum amount of generator tripping in
method 1 is 7.3 MW, and so the load shedding of bus
26 is 7.3 MW. In comparison, the minimum amount of
generator tripping in method 2 is 17.57 MW. Accord-
ing to the APS sequence, all generators at bus 8 are cut
off, while 6.8 MW are cut off at bus 5. Therefore, load
sheddings of 11 MW of bus 26 and 6.57 MW of bus
30 need to take place, as shown in Fig. 4a, b. Accord-
ing to (1) and (13), it can be judged that the amount of
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generator tripping and load shedding, and the PRS of
balance bus, all meet the constraint conditions. Hence,
the feasible amounts of generator tripping are 7.3 MW
and 17.57 MW in methods 1 and 2, respectively.

After the implementation of methods 1 and 2, the PRS
of bus 8 changes from —0.17 to — 0.05 MW /min, the PRS
of bus 13 changes from —0.23 to—0.35 MW/min, and
the PRS of other buses remains basically unchanged, as
shown in Fig. 4c. The power flow and temperature of
L¢_,o are shown in Fig. 4d, e respectively. As seen, when
method 1 is adopted, the line flow of L, ,, decreases
from 15.22 to 13.80 MW after the shedding power, and
then drops further below 8.4 MW after about 8.75 min,
while the temperature reaches a maximum of 69.23 °C.
When method 2 is adopted, the line flow decreases from
15.22 to 12.37 MW, and then decreases further to below
8.4 MW after about 6.65 min, with the maximum tem-
perature reaching 61.8 °C. Therefore, the overload line
can be recovered safely under both methods 1 and 2.
However, the amount of generator tripping in method 2
is 140.7% more than that in method 1, making the margin
between the maximum temperature and the maximum
allowable temperature too large, which is not conducive
to system stability and economy.

6.2 Scenario 2: verification of the proposed control
method under load capacity constraint

The permissible shedding power of bus 26 is changed to
4 MW. The constraint of load capacity cannot be satis-
fied if the load shedding of bus 26 is still 7.3 MW. There-
fore, the shedding power of SG bus 8 is recalculated as
8.6 MW by substituting (5) and (23) into the dynamic
security domain. The shedding power of load bus 30
is 4.6 MW and the PRS of bus 13 is—0.35 MW/min.
According to (13), all constraints are satisfied, and hence,
the optimal shedding power sets of generator and load are
{P,s =8.6MW} and {Pp,, = 4MW,Pp,,, = 4.6MW},
respectively.

The solid red line in Fig. 5 denotes the effects of the
proposed control scheme on line flow and line tempera-
ture. The power of bus 8 drops from 6.77 to 2.17 MW and
the PRS of bus 13 changes from —0.29 to—0.35 MW/
min. The line flow of L,_,, recovers to 8.4 MW at 8.0 min
and the maximum temperature is 69.56 °C, as seen from
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Fig. 6 Control effects under power source capacity constraint

Fig. 5a, b. In comparison, if only the permissible shed-
ding power of bus 26 is cut off, as shown by the blue
dotted line in Fig. 5, the line temperature reaches 70 °C
at 5.4 min and then continues to rise. Hence, the over-
load line is recovered safely under the proposed control
scheme which considers the load capacity constraint.

6.3 Scenario 3: verification of the proposed control
method under power source capacity constraint

The normal power of bus 8 is changed to 5.77 MW, and
the original shedding power of 7.3 MW cannot satisfy
the constraint of power source capacity. Therefore, the
shedding power of SG bus 5 is calculated as 1.9 MW
according to (21) and the dynamic security domain, the
shedding power of load bus 26 is 7.67 MW, and the PRS
of bus 13 is —0.37 MW /min. Thus, all constraints are sat-
isfied, and the optimal generator tripping and load shed-
ding schemes are {P 4 = 5.77MW,P,,; = 1.9MW } and
{PBt26 = 7.67M\X1}, respectively.

As shown in Fig. 6a, compared with only shedding
all generators of bus 8, the line flow of L,_,, decreases
from 14.10 to 13.75 MW, which drops below 8.4 MW
after 7.6 min under the proposed control scheme. The
maximum temperature of the overload line is 69.56 °C
as shown in Fig. 6b. Hence, the overload line can be
recovered safely under the proposed control scheme
which considers the power source capacity constraint.
In comparison, the line temperature reaches 70.9 °C
after 8.2 min when only shedding all generators of bus 8,
which exceeds the maximum allowable temperature and
may cause line tripping.

6.4 Scenario 4: verification of the proposed control
method under PRS constraint

The landslide speed limit of buses 8 and 27 are changed
to 0.45 and 0.99 MW/min, respectively. The initial bal-
ance bus is 27 based on (16). The shedding power of the
SG bus 8 is 4.6 MW and the shedding power of the load
bus 26 is 4.6 MW according to (5, 19) and the dynamic
security domain. However, the required PRS of bus 27
is—1.02 MW/min, and the PRS constraint of the balance
bus cannot be satisfied according to (13). Hence, bus 13 is
changed into the balance bus based on (16). The shedding
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power of the SG bus 8 and load bus 26 are calculated
as 6.1 MW according to (25) and the dynamic security
domain. The required PRS of bus 13 is—0.07 MW /min
which meets the PRS constraint. {Pst& = 6.IMW } and

{PBt% = 6.1M\X/} are the optimal shedding schemes.

As shown in Fig. 7, the blue dotted lines denote the
effects when bus 27 is the balance bus and the PRS of
which is set to the landslide speed limit. The line tem-
perature exceeds 70 °C after 5.7 min, and the overload
line cannot be recovered safely. When the proposed
control scheme is adopted, the PRS of bus 8 is changed
from —0.27 to —0.20 MW/min, and the PRS of bus 13 is
changed from 0 to —0.07 MW /min. The line flow recov-
ers to 8.4 MW at 7.8 min, and the maximum temperature
is 69.60 °C as shown in the solid red line in Fig. 7. The
proposed control scheme ensures the safe recovery of the
overload line considering the PRS constraint.

7 Conclusion

The power flow of the overload line can be reduced by
coordination of generator tripping, load shedding and
the power regulation of REG and SG, so as to avoid the
activation of overload protection and to block cascad-
ing failures. In this paper, by characterizing the power
regulation capability of the overload line, the dynamic
security domain that takes account of the change of line
flow is established. Considering the constraints of load
capacity, power source capacity and bus PRS, a cascad-
ing failure blocking method and producing algorithm
for the optimal control scheme coordinated by SG and
REG are proposed. The proposed method realizes the
minimum generator tripping and load shedding for the
safe and effective recovery of the overload line, effec-
tively blocks the occurrence of the overload-dominated
cascading failures, and ensures the safe and economic
operation of the power system. The dynamic secu-
rity domain is different from the existing line security
domain in terms of meaning, content and effect, and
can also be used for line N—1 static security assess-
ment, critical line identification, line dynamic capac-
ity increase, overload control improvement and other
applications. In addition, the proposed method can
provide a reference for the cooperative control of
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power source and load in a renewable energy domi-
nated power system.

Abbreviations

REG Renewable energy generation
SG Synchronous generator
PRS Power regulation speed
APS Active power sensitivity
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