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Abstract—As the steady-state frequency of an actual power
system decreases from its nominal value, the composite load of
the system generally responds positively to lower power con-
sumption, and vice versa. It is believed that this load frequency
damping (LFD) effect will be artificially enhanced, i.e., sensitivi-
ties of loads with respect to operational frequency will increase,
in future power systems. Thus, for wind-integrated power sys-
tems, this paper proposes a frequency-dependent chance con-
strained unit commitment (FDCCUC) model that employs the
operational frequency as a dispatching variable so that the LFD
effect-based load power can act as a supplemental reserve. Be-
cause the frequency deviation is safely restricted, this low-cost
reserve can be sufficiently exerted to upgrade the wind power
accommodation capability of a power system that is normally
confined by an inadequate reserve to cope with uncertain wind
power forecasting error. Moreover, when the FDCCUC model is
applied to a bulk AC/DC hybrid power system consisting of sev-
eral independently operated regional AC grids interconnected
by DC tie-lines, a hierarchically implemented searching algo-
rithm is proposed to protect private scheduling information of
the regional AC grids. Simulations on a 2-area 6-bus system
and a 3-area 354-bus system verify the effectiveness of the
FDCCUC model and hierarchical searching algorithm.

Index Terms—Unit commitment, AC/DC hybrid power sys-
tem, load frequency damping, reserve, wind power.
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1. INTRODUCTION

Environmental and economic concerns have caused rapid
growth in wind power generation (WPG) in recent de-
cades all over the world. However, issues of wind curtail-
ment (WC) and even load shedding (LS) could be serious if
there are not adequate reserves prepared in advance to cover
the wind power forecasting error [1]. For example, due to
lack of operational flexibilities, power systems in China that
have relatively tight conventional reserve resources aban-
doned more than 15% of wind energy generated in 2020 [2].

Although various energy storage systems together with
fast-acting gas turbines are high-quality reserve resources for
balancing the wind power forecasting error, they generally
suffer from immature technique, high expenditure, and insuf-
ficient net capacity [3]. Therefore, exploration of technically
feasible, low-cost, and abundant reserve resources makes ap-
parent sense for power systems accommodating more wind
energy. In recent years, the load frequency damping (LFD)
effect has attracted considerable research interest because the
active power consumed by the composite load of a power
system naturally decreases as the steady-state frequency of
the system increases, and vice versa. Because normal power
systems can safely operate with frequency deviations within
permitted ranges [4], several studies propose flexible fre-
quency operation for multi-microgrids. References [3], [5]-
[7] argue that the AC power system operating at a small fre-
quency deviation from the nominal value is compliant and
feasible. Based on these research works, AC power systems
have great potential to operate flexibly at different frequen-
cies. Therefore, loads become frequency-dependent adjust-
able resources that participate in power balance control.

It is pointed out in [8] that the natural sensitivity (normal-
ly known as the load damping factor) of composite load
power with respect to frequency is generally around 1.0-1.5
p.u.. Considerable experience has been gained by industries
with respect to technologically upgrading the frequency re-
sponse capabilities of energy-intensive frequency-dependent
industrial loads such as the electrical arc furnace and the
polysilicon load. In addition, electrolytic aluminum, another
type of industrial energy-intensive load that is connected
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through the electronic device to the power system, has been
proven to have ability to participate in system frequency reg-
ulation [9], [10]. Moreover, the residential demand side does
witness an increasing trend of power electronic devices such
as electric vehicles (EVs) [11]. If such load has willingness
to participate in frequency regulation by economic incentive
or policy requirement, more power could be released during
system frequency excursion, which leads to an increasing
trend in frequency damping effect. Based on these, the con-
cept of virtual power plant (VPP) is proposed and extensive-
ly studied in recent years to coordinate flexible loads togeth-
er with distributed energy resources participating in system
frequency regulation [12]. Therefore, the frequency sensitivi-
ties of composite loads could be positively enhanced for
power systems in the near future. Hence, considering the
huge capacities of large-scale modern power systems, flexi-
ble and abundant frequency-dependent load power is predict-
ed to become much more significant for secure and econom-
ic operation of wind-integrated power systems [13].

Generally speaking, wind farms are located in remote ar-
ecas and integrated into local power grids. Owing to the
needs of long transmission distances and large transmission
capacities, a common engineering practice is to connect
these wind-integrated power grids with power grids feeding
load centers by high-voltage DC (HVDC) transmission lines
[14]. Voltage source converter (VSC) based HVDC systems
have further advantages in terms of bi-directional power
transfer between interconnected regional AC grids, which al-
so allows more flexible mutual power (reserve) supports be-
tween them [15]. Regional AC grids interconnected by DC
tie-lines can have different operational frequencies [16], and
this is convenient for fully exerting frequency-dependent
loads to engage in the scheduling of entire AC/DC hybrid
power systems because each regional AC grid may have its
own permitted frequency deviation range. Furthermore, a hi-
erarchical scheduling structure is in general preferred for
such AC/DC hybrid power systems because the regional AC
grids may be independently operated by different system op-
erators. In other words, due to privacy protection, the region-
al AC grids may not allow all of their information to be
used for centralized scheduling [17].

The aim of this paper is to explore novel reserves that
come from the LFD effect for day-ahead generation schedul-
ing of a bulk AC/DC hybrid power system with WPG. Spe-
cifically, by allowing feasible deviations of operational fre-
quencies for regional AC grids, the frequency-dependent ex-
tra power consumed or supplied by loads can act as partial
reserves in an improved stochastic unit commitment problem
to cope with the uncertain wind power forecasting error.
Moreover, to meet risk preference, the proposed frequency-
dependent chance constrained unit commitment (FDCCUC)
model explicitly takes into account the wind curtailment ex-
pectation (WCE), load shedding expectation (LSE), and
chance constrained power balance, which are computed
based on the probability distribution of wind power forecast-
ing error. Furthermore, the optimization of the FDCCUC
model is approximately converted to a mixed-integer linear
programming (MILP) problem and, accordingly, a hierarchi-
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cal searching algorithm is proposed to find an optimal solu-
tion without requiring private scheduling information from
the regional AC grids. The main contributions of this paper
are summarized as follows.

1) This paper advocates the use of frequency-dependent
load power as an auxiliary reserve for the day-ahead schedul-
ing of a WPG-integrated power system. An FDCCUC model
is elaborately constructed to adequately exert low-cost re-
serves based on LFD effects and to guarantee feasible devia-
tions of system operational frequency simultaneously. Thus,
from the viewpoint of risk operation, supplemental LFD ef-
fect based reserves can considerably increase the accommo-
dation capability of a power system with respect to uncertain
WPG.

2) A hierarchical searching algorithm is customized for
the FDCCUC model of a bulk AC/DC hybrid power system
that consists of several regional AC grids interconnected by
DC tie-lines. The algorithm splits the searching process of
the original large-scale MILP problem into mutually iterative
computations of a master problem and several sub-problems
with much smaller size. Each regional AC grid corresponds
to one sub-problem that can be privately computed based on
the information from the grid. Limited information needs to
be exchanged between the system-level master problem and
the sub-problems, allowing private scheduling information of
the independently operated regional AC grids to be hidden
and protected during the searching process.

The rest of paper is organized as follows. Section II for-
mulates the FDCCUC model for bulk AC/DC hybrid power
systems with WPG. Section III presents the details of the hi-
erarchical searching algorithm for FDCCUC model to pro-
tect private scheduling information of regional AC grids. Nu-
merical simulations are conducted in Section IV. Finally, Sec-
tion V concludes the paper.

II. FORMULATION OF FDCCUC MODEL FOR BULK AC/DC
HYBRID POWER SYSTEMS WITH WPG

This paper deals with day-ahead scheduling of AC/DC hy-
brid power systems comprised of multiple large-scale region-
al AC grids interconnected by DC tie-lines. As shown in
Fig. 1, regional AC grids are usually operated by different in-
dependent system operators while DC tie-lines are under the
regulation of a high-level system-wide operator. These re-
gional AC grids can be synchronously decoupled so that
they can work at steady states with distinct frequencies. Giv-
en a general AC grid that operates at a nominal frequency,
additional power will be released or consumed by the com-
posite load when the steady-state frequency of the grid devi-
ates from the nominal value, which depends on the frequen-
cy damping characteristic of the composite load, as fol-
lows [8]:

AP=—K"Af (1)

where AP is the aggregated power adjustment of loads due
to the frequency deviation Af: and K" is the aggregated sen-
sitivity coefficient of load power with respect to Af. There-
fore, taking advantage of the additional power reserve associ-
ated with the LFD effect, this paper proposes that all region-



CHEN et al.: HIERARCHICAL FREQUENCY-DEPENDENT CHANCE CONSTRAINED UNIT COMMITMENT FOR BULK AC/DC HYBRID POWER...

al AC grids can have different and time-varying operational
frequencies as long as they remain within permitted safe
ranges; random wind power forecasting errors can thus be
partially covered by the LFD-based load reserve that, along
with conventional reserves, is shared among the regional AC
grids through DC tie-lines. Subsequently, a proposed FDC-
CUC model is formulated for AC/DC hybrid power systems

with WPG.
)
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Fig. 1. Bulk AC/DC hybrid power system with WPG.

Remark: it should be noted that the proposed auxiliary re-
serve from LFD effect could be conflict with existing sec-
ondary frequency control, i.e., eliminating frequency devia-
tion. Whereas, the research in this paper is consistent with
existing unit commitment research that provides thermal
units with a preliminary reference operation strategy based
on the forecasting load demand and renewable output in day-
ahead time frame. Then the actual generation output is regu-
lated by economical dispatch through secondary frequency
control based on actual operational conditions with short-
term load and renewable power prediction. Even so, this pa-
per is an exploratory research focusing on potential opera-
tional strategy for the future power system with extreme
high renewable penetration level. This paper attempts to fa-
cilitate the maximum renewable power without the unbridled
expansion of traditional reserve services. Besides, introduc-
ing the proposed auxiliary reserve from LFD effect in unit
commitment schedule could decrease the requirement for ex-
pensive fast-response reserve resources [3]. Therefore, the
coordination with secondary frequency control is not consid-
ered in this paper, which is consistent with the state-of-the-
art unit commitment studies.

A. Objective of FDCCUC Model

For the AC/DC hybrid power system studied in this paper,
the objective of the FDCCUC model is presented as:
min CTowl = 2 C;malz z (C”'l;h_’_cn]js_’_cr];isk_,’_crl’-;req) (2)
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C,ireq:”rnZ(Af"Z’—i—Af"I’) (6)

teT

where C™ is the total operating cost (OC) of the AC/DC
hybrid power system; C* is the total OC of the m™ region-
al AC grid; C" is the OC of all thermal units located at the
m™ regional AC grid; C* is the reserve cost (RC) of the m"
regional AC grid; CX** is the cost relevant to operational
risk preference of the m™ regional AC grid; C:™ is the penal-
ty cost of frequency deviation; v, ;, and z,;, are the binary
variables (0/1) that indicate startup (v=1) and shutdown (z=
1) manipulations of the i" thermal unit at the m" regional
AC grid at time ¢, respectively; C, and C, are the startup
and shutdown cost coefficients, respectlvely, P, is the
scheduled power output of the i thermal unit at the m™ re-
gional AC grid at t1me ta,,b,,andc,; are the fuel cost
coefficients of the i thermal unit at the m" regional AC
grid; R, , and RZ“I, are the upward and downward reserves
generated by the /" thermal unit at the m™ regional AC grid
at time 7, respectively; RC," and RC)" are the cost coeffi-
cients of upward and downward reserves of the i" thermal
unit at the m" regional AC grid, respectively; Q)" and Q.°F
are the WCE and LSE of the m" regional AC grid at time ¢,
respectively; C'© and C.° are the cost coefficients of the m"
regional AC grid; Af,,, and Af, , are the auxiliary variables
for positive and negative frequency deviation, respectively;
7, is the penalty coefficient of the frequency deviation, and
the determination and sensitivity analysis of z,, is discussed
in Section IV-B; A4 is the set of indexes of all regional AC
grids; T is the set of all dispatching time instants over the
scheduling horizon; and G, is the set of indexes of all ther-
mal units located at the m™ regional AC grid.

The risk cost induced by overestimating and underestimat-
ing the WPG is specifically considered in this paper, as
shown in (5). As mentioned previously, LFD effect based
power reserves can simply be harnessed by shifting opera-
tional frequencies of regional AC grids from their nominal
values. However, the frequency deviations must be mini-
mized. So, Af,, and Af, , in (6) are utilized with two consid-
erations: to express the frequency deviation (the detailed ex-
pression will be introduced later) and to enable the use of
linear equation (6) in the objective function equivalent to pe-
nalization of the absolute value of the frequency deviation.

B. Constraints of FDCCUC Model

1) Constraints on DC Tie-lines Among Regional AC Grids

In this paper, DC tie-lines of the AC/DC hybrid power
system are treated as generating sources with respect to all
regional AC grids, indicating that power as well as reserves
of the DC tie-lines are actually injected to the AC grids if
signs of these variables are positive, and vice versa. Thus,
the following relationships should be naturally hold:

TLine
2 Pmrl -

meA,reR
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TR™ =0
me;eR " (9)
U U
- zTRm,pr,tg z R,Y. (10)
reR ieG,
Dn Dn
_rezRTYzm,r,lg iEzG‘mRm,i,t (11)
where P, is the scheduled power received by the m" re-

gional AC grid from the 7" DC tie-line at time # TR," , and
TR)" , are the scheduled upward and downward reserves pro-
vided by the " DC tie-line for the m™ regional AC grid at
time ¢, respectively; and R is the set of indexes of all DC tie-
lines.

Constraints (7)-(9) guarantee the power and upward/down-
ward reserve at both ends of one single DC tie-line keep bal-
ance at any dispatching interval. Constraints (10) and (11)
mean that, in practice, the reserve power delivered from a re-
gional AC grid by the DC tie-lines should be less than the
total reserve of this grid.

To safely operate the DC tie-lines engaged in transmission
of scheduled power as well as reserves among regional AC
grids, the following technical constraints should be includ-
ed [15]:

Tline Tline Up Tline
_CPr ng,r,lJrTRm,r,tgcpr (12)
Tli Tli D Tli
_CPr meSPm.l:?_T'Rm.nr,tS Pr " (13)
Tline Tline Up Tline Up Tline
_CPr S})m.r.tJrl+T‘Iem,r,t+l_I)m,mﬁ_T'Iem,r.técll)r (14)
Tline Tline Up Tline Dn Tline
_CPr S[)m,r.,H-l—"_TYQme.H—l_Pm,r,/—’_Tvlzm,r,lgcvpr (15)
Tline Tline Dn Tline Dn Tline
_CP} S})m,nl+l_T]em,r,lurl_})m.r,z‘_{—TY?I;z,r,ISC‘Pr (16)
Tline Tline Up Tline Up Tline
_CPr S})m.r,tJrl_T‘Iem,r,t+l_Pm,r.)t_T'Iem,m‘éc'l)r (17)

where CP"™ is the permitted maximum power change of
the DC tie-line. Constraints (12)-(17) commonly ensure that
the actual power of the DC tie-line cannot be overloaded
and very abruptly changed, taking into account the reserves.
2) Constraints on Power Balance and Chance Constraints
Against Wind Power Uncertainties Within Regional AC Grids

The power balance must be held within all regional AC
grids by the following constraints:

D P+ S P WPE, +APIS-PIT=0 (g

i<G, reR
AP, ==K, A, (19)
A== N (20)
0<Af, <Af™
2y

0<Af,, <AL

where WPF, , is a deterministic value that represents the ag-
gregated wind power forecasting of the m™ regional AC grid
at future time #; Af,, is the frequency deviation from the
nominal value of the m™ regional AC grid at future time ¢;
Af,7™ is the permitted maximum frequency deviation in the
steady state of the m" regional AC grid; P, is the aggrega-
tion of all nominal loads of the m" regional AC grid at fu-
ture time #; AP, is the extra power supplied or consumed
by the loads due to LFD effects of the m" regional AC grid
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at future time # and K, , is the aggregated power sensitivity
of the loads with respect to the frequency deviation of the
m™ regional AC grid at future time .

It can be observed from (7) and (18) that the power capac-
ities contributed by the LFD effects are shared among all re-
gional AC grids through the DC tie-lines. Furthermore, via
the connections with thermal units in (16), the LFD-based
power capacities can spare the capacities of some thermal
units, which are then used as reserves. Therefore, the opera-
tional reliability of each regional AC grid against the uncer-
tainties of wind power (forecasting error) is guaranteed by
the following chance constraints:

Pri > R+ > TRV > WPFE,, ; >¢ (22)
ieG, reR
Pri—| D R+ > TR, |<WPFE, :>c, (23)
ieG, reR
where WPFE, , is a random variable that represents the ag-

gregated wind power forecasting error of the m™ regional
AC grid at future time ¢, Pr{} denotes the operator that de-
rives occurrence probability of the event inside the curly
braces; and c,, and ¢, are the confidence levels of the m™ re-
gional AC grid.

Chance constraints (22) and (23) can be straightforwardly
interpreted as a given confidence to cover the uncertain over-
estimation (WPFE, ,>0) or underestimation (WPFE, ,<0) of
wind power by the regional and cross-regional reserves. In
other words, the probabilities of LS and WC events due to
wind power forecasting error can be adequately restricted.

3) Constraints on Thermal Units Within Regional AC Grids

As usual, common technical constraints are imposed on
thermal units as:

vm.,i,z+zm.,i,zS1 (24)
um.i,l_um,i.tfl :vm,i,t_zm,i,t (25)
Ton—1
on
vm,i.tTn1inS z um,i.H—Z (26)
=0
Toin—1
off
Zm,i,tTminS 2 (1 _um,i‘t-w) (27)
=0
Th, min Th Th, max
um,i.th.i SPm,i.),‘gl’ln1,1',11)m,i (28)
Th Th Ui Ui Th,
Pm,i,l‘_PmA,i.z‘flS (1 _vm.i,t) 'RRm.pi_Rm}’i,t+vm.i¢tpm¢imax (29)
Th Th Dn Dn Th, max

Pm,i,l‘_PmA,i.z‘fl2 (Zm.t}t_l) 'RRm.i+Rm,i,t_Zm,i,th,i (30)

Up . Th, max Th Up
OSRm.i,rsmln{Pm,i u)vl,i.t_Pm,i,t’RRm.i} (31)

Dn . Th Th, min Dn
OSRm,i,tSmln{Pm,i,t_Pm.i um,i,t’RRm.i} (32)

where v, ;, and z,, ;, are the binary variables (0/1) indicating
the startup (v,,;,=1) and shutdown (z,;,=1) operations of
the i" thermal unit at the m" regional AC grid at time ¢, re-
spectively; u,,;, is a binary variable representing the on/off
states of the i" thermal unit (1-on, 0-off) at the m™ regional
AC grid at time #; T2 and T2 are the required minimum

min min
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durations when the state of thermal units are on and off, re-
spectively; PI»™ and P"™" are the allowable maximum
and minimum power outputs of the i" thermal unit at the m"
regional AC grid, respectively; and RR,”; and RRE“, are the
maximum ramp-up and ramp-down speeds of the i" thermal
units at the m™ regional AC grid, respectively.

Constraints (24)-(32) are not further explained here, and
the related descriptions can refer to [18].

Specifically, constraints (7)-(32) may need to be enumerat-
ed as:

VmeAVieG,,VreRVteT (33)

C. Computations of O*%, 0"*, and Chance Constraints and

Linearization

Clearly, detailed computations of O“f, OVF, and chance

constraints (22) and (23) will complete the formation of the
scheduling problem (2)-(33). These computations are essen-
tially based on the probability distribution of wind power
forecasting error. A general approach to derive the probabili-
ty density function (PDF) of wind power forecasting error is
to fit a large amount of historical error data to a parameter-
ized distribution function, for example, the parameterized
Gaussian function [19]. In this paper, the versatile probabili-
ty distribution is employed to approximate the PDF of
WPFE

m,t

~a,(WPFE, ~7,)
f.(WPFE,,) = —“nFn

( 1+ e—am(WPFEm_ﬁy,,,))

poil (34)

where «,, f,, and y, are the tunable shaping parameters,
and the details can be found in [18] with respect to the deri-
vation of these parameters based on the curve fitting of his-
torical error data.

Figure 2 shows the typical curve of a versatile probability
distribution. Analogous to the measure employed in [1], it is
simply believed that LS and WC occur when the wind pow-
er forecasting error exceeds the total upward and downward
reserves, respectively. Then, according to Fig. 2, LS and WC
expectations can be integrated based on the concept of condi-
tional value-at-risk (CVaR) as [18]:

o= - SRS, - SR, | £ de

2 R, + ZR,‘,J,,”_ ieG, ieR
(35)
WCE - D )
Qm‘t =J ('x+ szntt sznrt f;n(
i€ G, ieR
—(ERE",,+2R3",., e
(36)

where O5F and Q)" are the monotonic functions of the to-

m,t
tal upward reserve sz o+ szr, and total downward re-

serve sz ot sz, ,» respectively.
Chance constraints (22) and (23) can be calculated based
on (34) as:

> RY + > TRY >F,\(c,)

ieG, reR

(37
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Fli-¢,)

where F'(-) is the inverse function of the cumulative distri-
bution function (CDF) of WPFE,, . Interestingly, F,' () is al-
so analytical [18].

SR+ ZTRM, >—

ieG,

(38)

.f;n

ZRIW i, t+ZTRII;r: t

i€G,

Z Rm 1. I+ZTR$?[

i€G, i€ER

WPFE,,,

Fig. 2. Illustration of WC and LS according to PDF of a wind farm.

The optimization (2)-(36) is a mixed-integer nonlinear pro-
gramming (MINLP) problem due to the nonlinearities intro-
duced by (3), (35), and (36). Solving a large-scale and gener-
al MINLP problem directly is not easy nor convenient, with
MILP problems being more favorable. According to (35),
(36), and Fig. 2, 05" and Q)" can be piecewise linearized.
Thus, Fig. 3 schematically illustrates the curves of these two
functions and relevant piecewise linearization. Then, (35)
and (36) can be approximately replaced by:

O, =LSE, + Zk,kiéki% (39)
2 Rzpz t+ zTRmrt_ zéup (40)

ieG, reR =1
0<9,n<S,0 (41)
0<oP <SS | Vre {2,3,.. Ny} (42)
OV = WCE? + zk,yfagn, (43)
> R+ D TR = 26 (44)

ieG, reRr

0<oPn <8 (45)
0<on <SSP | Vre {2,3,.. Nycf (46)
where LSE, and WCE, are the initial values of Q.°" and

OY* when the upward and downward reserves are zero, re-
spectively; N, and Ny, are the numbers of linear line seg-
ments employed for approximating Q> and O)\",
tively; SY° and S," denote the t™ vertices of linear line seg-
ments for 0L and Q)/", respectively; 6" and J,", are the
t™ increments with respect to these vertices; and k-° and
kVC are the t™ slopes of the linear line segments. Analogous-

m,t
ly, (3) can also be piecewise linearized as:

respec-
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N,Th
C;hz z z (Ci}gvm,i,t—‘rcnsz,ezm,i,t) + z E(Fcr:}l;o-'—k;ht,zé;?l,z)
teTieG, ieG,r=1
(47)
N'Th
P = >0, (48)
=1
0<d, <8, =P (49)
0o <SP =S 0| (50)
0<op <S8y —S™ | Vee {2,3,...N™} (51)

where FC,"° is the fuel cost of the i" thermal unit located
at the m™ regional AC grid as it outputs the minimum pow-
er; S,"  denotes the t" vertex of linear line segments for fu-
el cost of the i" generator at the m" regional AC grid; 5;‘:‘,._,1
and k" are the corresponding increment and slope of the
™ linear line segment of the i™ generator fuel cost at the m"
regional AC grid, respectively; and N, is the total number
of linear line segments of the i™ generator fuel cost at the

m" regional AC grid.

LSE
(O
LSE?
sop s S Sh Total upward
' ’ o o reserve
(a)
WCE
O
WCE?,
3 : : sDn :
§ > L O
§ KWV
Sg"] 52"2 SE"M . SBTV Total downward
' ' e e reserve
(b)
Fig. 3. Piecewise linearization of LSE Q. and WCE 0)". (a) O.%". (b)
o,

The combination of (2), (4)-(33), and (37)-(51) comprises
the proposed FDCCUC model for multiple regional AC
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grids interconnected by DC tie-lines. Although the formed
optimization is an MILP problem, direct computation in a cen-
tralized manner conflicts with the fact that global information
cannot be fully accessed for the centralized dispatching be-
cause regional AC grids are independently managed by differ-
ent system operators. Therefore, the next section proposes a hi-
erarchical searching algorithm to deal with this issue.

III. HIERARCHICAL SEARCHING ALGORITHM FOR FDCCUC
MODEL TO PROTECT PRIVATE SCHEDULING INFORMATION
OF REGIONAL AC GRIDS

A. Mathematical Principles of Searching Algorithm

The proposed FDCCUC problem can be arranged in the
following specific MILP form:

: Obj . .Ex
mlnz c, X,

meA (52)
s.t.
Fx,Eq \.Ex _ pEXE

P 3)
EBPxE+ EB™x!"=pP™ Vme A (54)
IBY X"+ IBM x™ <pSP™ Ym e A4 (59)

lx,':‘ >0
| x520 VmeA (56)
xpef0,1} Viie Q) . VmeA (57)
where x™ is the vector of decision variables whose informa-

m
tion should be hidden internally within the m"™ regional AC
grid, such as P, R\ R u, .. V,., and z, ;5 xo' is
the " binary (0/1) decision variable among x™ i.e., u
Vip and z, .5 Q' is the index set of all integer decision
variables of the m" regional AC grid; x5* is the vector of
continuous decision variables by which the m"™ regional AC

grid communicates information with other grids, i.e., C°®,

m,i, 1 mi

m,i,t>

TLi U Dn . Obj Ex,E E Int E:
Pm,rl,‘;e’ TRm,pr.ﬂ and TRm.nr,t’ and cm J’ Bmx‘ q’ EBmX7 EB): > IBmx’
IB™, b™", bPF and HP'™ are the coefficient matrices

with proper dimensions. Therefore, (53) is the compact form
of (7)-(9); (54) corresponds to (4)-(6), (18)-(20), (25), (39),
(40), (43), (44), (47), and (48); and all of the inequality con-
straints of the FDCCUC problem are then written in the
compact forms (55)-(57).

Due to the binary variables, the conventional branch-and-
bound (BB) method is employed to solve the MILP problem
(52)-(57) [20]. In particular, the branching process of the BB
method is schematically depicted in Fig. 4(a). Each branch
in this figure carries a triplet (m, ii, state), i.e., the ii" binary
variable of the m™ regional AC grid has the value of state (0
or 1). Thus, the branching path from the root node to the /™
node can be recorded by the following triplet set:

Q"= {(m. ii,state)| root node—1" node | (58)

By fixing the binary variables along the path according to
(58) and relaxing all other binary variables to be continuous
within the range [0, 1], a linear programing (LP) problem as-
sociated with the /™ node can be constructed as:
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(2)

Upper-level restricted master problem

System-level dispatching center

b,
2y
Regional Regional Regional
dispatching dispatching dispatching
center 1 center 2 center m

Lower-level sub-problems
(b)
Fig. 4. Illustration of proposed hierarchical searching algorithm. (a)
Branching process. (b) Hierarchical distributed iteration process.

— 11 Obj .. Ex
O,=min zcm X,
meA

s.t. 2 BE-FaxP = pPFE e 4

meA

EBExxEx+EBlnt Int bCp Eq

ml m, 1™ Ym,l

Ex [.Ex Int __Int Cp Ineq
IB,x,*+1IB,) x, <b,

ml =

x>0 Vmed
xB>0 Vmed

m

VmeA
VmeA

(39)

where x!" is the vector of continuous variables after fixing

and relaxing binary variables for the /™ node; and O, is the
minimized objective value of the /™ node, which also indi-
cates the lower bound of the objective values of child nodes
originating from the /™ node; and EB.', IBM', b'h™, and
b7 are the coefficient matrices with proper dimensions of
the /™ node.

In this paper, Dantzig-Wolfe (DW) decomposition is em-
ployed to compute the large-scale LP problem (59) [20]. Spe-
cifically, the 2™ to 5™ constraints in (59) form a polyhedron
with a number of extreme points (it is assumed here that the
polyhedron is bounded), and any point inside the polyhedron
can be expressed in terms of weighted extreme points as:

—Ex

Ex
l:xlnt:l 2 ’7’" Lj 7Im (60)
m, 1 je, m Lj
2! (61)
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’7/11,1/ 0 v.] € Qm 1 (62)

T
} is the /" extreme point of the polyhedron

= Int

where [x X,

m, [’
of the /™ node for the m" regional AC grid; 7, is the
weight for the j™ extreme point of the /™ node for the m™ re-
gional AC grid; and ¥, is the index set of all extreme
points of the /™ node for the m' " regional AC grid. Therefore,
according to DW decomposition, searching for the optimal
solution of the LP problem (59) consists of iterative compu-
tations of the following optimizations.

Step 1: a restricted master problem (RMP) is first formed
by using partially known extreme points, as follows:

A - Obj =Ex
Ol_nl111 2 2 nm,l.j(cm xm,l.j)

medjeqr, (63)
s.t.
S S B s ) =b (64)
medjeQr,
j;%nm.z,j— 1 (65)
N 20 VjeQr, (66)

where O, is the minimized objective value of the RMP; and
Qp, is the subset of ¥ . The decision variables of the RMP
are the weights 7, In particular, the RMP is solved with
the conventional simplex method to derive the optimal basis
multipliers I"; and I",, which are two row vectors with prop-
er dimensions.

Step 2: a sub-problem is then constructed based on I"; for

each area m as:

0,,=min (o — Iy BE-5) x (67)
S.t.
EB*xE~ -i-EBIm mn bCp Fa (68)
IBE* xE~ +IB£:1,x,I:t1SbCp Ineq (69)
x>0
x>0 (70)

where 6, is the minimized objective value of the sub-prob-
lem. Vectors x:* and x!™ contain the decision variables of

m, [

this optimization, and the optimal solution based on the sim-
T
} . This solu-

tion is actually an extreme point of the polyhedron described
by (60) and (61).

Step 3: after solving the above RMP and sub-problems,

the following test numbers are computed:
0,=0,—-1, VmeA
where I, is the m" element of I,.

Thus, if ¢,>0 (Vm € 4), the optimal solution of the origi-
nal LP problem (59) is found and O,=0, otherwise, the
newly obtained extreme points X,ﬁfjj (Vm € A) are added to
the RMP (27 ,=;/UQP ) and Steps I to 3 are repeated.

Once O, is derived, it will be compared with the global
lower bound O¢™: if O,> O, the branching process from
the /™ node will be stopped; else if all slacked decision vari-
ables of the LP problem (59) are just binaries, the global

Ex Znt

plex method can be represented by [ X, 50X 1

(71)
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lower bound is replaced by O™ =0, and all nodes (and
their downstream branches) that have the minimized objec-
tive values larger than O, are cut; else, the branching process
from the /™ node is continued until the end of the searching
tree or no feasible solution can be found. Hence, after com-
pleting the BB process, the optimal solution of the original
MILP problem (52)-(57) can be acquired from the node (the
LP problem (59)) that results in the global lower
bound O™

B. Implementation of Searching Algorithm in Hierarchical
Manner

This paper proposes that the searching algorithm em-
ployed for the FDCCUC problem is implemented in an effi-
cient hierarchical manner, as shown in Fig. 4(b). The upper
level is a system-level dispatching center while the lower
level consists of all regional dispatching centers. System-lev-
el operator only knows the boundary variables and has no
knowledge of operational information such as the output of
units, load demand and reserve allocation of regional AC
grids. More importantly, no information is exchanged be-
tween regional grids. Therefore, the proposed decomposition
method and searching algorithm show merit in privacy pro-
tection. The system-level dispatching center mainly performs
the following tasks.

1) Build and maintain the BB searching tree, and master
the searching progress.

2) According to the path set Q" of the /™ node, pass on
the triplet (m, ii, state) to dispatching center m to determine
how the binary variables belonging to these regional grids
are fixed and slacked.

3) Receive 6, and X,EX” from the regional dispatching cen-
ters, compute the RMP, and pass on the derived I', and I',
to all regional dispatching centers.

4) Identify convergence of the searching process for the
LP problem (59) associated with the /™ node.

The manipulations performed by the regional dispatching
centers include:

1) Inform the system-level dispatching center how many
binary variables they have and determine fixed and slacked
binary variables according to the received triplet (m, ii,
state).

2) Compute the sub-problems and pass on the derived 6,
and X,Eff,] to the system-level dispatching center.

IV. NUMERICAL SIMULATIONS

This section validates the proposed FDCCUC model,
which is hierarchically solved through numerical simula-
tions. First, the effectiveness of the FDCCUC model in har-
nessing the reserve capacities of loads based on the LFD ef-
fects is demonstrated and compared with the existing models
in terms of wind power accommodation capability. Then, the
computational efficiency of the hierarchical searching algo-
rithm is tested.

All simulations are performed within the environment of
MATLAB 2020a running on a PC with an Intel Core™ i7-
8700 CPU (3.2 GHz) and 32 GB of memory. Gurobi 9.1.1 is
employed for solving LP problems.
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A. Test Systems

Two systems, i.e., the 2-area 6-bus system and the 3-area
354-bus system, are used as the testbeds. Figure 5 shows the
topology of the 2-area 6-bus system, which has five tradi-
tional thermal units (G1-G5) and one wind farm integrated
at Bus 2. The parameters and operational constraints of the
thermal units are the same as [18] and the installed capacity
of the wind farm is 100 MW. The prediction values of wind
power and load for a typical summer day (96 dispatching pe-
riods) are provided in Fig. 6. The rated capacity of the DC
tie-line between the two areas is 100 MW, and the allowable
power change ratio is 50 MW per 15 min.

" Area 2

Areal ™

Tie-line

Fig. 5. Topology of 2-area 6-bus system.

300
z
s 250}
15200- P T
£ 150} J AN
= - -
£ 100}
=
@ 50.\/_/\
a‘ I I I I I J

0 16 32 48 64 80 96

Dispatching period
Load in Area 1; - - -Load in Area 2; Wind power
Fig. 6. Prediction values of wind power and load in 2-area 6-bus system

for a typical summer day.

The 3-area 354-bus system is composed of three modified
IEEE 118-bus systems; the two with wind power integrated
are regarded as sending-end systems (SESs), and the remain-
ing one is regarded as a receiving-end system (RES). The ag-
gregated capacities of wind power are 2500 MW at SES#I
and 3000 MW at SES#2. There are two DC tie-lines inter-
connecting these three regional AC grids: HVDC#1 connects
SES#1 and the RES, while HVDC#2 connects SES#2 and
the RES.

In addition, according to data records from EirGird, Ire-
land, the LS cost and wind curtailment penalty (WCP) are
set to be 3500 $/MWh and 80 $/MWh, respectively. The up-
ward and downward reserve prices of thermal units used in
this paper are 30 $/MWh and 15 $/MWh, respectively [18].
Historical wind power forecasting error data from EirGrid
for 2018 to 2020 are used to fit the versatile probability dis-
tribution model of the wind power forecasting error. Confi-
dence levels ¢, and ¢, are selected to be 95% and 90%, re-
spectively. In the 2-area 6-bus system, the load power sensi-
tivity with respect to frequency is uniformly set to be 2.5%
for loads in Area 1 and 1% for loads in Area 2, respectively.
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Moreover, the regional AC grids SES#1 and SES#2 of the 3-
area 354-bus system have the same load power sensitivity of
2.5% and the RES has a load power sensitivity of 1.5%. The
frequency deviation limits are set to be 0.5 Hz for wind-inte-
grated regional grids and 0.2 Hz for load centers which are
within the Chinese standard [21].

B. Effectiveness of FDCCUC Model

To verify the effectiveness of the proposed FDCCUC mod-
el, economical indices including the thermal unit OC, RC,
load shedding penalty (LSP), and WCP are introduced for
the 2-area 6-bus system according to (2)-(5). The FDCCUC
model will be compared with two other scheduling models
commonly found in references in terms of these indices
[15], [16]:

1) Model 1: DC tie-line power is adjustable within a per-
mitted range, but no reserve is shared between regional AC
grids.

2) Model 2: both power and reserve can be transmitted by
DC tie-lines among multiple regional AC grids.

3) Model 3: the proposed FDCCUC model, which consid-
ers not only sharing of power and reserve among multiple
AC grids, but also extra reserve capacities due to the LFD
effects.

The comparison of economical indices for three models in
the 2-area 6-bus system are listed in Table I. The total cost
of Model 2 is slightly less than that of Model 1 due to less
TC. That is generally accepted because Model 2 cannot
change the total amounts of reserve demands and reserve re-
sources even though it can coordinate power and reserve
among regional AC grids. Once the thermal units have suffi-
cient reserve capacities, the relevant indices RC, LSP, and
WCP will be the same. The reserve shared between regional
AC grids optimizes the operation sequences of thermal units
and reduces the startup/shutdown actions so that the TC
drops. In contrast, Model 3 develops additional reserve re-
sources via the permission of safe steady-state frequency de-
viations and the LFD effects. Therefore, it is not surprising
to see overwhelmingly reduced cost indices with Model 3,
especially those relevant to reserves such as RC, LSP, and
WCP.

TABLE I
COMPARISON OF ECONOMICAL INDICES FOR THREE MODELS IN 2-AREA
6-BUS SYSTEM

Model TC () RC ($) LSP($) WCP($) Total ($)
1 438000 38400 3160 1050 480000
2 429000 38400 3160 1050 472000
3 425000 18300 2850 690 447000

Sensitivity analysis of the penalty coefficient 7, which is
used to confine the frequency deviation, is conducted. As
shown in Fig. 7, when =z increases from zero to around
40 $/MW, the total amount of downward reserves carried by
thermal units has an increasing trend; the opposite trend is
observed for upward reserves. This is because that the pro-
posed FDCCUC model has a general ability to lower the op-
erational frequency so that actually committed loads will
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shrink and less thermal unit power as well as relevant costs
will be required. A larger penalty coefficient 7 can naturally
hinder this ability and force thermal units to generate more
power. Accordingly, the upward reserves are reduced while the
downward reserves increase. In addition, these two types of re-
serves remain unchanged for 7 values larger than 40 $/MW.
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rrrrrr Upward reserve; ——Downward reserve

Fig. 7. Sensitivity analysis results of penalizing coefficient 7.

Another role of penalty coefficient z is to avoid a large
operational frequency deviation which is introduced as a de-
cision variable in this paper to serve as auxiliary reserve
source. The maximum permitted frequency deviation for Ar-
eas 1 and 2 are set to be 0.5 Hz and 0.2 Hz, respectively
[21]. A comparison of operational frequency with different
penalty coefficients is demonstrated in Fig. 8, where 7,=0 $/
MW and 7,=40 $/MW. As shown in Fig. 8, system opera-
tors always intend to operate at permitted frequency limit
during the absence of penalty coefficient x.
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Fig. 8. Simulation results of operational frequency with different penalty

coefficients.

As mentioned in the sensitivity analysis, system safety
compromises the economy. However, by setting the penalty
coefficient to be z,, the investigating system operates at a
minor deviation from nominal values, which maintains a
safety margin to frequency limitation (the maximum devia-
tion within one day is less 0.3 Hz for Area 1 and frequency
excursion events become less frequent). Note that this fre-
quency limitation is stipulated by Chinese grid operational
code for normal condition and smaller than the threshold val-
ue of emergency measurement like under frequency load
shedding (UFLD). Though the hard constraints (19) - (21)
could restrict operational frequency deviation, the frequency
deviation penalty could reduce the duration of frequency ex-
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cursion. The constant value of # may be not suitable when
the load side participates in auxiliary service market. There-
fore, a more theoretical method of determination of # should
be taken into consideration in the future work.

Figure 9 shows the scheduled power and reserve transmit-
ted through DC tie-line for Models 1 and 3. Clearly, the DC
tie-line power is not changeable after scheduling due to secu-
rity constraints considered in Model 1. In comparison, the re-
serve ranges scheduled by Model 3 for the DC tie-line (rep-
resented by the grey area in Fig. 9) fully consider these secu-
rity constraints so that Model 3 can operate safely and han-
dle uncertain WPG. Generally, leaving the confidence levels
¢, and ¢, unchanged and gradually increasing the capacity
of the wind farm will require more reserves to cover increas-
ingly uncertain wind power forecasting error; otherwise, the
unexpected wind power will be curtailed. Thus, exploiting
the operational flexibilities of DC tie-lines not only reduces
the system OCs but also increases the integration levels of
wind power, as shown in Fig. 10.
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Fig. 9. Scheduled power and reserve transmitted through DC tie-line for

Models 1 and 3.
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levels of wind power. (a) Total upward reserve. (b) Total OC.
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Provided the same amounts of wind power curtailment re-
sult, the maximum wind power is increased from 120 MW
in Model 1 to 160 MW in Model 2, and finally to 182 MW
in Model 3. In other words, the proposed FDCCUC model
can integrate approximately 51% more wind power than the
other two models. Although the required reserves increase in
each model as the penetration level of wind power increases,
the total OC still drops because more free wind energy is uti-
lized by Model 3.

C. Computational Performance of Hierarchically Implement-
ed Searching Algorithm for FDCCUC Model

1) Quality of Optimal Solution

In this subsection, Models 2 and 3 will be further employed
to demonstrate the quality of the optimal solution derived by
the proposed hierarchical searching algorithm. First, the opti-
mization problems of both scheduling models are solved in a
centralized manner using the Gurobi package. The solutions
obtained are then used as benchmarks for comparisons with
the solutions derived by the hierarchical searching algorithm.
Based on the 3-area 354-bus system, comparisons of the eco-
nomical indices are detailed in Table II.

Table II clearly shows that, for both Models 2 and 3, the
hierarchical searching algorithm finds the optimal solutions
that have few differences from their benchmarks. This
means the DW decomposition-based hierarchical searching
algorithm can guarantee the quality of the solutions found.
In addition, the comparison of the RC, LSP, and WCP indi-
ces between Models 2 and 3 shows that slacking operational
frequency to release potential reserves based on the LFD ef-
fects together with scheduling DC tie-lines to carry reserves
can significantly reduce various system OCs, especially
those tightly relevant to system reserves.

TABLE 1T
COMPARISON OF ECONOMICAL INDICES FOR 3-AREA 354-BUS SYSTEM

Model  Algorithm  TC ($§) RC ($) LSP($§) WCP ($) Total ($)
) Centralized 2217900 489630 39552 17204 2764300
Hierarchical 2217800 489610 39550 17203 2764200
Centralized 2184700 223300 35672 11305 2458300

3 Hierarchical 2184600 223290 35671 11305 2458200

2) Time Consumption of Searching Process

In the 3-area 354-bus system, three regional AC grids are
deployed with three regional dispatching centers that carry
out computations of sub-problems and communicate with a
system-level dispatching center that computes the RMP. Spe-
cifically, one computational iteration is defined as solving
the RMP and then each of the three individual sub-problems
(bearing in mind that several such iterations may be required
to accomplish computations of each node during the BB pro-
cess). Moreover, because the sub-problems can be solved by
the regional dispatching centers in parallel, the time consump-
tion of an iteration is defined as T"M"+max{T:",m € 4},
where 7" is the solution time of the RMP and 7' is the
solution time of the m" sub-problem. In addition, the MILP
problem formulated by the proposed FDCCUC model for
the 3-area 354-bus system has 60094 decision variables
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among which 11664 variables are binaries. Finally, the pro-
posed hierarchical searching algorithm takes 9418 iterations
to converge. The time consumptions of these iterations are
also statistically analyzed and the CDF of the time consump-
tion of each iteration is plotted in Fig. 11. About 90% of the
iterations require less than 1 s.
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Fig. 11. CDF of computation time of each iteration.

The total time cost of the hierarchical searching algorithm
in terms of the sum of the time consumed by all iterations is
about 97 min. Notably, the current version of the hierarchi-
cal searching algorithm is somewhat inefficient compared
with the commercial package Gurobi, which can directly
solve the formulated MILP problem in around 5 min. This
huge gap in computational efficiency is primarily due to the
BB method used by the hierarchical searching algorithm,
which is still far from optimal; future studies could consider-
ably improve the searching efficiency of the proposed hierar-
chical searching algorithm. Even so, the current version of
the hierarchical searching algorithm is obviously suitable for
day-ahead scheduling and, most importantly, it keeps region-
al information hidden during the searching process.

V. CONCLUSION

Mining operational flexibilities of loads is a hot trend for
power systems to confront the problems caused by the in-
creasing integration of WPG. Thus, by introducing an auxil-
iary reserve released from LFD effect, this paper proposes
an FDCCUC model together with a customized hierarchical
searching algorithm to promote the ability of bulk AC/DC
hybrid power systems to accommodate uncertain wind pow-
er. Optimization model derivations and numerical simula-
tions lead to the following conclusions: (D the proposed re-
serve is practically feasible and low-cost, and can be re-
leased by changing the system operational frequency within
a permitted safe range; (2 the additional reserve based on
the LFD effect is effective when reducing the WCE and
LSE, i.e., it allows systems to endure more uncertain wind
power forecasting error and permits the installation of larger
wind power capacities; (3) the necessity of scheduling re-
serves transmitted by DC tie-lines in the FDCCUC model is
demonstrated, otherwise the cross-regional reserve share may
be unexpectedly restricted by technical constraints of the DC
tie-lines; and @ in contrast with centralized algorithm, the
proposed hierarchical searching algorithm derives almost the
same high-quality solutions but requires quite limited infor-
mation exchange between distributed dispatching centers. Al-
though this exploratory research facilitates renewable pene-
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tration levels without expansion of traditional reserve re-
sources, future work should focus on theoretical methods to
restrict frequency deviation.
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