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Abstract——High proportion of renewable energies and the in‐
stallation of power electronic devices (PEDs) pose tough chal‐
lenges to the operation of power systems. In this paper, the re‐
mote coordination adjustment (RCA) of PEDs in stochastic sce‐
narios is studied. The steady-state model for the AC/DC system 
with PEDs is first established, and the alternate iteration meth‐
od based on linearization (AIML) is adopted, especially for effi‐
cient deterministic power flow calculation. Then, the RCA is 
proposed using a modular local sensitivity method combined 
with AIML, which can adjust the electrical variables by diverse 
PEDs with high efficiency. Additionally, the probabilistic power 
flow calculation using the quasi-Monte Carlo method with the 
adaptive sampling number (ASN-QMC) is introduced to keep 
the balance between the computational efficiency and accuracy, 
as well as demonstrating the positive impact of RCA by the 
PEDs in stochastic scenarios. The effectiveness of the proposed 
RCA is validated by a series of modified IEEE test systems.

Index Terms——Power electronic device, remote coordination 
adjustment (RCA), AC/DC system, linearization, sensitivity, un‐
certainty, power flow, quasi-Monte Carlo.

I. INTRODUCTION

WITH the continuous expansion of the power system 
scale, challenges related to the increasing integration 

of renewable energies and installation of power electronic de‐
vices (PEDs) have garnered significant attention. The large-
scale integration of renewable energies introduces significant 
randomness, potentially increasing the fault probability in 

critical areas in the power system, thus leading to wide‐
spread power outages [1]. Additionally, benefiting from the 
fast development of materials and control technology, PEDs 
have been more widely applied in power systems [2], [3], re‐
quiring more judicious operation of these devices to ensure 
the secure operation of the system. In the context of the 
power system characterized by a high proportion of renew‐
able energy integration and PED installation, several critical 
challenges emerge: ① the efficiency and accuracy of deter‐
ministic power flow (DPF) calculation on such system with 
PEDs must be well balanced; ② the accuracy and efficiency 
of such system state determination with large-scale uncertain‐
ties should be ensured; and ③ PEDs can be coordinated to 
mitigate the risk of out-of-limit in some critical areas in sto‐
chastic scenarios.

PEDs are primarily used in high-voltage direct current 
(HVDC) transmission system and flexible AC transmission 
system (FACTS). The voltage source converter (VSC) is 
widely used in HVDC, offering advantages such as indepen‐
dent control of active/reactive power and the ability to pro‐
vide the reverse current without changing the voltage polari‐
ty [4]. The studies of AC/DC system based on voltage 
source converter based high-voltage direct current (VSC-
HVDC) have continuously increased in recent years [5], [6]. 
The FACTS includes the unified power flow controller (UP‐
FC), generalized UPFC (GUPFC), static synchronous com‐
pensator (STATCOM), static synchronous series compensator 
(SSSC), etc., which possess various functionalities: voltage 
regulation, series compensation, power control, phase shift 
and so forth [7]. Given their ability to control the electrical 
variables in the power system flexibly, the PEDs provide a 
new option to guarantee the secure operation of power sys‐
tems [8].

To reveal the impact of PEDs on power system operation, 
it is crucial to conduct the DPF calculation of the AC/DC 
system with PEDs. The DPF calculation methods can be di‐
vided into the alternate iteration method (AIM) and the uni‐
fied iteration method (UIM). AIM possesses a clear physical 
meaning, reduced computational burden per module, and 
ease of programming. In [9] and [10], AIM is adopted for 
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the power flow calculation of the AC/DC system. However, 
only limited research works have explored the use of AIM 
for DPF of AC/DC systems with different kinds of PEDs. 
Based on the Newton-Raphson method, UIM is widely used 
due to its strong convergence properties. The steady-state 
models of the system with PEDs have been established and 
solved using UIM in [11]-[13]. To alleviate the computation‐
al cost of nonlinear power flow equations in UIM, the linear‐
ization methods can be applied [14], [15]. In [15], the re‐
sults show that the adopted method improves the efficiency 
of the DPF calculation. However, identifying a linearization 
strategy is time-consuming, and large changes in the inputs 
necessitate a new linearization strategy. While linearization 
methods increase computational speed, they yield approxi‐
mate results with some inherent uncertainty in calculation ac‐
curacy. Moreover, the modeling of PEDs in DPF above fo‐
cuses solely on the fact that PEDs can control the electrical 
variables of their locations, i. e., the so-called local adjust‐
ment of PEDs, thus neglecting their remote coordination ad‐
justment (RCA) to mitigate risks in the critical areas.

To consider the coordination support ability of PEDs in 
managing remote electrical variables and mitigating associat‐
ed risk, the optimal power flow (OPF) calculation and sensi‐
tivity method can be used. OPF achieves the optimal objec‐
tives by adjusting the control quantities under the specific 
constraints of the system, leading to a great computational 
burden. References [16] - [19] focus on the OPF of the sys‐
tem with PED adjustments while employing such approxi‐
mate or equivalent methods to alleviate the computational 
complexity. The sensitivity method uses local sensitivity to 
delineate the local linear relationships amongst variables, 
guiding the adjustment of control variables. Notably, this 
method primarily focuses on adjusting the target output, mak‐
ing it computationally efficient and ideal for real-time calcu‐
lation [20]. Reference [21] studies the real-time system redis‐
patch by PEDs based on injected voltage source formulation 
and the optimal location for PED installation using the equiv‐
alent impedance formulation by the sensitivity method. In 
[22], one control parameter of a single UPFC is considered 
to remotely adjust the active power loops by the sensitivity 
method, which limits the full utilization of the RCA ability 
of multiple PEDs.

To reveal the out-of-limit in critical areas with large-scale 
uncertainties, the probabilistic power flow (PPF) method is 
generally adopted, including three main categories: analytical 
method, approximate method, and Monte Carlo simulation 
(MCS) method [23]. The MCS method generates the sam‐
ples according to the probability distribution of input, and 
obtains the probability characteristics of the output through a 
lot of DPF calculations. Compared with the analytical and 
approximate methods, the MCS method can get the probabil‐
ity distribution of output more accurately, especially for the 
tail parts. With sufficient samples (always a large number of 
samples), the MCS method based on random sampling (RS-
MCS) is of great robustness, and the results are generally 
used as a reference for other PPF methods. At the same 
time, RS-MCS suffers from a computational burden [24]. To 

improve the computational efficiency of RS-MCS, the MCS 
method based on Latin hypercube sampling (LHS-MCS) is 
widely used [24]-[26]. However, the samples from LHS-MCS 
show stratification only in unidimensional space. Still, they 
may not be uniformly distributed in high dimensions, thus re‐
quiring more samples for accuracy, i.e., greater computation‐
al burden. Many studies aim to improve the uniformity of 
high-dimensional LHS-MCS samples [27]-[29]. However, 
they do not get rid of the curse of dimensionality for the 
high-dimensional problems. Besides, the sampling number is 
determined and fixed using the traditional LHS-MCS meth‐
od. Thus, the re-sampling must be conducted when the sam‐
pling number is insufficient to satisfy the accuracy require‐
ment. To solve this problem, the inherited LHS technique is 
proposed [30]. However, this method only doubles the sam‐
pling number per change, which is inflexible. The sample 
uniformity obtained by the quasi-Monte Carlo (QMC) meth‐
od is proved to be better than that by the LHS-MCS method 
[31]. In [32], the QMC method is applied to the PPF calcula‐
tion. And in [33], the extended QMC is proposed to find the 
appropriate sampling number freely. However, the method in 
[33] is only applied in the pure AC system with limited effi‐
ciency gains because the DPF of a pure AC system is less 
time-consuming. Moreover, many studies focus solely on the 
system state analysis using the PPF, neglecting risk mitiga‐
tion adjustments.

To overcome the above issues, this paper studies RCA of 
PEDs in AC/DC system by power flow calculation with lin‐
earization and sensitivity in stochastic scenarios. The main 
contributions are summarized as follows.

1) The DPF of the AC/DC system with PEDs is calculat‐
ed through the alternate iteration method based on lineariza‐
tion (AIML). This method linearizes the power flow equa‐
tions of each module for acceleration. Different from the tra‐
ditional linearization method, the convergence criterion is ad‐
opted to ensure accuracy.

2) The RCA of PEDs is proposed, which performs one it‐
eration of AIML first, then adjusts PEDs by the modular lo‐
cal sensitivity, and satisfies the convergence criterion of DPF 
and adjustment. This strategy enables PEDs to adjust the tar‐
get value in critical areas, i.e., the active power of tie lines, 
where PEDs are non-adjacent.

3) The QMC method with an adaptive sampling number 
(ASN-QMC) is introduced to calculate the PPF of the AC/
DC system with PEDs and reveal the positive effect of such 
non-adjacent PEDs on improving the grid operation security. 
This method inherits the advantages of QMC, which adap‐
tively selects the appropriate sampling number, thus achiev‐
ing efficiency.

The rest of this paper is organized as follows. The model‐
ing of the AC/DC system with PEDs and the DPF solution 
using AIML is introduced in Section II. The RCA by PEDs 
is presented in Section III. The ASN-QMC for RCA by 
PEDs in stochastic scenarios is introduced in Section IV. In 
Section V, several test cases are designed and studied. Sec‐
tion VI concludes this paper.
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II. MODELING OF AC/DC SYSTEM WITH PEDS AND DPF 
SOLUTION USING AIML 

A. Steady-state Modeling of AC/DC System with PEDs

1)　PED
The equivalent circuit of VSC station, GUPFC (or UPFC), 

STATCOM, and SSSC are shown in Supplementary Material 
A Fig. SA1. The steady-state model of VSC station consid‐
ers the losses associated with power exchange, whereas the 
other models for GUPFC (or UPFC), SSSC, and STATCOM 
neglect the power losses. The mismatch equations of PEDs 
in Supplementary Material A (A1)-(A4) can be simplified as 
(1), and the detailed definitions of each variable can be 
found in Supplementary Material A.
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FVSC = fVSC (xVSC )= 0    VSC station

FGUPFC = fGUPFC (xGUPFC )= 0    GUPFC

FSTATCOM = fSTATCOM (xSTATCOM )= 0    STATCOM

FSSSC = fSSSC (xSSSC )= 0    SSSC

(1)

2)　AC System
The power flow mismatch equations of AC bus i are:

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

DPi =Pi -Re
ì
í
î

ïï ü
ý
þ

ïï∑
j

V̇i [(V̇i - V̇j )Yij ]
* = 0

DQi =Qi - Im
ì
í
î

ïï ü
ý
þ

ïï∑
j

V̇i [(V̇i - V̇j )Yij ]
* = 0

(2)

where DPi and DQi are the active and reactive power mis‐
matches of bus i, respectively; V̇i and V̇j are the voltages of 
buses i and j, respectively; Yij is the ith-row j th-column ele‐
ment in the AC bus admittance matrix; and Pi and Qi are the 
active and reactive power injections on bus i (sourced from 
the load, generator, and power injection from PEDs), respec‐
tively. Equation (2) can be simplified as:

Fac = fac (xac )= 0 (3)

where Fac =[DPDQ]T, and DP and DQ are the active and re‐
active mismatch power equations, respectively; fac is the vec‐
tor of mismatch equations of the AC system; and xac is the 
vector of bus voltages of AC system.
3)　DC System

The mismatch equation of the DC system DPdci is given 
as [34]:

DPdci =PGdci -PLdci +Pcdci -Vdci∑
j

VdcjYdc.ij = 0 (4)

where Vdci is the voltage of DC bus i; Ydcij is the ith-row j th-
column element in the conductance matrix; PGdci and PLdci 
are the active power of generator and load on DC bus i, re‐
spectively; and Pcdci is the power flowing from VSC to DC 
bus i. Equation (4) can be simplified:

Fdc = fdc (xdc )= 0 (5)

where Fdc =[DPdc1DPdc2]T; fdc is the vector of mismatch 
equations of the DC system; and xdc is the vector of bus volt‐
ages of the DC system.

B. Procedure of AIML for AC/DC System with PEDs

1)　Basic Concept of Linearization
The equation to be solved is F(x)= f (x1x2)= 0, where 

F is a multivariate function with x =[x1x2] as the state 
variable, namely bus voltage magnitude V and phase angle θ.

The linearized equation of F(x) at linearized variable 
ϕ(x0 ) about a specific value x0 for linearized variable ϕ(x)  
can be obtained by preserving the first-order term of its Tay‐
lor expansion:

F » |F(x)
x0

+
|

|
|
||
|¶F(x)

¶ϕ(x)
x0

(ϕ(x)- ϕ(x0 )) (6)

For the linearized variable ϕ(x), there are three typical 
forms, and their state variables are given as [35]:

ϕ(x)= (φ(V )η(θ))= (Vθ) (V 2θ) or (ln Vθ) (7)

where φ(V ) and η(θ) denote different forms of V and θ, re‐
spectively.

The value of 
|

|
|
||
|¶F(x)

¶ϕ(x)
x0

 in (6) can be calculated as:

¶F(x)
¶ϕ(x)

=
¶F(x)
¶x

¶x
¶ϕ(x)

=
¶F(x)
¶x

¶ϕ-1 (ϕ(x))
¶ϕ(x)

(8)

From (8), ¶F(x)/¶x is calculated first, and ¶ϕ-1 (ϕ(x))/¶ϕ(x) 
can be determined according to different linearization types 
in (7). In the following linearization strategy, the form (Vθ) 
is adopted due to its brevity and low computational bur‐
den [35].
2)　Calculation Procedure of AIML

The mismatch equations (1), (3), and (5) are linearized by 
(6). The calculation procedure of AIML for the AC/DC sys‐
tem with PEDs is outlined as follows.

Step 1: import the system data and set the initial values.
Step 2: linearize the mismatch equations of each module 

of PEDs, and then calculate the power flow. Note that each 
module is independent, and parallel computations can be per‐
formed (not applied in this paper).

Step 3: calculate the power injection flowing from PEDs 
into the AC system. Linearize the mismatch equations of the 
AC system, and calculate the power flow distribution.

Step 4: determine the power injection flowing from the 
VSC station into the DC system. Linearize the mismatch 
equations of the DC system, and calculate the power flow 
distribution.

Step 5: update the bus voltage of the AC/DC system.
Step 6: judge whether two iterations (the k th and (k - 1)th) 

satisfy the convergence criterion of DPF.

max | χ (k)- χ (k - 1) | < εAIML (9)

where χ denote all the state variables in the system, includ‐
ing the bus voltage of the AC/DC system and PEDs; super‐
script (k) represents the k th iteration; and εAIML is the conver‐
gence coefficient of DPF, and usually, εAIML = 10-6. If the con‐
vergence criterion in (9) is not satisfied, repeat Step 2 to 
Step 6, or calculate other required data and output the results.

Linearization is only applied to the nonlinear equations in 
AIM without changing the procedure or the convergence cri‐
terion. Therefore, the accuracy of AIML is consistent with 
that of AIM. For each iteration, the diagrams of three differ‐
ent methods (UIM, AIM, and AIML) are shown in Fig. 1.
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In Fig. 1, JNx
 is the Jacobian matrix, and Nx denotes the 

matrix dimension. The larger the Nx of the Jacobian matrix 
is, the greater the computational burden required for solving 
the mismatch equations. If the mismatch equations are 
solved by inverting JNx

, the time complexity for the inverse 

matrix is known to be Ο(N 3
x ). And it is easy to prove: JN is 

more computationally complex than JN1
JN2

JNn
 com‐

bined, especially as N increases. UIM requires a Jacobian 
matrix with all the variables for each iteration. For AIM, al‐
though the whole system is divided into several modules, 
the Jacobian matrix of each module still needs to be calculat‐
ed repeatedly to satisfy its convergence criterion. Therefore, 
it is hard to state whether AIM or UIM has a higher compu‐
tational efficiency. Similar to AIM, AIML is divided into sev‐
eral modules, but each module of AIML is equivalent to per‐
forming only a single Jacobian matrix calculation. As a re‐
sult, the computational efficiency of the three methods for 
each iteration can be ranked as: AIML >AIM »UIM.

III. RCA BY PEDS 

A. Solving Local Sensitivity Method

To perform RCA by PEDs, it is necessary to calculate the 
local sensitivity matrix S y

u of the target output y (e.g., the ac‐
tive power of tie lines) with respect to the control parame‐
ters u of PEDs.
1)　Traditional Local Sensitivity

The local sensitivity matrix using a traditional solution S y
Tu 

directly considers the coupling relationship of the whole sys‐
tem in one equation. The target output y is affected by the 
state variables χ and u, and hence y can be expressed as y =
y(χu). The power flow equation for the whole system is giv‐
en as:

fw (χu)= 0 (10)

where fw is the mismatch equation of the whole system.
The traditional local sensitivity S y

Tu can be obtained as:

S y
Tu =

¶y
¶uT

-
¶y
¶χT ( ¶fw

¶χT ) -1
¶fw

¶uT
(11)

2)　Modular Local Sensitivity
The local sensitivity matrix can be also calculated using 

modular local sensitivity S y
Mu. The modular local sensitivity 

relies on the intermediate variable, i. e., the active/reactive 
power injections of each bus (sourced from the load, genera‐
tor, and PEDs), as a bridge, indirectly considering the linear 
relationship between the modules. The relationship between 

y and u can be represented as:
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u =- ( )¶fPED

¶vT

-1
¶fPED

¶uT

(12)

where v is the vector of bus voltages of PEDs; Du and Ds 
denote the changes in state variable u and sensitivity vari‐
able s; and fPED is the vector of mismatch equations of PEDs.

Actually, the computational burden of calculating S y
u (S y

Tu 
and S y

Mu) primarily depends on the inverse matrix calcula‐
tion. If UIM is adopted, the inverse matrix in S y

Tu has been 
calculated, making the traditional local sensitivity more suit‐
able. When AIML is employed, the inverse matrices in S u

s  
and S v

u in S y
Mu have been calculated in each module, indicat‐

ing that the modular local sensitivity is more suitable.

B. Procedure of RCA by PEDs

The schematic diagram of RCA by PEDs is shown in Fig. 
2. Compared with local adjustment, PEDs are non-adjacent 
to the tie lines, necessitating the design of the adjustment 
strategy by PEDs to modify the active power of the tie lines.

There are two primary methods to perform RCA, summa‐
rized as Π -out [22] and Π -in, where Π denotes the AIM, 
UIM, AIML or any other iteration solution methods for DPF. 
The procedure of Π-out is: perform a DPF to satisfy the con‐
vergence criterion of the DPF, followed by adjusting PEDs 
to satisfy the convergence criterion of adjustment. The proce‐
dure of Π-in is given as: perform one iteration in DPF, fol‐
lowed by adjusting PEDs, which satisfies the convergence cri‐
terion of both DPF and the adjustment. The differences be‐
tween Π-out and Π-in are depicted in Fig. 3. Six methods can 
be used to perform RCA: UIM-in, AIM-in, AIML-in, UIM-
out, AIM-out, and AIML-out.

In this paper, AIML-in is adopted to perform RCA by 
PEDs. The procedure using modular local sensitivity is out‐
lined as follows.

Step 1: import system data and set the target value of the 
active power P ref

t(ik - jk ) of tie line ik-jk.

JN1

JN2

JNn

 ×k1

 ×k2

 ×kn

AIM

 ×1

 ×1

 ×1

AIML

JN ×1

UIM

JN1

JN2

JNn

… …

Fig. 1.　Diagrams of three different methods for each iteration.

PED2,1

PED2,2

PED2,3

Tie line

Area 2Area 1
PED1,1

PED1,3

PED1,2 AdjustmentAdjustment

Active power

… …

Fig. 2.　Schematic diagram of RCA by PEDs.
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Step 2: perform one DPF iteration calculation of AIML, 
and then calculate S y

Mu.
Step 3: determine the target value y.

y =∑
k = 1

nt

|| P t(ik - jk )-P ref
t(ik - jk ) (13)

where P t(ik - jk ) is the current value of the active power of tie 

line ik-jk; and n t is the number of tie lines. Since the target is 
y = 0, the difference from the target y is Dy = 0 - y =-y.

Step 4: Dy and Du satisfy Dy = S y
MuDu. Since the dimen‐

sion of u is always greater than or equal to that of y, the 
minimum norm solution is obtained through the pseudo-in‐
verse calculation, yielding the minimum change Du(k) of the 
control parameters of PED for the k th iteration as in (14). 
Then, update u(k): u(k + 1)= u(k)+Du(k).

Du(k)= (S y(k)
Mu )T [S y(k)

Mu (S y(k)
Mu )T ]-1Dy(k) (14)

Step 5: judge whether the active power of tie lines satis‐
fies the convergence criterion of adjustment at the k th itera‐
tion.

Dy(k)< εAIML - in (15)

where εAIML - in is the convergence coefficient of the adjust‐
ment. In this paper, εAIML - in = 10-4. If either (9) or (15) is not 
satisfied, repeat Step 2 to Step 5, or calculate other required 
data and output the results.

The diagram of the steps of AIML-in is shown in Supple‐
mentary Material A Fig. SA2.

IV. ASN-QMC FOR RCA BY PEDS 
IN STOCHASTIC SCENARIOS 

A. Identification of Tie Line Exceeding Limits

P max
t(ik - jk ) is the rated value of P t(ik - jk ). After PPF calculation, 

the sampling number, of which p t(ik - jk ) exceeds P max
t(ik - jk ), is 

counted as Nt(ik - jk ). The out-of-limit probability p t(ik - jk ) of tie 

line ik-jk is:

p t(ik - jk )= Nt(ik - jk ) Ntotal (16)

where Ntotal is the total number of samples. The average out-
of-limit probability p̄ t of tie lines is:

p̄ t =
∑
k = 1

nt

p t(ik - jk )

n t

(17)

Equations (16) and (17) reveal the active power of the tie 
line exceeding the limits in AC/DC systems with PEDs.

B. Probabilistic Method Theory

1)　Introduction to ASN-QMC
The QMC uses low-difference sequences, e.g., Halton se‐

quence, Sobol sequence, to generate samples [31]. Compared 
with MCS, QMC produces more uniformly distributed sam‐
ples, resulting in fewer required samples. Specifically, for a 
given sampling number N, the convergence rate of QMC is 

O(1 N), while that of MCS is only O(1 N ) [31]. Besides, 
the low-difference sequence used in QMC is deterministic 
and replicable, eliminating such randomness. As the sam‐
pling number increases, previously obtained results remain 
valid, and there is no need to re-sample. Given these advan‐
tages, the ASN-QMC is suitable to be adopted for the deter‐
mination of the appropriate sampling number.
2)　Procedure of ASN-QMC

The Sobol sequence generates a sample set matrix RM ´N 
with dimension M and sampling number N herein [36]. The 
data in each dimension of RM ´N follow the uniform distribu‐
tion over [0,1]. The sample set matrix ZM×N that follows the 
standard normal distribution can be obtained as:

ZM ´N =G-1 (RM ´N ) (18)

where G is the cumulative distribution function of the stan‐
dard normal distribution.

The Spearman correlation coefficient matrix amongst in‐
put variables is assumed to be Rx. Since the Spearman corre‐
lation coefficient remains unchanged when such multidimen‐
sional arbitrary distribution is transformed to the standard 
normal distribution, the ements of the Pearson correlation co‐
efficient matrix Rz amongst the variables that follow the nor‐
mal distribution are given as:

ρ ij = 2sin ( )π
6
ρsij (19)

where ρ ij and ρsij are the ith-row j th-column elements in Rz 
and Rx, respectively. The sample set matrix Z ′M ´N following 
the standard normal distribution with the desired correlation 
is given as:

Z ′M ´N =LZM ´N (20)

where L satisfies Rz =LLT.
Based on the cumulative distribution function FX of the 

probability distribution followed by each random input vari‐
able (named original distribution), the sample set matrix 
XM ´N of the inputs, can be determined as:

XM ´N =F -1
X (G(Z ′M ´N )) (21)

Perform one DPF
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Use Π-in
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convergence

criterion of DPF
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Perform one DPF
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Perform the adjustment
of PEDs

Perform the adjustment
of PEDs
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convergence

criteria of DPF and
adjustment
staisfied?

Use Π-out

Obtain the control parameters of PEDs
and the power flow of the system

DPF
iteration

calculation

RCA by
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Is
convergence
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N

N

N

Y
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Y

Fig. 3.　Differences between Π-out and Π-in.
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where F -1
X  is the inverse function of FX.

Based on XM ´N, N times of DPFs are calculated, and the 
output sample set matrix YM ´N of DPF can be obtained. The 
PPF result YPPF, such as the standard deviation σY of YM ´N, 
can be calculated as YPPF = h(YM ´N ), where h is the PPF func‐
tion that processes YM ´N.

To balance the computational accuracy and efficiency, the 
ASN-QMC can be used to find an appropriate sampling 
number N. In ASN-QMC, an initial sampling number N0 is 
set. The change step of the sampling number is denoted as 
DΝ. After i increments, the total sampling number Ni equals 
N0 +DNi. Due to the nature of the Sobol sequence, the re‐
sults of new PPF calculations (DΝ samples) leave no effect 
on the previous calculation results. Therefore, the result YPPF 
of PPF calculation after i changes is:

YPPF = h([YM ´Ni - 1
YM ´DN ]) (22)

The PPF calculation ends when the following criteria are 
satisfied:

ì
í

î

ïïïï

ïïïï

D2σY (Ni )= || σY (Ni )- 2σY (Ni - 1 )+ σY (Ni - 2 ) < εASN - QMC

D2 p̄ t(Ni )= || p̄ t(Ni )- 2p̄ t(Ni - 1 )+ p̄ t(Ni - 2 ) < εout - of - limit

(23)

where σY (Ni ) and p̄ t(Ni ) denote σY and p̄ t when the sampling 

number is Ni, respectively; D2σY (Ni ) and D2 p̄ t(Ni ) denote the 

backward second-order differences of σY and p̄ t, respectively; 
and εASN - QMC and εout - of - limit are the convergence coefficients, 
of which the values significantly determine the efficiency 
and accuracy of ASN-QMC, respectively. The small values 
of D2σY (Ni ) and D2 p̄ t(Ni ) indicate the marginal changes in σY and 

p̄ t, respectively.

C. Procedure of RCA in Stochastic Scenarios

The RCA by PEDs can effectively mitigate the risk of the 
system in stochastic scenarios and reveal the system opera‐
tion status after the adjustment of PEDs. Moreover, the ANS-
QMC is used for sampling and PPF calculation. For each 
sample, AIML is applied to calculate the DPF of the AC/DC 
system with PEDs, and RCA by PEDs is used to reduce out-
of-limit probability. The whole procedure is illustrated in 
Fig. 4.

V. CASE STUDY

A. Test Systems Under Study

1) Case A: three different test systems are designed to ver‐
ify the performance of AIML, i. e., case A1: IEEE 14-bus 
system; case A2: IEEE 57-bus system; and case A3: IEEE 
118-bus system. Only the local adjustment of PEDs is con‐
sidered. The control parameters of PEDs are detailed in Sup‐
plementary Material A Table SAII. The AC system test cases 
for IEEE standards are sourced from the MATPOWER [37]. 
The basic parameters for PEDs, e.g., equivalent impedance, 
control coefficient, are sourced from [12], [14], and [34].

2) Case B: some uncertainties are added to case A3, 
which is used to verify the performance of ASN-QMC in the 
AC/DC system with PEDs. The data related to uncertainties 
are sourced from [38]. 

The active power of loads in area 1 and area 2 follows 
the normal distribution, of which the mean is equal to the 
corresponding active power in the original case, and the stan‐
dard deviation is equal to 5% of the mean. The power factor 
of each load is fixed. There are three wind farms in this sys‐
tem. The location and number of wind turbines, as well as 
the Spearman correlation coefficient matrix of wind in each 
wind farm, are shown in Fig. 5. 

The wind speeds follow the Weibull distribution with 
shape parameter and scale parameters equaling 3.97 and 
10.7, respectively. The cut-in, rated, and cut-out speeds of 
the wind turbines are set to be 4 m/s, 15 m/s, and 25 m/s, re‐
spectively. The rated power of each wind turbine is 2 MW.

3) Case C: case C is designed to explain the characteris‐
tics of the RCA and the local adjustment of PEDs. Lines 23-
24, 30-38, and 33-37 are the tie lines of two areas in Fig. 5, 
with rated active power of 1.1, 2.0, and 0.2 p.u., respectively. 
Assume P ref

t(23 - 24)= 0.13 p. u., P ref
t(30 - 38)= 0.35 p. u., and P ref

t(33 - 37)=
-0.15 p.u.. The location and control parameters of PEDs are 
the same as those in case A3. Note that control parameter 
P37 - 33 of GUPFC directly adjusts the active power of tie line 
33-37, while in case C1, only P37 - 33 of GUPFC, i.e., the lo‐
cal adjustment, is considered. Also, the RCA by PEDs is 
considered in case C2.

4) Case D: based on case B and case C1, to verify the per‐
formance of RCA by PEDs in stochastic scenarios, the prob‐
ability of the active power of tie lines exceeding the limit is 
reduced as much as possible by the adjustments of PEDs.

All the tests are implemented in MATLAB 2023a [39] on 
a personal computer with Intel(R) Core(TM) i7-13700K CPU @ 
3.40 GHz and 32 GB 6400 MHz DDR5.

B. Case A: DPF for AC/DC System with PEDs

In this subsection, the performance of AIML in calculat‐
ing the DPF of the AC/DC system with PEDs is studied. 
The results of UIM, AIM, and AIML are compared through 
case A, and the computational time of each method is dis‐
cussed in detail. The convergence accuracy of the three 
methods is set to be 10-6.

...

......

...

N0 samples ΔN samples ΔN samples (satisfy (23))

Perform an
iteration of

AIML

Is it out
of limit?

Adjustment
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Is it
convergente

 or not?
Obtain
YY Y

N

N

ASN-QMC

...

......

... ...

......

...
...

: samples; : each sample

AIML-in

Fig. 4.　Diagram of RCA by PEDs in stochastic scenarios.
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1)　Results of Power Flow Calculation
The DPF results of bus voltage magnitude V and phase an‐

gle θ of case A1 to case A3 among three methods with 
PEDs are shown in Fig. 6 and Fig. 7.

In case A, the results of AIML are nearly identical to 
those of AIM and UIM under the same convergence accura‐
cy, further demonstrating the feasibility and high accuracy of 
AIML for DPF calculation.

2)　Discussion on Computational Time
Table I illustrates the computational time and iterations of 

the three methods in case A. AIML and AIM can be divided 
into three modules: AC, DC, and PEDs. The PED module in‐
cludes four components: GUPFC (or UPFC), SSSC, STAT‐
COM, and VSC. The number of iterations in each module at 
the k th iteration under case A using AIM are shown in Table 
II.

In case A, each module is calculated once in each itera‐
tion using AIML, implying that the iterations of each mod‐
ule are equivalent to the total iterations of AIML. According 
to Table I and Table II, it can be found that in case A1, not 
only the number of iterations of AIM is smaller than those 
of AIML (4 < 9), but also the sum of iterations per module is 
smaller than that of AIML (except for the VSC module), re‐
sulting in a little longer computational time of AIML com‐
pared with that of AIM. In case A2, although AIM has fewer 
iterations in total and the sum of iterations per module (ex‐
cept for the AC module) compared with AIML, the computa‐
tional time of AIML is almost the same as that of AIM. The 
reason is that the AC module always has a greater computa‐
tional burden than other modules, and AIM requires itera‐
tions in the AC module than AIML. In case A3, the test sys‐
tem is more complex, leading to increased iterations for both 
AIM and UIM. AIM achieves convergence in 9 iterations, as 
opposed to the 10 iterations required by AIML. Still, most 
of the sums of iterations per module are greater in AIM than 
those in AIML (except for the DC system), bringing shorter 
computational time of AIML compared with that of AIM. In 
addition, the computational time of UIM is always the lon‐
gest in case A.
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Fig. 6.　DPF results of bus voltage magnitude in each case. (a) Case A1. 
(b) Case A2. (c) Case A3.
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Fig. 7.　DPF results of phase angle in each case. (a) Case A1. (b) Case A2. 
(c) Case A3.

TABLE I
COMPARISON OF COMPUTATIONAL TIME AND ITERATIONS OF EACH METHOD

Method

AIML

AIM

UIM

Case A1

Time (s)

0.021

0.017

0.050

Iteration

9

4

6

Case A2

Time (s)

0.035

0.036

0.061

Iteration

10

6

6

Case A3

Time (s)

0.045

0.072

0.127

Iteration

10

9

11

Bus 83:

Bus 84: Bus 86:

Bus 82:

Wind farm 3

IEEE 118-bus test system

Area 1

Area 2

Bus 14: Bus 16:

Bus 5: Bus 13:

�Bus 2:

×18
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×27

×31
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×21 ×25

×49
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×41
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×29

×14
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Bus 50:

Bus 52: Bus 53:

Bus 44:

Wind farm 238 30

37 33

24 23

44 50 52 53Bus
44 1.00 0.87 0.88 0.85
50 0.87 1.00 0.91 0.85
52 0.88 0.91 1.00 0.87
53 0.85 0.85 0.87 1.00

: wind turbine; : tie line : correlation coefficient matrix;
1
·· 1

··

82 83 84 86
82 1.00 0.85 0.91 0.87
83 0.85 1.00 0.87 0.85
84 0.91 0.87 1.00 0.88
86 0.87 0.85 0.88 1.00

Bus
2 3 5 13 14 16

2 1.00 0.82 0.85 0.83 0.91 0.86
3 0.82 1.00 0.89 0.89 0.92 0.95
5 0.85 0.89 1.00 0.83 0.92 0.88

13 0.83 0.89 0.83 1.00 0.91 0.85
14 0.91 0.92 0.92 0.91 1.00 0.87
16 0.86 0.95 0.88 0.85 0.87 1.00

Bus

Fig. 5.　Introduction to test system for case B and case C.
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In case A, AIML can deal with the DPF of the AC/DC 
system with PEDs. Compared with other DPF methods, 
AIML is more computationally efficient than UIM and AIM 
when the iterations of AIML are equal to or fewer than 
those of AIM. This advantage becomes particularly notable 
as the system scale increases.

C. Case B: PPF for AC/DC System with PEDs

In case B, to demonstrate the performance of ASN-QMC, 
the sampling number is increased from 200 until the criteri‐
on in (27) is satisfied. εASN - QMC and εout - of - limit are set to be 
10-3, and the change step DN is set to be 100. The results of 
RS-MCS with 105 samples (named RS-MCS-105) are used as 
the reference for other PPF methods. The MCS method 
based on Latin hypercube sampling (LHS-MCS) is used as a 
comparative method. The variation of D2σ, of which the ac‐
tive power of tie lines 23-24 and 30-38 is considered, and 
the variation of D2 p̄ t is presented, as shown in Table III.

Table III indicates that the ASN-QMC converges when the 
sampling number is 1500, where D2σP23 - 24

, D2σP30 - 38
, and D2 p̄ t 

are all less than 10-3. Since ASN-QMC can reuse the gener‐
ated samples, there is no need to resample as the sampling 
number increases. Therefore, in the procedure of sampling 
number determination, only 1500 DPF calculations are suffi‐
cient in ASN-QMC. However, a minimum of 200 + 300 +
400 + + 1500 = 11900 DPF calculations are required by 
LHS-MCS, which is not practical for finding an appropriate 
sampling number in practice. Besides, to further demonstrate 
the superiority of the ASN-QMC, several specific sampling 

numbers, e.g., 500, 1500, and 2500, are selected. Two indi‐
ces are used to evaluate the accuracy of different methods.

1) Relative error (RE): RE measures the difference in 
computational accuracy between the PPF method and RS-
MCS-105. A smaller difference indicates a higher accuracy 
of the PPF method. RE is defined as:

RE =
|| Rtest -RRS - MCS - 105

RRS - MCS - 105

´ 100% (24)

where Rtest denotes the result of PPF method to be tested; 
and RRS - MCS - 105 denotes the result of RS-MCS-105.

2) The error of out-of-limit probability (EOLP): EOLP 
measures the error of average probability of P t(ik - jk ) of tie 

line exceeding the limit. EOLP is calculated by substituting 
P t(ik - jk ) in (16) into (24).

The results of RE and EOLP of the active power of tie 
lines in case B are shown in Table IV. From Table IV, the 
RE of mean μ is small using both LHS-MCS and ASN-
QMC, but the RE of standard deviation σ using LHS-MCS 
is greater, which is more obvious when the sampling number 
remains small. EOLP obtained by LHS-MCS is also greater, 
indicating that ASN-QMC can better characterize the tail 
parts of the distribution, thus quantifying the probability of 
output exceeding the limit with higher accuracy.

TABLE III
VARIATION OF BACKWARD SECOND-ORDER DIFFERENCE WITH SAMPLING 

NUMBER IN CASE B

Sampling number

700

800

900

1000

1100

1200

1300

1400

1500

D2σP23 - 24

3.5 ´ 10-3

2.3 ´ 10-3

5.1 ´ 10-3

1.3 ´ 10-3

3.1 ´ 10-3

9.2 ´ 10-4

2.2 ´ 10-5

1.3 ´ 10-3

1.3 ´ 10-4

D2σP30 - 38

6.3 ´ 10-3

5.0 ´ 10-3

6.6 ´ 10-3

3.0 ´ 10-3

3.5 ´ 10-3

1.7 ´ 10-4

1.2 ´ 10-3

1.7 ´ 10-3

2.8 ´ 10-4

D2 p̄t

5.7 ´ 10-3

6.0 ´ 10-3

3.4 ´ 10-3

1.8 ´ 10-3

2.7 ´ 10-3

1.7 ´ 10-3

5.5 ´ 10-4

2.8 ´ 10-4

2.2 ´ 10-4

TABLE IV

RESULTS OF RE AND EOLP OF ACTIVE POWER OF TIE LINE IN CASE B

Sampling 
number

500

1500

2500

Index

RE of μ

RE of σ

EOLP

RE of μ

RE of σ

EOLP

RE of μ

RE of σ

EOLP

Results of tie line 23-24

LHS-MCS 
(%)

0.051

0.918

25.632

0.012

1.078

18.989

0.027

1.103

1.834

ASN-QMC 
(%)

0.075

0.568

5.801

0.034

0.469

1.786

0.050

0.586

2.628

Results of tie line 30-38

LHS-MCS 
(%)

0.029

0.142

6.977

0.016

0.166

5.768

0.007

0.381

3.943

ASN-QMC 
(%)

0.059

0.005

3.134

0.030

0.527

3.809

0.027

0.026

1.719

TABLE II
ITERATION IN EACH MODULE

Case

Case A1

Case A2

Case A3

The kth 
iteration

1

2

3

4

Sum

1

2

3

4

5

6

Sum

1

2

3

4

5

6

7

8

9

Sum

Iteration in each module

AC

3

1

1

0

5

4

2

4

2

1

1

14

4

3

2

2

1

1

1

0

0

14

DC

2

1

0

0

3

3

1

1

1

0

0

6

3

2

1

1

0

0

0

0

0

7

GUPFC

4

1

1

0

6

3

2

2

1

1

1

10

1

4

2

2

1

1

1

0

1

13

SSSC

3

2

3

1

1

0

10

1

4

3

3

2

2

2

1

1

19

STATCOM

3

1

1

0

5

0

4

0

0

0

0

4

1

3

2

2

1

1

1

1

0

12

VSC

3

4

1

1

9

3

3

1

1

1

0

9

3

6

3

2

1

1

1

0

0

17
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D. Case C and Case D: Performance of RCA by PEDs

1)　Case C: Adjustment of PEDs in DPF
To illustrate the limitation of local adjustment, case C1 is 

designed, only considering control parameter P37 - 33 of GUP‐
FC, which can directly adjust the active power of tie line 33-
37. Since the impact of P37 - 33 of GUPFC on the active pow‐
er of the remaining two tie lines is unclear, P37 - 33 of GUPFC 
is changed around the opposite number of P ref

t(33 - 37)=-0.15 p.u. 
(the power flow directions of P37 - 33 and P ref

t(33 - 37) are oppo‐
site), i.e., P37 - 33 of GUPFC is adjusted from 0.11 p.u. to 0.2 
p.u.. The active power of tie lines and the absolute value of 
the difference from the target (|Dy|) are shown in Fig. 8, 
where the light-colored bar chart denotes the actual calculat‐
ed value, and the dark-colored bar chart denotes the differ‐
ence between the actual value and the reference value.

From Fig. 8, the minimum value of |Dy| is 0.2756 p. u. 
(which does not satisfy (15)) when P37 - 33 of GUPFC is set 
to be 0.15 p.u., indicating that it is difficult to make the ac‐
tive power of tie lines reach the target only through the local 
adjustment by P37 - 33 of GUPFC. Besides, as P37 - 33 of GUP‐
FC changes, the active power of tie line 33-37 is almost 
equal to the additive inverse of P37 - 33 of GUPFC. However, 
an intuitive relationship between the active power of tie 
lines 23-24 and 30-38 and P37 - 33 of GUPFC cannot be ob‐
tained. Therefore, it is unwise to change the active power of 
tie lines (PEDs are not adjacent) by local adjustments. Un‐
less the control parameters of the PEDs are continuously and 
artificially modified after each DPF calculation, the effect of 
the adjustment of the PEDs on the desired target is ambigu‐
ous. As a result, it is essential to study the RCA to consider 
the ability of various PEDs to reach the target of all tie lines 
efficiently.

To verify the performance of RCA by PEDs using AIML 
combined with modular local sensitivity, case C2 is de‐
signed. In case A, AIM, AIML, and UIM can obtain the 
same DPF results, resulting in the same adjustment iterations 
of the three methods. However, the computational efficiency 
of AIM and AIML is mostly higher than that of UIM. Corre‐
spondingly, AIM-out and AIML-out have higher efficiency 
than UIM-out. Therefore, case C2 applies five methods, 
AIM-out, AIML-out, AIM-in, UIM-in, and AIML-in (pro‐
posed in this paper), not including UIM-out. Note that 
AIML-in adopts the modular local sensitivity, while other 
methods adopt the traditional local sensitivity. The changes 
of active power with adjustment iterations using different 
methods are shown in Fig. 9. From Fig. 9, the results reveal 
that all five methods can perform RCA by PEDs. 
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From case A, the efficiency of DPF calculation in each ad‐
justment iteration can be ranked as: AIM-out < AIML-out < 
UIM-in < AIM-in < AIML-in. The efficiency of sensitivity 
calculation can be ranked as: AIM-out = AIML-out = AIM-
in < UIM-in ≈ AIML-in. Therefore, AIML-in achieves the 
highest efficiency in the DPF and sensitivity calculation. Be‐
sides, the AIML-in has only a total of 22 adjustment itera‐
tions, achieving the highest efficiency in performing RCA 
(0.53 s). Moreover, regardless of the method used, the green 
area in Fig. 9 indicates that some fine-tuning is required to 
satisfy the target under the same convergence criterion when 
εAIML - in = 10-4. If εAIML - in is appropriately increased, fewer ad‐
justment iterations can be achieved.

During the whole adjustment process, the absolute sum of 
modular local sensitivity ∑|S y

Mu| using AIML-in is shown in 

Fig. 10, where the variable displayed on the x-axis denotes 
the set values of different control parameters of PEDs, and 
the PEDs which they belong to are shown in Supplementary 
Material A Table SAII. Since the target y in (13) denotes the 
active power of tie lines, which needs to be adjusted, the re‐
active power control parameters of PEDs have little effect 
on y. This is evident from Fig. 10, where ∑|S y

Mu| of the reac‐

tive power control parameters of each PED is relatively 
small. Additionally, it can be found that ∑|S y

Mu| of P37-33 is 

the largest. In fact, one of the GUPFC series sides directly 
controls the active power of tie line 33-37. As a result, the 
setting of P37 - 33 exerts the most significant influence on the 
active power of this tie line.

2)　Case D: Adjustment of PEDs in PPF
Similar to case B, the convergence criterion of ASN-QMC 

is satisfied when the sampling number is 1500 in case D. 
The installations of PEDs are the same as those of case C. 
The target value of the active power of tie lines is set to the 
rated active power minus 0.1 p.u.. The control parameters of 
PEDs are adjusted until the active power of all three tie 
lines is within their rated active power. Figure 11 illustrates 
the probability density functions (PDFs) of the active power 
of tie lines adjusted to reduce the out-of-limit probability 
with or without RCA.

The probabilities of active power exceeding the limit of 
tie lines 23-24 and 30-38 are 4.2% and 9.7%, respectively. 
After the RCA by PEDs, the out-of-limit probability is re‐
duced. The blue line in Fig. 11 shows that the probability of 
the active power of tie lines 23-24 and 30-38 exceeding 1.1 
and 2.0 p.u. is reduced. 

Besides, it can also be found that the heavy loading situa‐
tion of each line has been alleviated.

The average values of Du and ∑|S y
Mu| in case D are 

------Dμ 

and 
- -- -- ----- --∑|S y

Mu|, which are available in Supplementary Material 

Table SAIII and Table SAIV, respectively. Similar to case 

C1, 
- -- -- ----- --∑|S y

Mu| of P37-33 is the largest, as shown in Table SAIV. 

Meanwhile, for most of the active power control parameters, 

e.g., P37-39, P37-33, P37-40, 
- -- -- ----- --∑|S y

Mu| is also larger. These parame‐

ters significantly impact y, making them change significant‐
ly, as shown in Table SAIII. On the contrary, the reactive 
power control parameter of PEDs has a marginal effect on y. 

The small values of 
- -- -- ----- --∑|S y

Mu| of reactive power of tie lines 94-

93 and 94-95 and other reactive power control parameters in‐
dicate their limited influence on y. These parameters show 
little change as can be observed from Table SAIII. In sum‐
mary, the proposed RCA gives priority to the adjustment of 
control parameters of PEDs with high sensitivity, while tak‐
ing into account all adjustable resources to prevent out-of-
limit risk.

VI. CONCLUSION

In this paper, the RCA of PEDs is studied to prevent the 
active power of tie lines from exceeding the limit in stochas‐
tic scenarios. The AIML is proposed to calculate the DPF of 
the AC/DC system with PEDs. The RCA of PEDs based on 
modular local sensitivity and AIML-in is proposed. The 
ASN-QMC is used to find an appropriate sampling number, 
thus balancing the accuracy and efficiency of PPF calcula‐
tions. The performance of the proposed RCA is verified via 
four cases under the modified IEEE test systems.

In case A, AIML is compared with UIM and AIM in three 
cases, demonstrating that AIML can accurately calculate the 
DPF of the AC/DC system with PEDs. Moreover, the larger 
the system scale is, the higher the computational efficiency 
AIML achieves.

In case B, with the same sampling number, the PPF re‐
sults of ASN-QMC are more accurate than those of LHS-
MCS. Also, ASN-QMC adaptively determines an appropriate 
sampling number (1500 samples herein), effectively balanc‐
ing the computational efficiency and accuracy.

In case C, based on modular local sensitivity and AIML-
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in, the RCA is performed while considering the RCA ability 
of multiple PEDs. Besides, AIML-in has the highest compu‐
tational efficiency compared with other methods.

In case D, the effectiveness of PEDs in stochastic scenari‐
os is verified. Through RCA by PEDs, the probability of the 
active power of tie lines exceeding the limit is significantly 
reduced, thereby mitigating the risk in critical areas of the 
power system.
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