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Abstract: This paper proposed a probabilistic load flow technique of AC/VSC-MTDC (Alternate
Current/Voltage Source Control-Multiple Terminal Direct Current) hybrid grids based on an
improved stochastic response surface method. The applied traditional stochastic response surface
method is inherent with the capability to tackle correlated normal variables; however, the accuracy
is poor in the case of correlated diverse distributions. To address this issue, NATAF transformation
was adopted to transform the correlated wind speeds and loads following arbitrary distributions
into the variables that are subject to standard normal distributions. The collection points could be
selected to establish the polynomial relationship among the independent standard normal variables
and the output responses. Then, the probability distributions and statistics of the responses could
be accurately and efficiently estimated. The modified IEEE 14-bus system, involving an additional
VSC-MTDC system, wind speeds following various distributions, and diverse consumer behaviors,
was used to demonstrate the validity and capability of the proposed method.

Keywords: probabilistic load flow; AC/VSC-MTDC hybrid grids; stochastic response surface
method; correlation

1. Introduction

In modern power systems, the use of wind power is drawing great attention. By the end of 2020,
wind power is predicted to provide 12% of the world’s electricity [1]. Increasingly, many countries are
choosing to build large-scale wind farms (WFs) in places with superior wind conditions [2]. Voltage
Source Converter based High Voltage Direct Current (VSC-HVDC) is considered to be an effective
solution for large-scale WFs because it has the ability to independently control the active and reactive
power and to support voltage of the AC bus [3]. Compared with VSC-HVDC, the VSC-Multiple
Terminal Direct Current (VSC-MTDC) could facilitate the integration of fluctuant wind power and
improve the transfer efficiency and operational security [4]. Hence, with the development of power
electronics technology, more WFs will be integrated into the AC grids by using VSC-MTDC.

The growing share of electricity production from WFs increases the stochastic nature of the future
hybrid AC/VSC-MTDC grids [5,6]. The output power of WFs has strong uncertainties and it is difficult
to accurately predict, which brings huge challenges to the secure operation of hybrid AC/VSC-MTDC
grids [7,8]. Meanwhile, the load as the most conspicuous uncertain variable fluctuates as a function of
time, weather conditions, and electricity price. With increasing price-based loads and electric vehicle
charging loads, the randomness of load further increases [9,10]. However, the deterministic load flow
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(DLF) calculation cannot recognize these uncertainties. To properly deal with fluctuant wind power
and loads, the probabilistic load flow (PLF) of AC/VSC-MTDC hybrid grids is necessary.

In general, the PLF methods can be classified into three groups: Monte Carlo Simulation (MCS)
methods, analytical methods, and approximate methods [11]. MCS methods can provide the accurate
results of the PLF analysis. Nevertheless, MCS methods require a large number of DLF simulations of
AC/VSC-MTDC hybrid grids to reach convergence, which is extremely time-consuming. Analytical
methods such as the cumulant method (CM) can improve the computational efficiency [12] but lack the
ability to consider correlations among input stochastic variables (such as wind speeds and loads) [13].
By combining CM and Cholesky decomposition, a novel analytical PLF method that considers the
correlation between input variables was proposed in reference [14]. However, the required linearization
process of the analytical method seriously impairs its accuracy, especially due to the evident non-linear
characteristics of the power flow calculation model of complex AC/VSC-MTDC grids.

In practice, approximate methods could achieve a good balance between computational accuracy
and speed in PLF analysis. The point estimation method (PEM) is an excellent representative of these
methods. An extended PEM was proposed to consider correlated wind speeds following diverse
distributions in the probabilistic optional power flow analysis [15]. Unfortunately, it is difficult to obtain
the probability distribution functions (PDFs) and cumulative distribution functions (CDFs) of the PLF
results using the PEM. To estimate the PDFs or CDFs of the PLF responses, series expansion methods
(SEMs) like the Gram—Charlier series and the Cornish-Fisher series can be applied in combination
with the PEM output. However, SEMs may become less reliable when the probability is near 0 or 1 [16].
Furthermore, the PEM cannot accurately obtain the high-order moments of the PLF responses, leading
to a decrease in the estimation accuracy of the cumulative distribution curves [17].

In reference [18], Isukapalli first proposed the stochastic response surface method (SRSM). In fact,
the SRSM not only has high accuracy and computational efficiency, but it could also accurately
estimate the PDFs and CDFs of the PLF responses without using SEMs. The key idea of the SRSM
is to approximate the inputs and outputs of hybrid AC/DC grid power flow models considering
stochastic variables, such as wind speeds and loads, by way of polynomial chaos expansion. Then,
the power flow responses (such as the PDFs and CDFs of the PLF results) can be accurately calculated
by the polynomial chaos expansion instead of the original DLF model, leading to an improvement in
the calculation speed. However, the correlations among wind speeds have a huge impact on hybrid
AC/VSC-MTDC grids, and unfortunately, cannot be handled by the traditional SRSM.

SRSM was combined with a correlation matrix method (CMM) to deal with the correlated
uncertainty sources like wind speeds in the PLF calculation for the pure AC grid [19]. This is a
meaningful work. Nevertheless, the CMM functions based on the assumption of a normal distribution.
That is to say, using a CMM means that the input random variables (including wind speeds and
diverse loads) in hybrid AC/DC grids are assumed to follow normal distributions. As is well known,
depending on the locations and weather conditions, wind speeds may follow diverse distributions
such as the Weibull, Burr, or Lognormal distributions [15]. Meanwhile, the behaviors of loads in the
power system will be affected by resident behaviors and may not follow a normal distribution [20].
Hence, establishing the relationship between the correlated Gaussian distributions and the correlated
various distributions is a good way to further improve the SRSM.

An SRSM-based PLF method for hybrid AC/VSC-MTDC grids considering correlated wind
speeds and loads following diverse distributions was proposed in this paper. Compared with other
methods, the main advantages of the proposed method are as follows:

(1) Random variables following diverse distributions even with correlations in the AC/VSC-MTDC
hybrid grids can be properly and efficiently considered;

(2) The proposed method could keep a good balance between computational accuracy and speed in
the PLF analysis of AC/VSC-MTDC grids;

(3) The means, standard deviations (STDs), PDFs, and CDFs of the PLF responses can be accurately
obtained using the proposed method, without using any SEMs.
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The remainder of the paper is organized as follows. The model of a VSC is given in Section 2.
Section 3 introduces the formulation and procedure of the PLF method based on the SRSM. The proposed
PLF method considering stochastic variables following diverse distributions is introduced in Section 4.
Section 5 presents the case studies, followed by conclusions in Section 6.

2. Power Flow Calculation for the AC/VSC-MTDC Hybrid Grid

2.1. VSC Model

As shown in Figure 1, the ith VSC in the VSC-MTDC can be expressed as a controllable voltage
source U, = U /5. with complex impedance Z,; = R, + jX ;- Then, a transformer and a filter are
connected with the converter. The filter represented by its susceptance By is connected to AC bus i
through the transformer represented by Zy; = Ry 4 jX,5. Actually, the apparent power flowing
from the converter and injecting to AC bus Uy = U/, respectively, are S; = P, + jQ.; and
Si = Py + jQ,;- The equations for the power flow to AC bus can be written as in reference [21]:

{ D= —USZithi + Usillﬁ[thi cos(d; — (5ﬁ-) + Btfi sin(d,; — (Sfi)] W
Qsi = usziBtfi + UgUg[Gy gy sin(6,; — 6p;) — By g cos(dg; — ;)]
where ﬁﬁ = Uy L0y is the voltage at the filter.
u,/s, Uu,zs, '
U,z6,
s [ e L4 [ 2
Zg=Rep+jXep a=ReitjXci |
«— l «—
Sa=PstjQs  BF Sa=PitjQd The ith
= Converter
Figure 1. Steady-state model of a Voltage Source Converter (VSC) station.
Meanwhile, the equations for power flow from the ith converter can be expressed as:
{ P,; = U%G, — U, Ug[G,;cos(8r; — 6) — Bsin(dy; — 4] 2
Q. = —U2%B, + U Ug[Gysin(ds; — 6,) — Bycos(dy; — 6,,)]
The reactive power from the filter is
Qyi = —Uf;By; ®)
Generally, the real power balance of the ith converter can be formulated as
Pei + Ppci + Pross i = 0 4)
The Ppc; is calculated as
n
Poci =g Y, Yy % (ai — tgj) ®)
=1
j#i

where u4; is the DC voltage at the ith converter, Y; is the conductance matrix of the DC grids.
The is P, _; obtained by
PLoss_z' - KA + KBI

ci

K I3 (6)
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where K4, Kp, and K¢ are constant parameters that are presented in reference [15], I; is the AC
current magnitude.

2.2. Control Modes of VSC

To maintain the balance of real power in the DC grids, at least one VSC, which can be viewed as
an active power regulator in the VSC-MTDC, must be set to constant u,; control. The control modes of
VSCs are presented in Table 1.

In practice, wind farms are usually connected to AC grids using the VSC-MTDC. The output
power of WFs constantly fluctuates. Thus, the control modes of VSCs on the WF side (WSVSC) cannot
be set to the constant control modes given in Table 1. Reference [22] presents a dual-mode control
strategy (DMC) for WSVSC. There are two advantages of using a DMC for the WSVSC: the WSVSC
can actively adapt the varying output of a WF, maintaining the frequency stability of the WF, and the
voltage of the WSVSC AC bus is controlled to be constant, improving the voltage stability of the WF.
Therefore, the DMC control mode will be applied in the WSVSC in this paper.

Table 1. Control Modes of VSCs.

ugi— Qs ugi—Uy; Pgi—Qs; Pgi—Us;

constant 1,;, Qg; control constant u,;, Ug; control constant Py;, Q,; control constant Py;, Uy; control

2.3. Power Flow Calculation for AC/VSC-MTDC Hybrid Grids

The popular sequential method is widely applied to solve the DLF problem of AC/VSC-MTDC
hybrid grids. The specified procedures of the DLF calculation for AC/VSC-MTDC hybrid grids were
introduced in Reference [21]. In fact, the DLF calculation for AC/DC hybrid grids can be expressed as
a complex function with input and output variables shown as follows:

Y = H(X) @)

where X denotes input variables, including parameters of power grids, loads, and injected power from
traditional generation methods and wind farms, whilst Y represents output variables, including the
voltages of AC and DC buses, branch power flow, and so on. If the volatility and randomness of wind
power is considered, the model given above will become a PLF problem.

3. Probabilistic Power Flow with the Stochastic Response Surface Method

The SRSM is an effective method for calculation of the PLF of AC/VSC-MTDC hybrid grids
because it promotes computational efficiency and accuracy [19]. The key idea of the SRSM lies in
the application of polynomial chaos expansion with input variables following standard Gaussian
distributions to simulate the response of a system like the PLF calculation of hybrid AC/VSC-MTDC
grids. Hence, the SRSM method mainly includes three steps [23]: (1) Representation of input random
variables; (2) functional representation of the outputs; and (3) estimation of parameters in a polynomial
chaos expansion.

3.1. Representation of Input Random Variables in Hybrid AC/VSC-MTDC Grids
In AC/VSC-MTDC hybrid grids, wind speeds may follow different distributions such as Weibull,

Burr, or Lognormal distributions; meanwhile, the loads can be affected by diverse factors and follow
various distributions [24]. However, the input random variables for the SRSM must be assumed
to follow standard Gaussian distributions. Thus, it is necessary to transform the random variables
following diverse distributions to follow standard normal distributions by

xj = F 1 ®(z)],i=1,2,3,---,m (8)

1
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where x; is the ith element of X; F; is the cumulative distribution function (CDF) of x;, F; 1 s the inverse
function of F;, z; represents the standard normal variable, ®(z;) denotes the normal single-variable
CDF, and m is the number of input random variables in the AC/DC hybrid grid.

In practice, the method introduced above can only handle independent random variables.
However, in AC/VSC-MTDC hybrid grids, the correlations among wind speeds may have a huge
impact on the power system’s operation. Meanwhile, the correlations between the wind speeds and
loads cannot be ignored. Reference [19] introduced a CMM combined with the SRSM to deal with the
correlated stochastic variables in the PLF analysis for pure AC grids. However, the CMM assumes that
all input stochastic variables follow normal distributions. Wind speeds in AC/VSC-MTDC hybrid
grids are affected by various complex factors, such as environmental and climatic factors, and may
follow Weibull, Burr, or Lognormal distributions. Therefore, as discussed in Section 4, a new method
was introduced to be used in combination with the SRSM to handle correlated input random variables
following diverse distributions.

3.2. Functional Representation of the Power Flow Model

The Hermite polynomials in the SRSM are generally applied for functional representation. Assume
thatY =[y1, y2, . .. , y4] is the vector of system responses, like the voltages of AC and DC buses, and
let X = [x1, x, . .., xps] denote the input random variables, such as wind speeds and loads. Meanwhile,
the input stochastic vector can be represented by the independent standard normal vector Z. Therefore,
the output of the DLF calculation for the AC/VSC-MTDC grids can be approximated by

moj1 j2

m
=ao+ Z a Hi(zj) + Z Z 11]1]2H2 Zj1, Zj, +Zl 21 Z a; i, inHs 3(2j,, 2, 23) + 0+ (9)
h=1j2=1 h=1j2=1j3=

where Zjis Zjys and zj, are independent standard normal variables; Ajy, Ajy iy and a i1jpis Are the
parameters that should be estimated; and Hj represents a multidimensional Hermite polynomial of
theorderk (k=1,2,3,... ). The actual formula of Hy with m-dimension variables can be expressed by

_ m, 777 0" YA
Hk(Zjl,Z]‘Z,“‘ ,ij) = (71) ez ﬁe 2 (10)
2 In

Reference [13] points out that the second-order polynomial chaos expansion has the ability
to accurately handle PLF problems with high computational efficiency. Thus, the second-order
polynomial chaos expansion was adopted in this paper for the PLF calculation of AC/VSC-MTDC

hybrid grids, which is given by

Y—a02+2ajzz]+2a]]2< )+ ZZa]kzz]zk (11)

j= j=1 j>k

where ag, 2, a 2 i and a k2 are undetermined parameters; zj and z; are standard normal variables.

3.3. Estimation of Parameters in Polynomial Chaos Expansion

The undetermined parameters in a polynomial chaos expansion can be estimated using the
probabilistic collocation method. The key issue for the probabilistic collocation method is the selection
of reasonable collocation points from the input standard normal distributions. Using Gaussian
quadrature, the locations of collocation points can be selected from the roots of next-higher-order
Hermite polynomials for the input random variables. For the second-order polynomial chaos expansion
used in this paper, the three roots of the third-order Hermite polynomial were 0, /3, and —+/3.

Generally, there are three criteria for selecting the collocation points. Firstly, the collocation points
should be selected to capture high-probability regions. Secondly, the collocation points should be
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selected more symmetrically on standard Gaussian distributions. Thirdly, the number of collocation
points should be twice the number of the input uncertainty variables. The detailed method for the
selection of collocation points is given in reference [19].

During PLF analysis for AC/VSC-MTDC hybrid grids, when the collocation points are
determined, these selected collocation points must be transformed to the original space. Then,
the sample points of the original space are applied to implement the DLF calculation for the
AC/VSC-MTDC hybrid grids. Finally, using the least squares method, the undetermined parameters
in the polynomial chaos expansion are estimated from the values of the collocation points and the
results of the DLF calculation.

Once the unknown parameters are obtained, the results of the PLF calculation for the AC/DC
grids, such as the PDFs of voltages and moments of branch flows, can be directly evaluated for specified
Hermite polynomials instead of the original DLF model for the AC/VSC-MTDC grids. Actually, MCS
or the Latin hypercube sampling method can be applied for the above purpose. It is valuable to
note that this PLF calculation for AC/VSC-MTDC hybrid grids does not involve a large number
of simulations using the DLF model of AC/DC grids, but only the evaluation of sample algebraic
expressions, leading to an improvement in the computational efficiency.

4. Probabilistic Power Flow for Correlated Input Variables Following Diverse Distributions

As mentioned in Section 3.1, using the SRSM with CMM [19] requires the assumption
that the correlated input stochastic variables follow normal distributions. However, in practice,
for AC/VSC-MTDC hybrid grids, the wind speeds generally do not follow normal distributions and
may follow Weibull, Burr, or Lognormal distributions. Meanwhile, the loads are affected by residents’
behaviors and may not follow normal distributions. To remove the limitations of reference [13],
the NATAF transformation was adopted in this paper.

4.1. NATAF Transformation for Correlated Input Variables Following Different Distributions

The wind speeds and loads in the AC/VSC-MTDC hybrid grids can be represented as a vector
X =[x1, x2, ..., xu]. The CDF F; of x; and the linear correlation matrix Cx for input variables can be
estimated from historical records. The input stochastic variables following diverse distributions can be
transformed into a standardized normal random vector R = [rq, 1o, ... , ry] with the linear correlation

matrix Cg:
{ (i) ilFi(xl) i=1,2,3,-,m (12)
ri = @ [F(xi)]
where ®~!(—) denotes the inverse standard normal CDF.

Note that the linear correlation coefficient is not invariant under strictly increasing nonlinear
transformations, such as the transformation of the marginal distribution. That is to say, the linear
correlation matrix Cx will change when the random variables following different distributions are
transformed into standard normal distributions as described in reference [15]. Hence, it is necessary to
accurately calculate Cr using the NATAF transformation.

Fori # j, pr(i,]) is the element of the ith row and the jth column of Cg. Similarly, py(i, ) is
the element of the ith row and the jth column of Cx. The two standard normal variables r; and
rj correspond to two input random variables x; and x; of the AC/DC hybrid grids. Based on the
definition of mathematical expectation, E [xixj] can be expressed as

Bl = EIF @) F @) = [ [ FH@0LF D)) X g5 (i r)dridry (19

where @, (; ;) is the standard joint normal PDF with the correlation coefficient p, (i, j). Let p = p,(i, j);
the joint PDF ¢, (; i) can be expressed as
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e~ (r2—=2pr;ri+r2)/2(1—p?)
Porti) (1ir7j) = 2my/1—p?

Based on Equations (12)—(14), the linear correlation coefficient py (i, j) between the input variables
can be represented by p, (i, j), which is given by

(14)

S S B EHR)] X @i (ris ) dridr — pip

px(i ) = 00 (15)

where y;, 1, 0;, and 0 are the means and standard deviations of x; and x;. As shown in Equation (15),
the relationship function between px (i, j) and p, (i, j) is established. Although it is a complex nonlinear
function, Reference [17] presents an efficient search method for obtaining p:(i, j) based on px (i, ).
After the correlation matrix Cg is obtained, it can be factorized by using the Cholesky
decomposition as follows:
Cr=LLT (16)

where L represents a lower triangular matrix. Hence, the correlated standard normal vector R can be
obtained by
R=L"'z (17)

Then, the correlated stochastic variables following different distributions (such as wind speeds
and loads) can be obtained using Equation (8).

4.2. Procedure for Solving the PLF of AC/DC Hybrid Grids Considering Correlated Wind Speeds and Loads

When combined with the NATAF transformation, the SRSM can deal with correlated random
variables following different distributions in the PLF calculations for the AC/VSC-MTDC hybrid grids.
The procedure for solving the PLF calculation is summarized below.

(1) Input the parameters of the AC/VSC-MTDC hybrid grid, random variables (such as wind speeds
and loads), and the correlation matrix Cy.

(2) Calculate the correlation matrix Cg of R from Cx based on Equation (15).

(3) Calculate the lower triangular matrix L using Equation (16).

(4) Select the collocation points from the independent standard normal vector Z.

(5) Compute the correlated collocation points in the standard normal space using Equation (17).

(6) Transform the collocation points with the correlation matrix Cg in the standard normal space to
the original space, following the different distributions, using Equation (8).

(7)  Feed the collocation points in the original space to the DLF calculation of the AC/VSC-MTDC
hybrid grid and save the results.

(8) Determine the undetermined parameters in the polynomial chaos expansion.

(9) Represent the power flow responses Y using polynomial chaos expansion and estimate the PDFs,
CDFs, and the moments of Y.

5. Case Study

5.1. System, Data, and Study Scenarios

The performance of the proposed PLF method was tested using a modified IEEE 118-bus system
with a VSC-MTDC. As shown in Figure 2, the wind farms WF;, WEF,, and WF; were connected to the
AC grid at bus 24 and bus 35 using a five-terminal DC grid incorporating VSCs. Meanwhile, the other
three wind farms WF,, WFs, and WFg were directly connected to the AC grid at bus 54, bus 115, and
bus 45, respectively. The parameters of the IEEE 118-bus system can be found in Matpower 6.0 as
in reference [25]. The parameters of the VSCs and DC lines are given in reference [3]. In this paper,
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the control modes of the VSCs are presented in Table 2. Note that the base capacities of the AC and DC
grids were set to be 100 MVA.

DC DC DC
Busl Bus7 Bus3

< IEEE-118 bus system H
VSsC 24
Wind Farm 54 35 F

DC?ne
— ) (s
ACLine |115

Figure 2. Modified IEEE 118-bus system with a VSC-Multiple Terminal Direct Current
(VSC-MTDC) system.

Table 2. Control Modes of VSCs.

DC Bus Control Modes (udi Usi Psi Qsi
p-w (p.w) (p.w) (p.w)
1 ugi — Qsi 1.00 \ \ 0.40
2 DMC \ 1.05 \ \
3 DMC \ 1.05 \ \
4 DMC \ 1.05 \ \
5 P — Qyi \ \ 0.98 0.3

The WEF output model presented in reference [24] was used for all WFs in this case study. The rated
capacities of the WFs were set to be 80 MW, and the power factors of the WFs were set to be 0.95. It was
assumed that the cut-in, rated, and cut-out wind speeds of the WFs were 3 m/s, 11 m/s, and 24 m/s,
respectively. The correlation coefficients between the wind speeds of different WFs are given in Table 3.
It was assumed that the correlation coefficients among the bus loads were 0.1 and that the correlation
coefficients between the wind speeds and loads were —0.1.

Table 3. The correlation coefficients among wind speeds.

Wind Farms WF1 WFZ WF3 WF4 WF5 WF6
WF; 1 0.6 0.55 0.12 0.23 0.34
WF, 0.6 1 0.66 0.24 0.23 0.34
WF3 0.55 0.66 1 0.72 0.65 0.44
WEFy 0.12 0.24 0.72 1 0.55 0.57
WFs 0.23 0.23 0.65 0.55 1 0.3
WFq 0.34 0.34 0.44 0.57 0.3 1

As is well known, wind speeds are affected by various factors and may follow Weibull, Burr, or
Lognormal distributions. Meanwhile, some resident loads in a practical power system may follow a
Weibull distribution or Gaussian distribution [20]. To demonstrate the effectiveness of the proposed
PLF method, four operation scenarios of the hybrid AC/VSC-MTDC grids were defined, as shown
in Table 4. All the uncertain sources followed normal distributions in operation scenario 1, while the
wind speeds at the wind farms WF;, WF,, and WF; in operation scenario 2 were assumed to follow a
Weibull distribution. In operation scenario 3, wind speeds at the different wind farms followed various
distributions. Furthermore, in operation scenario 4, different types of loads were considered, and loads
at buses 11, 12, 13, 14, 15, 39, 40, 41, 42, 43, 44, 74,75, 76, 77,78, 110, and 115 were assumed to follow a
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Weibull distribution. Note that the historical records of wind speeds in the four different operation
scenarios can be accessed in reference [26].

Table 4. The operation scenarios of hybrid AC/VSC-MTDC grids.

Operation Operation Operation Operation

Uncertainty Sources . N X A
y Scenario 1 Scenario 2 Scenario 3 Scenario 4

WF1 Normal
WE2 Normal
WE3 Normal
WF4 Normal Normal
WF5 Normal Normal
WE6 Normal Normal

Loads at buses 11, 12, 13, 14, 15, 39, 40, 41,
42,43,44,74,75,76,77,78,110, and 115

Other loads Normal Normal Normal Normal

Normal Normal Normal

To verify the accuracy and efficiency of the proposed PLF method, the MCS method-based
NATAF transformation was used to provide the reference results (note that this method was denoted
as MCS-NATAF in this paper). The MCS generated 20,000 sample points from various correlated
distributions, which was sufficient to yield reliable PLF results. To further demonstrate the superiority
of the proposed PLF method in handling correlated random variables following different distributions,
the results were compared with those from the following methods:

e Inreference [14], combining the CM and Cholesky decomposition, an improved CM based PLF
method was developed to consider the correlated random variables; this was denoted as CM-CD
in this paper.

e Inreference [15], an extended PEM based on the NATAF transformation was introduced to deal
with various random variables with correlations; this was denoted as PEM-NATAF in this paper.

e SRSM was combined with a CMM to deal with correlated uncertainty sources in reference [19];
this was denoted as SRSM-CMM in this paper.

Note that the SRSM and NATAF transformation were combined to form the proposed PLF method
in this paper; we denoted this as SRSM-NATAF.

5.2. Performance Evaluation

The average errors of the mean values of the DC bus voltages in the four different operational
scenarios are given in Table 5. The errors of the standard deviation (STD) values of the DC bus voltages
in the four different operational scenarios are shown in Figure 3. Meanwhile, Table 6 presents the
errors of the mean and STD values of the active power losses from the AC grid in the four operational
scenarios. Note that the errors in the figures and tables refer to the percentage of relative error against
the results obtained by the MCS-NATAF method.

As shown in Tables 5 and 6 and Figure 3, the responses of the PLF analysis for the AC/VSC-MTDC
hybrid grids obtained by the CM-CD method present huge errors in all operation scenarios. In the four
operation scenarios, the errors of the mean and STD values of the active power losses from the AC grid
obtained by CM-CD, given respectively, were 3.68% and 14.13% (for operation scenario 1), 4.56% and
16.37% (for operation scenario 2), 4.89% and 17.34% (for operation scenario 3), and 4.92% and 17.89%
(for operation scenario 4). The average errors of the mean and STD values of the DC bus voltages
obtained by the CM-CD method, respectively, were 1.26% and 5.53% (for operational scenario 1), 1.41%
and 6.28% (for operational scenario 2), 1.67% and 7.45% (for operational scenario 3), and 1.69% and
8.35% (for operational scenario 4). The improved cumulant method (CM-CD) will become less accurate
if the system (such as a complex AC/VSC-MTDC hybrid grid) moves far from the linear region of
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behavior. The calculation errors of the CM-CD could further increase, if the system operates in stressed
conditions, such as random variables following diverse distributions even with correlations.

Table 5. The average errors of mean values of the DC bus voltages in the four different operational

scenarios examined.

. Operation Operation Operation Operation

Algorithm Scenario 1 Scenario 2 Scenario 3 Scenario 4
SRSM-NATAF (%) 0.31 0.33 0.38 0.42
SRSM-CMM (%) 0.30 0.89 1.32 1.43
CM-CD (%) 1.26 1.41 1.67 1.69
PEM-NATAF (%) 0.32 0.32 0.36 0.45

Table 6. The errors of the mean and standard deviation values of the active power losses from the AC

grid in the four different operational scenarios examined.

Figure 3.

. Errors Operation Operation  Operation  Operation
Algorithm (%) Scenariol Scenario2 Scenario3 Scenario 4
Mean 1.23 1.89 2.55 2.89
SRSM-NATAF STD 3.22 3.45 412 459
Mean 1.26 4.23 5.88 6.89
SRSM-CMM STD 3.29 6.24 10.19 16.56
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In operation scenario 1, both the mean and STD error values obtained using SRSM-NATAF,
SRSM-CMM, and PEM-NATAF were almost the same. The average errors of the mean and STD values
of the DC bus voltages obtained by SRSM-NATAF, SRSM-CMM, and PEM-NATAF were 0.31%, 0.30%,
and 0.32% (for the means), and 2.78%, 2.8%, and 2.73% (for the STDs). The errors of the mean and
STD values of the active power losses from the AC grid, given respectively, were 1.23% and 3.22%
(for SRSM-NATAF), 1.26% and 3.29% (for SRSM-CMM), and 1.28% and 3.18% (for PEM-NATAF). The
reason for this was that all the input random variables in operational scenario 1 were assumed to
follow normal distributions, and the SRSM-NATAF, SRSM-CMM, and PEM-NATAF methods all had
a good ability to deal with correlated random variables following normal distributions in a hybrid
AC/VSC-MTDC grid.

Nevertheless, wind speeds in a practical power system may not follow normal distributions but
may follow diverse distributions, even with correlations. In operation scenarios 2 and 3 (wherein the
wind speeds were assumed to follow various distributions), it could be observed from Tables 5 and 6,
and Figure 3, that the relative errors obtained using SRSM-NATAF and PEM-NATAF were much
smaller than those obtained using SRSM-CMM. For example, in operation scenario 2, the STD errors
in the DC bus voltage obtained using SRSM-NATAF, PEM-NATAF, and SRSM-CMM were 3.02%,
3.3%, and 6.08%, respectively. Meanwhile, in operation scenario 3, the STD errors in the DC bus
voltage were 3.41%, 3.88%, and 7.38%. SRSM-CMM cannot accurately consider different correlated
distributions, resulting in a decrease in the computational accuracy of the PLF calculation. However,
the proposed SRSM-NATAF method could solve this problem. It is of value to note that the calculation
errors obtained using SRSM-NATAF were smaller than those obtained using PEM-NATAF.

In operation scenario 4, different types of loads were considered. In AC/VSC-MTDC hybrid
grids, the number of correlated random variables following diverse distributions further increases
compared with that in operation scenario 3. Hence, the computational errors from the SRSM-CMM
method increase as well. In operation scenarios 3 and 4, the SRSM-CMM method’s errors in the
mean and STD values of the active power losses from the AC grid, given respectively, were 5.88%
and 10.19% (for operation scenario 3), and 6.89% and 16.56% (for operation scenario 4). However,
the proposed SRSM-NATAF method can accurately handle different distributions with correlations in
the PLF analysis. For example, in operation scenario 4, the average errors in the mean and STD values
of the DC bus voltage obtained by SRSM-NATAF were 0.42% and 3.8%, respectively, and the errors in
the mean and STD values of the active power losses from the AC grid obtained using SRSM-NATAF
were 2.89% and 4.59%, respectively. The key reason for this lay in the fact that CMM, based on the
assumption of normal distribution, will result in inaccurate conclusions in the PLF analysis. However,
the results in Tables 5 and 6, and Figure 3, show that the proposed SRSM-NATAF method was quite
effective in all examined operation scenarios.

The cumulative probability curves of the voltage magnitude at bus 24 in the four different
operation scenarios are shown in Figure 4. Although the cumulants and moments of the PLF output
could be respectively obtained using PEM-NATAF and CM-CD, these two methods had no ability to
directly estimate the PDFs and CDFs of the PLF results. Therefore, PEM-NATAF and CM-CD were
combined with the popular Gram—Charlier series expansion to estimate the CDFs of the PLF responses.

It can be seen from Figure 4 that the results obtained using SRSM-CMM, CM-CD, and
PEM-NATAF were obviously biased compared with those obtained by using MCS-NATAF. The reasons
for this were as follows: (1) SRSM-CMM could not accurately consider the correlated different
distributions, leading to inaccurate results of the PLF analysis; (2) PEM-NATAF could not accurately
estimate the high-order moments of the PLF responses, resulting in poor accuracy of the cumulative
probability curves; and (3) CM-CD assumed that the original DLF model was linear, which would
impair its accuracy. Furthermore, as shown in Figure 4, the cumulative probability curves obtained by
CM-CD and PEM-NATAF in operation scenarios 3 and 4 were evidently biased when the probability
was near 0 or 1. The key reason lay in that SEMs, like the Gram—Charlier series, may become
unreliable when the probability was near 0 or 1 [16]. Compared with those from SRSM-CMM, CM-CD,
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and PEM-NATAF, the cumulative probability curves obtained using the proposed SRSM-NATAF
method were much closer to those obtained using the MCS-NATAF. Hence, by using the proposed
SRSM-NATAF method, the means, STDs, and the cumulative probability curves of the PLF results
could be accurately obtained.

1 G T ) 1
=~ = . SRSM-NATAF 7 = = . SRSM-NATAF
2ogh| s SRSM-CMM P =o8k | SRSM-CMM
= PEM-NATAF = PEM-NATAF )
g CM-CD 7 g CM-CD £
© 0.6 [~ MCS-NATAF S 06F |~ MCS-NATAF
o, a.
L L
2 2
= 04 T 04
: I g
- -
O oot i Y 0.2r
0] . | . 0 g ) ) )
1.01 1.02 1.03 1.04 1.05 1.06 1.01 1.02 1.03 1.04 1.05 1.06
ACbus voltage (p.u.) ACbus voltage (p.u.)
(A) Operation scenario 1 (B) Operation scenario 2
= e GEEERE S 1 T T T s
=~ = . SRSM-NATAF = = . SRSM-NATAF ! /
o8k | e SRSM-CMM zo08 | ™Y SRSM-CMM L
E PEM-NATAF E PEM-NATAF
E CM-CD E CM-CD
© 0.6f | — MCS-NATAF © 0.6r | — MCS-NATAF
o, a.
L L
2 2
S 04 T o4
3 =
: :
-~ -
Y 02r Y o2r
1.01 1.02 1.03 1.04 1.05 1.06 1.01 1.02 1.03 1.04 1.05 1.06
AC bus voltage (p.u.) ACbus voltage (p.u.)
(C) Operation scenario 3 (D) Operation scenario 4

Figure 4. The cumulative probability curves of the voltage magnitude at bus 28 in the four different
operation scenarios.

5.3. Computational Efficiency

The CPU usage times for the PLF analysis of the modified IEEE 118-bus system under the
four different operation scenarios using the MCS-NATAF, SRSM-CMM, PEM-NATAF, CM-CD, and
the proposed SRSM-NATAF methods are shown in Table 7. The average CPU usage times for the
MCS-NATAF, CM-CD, PEM-NATAF, SRSM-CMM, and the proposed SRSM-NATAF method were
3757.89s,24.80 s, 33.81 s, 33.65 s, and 33.82 s, respectively. Although CM-CD could accelerate the PLF
analysis, the required linearization process of this method seriously impaired its accuracy, especially
for the complex AC/VSC-MTDC hybrid grids.

The CPU usage times of the PEM-NATAF, SRSM-CMM, and the proposed SRSM-NATAF method
were almost the same. Compared with the MSC-NATAEF, the proposed SRSM-NATAF method allowed
an extreme reduction in the calculation time required for the PLF analysis of AC/DC hybrid grids.
Hence, the proposed SRSM-NATAF method not only had good computational accuracy but it also had
high computational efficiency. Note that all operation scenarios were implemented in MATLAB on an
Intel i5 3.30 GHz PC with 8 GB RAM. Meanwhile, the AC power flow was solved by Matpower as in
Reference [25].
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Table 7. A comparison of computing time for the four different operation scenarios.

. Operation Operation Operation Operation
Algorithm Sclznario 1 Scinario 2 Scznario 3 Scinario 4
MCS-NATAF (s) 3741.56 3742.13 3757.99 3789.89
SRSM-NATAF (s) 33.48 33.53 33.95 34.29
SRSM-CMM (s) 33.45 33.48 33.75 33.93
CM-CD (s) 24.67 24.72 24.84 24.98
PEM-NATAF (s) 33.46 33.51 33.93 34.35

6. Conclusions

A new PLF method based on the SRSM and NATAF transformation for AC/VSC-MTDC hybrid
grids was proposed in this paper. The means, STDs, PDFs, and the CDFs of the PLF responses could
be accurately and efficiently estimated using the proposed SRSM-NATAF method, without any series
expansion methods. Furthermore, correlated random variables following diverse distributions could
be accurately considered using the proposed method for the PLF analysis.

A modified IEEE 118-bus system under four different operation scenarios was applied to verify the
correctness and effectiveness of the proposed method. The results indicated that diverse distributions
with correlations could be properly dealt with by the proposed method, which led to PLF results with
a higher accuracy than those calculated using the SRSM-CMM method, which assumed a normal
distribution and the CM-CD method which assumed that the DLF model was linear. Unlike the
PEM-NATAF, the proposed method could accurately estimate the PDFs and CDFs without using any
series expansion methods. Actually, the orders of polynomial chaos expansions will affect accuracy
and speed of the PLF analysis. Seeking more advanced SRSM techniques to further improve the
performance of the PLF methods will be the future extension based on the work discussed herein.
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