SCIENCE - TECHNOLOGY

P-ISSN 1859-3585 | E-ISSN 2615-9619

RENEWABLE ENERGY INTEGRATION STUDY

ON MULTI-STATES PREDICTIVE SIMULATION

IN RELIABILITY EVALUATION OF POWER SYSTEM

NGHIEN CUU TICH HGP NANG LUGNG TAI TAO BANG MO PHONG PHONG DOAN DA TANG

KHI DANH GIA DO TIN CAY HE THONG DIEN

Pham Manh Hai'", Nguyen Ngoc Trung’,
Dam Khanh Linh’, Dang Van Binh?

ABSTRACT

Reliability of Power System research has a long history. The topic includes three levels: the first relates to
generation facilities, the second refers to the integration of generation and transmission, the third one refers to the
complete system including distribution system. The first level is a basic step for the next level, still being interested,
especially on researches on the renewable energy sources integration. Monte-Carlo simulation is used to describe the
power state of traditional generations, wind turbines and the hourly load of the power system. In particular, the
2055MW wind turbine is simulated in four states. The reliability test power system IEEE-RTS version 1979 was used to
verify the simulation method. Four scenarios of the share of wind power were tested: 0.2%, 2.4%, 3.6%, 4.8%. Each
scenario was simulated respectively with different load levels. The results show that the reliability is slightly changed
when the share of wind power is negligible (0.2%). However, the reliability changes dramatically only with 2.4% of the
share of wind power. The greater the wind power integration, the lower the reliability when considering the results of
the other scenarios. This paper also shows a significant increase in the loss of load expectancy (LOLE) as the annual peak
load increases of T00MW.
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TOM TAT

Nghién c(fu do tin cdy hé thong dién da c6 lich st 1au doi. Cha dé nay thugng bao gom ba cap do: cap do thi nhat
lién quan dén phan ngudn dién, cap do thi hai dé cdp dén su tich hgp cla cdc nguon dién trong ludi dién truyén tai, cap
dd thit ba dé cdp dén hé thong hoan chinh bao gém ca hé thdng phén phai dién. Cap do dau tién la budc co ban cho cap
dd tiép theo, van dang duoc quan tam, dac biét la cdc nghién ctiu vé tich hgp cac ngudn nang lugng tai tao. M6 phdng
Monte-Carlo dutgc st dung dé mé ta trang thai cong sudt clia cac ngudn truyén théng, tuabin gi6 va phu tai theo gitr ciia
hé thdng dién. Trong nghién cfu nay, mot hé thong tuabin gié cdng sudt 2055MW dugc md phong & bon trang thai
phat dién. M6 hinh thi nghiém d6 tin cdy IEEE-RTS phién ban 1979 dugc st dung d€é xac minh phuong phap mé phong.
Bdn kich ban vé ty trong dién gid da dugc thi nghiém: 0,2%; 2,4%; 3,6%; 4,8%. Mai kich ban dugc md phong tuong
{ing véi cdc miic phu tai khac nhau. Két qua cho thdy do tin cdy o chat thay ddi khi ty trong dién gi6 khong déng ké
(0,2%). Tuy nhién, do tin cdy chi thay ddi dang ké véi 2,4% tham nhdp cong sudt dién gid. Su tich hop cong sudt dién
gi6 cang I6n thi do tin cdy cang thap khi xem xét két qua ctia cc kich ban khac. Bai bao nay ciing cho thdy su gia tang
dang ke trong chi s6 ky vong mét ti (LOLE) khi phu tai dinh hang nam tdng 100MW.

Tirkhéa: Do tin cdy, hé thdng dién, tich hop tuabin gid, mé phéng Monte-Carlo, IEEE-RTS.
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1. INTRODUCTION

The reliability of the power
system has been strongly
studied since the 1970s. Roy
Billinton’'s team could be
considered as a
comprehensive foundation for
researches in this domain due
to the publication of several
books and articles. The
Institute of electrical and
electronics engineers (IEEE)
then assembled researches of
Reliability of Power system in
states from 1971 to 2002 [1-6].
Some basic assessment criteria
became common in most
publications: the loss of load
probability (LOLP), the loss of
load expectancy (LOLE), the
loss of energy expectancy
(LOEE), the frequency and
duration (F&D). Almost
scientific publications about
the Reliability of Power System

assembled by I|EEE use a
sample system for
comparison, called IEEE-RTS

[7]. This system was published
firstly in 1979 then it was
expanded in 1986 [8] and 1999
[9]. In addition, Billinton and
his colleagues developed a
smaller system testing called
by RBTS [10] for training and
exploration of the
fundamentals  of  power
system reliability.
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The recent publications no longer focus on the
reliability with only conventional power sources such as
coal, oil, natural gas and hydropower, but instead
experiment with renewable energy sources such as wind or
solar power. The above-mentioned researches on reliability
assessment were studied early and started by Billinton,
Allan’s research teams and the other teams with the
integration of wind power [11-16]. It has continued to be
published so far [17, 18].

The last two decades have seen a huge application of
the Monte-Carlo technique. This technique became step by
step an important component in the reliability assessment
and plays a key role in a wide range of scientific articles.
This method is used in many software systems intended for
energy systems [19]. In contrast to other techniques,
Monte-Carlo can reduce execution time and avoid
problems with big data in large systems. The reliability
assessment based on the Monte-Carlo simulation usually
consists of the following steps [20]: creation of power
system states [21]; minimization of power shortage in each
states and calculation of reliability indices.

In this paper, the Monte-Carlo Simulation was chosen to
perform the LOLE calculation to investigate the first level of
power system reliability assessment including a significant
share of wind power on the total power capacity.
Therefore, the content of this paper includes the following
sections:

Introduction: A general introduction of the power
system reliability research and the content included in this
paper.

Materials and Methods: The IEEE-RTS test system is used
for this research, particular emphasis on the Monte-Carlo
simulation model of conventional power sources and
hourly load. The data of a wind turbine was also described
for using in different scenarios with the integration of wind
power. Several scenarios for wind power integration are
proposed for research.

Multi-states Monte-Carlo Simulation of a wind turbine:
An introduction to Monte-Carlo simulation of multi-states of
a wind turbine, three and four states, was used in this study.

Results and Discussion: Results and discussion are
presented. This includes obtaining results as verifying the
accuracy of the simulation method for the IEEE-RTS test
system and the effect of wind power on the reliability of the
power source as the share of wind power increases.

Conclusions: Summarizing the results of the research
and proposing future research focus.

2. RESEARCH METHOD
2.1. IEEE-RTS test system
2.1.1. Single line Schematic of IEEE-RTS version 1979

This test system consists of 11 conventional power plants
(coal, oil, nuclear, natural gas and hydropower) with 33
generation units (generators) from 12 to 400MW. The
transmission system consists of 38 lines connecting the load
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and the source at both 138kV and 230kV. Since this research
focuses on the reliability of the power sources, the several
parameters (substation configuration, distribution system
configuration, interconnections with other systems,
protective relay configurations, load/generation forecasting)
are not mentioned in the following descriptions.

—

e Jé =

Fig. 1. Experimental apparatus and louver equipment
2.1.2. Model of Load

There are two ways of input data: direct data of hourly
load value or indirect data through the correlation with
peak loads. IEEE-RTS uses an indirect way. In this way, the
hourly load is calculated by correlation with the daily peak,
daily peak load is calculated by correlation with the weekly
peak, weekly peak load is calculated by correlation with the
annual peak. So, changing the annual peak (2850MW in the
original scenario of IEEE-RTS) will allow checking the load
regimes to perform the growing load researches. Load
model of IEEE-RTS is shown in Table 1, Table 2 and Table 3.

Table 1. Weekly Peak load in percent of annual peak

Week Peak (%) Week Peak (%)
1 86.2 27 75.5
2 90.0 28 81.6
3 87.8 29 80.1
4 83.4 30 88.0
5 88.0 31 72.2
6 84.1 32 71.6
7 83.2 33 80.0
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8 80.6 34 72.9 19-20 96 97 92 95 98 100
9 74.0 35 72.6 2021 91 9% 93 100 9% 97
10 73.7 36 70.5 21-22 83 92 92 93 90 95
M 71.5 37 78.0 22-3| 73 87 87 88 80 90
12 72.7 38 69.5 23-24 63 81 72 80 70 85
13 704 39 124 2.1.3. Model of Generating Units
14 750 40 124 Table 4. Generating Units Reliability Data
15 72.1 41 74.3 Scheduled
16 80.0 1 744 Unit Size | Number of MTTF | MTTR | oot
. FOR Maintenance
17 75.4 43 80.0 (MW) units (h) (h)
18 83.7 44 88.1 (weeks/year)
: : 12 5 0.02 2940 60 2
19 87.0 % 88.5 20 4 0.10 450 50 2
20 88.0 4 %09 50 6 001 | 1980 | 20 2
21 8.6 4 9.0 76 4 0.02 1960 40 3
5; 3;; 12 332 100 3 0.04 1200 50 3
By 88.7 % 97'0 155 4 0.04 960 40 4
: - 197 3 0.05 950 50 4
2 8.6 ! 1000 350 1 008 | 1150 | 100 5
2 : 86'.1 22 9.2 400 2 0.12 1100 120 6
Table 2. Daily Peak load in percent of weekly peak In which:
MDa;’ Peak I';;d (%) MTTF: Mean Time to Failure; MTTR: Mean Time to Repair
onday FOR: Forced Outage Rate = MTTR/(MTTF+MTTR)
Tuesday 100
Wednesday 08 According to the above data, the total power capacity
of the system is 3405MW. Table 4 shows both the FOR and
Thursday 96 . .
- Scheduled Maintenance. However, this research uses only
Friday 9% . . . .
the FOR for generating simulation. This neglect was also
Saturday 7 applied to the first level of reliability assessment that was
Sunday 5 published in the previous studies (Table 5 and Table 6).
Table 3. Daily Peak load in percent of weekly peak Table 5. Results of various scenarios published by Roy Billinton and Li [22]
Winter weeks Summer weeks Spring/Fall Weeks Reliability Annual Peak (MW)
Hour 1-8&44-52 18-30 9-17&31-43 Index 2750 2850 2950 3050
Weekday | Weekend | Weekday | Weekend | Weekday | Weekend LOLE (h/year) 48516 93716 17.3696 307172
0l 67 78 64 74 63 I Table 6. Results of IEEE-RTS version 1979 scenarios with annual peak of
12| 8 | 72 | &0 | N 62 B 2850MW published by Ronald Normal Allan et al. [8]
23 60 8 8 66 60 6 Reliability Index
3-4 59 66 56 65 58 66 Unit D )’ b
IR R NE RE N T ——
5-6 60 65 58 62 65 65 : :
6-7 74 66 64 62 72 68 2.2. Parameters of wind turbines
7-8 86 70 76 66 85 74 The multiple-state wind power model is simulated by
89 05 80 87 81 95 83 fixing the number of states (4 states), therefore, it consists
9-10 9 88 95 86 99 89 of 1 00%, 75%, 50% capacity of wind turbine (Table 7)
10-11 9% 90 99 91 100 92 Table 7. Parameters of wind turbines for four states simulation
11-12 95 91 100 93 99 94 MTTF MTTF | MTTF
12-13| 95 90 99 93 93 91 Parameters| VG | Vr | Veo (100% | (75% | (50% |MTIR| Pr
13-14| 95 88 100 ) 2 90 (m/s) | (m/s) | (m/s) | Capacity) Capacity) Capacity)| (h) | (MW)
15| 93 8 | 100 | 9 9 90 ) | () | (h)
15-16 94 87 97 91 38 86 Value 35 [ 145 25 300 250 200 40 | 2.055
16-17 | 99 91 9% 92 90 85 2.3. Wind power integration scenarios
17-18| 100 100 96 9% 92 88 As described in the previous sections, the total
18-19 | 100 99 93 95 9 92 generating capacity of the system is 3405MW; the annual
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peak is 2850MW; the conventional generating units have a
minimum capacity of 12MW, the rated power of the wind
turbine is 2055MW. With this data, the following scenarios
are proposed for this study:

Wind scenario 1: Keeping the IEEE-RTS data and
adding 4 turbines as a power plant of 4 generators. This
scenario aims to verify that a small share of wind power will
not affect the LOLE index. This scenario has the share of
wind power of 0.2%.

Wind scenario 2: Assuming that the wind speed is the
same across the entire terrain of the system. The power of
each wind turbine is roughly calculated according to the
wind velocity as described in Section 3. A sufficient number
of wind turbines will be added to affect significantly the
reliability (LOLE index). In this scenario, a unit of 12MW and
3 units of 50MW will be replaced by 80 wind turbines. As a
result, the total generating power of the system retains
approximately the initial power (3405MW). The annual
peak rates from 2750MW to 3050MW are performed. This
scenario has the share of wind power of 4.8%.

Wind scenario 3: Similarly, the same concept of Wind
scenario 2, two units of 20MW and 2 units of 50MW will be
replaced by 60 wind turbines. This scenario has a share of
wind power of 3.6 %.

Wind scenario 4: Similarly, the same concept of Wind
scenario 2, a unit of 12MW, a unit of 20MW and a unit of
50MW will be replaced by 40 wind turbines. This scenario
has a share of wind power of 2.4 %.

3. MULTI-STATES MONTE-CARLO SIMULATION OF A
WIND TURBINE

The output power of a wind turbine is mainly affected by
wind speed but also by some uncertain factors that relate to
the technology. The power curve of the wind turbine is
usually expressed in terms of wind speed (Fig. 2).

v
0 ¢ %

Fig. 2. The power curve of a wind turbine
In which:

- v4 Cut-in wind speed, at this point, the wind turbine
starts spinning.

- v, Rated wind speed, theoretically, at this point, the
wind turbine delivers the rated power.

- V. Cut-out wind speed, at this point, the wind turbine
is recommended to stop spinning due to safety.
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- P,.- Rated power of the wind turbine.

We have known that, according to aerodynamic
theories, the theoretical output power is proportional to
the third power of wind speed according to the formula:

Py(V) =0.5XpXxAXvV3 (1

In which, p is the air density, A is swept area of a wind
turbine, v is the velocity or wind speed.

Shu Wang [23] directly utilized the full profile of wind
speed to implement the study on the grid reliability. The
real output power is calculated with some coefficients (C;:
performance coefficient; Ng: generator efficiency, Ny:
gearbox and bearings efficiency) of efficiency according to

the modified formula:
Py(V) =0.5xpxAxv3xC,xNg XNy )]

Tengran Sun [24] applied an ARMA model to forecast
the wind speed. This ARMA model is very simple and
etablished based on the ARMASA toolbox in MATLAB. It's
can be seen in Equation 3:

Vt = 1.1324’Vt_1 - 0'0707Vt—2 - 0'0793Vt—3 (3)
- 0'0401Vt—4 + 8t0'3433£t—1
- 0'124781’.—2 - 0'019381’.—3

Where, g; is the i white noise error terms of moving
average. The obtained data is then recalculated to simulate
the output wind turbine power. As for processing time
series data, Abdulaziz Almutairi [25] did not use the ARMA
model but instead was the MCMC model which is the
hybrid of Monte-Carlo and Markov Chain techniques. In
contrast to the simplicity of ARMA model, the MCMC model
is quite complicated with the big data.

However, there are several methods to simulate the
wind turbine power depending on the operation of the
wind turbine and the number of states to be simulated. The
output power of the wind turbine, therefore, is usually
expressed as the segmental formulas [26]:

0 (V<vg)or(V>vy)
P,
Py (V) = VTer3 (VP =vi®) (vgSV<EV) (9
r C1
PWF (Vr < V S VCO)
or[27, 28]:
0 (V<vg)or(V>vy)
P
PuV) ={ o=~V -va)  (va<V=wv) (5
r Cl
PWF (Vr < V S VCO)

Therefore, based on measured wind speed data, it is
possible to simulate the wind turbine’s output power for
the reliability research according to the three-step
algorithm:

Step 1: Collecting and processing the wind speed data.

Step 2: Modeling the output power curve of a wind
turbine by a function of wind speed.
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Step 3: Determining the number of states of simulated
wind turbine and dividing the calculated output power
resulted from step 2 into these states.

In considering planning issues, the wind data (included
the wind speed) is always required. So, in the step 2, the
approximate formula of the output power based on the
wind speed is described by [29]:

0 0<v<yvy
(A+B*v+Cxv¥)x*p, vi<v<vV,
Pt= (6)
Pr Ve SV < Vg
0 V = Ve

In which, A, B and C coefficients are defined by a group
of formulas:

A=

1 Ve +vi\®
m [Vci(vci +vp) — 4vvp ( = r) ]

2v,
Ve + v\ 3
1 4(vg +vp) ( < r)
< B= —(Vd )2 Cl r 2v, (7)
_(3Vci + Vr)

c =;[2_4(Vci_+vr)3]
(Vci - Vr)2 2Vr

With this group of formulas, we obtain the actual
output power corresponding the actual wind speed. Then,
the formulas 8 and 9 are used to convert the output power
into three and four states.

Three-states

0 pr < 0.25p,
Py = {O.Spr 0.25p, < p; < 0.75p, (8)
P. p: = 0.75p,
Four-states
0 p: < 0.25p,
P = 0.25p, 0.25p, < p; < 0.5p, ©)
d 0.5p; 0.5p, < p < 0.75p,

Pr pe = 0.75p;

Note that formula 7 is a shortened version of formula 8
which is derived from the publication of [21]. In which, P, is
the converted power, p, is the actual power and p, is the
rated power of the wind turbine.

4. RESULTS AND DISCUSSION
4.1. Results on IEEE-RTS test with various load scenarios

In this test model, the load will be changed by changing
the annual peak load. The annual peak load of 2750, 2850,
2950, 3050MW is used for performing. For each scenario,
the simulation implements 4 times (corresponding to 1000,
2000, 5000, 10000 steps). For each simulation, the final
result is the average value of three times of the same
execution with the same number of steps. The
simultaneous execution of multiple simulations allows
choosing the optimal number of executions (taking into
account the correlation between simulating time and
simulating errors) to use for the scenarios integrated
renewable power. The greater the amount of executions,
the more the convergent point of simulation is closer to the

12 | Journal of SCIENCE & TECHNOLOGY ® Vol 57 - Special (Nov 2021)

real value. However, the references do not always refer to
the total amount of execution and how the algorithm is
programmed, so, it is quite difficult to compare results
between this study and the references. The results of all
test scenarios will be shown in Figures 3, 4, 5 and 6.

1000 Steps

2000 Steps

1—
———

LOLE Higéo/nam|
1

5000 Steps

10000 Steps

Fig. 3. Scenario corresponding to the annual peak of 2750MW. NS: Total
amount of executions
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1000 Steps . 1000 Steps

|'
e 2000 Steps
5000 Steps 5000 Steps
I
,
10000 Steps |l 10000 Steps
| e
)
Fig. 4. Scenario corresponding to the annual peak of 2850MW. NS: Total Fig. 5. Scenario corresponding to the annual peak of 2950MW. NS: Total
amount of executions amount of executions
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1000 Steps

2000 Steps

5000 Steps

1 o 10000 Steps

Fig. 6. Scenario corresponding to the annual peak of 3050MW. NS: Total
amount of executions

On these figures, three lines on the graph illustrate the
LOLEH values (LOLE with the hourly unit). The significant
difference between the three lines confirms the need for
multiple executions and the calculation of the average
from the achieved results. What can be clearly seen in these
figures is the variability of LOLEH before 1000 steps. The
LOLEH is expected to remain steady after 2000 steps but
this observation is not really true in case of 3050MW annual
peak. This difference is due to the random function in
MATLAB Software. The generating model depends
completely on this function. These results are summarized
in Table 8.

Table 8. Summary of the results from 4 testing scenarios

2750 | 2850 | 2950 | 3050 | 2750 | 2850 | 2950 | 3050
MW | MW | MW | MW | MW | MW | MW | MW

NS LOLEH (h/year) Time of Simulation (s)
1000 | 4.64 | 8.96 | 17.31 | 30.40 | 32.61 | 29.14 | 27.91 | 35.54
2000 | 4.58 | 9.55 | 17.35 | 30.35 | 62.01 | 52.08 | 50.17 | 60.39
5000 | 4.69 | 8.87 | 16.57 | 30.31 | 145.58 | 134.13 | 117.23 | 157.59
10000 | 4.64 | 8.99 | 17.08 | 29.90 | 234.40 | 230.27 | 298.92 | 282.08
Average | 4.64 | 9.09 | 17.08 | 30.24

By comparison with the references, the results can be
shown in Table 9.

Scenario

Table 9. Comparison between the simulated results and the sample tests

LOLE (h/year)
Annual Peak (MW) 2750 2850 2950 3050
Results 4.64 9.09 17.08 30.24
Billinton et al. 4.8516 93716 | 173696 | 30.7172
Allan et al. 9.39418

Table 9 shows the similar LOLE values in all scenarios by
comparing with the result of Billinton et al. The research of
Allan et al. did not show the LOLE value at all annual peak
but only in the scenario of 2950MW. However, this value is
not significantly different from the result of this paper and
of Billinton’s publication. So, it could be seen that the
algorithms are properly programmed and could be used for
the integrated wind power studies in the next subsection.
Because of the similarity between LOLEH of tests
corresponding to 1000, 2000, 5000, 10000 steps, 5000 is
selected for the number of simulation steps based on
stable convergence and not too large execution time.

4.2. Reliability of the power source with the
participation of wind turbines

Table 10. Comparison between three scenarios with the participation of
wind turbines

Annual Peak | Wind scenario Wind Wind scenario
(MW) 2 scenario 3 4
2750 13.31 9.94 7.91
2850 24.32 18.92 14.75
2950 41.08 32.82 26.32
3050 70.01 56.81 45.43
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As shown in the previous section, the results are based
on simulation of 4 scenarios using the IEEE-RTS version
1979 with different annual peaks. Note that all LOLEH
values are the average value of multiple re-executions. So,
the results are given in Table 10.

It is easy to see that, although the share of wind power
is not too big (smaller than 5%), it makes change so much
more than the non-wind power (original scenario) or
negligible wind (wind scenario 1) scenario. In each wind
scenario, the LOLEH index increases sharply as the annual
peak increases by 100MW (equivalent about 3.5% of the
original annual peak: 2850MW). So, results suggest a
hypothesis that when the annual peak is less than the total
power capacity of the system then the wind power share of
0.2% is almost unaffected the LOLEH index. As the annual
peak increases, there is a slight change in the LOLEH value.
This hypothesis should be verified because this change is
uncertain.

5. CONCLUSIONS

This research shows that when the share of wind power
is negligible, the LOLEH index is almost unchanged.
However, the greater the share of wind power, the lower
the power reliability due to the increase of LOLEH value. In
particular, the LOLEH value almost doubles as the annual
peak increases T00MW (equivalent 3.5% of the original
annual peak). The unreliability of wind power not only does
not represent an irreversible disadvantage of this
renewable energy source but also creates new studies that
offer solutions to increase the reliability of the power
system with renewable energy sources. One of the
solutions to overcome this disadvantage is the construction
of energy storage centers such as pumped-storage
hydroelectric power plants or big storage battery system.
These studies, therefore, are particularly important in trend
using clean energy to replace fossil energy sources.
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