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Abstract. Wind power generation and photovoltaic (PV) power generation bundled with the
support by conventional thermal generation enables the generation controllable and more
suitable for being sent over to remote load centre which are beneficial for the stability of weak
sending end systems. Meanwhile, HVDC for long-distance power transmission is of many
significant technique advantages. Hence the effects of wind-PV-thermal-bundled power
transmission by AC/DC on power system have become an actively pursued research subject
recently. Firstly, this paper introduces the technical merits and difficulties of wind-
photovoltaic-thermal bundled power transmission by AC/DC systems in terms of meeting the
requirement of large-scale renewable power transmission. Secondly, a system model which
contains a weak wind-PV-thermal-bundled sending end system and a receiving end system in
together with a parallel AC/DC interconnection transmission system is established. Finally, the
significant impacts of several factors which includes the power transmission ratio between the
DC and AC line, the distance between the sending end system and receiving end system, the
penetration rate of wind power and the sending end system structure on system stability are
studied.

1. Introduction

With the increasingly serious energy crisis, the development of renewable energy is being paid more
and more attention. At present, although the fossil energies such as coal, oil and natural gas are still in
the dominant position, but due to the fossil energy holds the disadvantages of limit in storage capacity
and the undesirable impacts on the environment, all countries begin to seek for alternative renewable
energy actively. So in the past decades, wind power generation technology and photovoltaic (PV)
power generation technology have been developed rapidly. However, with the proportion of renewable
energy power integration increasing, the effect on the stability of power system is deteriorating,
especially in a weak AC system that contains wind power, PV power and DC line. The interactions of
wind power, PV power and DC line are complex, and the effect on the stability of power system needs
further research.
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Currently, there are few researches on the wind-PV-thermal-bundled transmitted by AC/DC system,
and the interactions between the renewable energy power and the DC line have not been determined.
There are several factors that may have great influences on power system stability based on the
previous researches [1]-[5]. In this paper, we mainly study the influences of the five factors on the
stability of the system, which contains the penetration rate of wind power, the distance between the
sending end system and the receiving end system, the capacity of power that transmitted through the
DC line, and the structure of the sending end system.

2. Wind-PV-Thermal-Bundled transmitted by AC/DC from a weak system

In order to find out the factors what may have great influences on power system stability, we set up a
simulation system showing in Fig. 1 in the PSASP.
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Figure 1. The wind-PV-thermal-bundled transmitted by AC/DC system.

In the Fig. 1, the wind-PV-thermal-bundled power source is Y-connected in the Areal, and the
capacity of the three power sources is 600MW, 200MW and 1000MW respectively. Meanwhile, the
receiving end system isA-connected in Area 2, and the  distance between the generations in the
receiving end system is shorter than that in the sending end system. By the above settings, we
construct a weak sending end system and a strong receiving end system. In this system, we mainly
study the influences of the five factors on the small-signal stability of the 2.1

3. The small disturbance stability of the system
It is difficult to avoid the occurrence of the small-signal during the power system operation, so small-
signal stability is the premise of normal operation of the power system, which means the small-signal
stability analysis is important for the stable operation of the power system. We need to linear the
dynamic element equation of the power system before the small-signal stability analysis. In the system
showing in Fig. 1, the dynamics what need to be considered are synchronous machine, DFIG, PV and
DC line. [6]-[8]

The formation of the linear differential equations of the whole system showing in Fig. 1

Network equation of the whole system:

Al Yoo Yow Yoo Yoo Yo ||AVG
Al Yoo Yaw Ywe Yao Y || AVW
Alp =] Yoe  You Yoo Yoo Yo [[AV, (1)
Al Yoo Yow Yoo Yoo Yoo [[AVp
0 Yo Yw Y Yo Yo lAVL

T

Where, Alg=[Al, Alg, Al alg]  Al=[a,] Al =[ay,] Al =[al,]

AV, =[AVy AV, AV, AV [ AV, =[AV. ], AV, =[AV,, ] AV, =[AV,, ]
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The linear differential equation of the synchronous machine:

dAXg
——==AA B,AV,
dt G XG+ G G (2)
Al = C4AX, + DAV,
The linear differential equation of the DFIG:
dAXx,
= A, AX, +B,AV,
dt W W+ w W (3)
Al,, =C, AX, +D,AV,,
The linear differential equation of the PV:
dAx,
—— = A AX, +B,AV
dt pAXp +Bp P (4)
Al, =C,AX, + D AV,
The linear differential equation of the DC line:
dAXp
—— =A,AXy +B,AV,
dt D D+ D D (5)
Al =CpAXp + DAV,
From (1) (2) (3) (4) (5), there is equivalently expressed as:
41 A B Ax
dt |= (6)
0 C Dl Ay
Where
-C 0 0 0 |
A, 0 0 0 B. 0 0 0 0 oG 0 o
a0 A O 0 10 B, 0 0 0 | EWC 0
/o 0o A O] |0 0 B, 0 0 _o o_opc
0 0 0 A, 0 0 0 B, 0 G
0o 0o o0 0 |
YGG - DG YGW YGP YGD YGL
YWG wa - Dw YWP YWD YWL
D= Yoo Yew Yee —Dp Yeo YoL
YDG YDW YDP YDD _DD YD|_
YLG YLS YLT YLD YLL
AX=[AX, AX, AX, AX,],Ay=[AV; AV, AV, AV, AV ]
In the equation (6), after eliminating the vector Ay, it can be shown that:
IAX_ A Ax )
dt

Where A, =A-BD'C.
Whether the system is stable can be determined through calculation eigenvalue of the state matrix
A

4. Factors that influence the small-signal stability of the system

4.1. The influence of the distance between the generator of the sending end system on the small-signal
stability of the system.
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In order to study the influence of the distance between the generators of the sending end system on the
small-signal stability of the system, small-signal stability analysis has been done under different
situations, the results are shown in Table 1;

Table 1. The results of small-signal stability analysis

The distance between the generator of the sending end system is 50 Km

Eigenvalue Frequency | Damping ratio | Most relevant Region

(Hz2) (%) generator
1 -0.78547.237i 1.152 10.783 S2 Area2
2 -0.68745.732i 0.912 11.894 S3 Area2
3 -0.409+44.615i 0.735 8.830 G1 Areal

The distance between the generator of the sending end system is 70 Km

Eigenvalue Frequency | Damping ratio | Most relevant Region

(H2) (%) generator
1 -0.785+7.263i 1.156 10.747 S2 Area2
2 -0.72245.689i 0.905 12.586 S3 Area2
3 -0.35144.376i 0.696 8.000 Gl Areal

The distance between the generator of the sending end system is 90 Km

Eigenvalue Frequency | Damping ratio | Most relevant Region

(Hz) (%) generator
1 -0.785+47.282i 1.159 10.720 S2 Area2
2 -0.73545.678i 0.904 12.832 S3 Area2
3 -0.31944.240i 0.675 7.505 Gl Areal

Comparing the small-signal stability analysis results of the three situations, it can be found that the
eigenvalues related to G1 moves to the right when the distance between the generator of the sending
end system is increased, which means the small-signal stability of the sending end system is worsen.

4.2. The influence of the penetration rate of wind power on the small-signal stability of the system

In order to study the influence of the penetration rate of wind power on the small-signal stability of the
system, thermal power is replaced by equal capacity of wind power, which can change the penetration
rate of wind power. By this method, the small-signal stability analysis has been done under three
different situations, the results are shown in Table 2:

Table 2. The results of small-signal stability analysis

Thermal power 1000MW, Wind power 600MW, PV power 200MW
Eigenvalue Frequency Damping ratio | Most relevant Region
(Hz) (%) units
1 - 1.152 10.783 S2 Area?
0.78547.237i
2 - 0.912 11.894 S3 Area2
0.68745.732i
3 - 0.735 8.830 Gl Areal
0.409:4.615i
Thermal power 800MW, Wind power 800MW, PV power 200MW
Eigenvalue Frequency Damping ratio | Most relevant Region
(Hz) (%) units
1 - S2 Area2
0.78547 239 1.152 10.780
2 - S3 Area?
0.70745.723i 0.911 12.258
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3 - Gl Areal
0.433+4552i | 0724 9471
Thermal power 600MW, Wind power 1000MW, PV power 200MW
Eigenvalue Frequency Damping ratio | Most relevant Region
(Hz) (%) units
1 | -0.78547.250 1.154 10.768 S2 Area2
2 | -0.73745.698 0.907 12.822 S3 Area2
3 | -0.46144.371 0.696 10.479 G1 Areal

Comparing the results of the small-signal stability analysis under the three situations, it can be
found that when the penetration rate of wind power increases, the eigenvalues related to G1 move to
the left which means the small-signal stability is improved.

4.3. The influence of the distance between the sending end system and the receiving end system on the
small-signal stability of the system.

The length of the AC/DC line can denote the distance between the sending end system and the
receiving end system. In order to study the influence of the distance between the sending end system
and the receiving end system on the small-signal stability of the system, small-signal stability analysis

has been done under three different situations, the results are shown in Table 3:

Table 3. The results of small-signal stability analysis

The length of the AC/DC line is 1000Km
Eigenvalue | Frequency (Hz) | Damping ratio Most relevant Region
(%) units
1 - 1.151 10.782 S2 Area?
0.785+7.237i
2 - 0.912 11.894 S3 Area2
0.687+5.733i
3 - 0.735 8.830 G1 Areal
0.409+4.615i
The length of the AC/DC line is 1250Km
Eigenvalue | Frequency (Hz) | Damping ratio Most relevant Region
(%) units
1 - 1.154 10.766 S2 Area2
0.785+7.251i
2 - 0.899 12.808 S3 Area2
0.730+5.651i
3 - 0.679 7.759 Gl Areal
0.332+4.268i
The length of the AC/DC line is 1500Km
Eigenvalue | Frequency (Hz) | Damping ratio Most relevant Region
(%) units
1 - 1.156 10.748 S2 Area2
0.785+7.265i
2 - 0.893 13.245 S3 Area2
0.750+5.610i
3 - 0.625 7.173 Gl Areal
0.282+3.926i

Comparing the results of the small-signal stability analysis under the three situations, it can be
found that increasing the distance between the sending end system and the receiving end system would
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lead to the eigenvalues related to G1 move to the right which means the small-signal stability is
deteriorated.

4.4. The influence of the ratio of the power transmitted in AC/DC line on the small-signal stability of
the system.

Because of the characteristic of the DC line, the power transmitted in the DC line can be adjusted
according to our needs [9]. In order to study the influence of the ratio of the power transmitted in
AC/DC line on the small-signal stability of the system, power transmitted in DC line is adjusted under
the premise of the total transmission power remaining constant. By this method, the small-signal
stability analysis has been done under three different situations, the results are shown in Table 4:

Table 4. The results of small-signal stability analysis

The ratio of the power transmitted in AC/DCis1: 1
Eigenvalue Frequency Damping ratio | Most relevant units | Region
(Hz) (%)
1 -0.785+7.236i 1.152 10.784 S2 Area2
2 -0.693+5.718i 0.910 12.028 S3 Area2
3 -0.400+4.577i 0.729 8.713 Gl Areal
The ratio of the power transmitted in AC/DCis 1: 2
Eigenvalue Frequency Damping ratio | Most relevant units | Region
(Hz) (%)
1 -0.785+7.239i 1.152 10.782 S2 Area2
2 -0.668+5.773i 0.919 11.492 S3 Area2
3 -0.439+4.712i 0.750 9.273 Gl Areal
The ratio of the power transmitted in AC/DCis 1: 3
Eigenvalue Frequency Damping ratio | Most relevant units | Region
(Hz) (%)
1 -0.785+7.251i 1.154 10.766 S2 Area2
2 -0.659+5.804i 0.924 11.275 S3 Area2
3 -0.457+4.757i 0.757 9.555 G1 Areal

Comparing the results of the small-signal stability analysis under the three situations, it can be
found that increasing the power transmitted in DC line will lead to the eigenvalues related to G1 move
to the left which means the small-signal stability is improved.

4.5. The influence of the structure of the sending end system on the small-signal stability of the system.
In this research, we assume that the geographical positions of the three kinds of generators in sending
end system are fixed, which are respectively at the three vertices of an equilateral triangle whose side
length is 25+/3Km. Under this assumption, the small-signal stability analysis has been done under two
different situations, the results are shown in Table 5:

Table 5. The results of small-signal stability analysis

Y-connection, the DC bus is at the centre of the equilateral triangle
Eigenvalue Frequency | Damping ratio Most relevant Region
(Hz) (%) units
-0.785+7.230i 1.151 10.793 S2 Area2
-0.655+5.752i 0.915 11.311 S3 Area2
-0.411+4.726i 0.752 8.673 Gl Areal
A-connection, the DC bus is at the location of the thermal power generator
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Eigenvalue Frequency | Damping ratio Most relevant Region

(Hz) (%) units
1 | -0.784+7.219i 1.149 10.800 S2 Area2
2 | -0.566+4.943i 0.787 11.367 S3 Area2
3 | -0.601+5.954i 0.948 10.046 Gl Areal

Comparing the results of the small-signal stability analysis, it can be found that increasing the
power transmitted in DC line will lead to the eigenvalues related to G1 move to the left which means
the small-signal stability is improved.

5. Discussion and prospect

Because of the advantage of the wind-PV-thermal-bundled power transmission by AC/DC system, it
provides new opportunity for the wind power integration and the power transmission. Currently, we
have find out some factors that may have great influence on the small-signal stability of the system,
but it need deeper study before this scheme applies in practical project.

Currently, most researches on the wind-PV-thermal-bundled power transmission by AC/DC system
are conducted in the simple system, but the structure of the sending system and the ending system can
significantly influence the stability of the system. Thus, when the structure of the system is complex,
the stability of the whole system are needed to study.
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