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Abstract: Large-scale wind-thermal-bundled power that is transmitted by mixed ultra-high voltage
direct current (UHVDC)/ultra-high voltage alternating current (UHVAC) systems has become crucial
for large-scale wind farms in China. Equations describing the electromagnetic power characteristics
under short circuits for UHVAC lines and UHVDC blocks are derived based on an analysis of
the external characteristics of a doubly fed wind farm and UHVDC systems. The effect of wind
power penetration ratio on rotor angle transient stability is analysed, and the optimal wind power
penetration ratio under the constraint of rotor angle transient stability is determined. The effects of
system parameters, such as the UHVDC transmission capacity and the reactance of UHVAC lines on
the optimal wind power penetration ratio are discussed. The trend of rotor angle stability varies from
a monotonic deterioration to concave, and the optimal wind power penetration ratio increases from
0 to 30% under an UHVDC block when the reactance of UHVAC lines increases from 0.005 to 0.02.
The optimal wind power penetration ratio under a short circuit increases from 40% to 60% when the
reactance of UHVAC lines decreases from 0.02 to 0.006 and decreases from 40% to 30% when the
capacity of UHVDC decreases from 3200 MW to 1600 MW. The analysis is verified by simulating an
actual system in China’s Northwest Power Grid.

Keywords: wind-thermal-bundled system; mixed UHVDC/UHVAC system; wind power
penetration ratio; electromagnetic power equation; angle transient stability

1. Introduction

In recent years, wind power has developed rapidly in China. Several gigawatts of wind farms have
been planned and constructed in North China, Northwest China and Northeast China (Three-North
area) [1]. The transmission distance to the eastern China load center is greater than 2000 km. To solve
the problems that are associated with large-scale wind power consumption in China, it is necessary to
transmit the wind power from northern areas to remote eastern areas [2,3].

Wind power that is harvested in the Three-North area is transmitted to local load centers
by the existing ultra-high voltage alternating current (UHVAC) systems. However, long-distance
transmission using an UHVAC system creates large amounts of power loss and reduces the economy
of power delivery. An ultra-high voltage direct current (UHVDC) system offers the advantages of
enormous transmission capacity, low transmission loss, and a narrow corridor; it is the clear choice for
large-scale wind farms in northern China [4]. However, large-scale wind power cannot be delivered
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remotely because of its fluctuation; it must be bundled with thermal power units to obtain steadier
transmission power and thus meet the requirement of power control. Therefore, wind-thermal-bundled
power transmitted by an UHVDC system mixed with existing UHVAC systems has become an effective
scheme for large-scale wind farms in China. At present, the rated capacity of the ±800 kV UHVDC
from Hami to Zhengzhou in the Hami wind-thermal-bundled system is 8000 MW, which can effectively
relieve the power supply pressure of the Central China Power Grid and enhance the utilization of
wind power [5,6].

In recent years, the doubly fed induction generator (DFIG) has achieved a significant position in
wind turbine market because of its various advantages, including small converter capacities, flexible
control, and reactive power compensation capability [7,8]. The transient characteristics of are different
from those of traditional thermal power units and will affect the operation of system. In addition, the
UHVDC system further affects power system stability. Therefore, in-depth research on the transient
stability of wind-thermal-bundled systems is required.

At present, the influence of wind power integration on the stability of power grid has only
been partially studied. The reactive power support of a DFIG during faults is considered critical for
maintaining the rotor angle stability of thermal power units [9,10]. The conventional synchronous
generator replaced with equivalent DFIG has negative impacts on rotor angle stability, but it can be
mitigated by the proposed control strategies of the DFIG in [11]. The damping characteristics and
voltage control ability decreases appreciably with an increasing wind power penetration ratio, as
indicated by simulations performed in [12]. The inertia of a system is reduced with increasing wind
power integration, and it worsens the rotor angle stability of system [13]. Based on the extended
equal-area criterion (EEAC), the rotor angle stability is considered to depend on the change in
electromagnetic power and system inertia when the thermal power is replaced by equivalent capacity
of DFIG or fixed speed induction generation (FSIG), as reported in [14].

Wind power integration will affect the system voltage control ability and inertia, thereby affecting
the rotor angle stability. Furthermore, the voltage control ability and inertia of system will vary with
the integration capacity of wind power. Therefore, wind power penetration ratio will affect the rotor
angle stability of the system. The mechanism by which DFIG penetration ratio affects rotor angle
stability under a close-distance short-circuit fault and remote-distance short-circuit fault is analysed
in [15]. The variation in rotor angle stability with increasing wind power capacity after a three-phase
short circuit fault is analysed based on the equal-area criterion (EAC) in [16]. However, the UHVDC
system is not considered in the above articles. The influence of wind power penetration ratio on rotor
angle transient stability of a wind-thermal-bundled system after a short-circuit fault is analysed in [17].
The function describing the variation of rotor angle acceleration with wind power penetration ratio
after a short-circuit fault is deduced in [18], and the conditions under which the function is concave
are proposed.

The influence of UHVDC reactive power characteristics after a short-circuit fault on rotor angle
stability is not considered in the above mentioned studies, and UHVDC faults are not analysed.
The UHVDC block will break the power balance and thus affect the rotor angle stability of the
system [19,20]. In addition, the reactive power recovery characteristics of UHVDC systems and wind
power during a fault will also affect the rotor angle stability [21]. Therefore, further mechanistic
analyses of the influence of wind power penetration ratio on rotor angle transient stability and research
on optimal wind power penetration ratio under the constraint of rotor angle transient stability are
required; such studies can provide a reference for the planning and operation, and thus be used to
improve the rotor angle stability of wind-thermal-bundled systems.

In this paper, the electromagnetic power equations of a typical wind-thermal-bundled system
under a UHVDC block and short circuit of UHVAC lines are derived, respectively, based on an analysis
of the transient external characteristics of a wind farm and UHVDC system. The influence of wind
power penetration ratio on rotor angle stability is analysed, and the optimal wind power penetration
ratio corresponding to the minimum value of the rotor angle difference is determined. Furthermore,
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the effect of system parameters, such as UHVDC transmission capacity and UHVAC line reactance,
on the optimal wind power penetration ratio are discussed. The theoretical derivation is verified by
a simulation of a typical wind-thermal-bundled system and an actual system in China’s Northwest
Power Grid.

This paper is organized as follows: the electromagnetic power characteristics of a
wind-thermal-bundled system during normal operation are analysed based on an analysis of the
transient characteristics of a wind farm and UHVDC system in Section 2. The effects of wind
power penetration ratio on rotor angle stability and parameter variations on the optimal wind power
penetration ratio under an UHVDC block are analysed in Section 3, and the case of a short circuit of
UHVAC lines is analysed in Section 4. Simulation results are presented and discussed in Section 5.
Finally, the paper is concluded in Section 6.

2. Methodology

The analytical method is introduced in this section. Firstly, the electromagnetic power of the
thermal power units in a single-ended power transmission system is presented. Then, the power
characteristics of a wind farm and UHVDC system are presented by introducing a hypothetical
impedance in order to determine the impact on electromagnetic power. Finally, the electromagnetic
power of thermal power units of a typical wind-thermal-bundled system during normal operation
is analysed.

2.1. Electromagnetic Power Characteristics of a Single-Ended Power Transmission System

The structural schematic and equivalent circuit diagram of a single-ended power transmission
system are shown in Figure 1. The electromagnetic power of the thermal power units in a single-ended
power transmission system is [15]

Pe =
E2

q

|Z11|
sin α11 +

EqU
|Z12|

sin(δ− α12) (1)

where Eq is the no-load electromotive force (EMF) of thermal power units; U is the voltage of receiving
end system; δ is the angle difference between Eq and U; Z11 is the self-impedance of thermal power units;
Z12 is the mutual impedance between thermal power units and receiving end system; and, α11 and α12

are complementary angles of the self-impedance angle and mutual impedance angle, respectively.
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Figure 1. Diagram of the single-ended power transmission system: (a) Structural schematic diagram;
and (b) Equivalent circuit diagram.

The thermal power units are simulated by the classical second-order model without the
prime mover, governor or excitation system. When the system resistance is not considered, the
electromagnetic power of single-ended power transmission system as shown in Figure 1 can be
calculated as follows:

PI
e =

E2
q∣∣ZI
11

∣∣ sin αI
11 +

EqU∣∣ZI
12

∣∣ sin
(

δ− αI
12

)
(2)

ZI
11 = jxdT + jxL = jx∑ =

∣∣∣ZI
11

∣∣∣∠90◦ = ZI
12 (3)
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where xdT, which is called the equivalent internal resistance, is the sum of internal resistance of
a thermal power unit x′d and the transformer impedance connected to thermal power unit xT.
The superscript I in the equations represents the relevant parameters of single-ended power
transmission system shown in Figure 1. Therefore, Equation (2) can be written as

PI
e =

EqU∣∣ZI
12

∣∣ sin δ (4)

2.2. Analysis of the Wind Farm Transient Characteristics

The structural schematic and equivalent circuit diagram of a typical wind-thermal-bundled
system are shown in Figure 2. Suppose that the total capacity of a wind-thermal-bundled system is P0.
When the wind power is not integrated, the number of thermal power units is N, and P0 = N × PSG,
where PSG is the capacity of a single thermal power unit. When the wind power is integrated into the
system, the number of thermal power units is Nt, and the capacity is PS = Nt × PSG; thus, the wind
power penetration ratio is k = (N − Nt)/N, Nt = 0, 1, . . . , N, and the equivalent internal resistance of
thermal power is xdT/(1 − k).
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Figure 2. Diagram of a typical wind-thermal-bundled system during normal operation: (a) Structural
schematic diagram; and (b) Equivalent circuit diagram.

The wind power is analysed based on a DFIG. The DFIG is simulated using the control model
suggested in IEC 61400-27, which includes active power, reactive power, current and pitch angle
control modules [22,23]. The wind farm is equipped with a static var compensator (SVC) according
to the integration capacity of the DFIG. The parameters of the DFIG model that is used in this article
are shown in Appendix A. When the system is disturbed, the DFIG and SVC provide reactive power
support to maintain the voltage constant [24].

When a three-phase short circuit of an UHVAC line occurs in a wind-thermal-bundled system,
the variations inthe bus voltage UD of the rectifier station, active power Pw, and reactive power Qw

injected into the system by the wind farm are shown in Figure 3.
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The wind power penetration ratio k will affect the active and reactive power output of wind
farm in a wind-thermal-bundled system. Suppose that the operation state of entire DFIG in a
wind-thermal-bundled system is same, such that Pw and Qw vary with k; that is, Pw = kPw0 and
Qw = kQw0, where Pw0 and Qw0 are the instantaneous active and reactive power that are injected
by the wind power when k = 1. To facilitate the derivation of the influence of Pw and Qw on the
electromagnetic power of thermal power unit, as shown in Figure 2, the negative resistance rw and
negative reactance xw are connected in parallel to the bus of the sending-end system. The impedance
value of zw is set as follows [15]:

zw = rw + jxw = −
U2

D
Pw − jQw

= −
U2

D
k(Pw0 − jQw0)

(5)

2.3. Analysis of UHVDC Transient Characteristics

UHVDC in a wind-thermal-bundled system is simulated using the CIGRE standard test model.
The rectifier can be controlled as a constant current (CC) mode and constant αmin (CIA) mode.
The inverter can be controlled as constant extinction angle (CEA) mode and CC mode, as well as with
VDCOL control [25,26]. The structure diagram and parameters of the CIGRE HVDC control system
are presented in Appendix B. A large amount of reactive power is consumed while transmitting active
power, and it is approximately 40% of the UHVDC transmission capacity [27]. To ensure normal
UHVDC operation, a large number of capacitors are installed on the AC side of the rectifier station
in order to compensate for the reactive power of system. Suppose that the reactance value of the
capacitors is jxc; thus, the reactive power compensation Qc of capacitors can be expressed as

jQc = U2
D/jxc (6)

During normal operation, the QC is approximately equal to the reactive power QD consumed
by rectifier station; that is, QC = QD. When a three-phase short circuit of the UHVAC line occurs in
the wind-thermal-bundled system, UD, PD and the reactive power exchange QX between the rectifier
station and sending-end system are shown in Figure 4, where QX = QD − Qc.
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As shown in Figure 4, PD and QD drops to zero during the fault. Then, Qc is rapidly recovered as
the voltage resumes, faster than the resume ratio of QD; thus, QX < 0. When UD recovers at a higher
level, the control mode of rectifier is switched from αmin control to constant power control. Due to the
time delay in the control system, the output current of rectifier is greater than the set value, which
causes the rated value to be exceeded; thus, QX > 0. After a time delay, PD decreases to the rated value,
and QD equals Qc; thus, the reactive power exchange between the rectifier and system is equal to
zero [28].

The PD and QD are variations after the fault, and they are affected by the system voltage and
the control schemes of UHVDC after fault. To facilitate the derivation of the influence of PD and QD
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on electromagnetic power of thermal power units, a resistance rD and reactance xD are connected in
parallel to the bus of the sending-end system. The impedance value of zD is set as follows:

zD = rD + jxD =
U2

D
PD − jQD

(7)

During normal operation, QD is equal to Qc, thus, xD = 0, and rD can be written as follows:

rD = U2
D/PD (8)

2.4. Electromagnetic Power Characteristics of the Thermal Power Units in a Wind-Thermal-Bundled System

During normal operation, the equivalent circuit diagram of a typical wind-thermal-bundled
system is shown in Figure 2. The electromagnetic power of the thermal power units in the
wind-thermal-bundled system is

PII
e =

E2
q∣∣ZII
11

∣∣ sin αII
11 +

EqU∣∣ZII
12

∣∣ sin
(

δ− αII
12

)
(9)

A comparison of Equations (11) and (4) shows that the self-impedance and mutual impedance are
changed due to the DFIG, UHVDC, and rectifier station capacitors that are integrated into the system.
The superscript II in the equations represents the relevant parameters of wind-thermal-bundled system
shown in Figure 2. The self-impedance ZII

11 and mutual impedance ZII
12 in Equation (9) are calculated

as follows:
ZII

11 = j xdT
1−k + (zw)//(zD)//(jxc)//(jxL)

= (PD−kP0)

U4
D+(PD−kP0)

2x2
L
+ j
[

xdT
1−k +

xLU4
D

U4
D+(PD−kP0)

2x2
L

]
= aII

11 + jbII
11 =

∣∣ZII
11

∣∣∠ϕII
11

(10)

ZII
12 = j

(
xdT
1−k + xL

)
+ jxL ·j[xdT/(1−k)]

(zw)//(zD)//(jxc)

= −xdT xL(PD−kP0)

(1−k)U2
D

+ j
(

xdT
1−k + xL

)
= aII

12 + jbII
12 =

∣∣ZII
12

∣∣∠ϕII
12

(11)

The value of aII
11 and aII

12 depend on the difference between PD and Pw; bII
11 and bII

12 are
always positive. When PD > kP0, aII

11 > 0, aII
12 < 0, 0 < αII

11 < 90◦, and −90◦ < αII
12 < 0; therefore,

(E2
q sin αII

11/
∣∣ZII

11

∣∣) > 0. Relative to PI
e , the curve of PII

e moves
∣∣αII

12

∣∣ to the left. With increasing k,
aII

11 < 0, aII
12 > 0, −90◦ < αII

11 < 0, and 0 < αII
12 < 90◦ when PD < kP0; therefore, (E2

q sin αII
11/
∣∣ZII

11

∣∣) < 0.
Relative to PI

e , the curve of PII
e moves

∣∣αII
12

∣∣ to the right.
The electromagnetic power characteristics of thermal power units with different wind power

penetration ratios are shown in Figure 5. For wind power penetration ratios k1, k2, and
k3, k1 < k2 < k3. Figure 5 shows that the electromagnetic power characteristics moves to the lower
right with increasing k. Specifically, the initial rotor angle increases continuously with increasing k
when the mechanical power and the operating conditions of thermal power units are unchanged.
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3. Analysis of Wind Power Penetration Ratio in a Wind-Thermal-Bundled System Considering
UHVDC Block

The UHVDC block that is caused by an internal fault, such as that in an UHVDC line circuit or
converter valve, will break the balance of active power and reactive power in the sending-end system.
The surplus active power will cause the rotor speed of the thermal power units to increase. To balance
the surplus reactive power, all capacitors installed in the rectifier station are switched off after a delay
time ∆t after the UHVDC block [27]. In this paper, it is assumed that the capacitors are switched off
with no time delay to simplify the equation derivation, that is, ∆t = 0.

3.1. Analysis of Electromagnetic Power Characteristics after UHVDC Block

After the UHVDC block, PD is reduced to zero, and QD is also reduced to zero. Therefore, zD can
be considered an open circuit.

The equivalent circuit diagram of the system after the UHVDC block is shown in Figure 6, and the
relevant parameters are represented by the superscript III. The electromagnetic power characteristics
of the thermal power units are PIII

e :

PIII
e =

E2
q∣∣ZIII
11

∣∣ sin αIII
11 +

EqU∣∣ZIII
12

∣∣ sin
(

δ− αIII
12

)
(12)

where
ZIII

11 = j xdT
1−k + (zw)//(jxL)

=
−kPw0xLU2

D

(U2
D−kQw0xL)

2
+k2P2

w0x2
L

+ j
[

xdT
1−k +

xLU2
D(U2

D−kQw0xL)

(U2
D−kQw0xL)

2
+k2P2

w0x2
L

]
= aIII

11 + jbIII
11 =

∣∣ZIII
11

∣∣∠ϕIII
11

(13)

ZIII
12 = j

(
xdT
1−k + xL

)
+ jxL ·j[xdT/(1−k)]

zw

= kxdT xLPw0
(1−k)U2

D
+ j
[(

xdT
1−k + xL

)
− kxdT xLQw0

(1−k)U2
D

]
= aIII

12 + jbIII
12 =

∣∣ZIII
12

∣∣∠ϕIII
12

(14)

The electromagnetic power of thermal power units is altered after the UHVDC block because the
system structure and the parameters are changed. The parameters xdT and xL in Equations (13) and (14)
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are constant, and Pw0 and Qw0 are affected by the system parameters and control. The self-impedance
angles ϕIII

11 can be obtained by Equation (13):

ϕIII
11 = arcsin

{{
∆1 + (1− k)U2

DxL∆2

}
/
{
(1− k)2k2U4

Dx2
LP2

w0 +
{

∆1 + (1− k)U2
DxL∆2

}2
} 1

2
}

(15)

where
∆1 = xdT

[
(kPw0xL)

2 + ∆2
1

]
(16)

∆2 = U2
D − kQw0xL (17)

The higher order term (1− k)2k2U4
Dx2

LP2
w0 in Equation (15) is approximately zero; thus, ϕIII

11 is
approximately equal to 90◦, and αIII

11 is approximately equal to zero [15]. Therefore, the self-impedance
in the power characteristics equations can be omitted, and Equation (12) can be written as follows:

PIII
e =

EqU∣∣ZIII
12

∣∣ sin
(

δ− αIII
12

)
(18)
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Figure 7. Simulation results of a typical wind-thermal-bundled system under an UHVDC block: (a) 
UD and active power of UHVAC lines; (b) Pw and Qw. 

Large amounts of active power as surplus in the sending-end system are caused by the UHVDC 
block. The surplus active power is transmitted to the UHVAC lines and it substantially increases the 
power flow in the UHVAC lines. The reactive power loss of AC lines is approximately proportional 
to the square of the active power transmitted by UHVAC [29]. Therefore, the power flow transferred 
from UHVDC will increase the reactive power loss of UHVAC lines and cause the voltage of sending-
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3.2. Analysis of Wind Power Penetration Ratio on Rotor Angle Stability and the Determination of Optimal
Wind Power Penetration Ratio

The variation of UD, the active power PL of the UHVAC lines, Pw and Qw after the UHVDC block
and the capacitors switched off are shown in Figure 7.
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Figure 7. Simulation results of a typical wind-thermal-bundled system under an UHVDC block: (a) 
UD and active power of UHVAC lines; (b) Pw and Qw. 

Large amounts of active power as surplus in the sending-end system are caused by the UHVDC 
block. The surplus active power is transmitted to the UHVAC lines and it substantially increases the 
power flow in the UHVAC lines. The reactive power loss of AC lines is approximately proportional 
to the square of the active power transmitted by UHVAC [29]. Therefore, the power flow transferred 
from UHVDC will increase the reactive power loss of UHVAC lines and cause the voltage of sending-

Figure 7. Simulation results of a typical wind-thermal-bundled system under an UHVDC block: (a)
UD and active power of UHVAC lines; (b) Pw and Qw.

Large amounts of active power as surplus in the sending-end system are caused by the
UHVDC block. The surplus active power is transmitted to the UHVAC lines and it substantially
increases the power flow in the UHVAC lines. The reactive power loss of AC lines is approximately
proportional to the square of the active power transmitted by UHVAC [29]. Therefore, the power flow
transferred from UHVDC will increase the reactive power loss of UHVAC lines and cause the voltage
of sending-end system to drop. The electrical distance between wind farm and UHVDC system is
small; therefore, the voltage of wind farm integration point will decrease after the UHVDC block.
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As shown in Figure 8, the active power fluctuation of wind farm is small after an UHVDC block and
can be considered constant; the reactive power Qw is essentially positive before the rotor angle reaches
the maximum.

The variation
∣∣ZIII

12

∣∣ is analysed as follows. Equation (13) shows that aIII
12 increases monotonically

with increasing k, and the increase or decrease in bIII
12 depends on the value of (1− kQw0xL/U2

D).
When kQw0xL/U2

D < 1, bIII
12 increases gradually with increasing k; thus,

∣∣ZIII
12

∣∣ and the maximum
rotor angle difference increases monotonically. Specifically, the rotor angle transient stability decreases
gradually with an increasing k.

When kQw0xL/U2
D > 1, bIII

12 decreases gradually with increasing k. Function F1 is constructed
as follows:

F1 =
∣∣ZIII

12

∣∣2 =
k2P2

w0x2
dT x2

L
(1−k)2U4

D
+

x2
dT

(1−k)2 +
2xdT xL

1−k + x2
L −

2kQw0x2
dT xL

(1−k)2U2
D
− 2kQw0xdT x2

L
(1−k)U2

D
+

k2Q2
w0x2

dT x2
L

(1−k)2U4
D

(19)

The derivative of F1 with respect to k is obtained, and the minimum point km is calculated
as follows:

km =
(xdT + xL)

(
xLQw0U2

D −U4
D
)

xL
[(

P2
w0 + Q2

w0
)
xdTxL −U4

D + (xdT − xL)Qw0U2
D
] (20)

Equation (20) shows that F1 is a concave function whose minimum value occurs at k = km.
The influence of the wind power penetration ratio on the acceleration area and deceleration area of the
thermal power units is shown in Figure 8.

For k1, k2 and k3, 0 < k1 < k2 = km < k3 < 1. Curve I in Figure 8 corresponds to the electromagnetic
power of the thermal power units during normal operation without UHVDC or wind power. Curves II,
III and IV correspond to the electromagnetic power when wind power penetration ratios are k1,
k2 and k3, respectively. As indicated by Equation (20),

∣∣ZIII
12

∣∣ decreases and α12 increases gradually
with increasing k when 0 < k < km; thus, curve III is to the upper right of curve II. When k = k1,
the acceleration area is Sabc, the deceleration area is Scde, and the maximum rotor angle is δ1.
When k = k2, the acceleration area is Safg, the deceleration area is Sghi, and the maximum rotor
angle is δ2. As Safg < Sabc, δ2 < δ1 can be obtained based on the EAC. When km < k < 1,

∣∣ZIII
12

∣∣ increases
gradually with k. The acceleration area and deceleration area when k = k3 are Sajp and Spqr, respectively.
When compared with that at k = k2, curve IV is to the lower right of curve III and Sajp > Safg; thus,
we have δ3 > δ2. Specifically, the maximum rotor angle experiences an improvement first and then
worsens with the increase in k, and the rotor angle is minimized when k = km. Thus, km is described as
the optimal wind power penetration ratio after the UHVDC block.

Energies 2018, 11, x 10 of 22 

 

δ0δ 1δ2δ 3δ12α  
Figure 8. Influence of wind power penetration ratio on acceleration and deceleration area after an 
UHVDC block. 

3.3. Analysis of Factors Affecting the Optimal Wind Power Penetration Ratio 

The optimal wind power penetration ratio km is affected by PD and xL after the UHVDC block. 
When < 2

0/L D wx U Q , the rotor angle transient stability of the system worsens monotonically with 

increasing k. When > 2
0/L D wx U Q , the rotor angle transient stability first improves but then worsens 

with increasing k, and the optimal wind power penetration ratio is km after an UHVDC block. 
The power flow transferred to the UHVAC lines increases gradually with PD, and it causes the 

reactive power loss of the UHVAC lines to increase and UD to decrease. Equations (14) and (20) 
indicate that the change ratio of Ⅲ

12a  and Ⅲ

12b  increases with decreasing UD and causes the optimal 
wind power penetration ratio km to decrease. Specifically, the optimal wind power penetration ratio 
km decreases with an increasing PD. 

4. Analysis of Wind Power Penetration Ratio in a Wind-Thermal-Bundled System Considering 
Three-Phase Short Circuit of UHVAC Lines 

A three-phase short circuit of UHVAC lines will seriously affect the rotor angle transient stability 
of a wind-thermal-bundled system. A short circuit of UHVAC lines near to the sending-end system 
is analysed in this section.  

4.1. Analysis of Electromagnetic Power Characteristics after a Short Circuit of UHVAC Lines 

The equivalent circuit of the system during the short circuit of the UHVAC line is shown in 
Figure 9a. During the short circuit, UD is decreased to zero, which causes Pw, PD and the 
electromagnetic power of thermal power units to decrease to zero. The equivalent circuit of the 
system after UHVDC line cut-off is shown in Figure 9b, and the relevant parameters are represented 
by the superscript IV. The electromagnetic power characteristics of thermal power units are Ⅳ

eP : 

( )
2

11 12
11 12

sin sinq q
e

E E U
P

Z Z
α δ α= + −Ⅳ Ⅳ Ⅳ

Ⅳ Ⅳ
 (21)

where 

Figure 8. Influence of wind power penetration ratio on acceleration and deceleration area after an
UHVDC block.



Energies 2018, 11, 666 10 of 22

3.3. Analysis of Factors Affecting the Optimal Wind Power Penetration Ratio

The optimal wind power penetration ratio km is affected by PD and xL after the UHVDC block.
When xL < U2

D/Qw0, the rotor angle transient stability of the system worsens monotonically with
increasing k. When xL > U2

D/Qw0, the rotor angle transient stability first improves but then worsens
with increasing k, and the optimal wind power penetration ratio is km after an UHVDC block.

The power flow transferred to the UHVAC lines increases gradually with PD, and it causes the
reactive power loss of the UHVAC lines to increase and UD to decrease. Equations (14) and (20) indicate
that the change ratio of aIII

12 and bIII
12 increases with decreasing UD and causes the optimal wind power

penetration ratio km to decrease. Specifically, the optimal wind power penetration ratio km decreases
with an increasing PD.

4. Analysis of Wind Power Penetration Ratio in a Wind-Thermal-Bundled System Considering
Three-Phase Short Circuit of UHVAC Lines

A three-phase short circuit of UHVAC lines will seriously affect the rotor angle transient stability
of a wind-thermal-bundled system. A short circuit of UHVAC lines near to the sending-end system is
analysed in this section.

4.1. Analysis of Electromagnetic Power Characteristics after a Short Circuit of UHVAC Lines

The equivalent circuit of the system during the short circuit of the UHVAC line is shown
in Figure 9a. During the short circuit, UD is decreased to zero, which causes Pw, PD and the
electromagnetic power of thermal power units to decrease to zero. The equivalent circuit of the
system after UHVDC line cut-off is shown in Figure 9b, and the relevant parameters are represented
by the superscript IV. The electromagnetic power characteristics of thermal power units are PIV

e :

PIV
e =

E2
q∣∣ZIV

11

∣∣ sin αIV
11 +

EqU∣∣ZIV
12

∣∣ sin
(

δ− αIV
12

)
(21)

where
ZIV

11 = j xdT
1−k + (zw)//(zD)//(jxc)//(jxL)

=
4U2

D x2
L(PD−kPw0)

4(PD−kPw0)
2x2

L+[2(kQw0+Qc−QD)xL−U2
D]

2 +

j
[

xdT
1−k +

2U2
D xL[U2

D−2xL(kQw0+Qc−QD)]
4(PD−kPw0)

2x2
L+[2(kQw0+Qc−QD)xL−U2

D]
2

]
= aIV

11 + jbIV
11 =

∣∣ZIV
11

∣∣∠ϕIV
11

(22)

ZIV
12 = j

(
xdT
1−k + xL

)
+ jxL ·j[xdT/(1−k)]

(zw)//(zD)//(jxc)

= −2xdT xL(PD−kPw0)

(1−k)U2
D

+ j
[(

xdT
1−k + 2xL

)
− 2xdT xL(kQw0+Qc−QD)

(1−k)U2
D

]
= aIV

12 + jbIV
12 =

∣∣ZIV
12

∣∣∠ϕIV
12

(23)

Similarly to the analysis of ϕIII
11, ϕIV

11 ≈ 90◦ and αIV
11 ≈ 0, therefore, PIV

e can be written as follows:

PIV
e =

EqU∣∣ZIV
12

∣∣ sin
(

δ− αIV
12

)
(24)
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Figure 9. Equivalent circuit diagram of a typical wind-thermal-bundled system: (a) During a short 
circuit; and (b) After a short circuit. 
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Figure 9. Equivalent circuit diagram of a typical wind-thermal-bundled system: (a) During a short
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4.2. Analysis of Wind Power Penetration Ratio on Rotor Angle stability and the Determination of Optimal
Wind Power Penetration Ratio

As shown in Figures 3 and 4, QX quickly recovers to zero after a momentary oscillation when the
short circuit is cleared; thus, Qw0 > 0. With increasing k, kQw0 + Qc − QD > 0, therefore, aIV

12 increases
gradually from negative to positive, and bIV

12 decreases gradually. Function F2 is constructed as follows:

F2 =
∣∣ZIV

12

∣∣2 =
4x2

dT x2
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L∆4

(1−k)2U2
D

(25)

where
∆3 = PD − kPw0 (26)

∆4 = kQw0 + Qc −QD (27)

The derivative of F2 with respect to k is obtained, and the minimum point kn is calculated
as follows:

kn =
[
4xdTx2

LPD∆5 + (xdT + 2xL)U4
D + 4xdTx2

L(Qc −QD)∆6 − 2xdTxLU2
D∆7 − 4x2

LU2
D∆6

]
/[

2xL
(
U4

D + 2xdTxLPw0∆5 + xdTQw0U2
D − 2xdTxLQw0∆6 − 2xLU2

D∆6
)] (28)

where
∆5 = PD − Pw0 (29)

∆6 = Qw0 + Qc −QD (30)

∆7 = Qw0 + 2Qc − 2QD (31)

Therefore, F2 is a concave function whose minimum occurs at k = kn. The effect of wind power
penetration ratio on the acceleration area and deceleration area of thermal power units when 0 < k ≤ kn

is shown in Figure 10a. The curve I in Figure 10a corresponds to the electromagnetic power of
the thermal power units during normal operation without UHVDC or wind power, and curve II
corresponds to the electromagnetic power after the fault is eliminated. For the wind power penetration
ratio k1 and k2, 0 < k1 < k2 = kn. Curves III and IV correspond to the electromagnetic power when
the levels of wind power penetration ratio are k1 and k2, respectively. When compared with that
of curve II, the shift value of curve III is α12. An analysis of the transient characteristics of the
wind farm indicates that Qw0 is positive and decrease gradually; thus, the “perk-up” phenomenon
appears in the initial stage of curve III after fault is cleared. As shown in Figure 10a, the acceleration
area is Sabcd, the deceleration area is Spqrb, and the maximum rotor angle is δ3. When k < kn,

∣∣ZIV
12

∣∣
decreases and α12 increases gradually with increasing k, such that curve IV is in the upper right of
curve III. The acceleration area and deceleration area when k = k2 are Sabcd and Shijb, respectively. Thus,
Shijb = Spqrb can be obtained based on the EAC and the maximum rotor angle δ4 when k = k2 is less
than δ3. Specifically, the rotor angle transient stability is improved with increasing k when k < kn.
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Figure 10. Influence of wind power penetration ratio on acceleration and deceleration area after a short
circuit of UHVAC lines: (a) 0 < k ≤ n; (b) n ≤ k < 1.

The influence of the wind power penetration ratio k on the acceleration area and deceleration area
of thermal power units when kn ≤ k < 1 is shown in Figure 10b. For wind power penetration ratios k2

and k3, kn = k2 < k3 < 1. The electromagnetic power is given by curve V when k = k3. When k > kn,
∣∣ZIV

12

∣∣
and α12 increase gradually with k such that curve V is to the lower right of curve IV. The acceleration
area and deceleration area when k = k3 are Sabcd and Sstub, respectively, and the maximum rotor angle
is δ5. Thus, Shijb = Sstub and δ5 > δ4 can be obtained based on the EAC, that is, the rotor angle transient
stability worsens with an increasing k when k > kn. Therefore, after a three-phase short circuit of
UHVAC lines, the rotor angle transient stability first improves and then worsens with increasing k,
and the rotor angle stability is optimal when k = kn.

4.3. Analysis of Factors Affecting the Optimal Wind Power Penetration Ratio

The optimal wind power penetration ratio kn is affected by xL and PD after short circuit of the
UHVAC lines. The decrease in xL will not affect the variation trend of aIV

12 , but it will reduce the
decreasing ratio of bIV

12 , which will increase the optimal power penetration ratio kn. The increase in PD
will cause the wind power penetration ratio to increase, corresponding to aIV

12 = 0, and the variation
trend of reactive power in bIV

12 will not be affected by the increase in PD. Therefore, the increase in PD
will cause the optimal wind power penetration ratio kn to increase.

5. Example Verification and Discussion

5.1. Analysis of a Typical Wind-Thermal-Bundled System

A typical wind-thermal-bundled system, as shown in Figure 2, is established in the PSD-BPA
simulation software. The total installed capacity of thermal power units is 6 GW (600 MW × 10), and
the total installed capacity of wind farms is 6 GW. The transmission capacity of UHVDC system is
3.2 GW and the capacity of 750 kV UHVAC lines is 1.5 GW. The receiving end is an infinite system,
and the total active power output of sending-end system remains constant at 6 GW. The thermal
power units are simulated by a 6th-order synchronous model with an excitation and governor system.
The wind turbine is simulated by an IEC 61400-27 DFIG model and UHVDC is simulated by the CIGRE
standard test model.

5.1.1. Analysis of Optimal Wind Power Penetration Ratio under an UHVDC Block

The initial voltage of the rectifier bus under different wind power penetration ratios remains
unchanged in the simulation. The reactance of UHVAC lines is 0.02 and the UHVDC block occurs
at 0.2 s. The simulation results are shown in Figures 11 and 12. As shown in Figure 11, the maximum
rotor angle difference ∆δ decreases gradually when k increases from 0 to 30%; then, the maximum
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rotor angle difference increases gradually when k continually increases. The minimum value of ∆δ

is 41.2182◦ when k = 30%, as shown in Figure 12. Specifically, the rotor angle transient stability first
improves and then worsens.
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Figure 11. Curve of rotor angle under an UHVDC block of a typical wind-thermal-bundled system 
when PD is 3200 MW and xL is 0.02: (a) k ≤ 30%; (b) k ≥ 30%. 
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shown in Figure 15 when xL is 0.02 and PD is 3200 MW. Figure 15 shows that with an increasing k, the 
curve of the rotor angle moves to the lower when k ≤ 40% and then moves upwards when k ≥ 40%. 
The initial rotor angle δ 0 , the maximum rotor angle δmax , the maximum rotor angle difference δΔ  
and the critical clearing time (CCT) are shown in Table 1. Table 1 shows that the initial rotor angle 
increases continuously with wind power penetration ratio, it is coincident with the theoretical 
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Figure 12. Maximum rotor angle difference of a typical wind-thermal-bundled system under an
UHVDC block when PD is 3200 MW and xL is 0.02.

Then, the factors that are affecting the variation trend of the rotor angle stability and the optimal
wind power penetration ratio are analysed. The simulation results are shown in Figure 13, in which PD
remains unchanged and xL decreases to 0.005. Figure 13 shows that the curve of the rotor angle moves
upward with increasing k, and the maximum power angle difference increases with k, that is, the rotor
angle transient stability gradually worsens. Figure 14 shows the simulation results that were obtained
when the reactance of UHVAC lines is 0.02 and PD decreases to 2400 MW. When compared with the
results shown in Figure 12, the optimal wind power penetration ratio is increased from 30% to 50%.
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Figure 14. Maximum rotor angle difference of a typical wind-thermal-bundled system under an
UHVDC block when PD is 2400 MW and xL is 0.02.

It is obvious that the optimal wind power penetration ratio under the UHVDC block is affected
by the reactance of the UHVAC lines and the UHVDC capacity. It is detrimental to the rotor angle
stability of the wind-thermal-bundled system when xL is very small. In this case, the rotor angle
transient stability worsens gradually, and the optimal wind power penetration ratio is zero. This is not
coincident with the purposes of the wind-thermal-bundled system. The excessive UHVDC capacity
will reduce the optimal wind power penetration ratio km under an UHVDC block, as the system inertia
will reduce with increasing wind power penetration ratio. Thus, the pressure to system frequency
regulation will increase when PD is excessive, and the rotor angle of the system may even be unstable.

5.1.2. Analysis of Optimal Wind Power Penetration Ratio under a Short Circuit of UHVAC Lines

A three-phase short circuit fault is set near the end of a single loop of the UHVAC
transmission lines. The fault occurs at 0.2 s and the fault line is cut off after 0.04 s. The curves
of rotor angle are shown in Figure 15 when xL is 0.02 and PD is 3200 MW. Figure 15 shows that
with an increasing k, the curve of the rotor angle moves to the lower when k ≤ 40% and then moves
upwards when k ≥ 40%. The initial rotor angle δ0, the maximum rotor angle δmax, the maximum rotor
angle difference ∆δ and the critical clearing time (CCT) are shown in Table 1. Table 1 shows that the
initial rotor angle increases continuously with wind power penetration ratio, it is coincident with the
theoretical analysis in Section 2.4 as the electromagnetic power characteristics moves to the lower
right with increasing k. The maximum rotor angle difference gradually decreases when k < 40% and
increases when k > 40%, the minimum value of ∆δ is 18.7224◦. This indicates that the variation trend
of the rotor angle transient stability is concave and the optimal wind power penetration ratio is 40%.
In addition, the variation in CCT is consistent with the variation trend of ∆δ.
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Figure 15. Curve of rotor angle under a short-circuit of a typical wind-thermal-bundled system when 
PD is 3200 MW and xL is 0.02: (a) k ≤ 40%; and (b) k ≥ 40%. 

Table 1. Simulation results under a short-circuit of a typical wind-thermal-bundled system when PD 
is 3200 MW and xL is 0.02. 

k (%) PS (MW) Pw (MW) 0δ  ( ° ) maxδ  ( ° ) δΔ  ( ° ) CCT (s) 
0 6000 0 65.0858 92.7858 27.6999 0.110

10 5400 600 65.3895 89.5998 24.2103 0.116 
20 4800 1200 65.4796 86.3821 20.9025 0.118 
30 4200 1800 65.6231 85.1150 19.4919 0.120 
40 3600 2400 65.6432 84.3656 18.7224 0.126 
50 3000 3000 65.7982 84.7771 19.9789 0.118 
60 2400 3600 66.0753 87.2019 21.1266 0.112 
70 1800 4200 66.7422 89.3606 22.6184 0.108
80 1200 4800 67.0846 93.0144 25.9298 0.106 

Table 2 shows the simulation results obtained when the reactance of UHVAC lines are 0.01 and 
0.006. Table 2 shows that the optimal wind power penetration ratios are 50% and 60% when xL is 0.01 
and 0.006, respectively. Specifically, the optimal wind power penetration ratio increases with the 
decrease in xL. When compared with Table 1, the effect of the short circuit on the rotor angle stability 
is reduced with decreasing xL. 

Table 3 shows the simulation results obtained when xL is 0.02 and PD is reduced to 1600 MW. In 
this case, the optimal wind power penetration ratio is reduced to 30%. When compared with Table 1, 

δΔ  is increased at the same wind power penetration ratio as the power flow in the UHVDC system 
is transferred to the UHVAC lines, and it increases the transmission pressure of the UHVAC lines 
and the severity of the fault. 

In conclusion, the variation trend of rotor angle transient stability under a short circuit of 
UHVAC lines is concave with an increasing k, and the optimal wind power penetration ratio kn is 
affected by the reactance of the UHVAC lines and the capacity of the UHVDC system. A decrease in 
xL or an increase in PD will increase the optimal wind power penetration ratio kn. The results are 
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Table 1. Simulation results under a short-circuit of a typical wind-thermal-bundled system when PD is
3200 MW and xL is 0.02.

k (%) PS (MW) Pw (MW) δ0 (◦) δmax (◦) ∆δ (◦) CCT (s)

0 6000 0 65.0858 92.7858 27.6999 0.110
10 5400 600 65.3895 89.5998 24.2103 0.116
20 4800 1200 65.4796 86.3821 20.9025 0.118
30 4200 1800 65.6231 85.1150 19.4919 0.120
40 3600 2400 65.6432 84.3656 18.7224 0.126
50 3000 3000 65.7982 84.7771 19.9789 0.118
60 2400 3600 66.0753 87.2019 21.1266 0.112
70 1800 4200 66.7422 89.3606 22.6184 0.108
80 1200 4800 67.0846 93.0144 25.9298 0.106

Table 2 shows the simulation results obtained when the reactance of UHVAC lines are 0.01
and 0.006. Table 2 shows that the optimal wind power penetration ratios are 50% and 60% when xL is
0.01 and 0.006, respectively. Specifically, the optimal wind power penetration ratio increases with the
decrease in xL. When compared with Table 1, the effect of the short circuit on the rotor angle stability is
reduced with decreasing xL.

Table 3 shows the simulation results obtained when xL is 0.02 and PD is reduced to 1600 MW.
In this case, the optimal wind power penetration ratio is reduced to 30%. When compared with Table 1,
∆δ is increased at the same wind power penetration ratio as the power flow in the UHVDC system is
transferred to the UHVAC lines, and it increases the transmission pressure of the UHVAC lines and
the severity of the fault.

In conclusion, the variation trend of rotor angle transient stability under a short circuit of UHVAC
lines is concave with an increasing k, and the optimal wind power penetration ratio kn is affected by the
reactance of the UHVAC lines and the capacity of the UHVDC system. A decrease in xL or an increase in
PD will increase the optimal wind power penetration ratio kn. The results are significant for the planning
and operation of a wind-thermal-bundled system. For planning a wind-thermal-bundled system, the
rotor angle transient stability can be improved by optimizing the structure of the power grid. Although
the structure is determined and cannot be changed for an already built wind-thermal-bundled system,
the reactance of the UHVAC lines can be adjusted in a certain range if thyristor-controlled series
compensation (TCSC) is installed in the system. The rotor angle transient stability can be improved by
adjusting TCSC during normal operation.

Table 2. Simulation results under a short-circuit of a typical wind-thermal-bundled system when xL is
0.01 and 0.006.

k (%)
xL = 0.01 xL = 0.006

δ0 (◦) δmax (◦) ∆δ (◦) δ0 (◦) δmax (◦) ∆δ (◦)

0 61.4263 79.4198 17.9935 60.0544 73.5747 13.5203
10 61.6847 77.6442 15.9595 60.2433 72.4031 12.1598
20 61.7638 75.4177 13.6539 60.2854 71.2893 11.0039
30 61.8054 75.0105 13.2051 60.3259 70.9338 10.6079
40 61.8792 74.6747 12.7955 60.4958 70.4053 9.9095
50 62.0721 74.0865 12.0144 60.7021 70.3448 9.6427
60 62.2701 74.6258 12.3557 60.9499 70.5149 9.5650
70 62.4793 75.3733 12.8940 61.3472 71.1495 9.8023
80 63.2928 76.6140 13.3212 62.1201 72.3162 10.1961
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Table 3. Simulation results under a short-circuit of a typical wind-thermal-bundled system when PD is
1600 MW and xL is 0.02.

k (%) PS (MW) Pw (MW) δ0 (◦) δmax (◦) ∆δ (◦)

0 6000 0 75.9902 113.2475 37.2573
10 5400 600 76.1727 109.9708 33.7981
20 4800 1200 76.2873 106.4442 30.1569
30 4200 1800 76.5496 104.9512 28.4016
40 3600 2400 76.6393 105.1196 28.4803
50 3000 3000 76.9120 106.5322 29.6202
60 2400 3600 77.1247 107.8215 30.6968
70 1800 4200 77.2904 Unstable Unstable

5.2. Analysis of an Actual Wind-Thermal-Bundled System in China

To further verify the accuracy of theoretical derivation, the model of an actual
wind-thermal-bundled system in China’s Northwest Power Grid, as shown in Figure 16, is built
in the PSD-BPA simulation software. The rated voltage of UHVDC is ±800 kV, and the rated power
is 8000 MW. The rectifier station has accessed to the Xinjiang Power Grid. The active power of
mating thermal units is 6000 MW, and the wind farms are located in the Hami and south Hami areas.
The Xinjiang Power Grid is connected to the Northwest Power Grid by four transmission lines whose
rated voltage is 750 kV. The total capacity of reactive power compensation of the UHVDC rectifier
station is 3880 Mvar.
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5.2.1. Analysis of Optimal Wind Power Penetration Ratio under UHVDC Monopolar Block

The initial voltage of the rectifier bus remains unchanged in the simulation. The UHVDC
monopolar block occurs at 2.0 s, and half of the capacitors are switched off without time delay.
When compared with the typical wind-thermal-bundled system, the power transmitted by UHVAC
and UHVDC is composed of mating thermal power, wind power, and Xinjiang Power Grid. In the
simulation, the mating thermal power units are tripped-off firstly to increase the wind power
penetration ratio. The simulation results are shown in Figure 17. When compared with the results
shown in Figure 12, the variation trend of actual system is similar to the trend of a typical system, that
is, the rotor angle stability first improves and then worsens with increasing k, and the optimal wind
power penetration ratio km is 20%.
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transmission lines from Hami to Dunhuang. The fault occurs at 2.0 s, and the fault line is cut off after 
0.1 s. The simulation results are shown in Figure 19 and Table 4. The maximum rotor angle difference 
decreases first and then improved, and the minimum value occurs at k = 20%, that is, the optimal 
wind power penetration ratio kn = 20%. The results of CCT are consistent with δΔ . The rotor angle 
is unstable when k = 70% as the CCT is lower than the duration time of the short circuit. 

Figure 17. Simulation results under an UHVDC monopolar block of an actual wind-thermal-bundled
system: (a) Curve of rotor angle; and (b) Maximum rotor angle difference.

The UHVAC lines in actual wind-thermal-bundled system are installed with TCSC, and the
reactance can be adjusted in a certain range. To further verify the correctness of theoretical analysis,
the simulation results obtained when the reactance of the UHVAC line is reduced by adjusting TCSC
are shown in Figure 18. Clearly, the rotor angle transient stability worsens monotonously with an
increasing k, and the optimal wind power penetration ratio is 0, which is consistent with the results
obtained for a typical system and verifies the analysis presented in Section 3.2.
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5.2.2. Analysis of Optimal Wind Power Penetration Ratio under a Short Circuit of UHVAC Lines

A three-phase short circuit fault is set near the end of the single loop of the 750 kV UHVAC
transmission lines from Hami to Dunhuang. The fault occurs at 2.0 s, and the fault line is cut off
after 0.1 s. The simulation results are shown in Figure 19 and Table 4. The maximum rotor angle
difference decreases first and then improved, and the minimum value occurs at k = 20%, that is, the
optimal wind power penetration ratio kn = 20%. The results of CCT are consistent with ∆δ. The rotor
angle is unstable when k = 70% as the CCT is lower than the duration time of the short circuit.

Table 5 shows the simulation results obtained when the reactance of the UHVAC line is
reduced by adjusting the TCSC. When compared with Table 4, the optimal wind power penetration
ratio kn increases from 20% to 30% as xL decreases. Specifically, the simulation results of the
actual wind-thermal-bundled system in China’s Northwest Power Grid verifies the correctness and
practicability of the theoretical analysis.
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Table 4. Simulation results under a short circuit of an actual wind-thermal-bundled system.

k (%) PS (MW) Pw (MW) δ0 (◦) δmax (◦) ∆δ (◦) CCT (s)

0 6000 0 30.2705 76.5142 46.2437 0.136
10 5400 600 30.3114 73.6206 43.3092 0.140
20 4800 1200 30.3712 71.6690 41.2978 0.144
30 4200 1800 30.4329 73.7270 43.2941 0.134
40 3600 2400 30.6298 74.3833 43.7535 0.126
50 3000 3000 30.8312 74.6130 43.7818 0.116
60 2400 3600 31.2858 76.1385 44.8527 0.104
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Table 5. Simulation results under a short circuit of an actual wind-thermal-bundled system when xL is
decreased by TCSCs.

k (%) PS (MW) Pw (MW) δ0 (◦) δmax (◦) ∆δ (◦) CCT (s)

0 6000 0 15.6350 54.0380 38.4030 0.142
10 5400 600 16.2337 52.7321 36.4984 0.144
20 4800 1200 17.0366 51.9327 34.8961 0.148
30 4200 1800 17.5684 20.7131 33.1447 0.152
40 3600 2400 18.0472 52.3288 34.2816 0.148
50 3000 3000 18.2106 54.2211 36.0105 0.146
60 2400 3600 18.4829 56.9933 38.5104 0.140
70 1800 4200 19.3626 58.2051 38.8425 0.136

6. Conclusions

In this paper, equations describing electromagnetic power characteristics under a short circuit of
UHVAC lines and an UHVDC block are derived based on an analysis of the external characteristics of
a doubly fed wind farm. The effects of the wind power penetration ratio on the rotor angle transient
stability are analysed and the optimal wind power penetration ratio corresponding to the minimum
value of rotor angle difference is determined. The effects of system parameters, such as the UHVDC
transmission capacity and the reactance of UHVAC lines on the optimal wind power penetration ratio,
are discussed. The conclusions are as follows:

(1) During normal operation, an increase in wind power penetration ratio will cause the curve of
electromagnetic power to shift to the lower right, that is, the initial rotor angle increases continuously
with increasing k when the mechanical power and operating conditions of the thermal power units
are unchanged.

(2) After the UHVDC block, the variation trend of the rotor angle stability under different wind
power penetration ratios is affected by the reactance of the UHVAC lines. When the reactance value
is small, the rotor angle stability worsens monotonically with an increasing wind power penetration
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ratio. When the reactance value is greater, the rotor angle stability first improves and then worsens.
The rotor angle stability worsens monotonically and the optimal wind power penetration ratio in
typical wind-thermal-bundled system is 0 at xL is 0.005, and the variation trend of rotor angle stability
is concave and the optimal wind power penetration ratio is 30% when xL is 0.02.

(3) The increase in the UHVDC transmission capacity causes the optimal wind power penetration
ratio to decrease. The typical system results indicate that the optimal wind power penetration ratio
increases from 30% to 50% when PD decreases from 3200 MW to 2400 MW.

(4) After the three-phase short circuit of the UHVAC lines, the rotor angle stability first improves
and then worsens with an increasing wind power penetration ratio. An increase in the UHVDC
transmission capacity or a decrease in the reactance of the UHVAC lines will cause the optimal wind
power penetration ratio to increase. The optimal wind power penetration ratio increase from 40% to
60% when xL decreases from 0.02 to 0.006 and decreases from 40% to 30% when PD decreases from
3200 MW to 1600 MW.

The results are significant for the planning and operation of wind-thermal-bundled systems.
The rotor angle transient stability can be improved by optimizing the structure of the system during
the planning, or by adjusting the reactance of the UHVAC lines by TCSC during the operation.
In addition, it should be noted that this paper is a qualitative analysis of the variation trend of rotor
angle stability and is not a precise quantitative calculation.

The impact of the control schemes of DFIG and UHVDC on rotor angle transient stability is the
follow-up task. Optimal control schemes of DFIG and UHVDC for improving rotor angle stability in a
wind-thermal-bundled system will be developed in the future. Research results will be reported in
later articles.
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Appendix A

The parameters of the DFIG used in this article are presented in Table A1.

Table A1. The parameters of the doubly fed induction generator (DFIG).

Parameter Value

Nominal power 1.67 MVA
Rated voltage 690 V

Stator to rotor turns ratio 0.3
Rated frequency 50 Hz

Stator resistance (Rs) 0.012 pu
Stator inductance (Ls) 0.15 pu (referred to stator)
Rotor resistance (Rr) 0.012 pu
Rotor resistance (Lr) 0.15 pu (referred to stator)

Mutual inductance (Lm) 4 pu
Inertia constant 0.0685 pu

DC link rated voltage 1200 V
Turbine inertia constant 4.32 s

Shaft spring constant 1.11 pu
Shaft mutual damping 1.5 pu
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Appendix B

The structure diagram of the control system of the CIGRE HVDC test model is shown in Figure A1,
and the parameters of the CIGRE HVDC control system are presented in Table A2.

Energies 2018, 11, x 20 of 22 

 

Appendix B 

The structure diagram of the control system of the CIGRE HVDC test model is shown in Figure 
A1, and the parameters of the CIGRE HVDC control system are presented in Table A2. 

+

+

−

−

−

−

−

−

−

−

− −

−

−

γΔ

+

+

+

+

−

180°

−
−

180°

1
1 UdrmessT+

1
1 UdimessT+

1
1 IdimessT+

1
1 messTγ+

ordγ maxγΔ

d recI −Δ

/ 2LR

des

mes

P
V

invγ

d invI −

d invU −

d recU − 1
1 IdrmessT+

1

IinvsT

1

GinvsT

1

IrecsT

recβ

recβ

recα

recα
/γΔ °

/I puΔ

 
Figure A1. The structure diagram of the control system of CIGRE HVDC test model. 

Table A2. The parameters of the CIGRE HVDC control system. 

Parameter Value Parameter Value 
TUdrmes 0.02 MaxIr 175° 
TUdimes 0.02 s MinIr 30° 
TIdimes 0.0012 s KIinv 0.63 
Tγmes 0.01 s TIinv 0.01524 s 
TIdrmes 0.0012 s MaxIi 110° 

RL 0.02 MinIi 30°
γord 15° KGinv 0.7506 
Δγord 31° TGinv 0.0544 s 
KIrec 1.0989 MaxGi 90° 
TIrec 0.01092 s MinGi 30° 
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Figure A1. The structure diagram of the control system of CIGRE HVDC test model.

Table A2. The parameters of the CIGRE HVDC control system.

Parameter Value Parameter Value

TUdrmes 0.02 MaxIr 175◦

TUdimes 0.02 s MinIr 30◦

TIdimes 0.0012 s KIinv 0.63
Tγmes 0.01 s TIinv 0.01524 s
TIdrmes 0.0012 s MaxIi 110◦

RL 0.02 MinIi 30◦

γord 15◦ KGinv 0.7506
∆γord 31◦ TGinv 0.0544 s
KIrec 1.0989 MaxGi 90◦

TIrec 0.01092 s MinGi 30◦
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