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Abstract: A hybrid multi-infeed HVDC (HMIDC) system is composed of line-commutated
converter-based high-voltage direct current (LCC-HVDC) and voltage-source converter-
based high-voltage direct current (VSC-HVDC), whose receiving ends have electrical
coupling. To solve the problem of low-frequency oscillation (LFO) caused by insufficient
damping in the HMIDC system, according to the multi-objective mixed 𝐻2/𝐻∞ output
feedback control theory with regional pole assignment, an additional robust damping con-
troller is designed in this paper, which not only has good robustness, but also has strong
adaptability to the change of system operation mode. In the paper, the related oscillation
modes and transfer function of the controlled plant are obtained, which are identified by
the total least squares estimation of signal parameters via rotary invariance technology
(TLS-ESPRIT). In addition, the control-sensitive point (CSP) for suppressing LFO based
on the small disturbance test method is determined, which is suitable for determining the
installation position of the controller. The results show that the control sensitivity factor
of VSC-HVDC is greater than that of LCC-HVDC so that adding an additional damping
controller to VSC-HVDC is better than LCC-HVDC in suppressing the LFO of HMIDC.
Finally, a hybrid double infeed DC transmission system with three receiving terminals is
built on PSCAD/EMTDC where the time-domain simulations are performed to verify the
correctness of the CSP selection and the effectiveness of the controller.

Key words: additional damping controller, CSP, HMIDC, LFO, mixed 𝐻2/𝐻∞ control,
TLS-ESPRIT
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1. Introduction

In the field of power transmission, the line-commutated converter-based high-voltage direct
current (LCC-HVDC) occupies half of the territory due to its advantages of trans-regionality, long-
distance coverage and bulk power [1]. As the latest generation of transmission technology, voltage-
source converter-based high-voltage direct current (VSC-HVDC) has gradually penetrated into
the field of transmission and has great application potential in clean energy accommodation.
Therefore, future power grids will inevitably have multiple LCC-HVDC and VSC-HVDC feeds
into the same or nearby electrical distance systems, which will ultimately form a hybrid multi-
infeed HVDC (HMIDC). For example, the Skagerrak HVDC Interconnection Pole 4 project
between Norway and Denmark adopted VSC-HVDC to form a hybrid four-pole HVDC system
based on the original three-pole LCC-HVDC, which presents the HMIDC system shape on the
receiving end [2]. The HMIDC system has the advantages of both LCC-HVDC and VSC-HVDC
and is a new type of HVDC topology. It is well known that interconnected transmission systems are
prone to produce low-frequency oscillations (LFOs) when subjected to small disturbances. LFO
is a typical problem for power systems that causes the transmission capacity of HVDC systems
to decrease, and power systems can lose stability if this condition is improperly processed.

Various control techniques have been used to increase the damping ratio to suppress the
LFO for power systems, such as power system stabilizers (PSSs) [3–6], flexible AC transmis-
sion systems (FACTSs) [7–9], and the additional damping control of HVDC [10, 11]. The high
controllability and fast response characteristics of HVDC can be used to damp LFO by adding
supplementary control on the basis of original control, which was noted in [12–22]. In [12], an
additional damping controller for LCC-HVDC provided by the multilevel linear optimal method
has the advantages of good adaptability. However, it has a higher controller order, which is not
suitable for engineering in practice. In [13], a multichannel additional robust controller for multi-
ple LCC-HVDC was designed using the linear matrix inequality (LMI) method, which possessed
strong robustness. In [14], a supplementary LCC-HVDC controller based on model predictive
control (MPC) provided faster recovery times after faults compared with a linear quadratic Gaus-
sian (LQG)-based controller. Because VSC-HVDC stations can operate as virtual synchronous
machine (VSM) to suppress LFO [15], we investigated how a VSM affects LFO in power systems
by analyzing the equivalent damping torque and showed that VSM can provide considerable
positive damping torque. Reference [16] presented a novel combined design of VSC-HVDC and
PSS controllers to enhance the damping of the power system. Wide area measurement systems
(WAMSs) are increasingly applied in large-scale power systems, so the wide area damping con-
trol of HVDC to suppress LFOs has become the subject of considerable attention among many
researchers [17–19]. In [17], a wide-area multi-HVDC damping controller based on power system
state space model identification of auto regressive exogenous was designed to improve damping
efficiently. In [18], a shaped loop transmission function was verified to effectively improve the
noise response which had strong adaptability. In [19], a control strategy for multiple embedded
dc links was proposed to make the system in nontarget mode have better robustness.

In addition, a few references have focused on controlling sensitive point (CSP) digging for
suppressing LFO in multiple HVDC systems [20–22]. Although the schemes for suppressing
LFO are well presented in these references, these schemes are only applicable to power systems
consisting purely of LCC-HVDC or VSC-HVDC.
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At present, few scholars have carried out research on a HMIDC system for suppressing
LFO. Compared with the aforementioned references, this paper designs an additional damping
controller that is relatively easy to implement in practical engineering and proposes a method
for determining a CSP suitable for the installation position of the additional controller. The main
research contents of this paper are as follows:

1. Firstly, the oscillation modes and transfer function of the controlled plant are identified
by the total least squares estimation of signal parameters via rotary invariance technology
(TLS-ESPRIT).

2. Secondly, to address the control-sensitive point of LFO for HMIDC, this paper uses the
small disturbance test method to select the control-sensitive point, which has the best
suppression effect on the LFO.

3. Thirdly, according to the multi-objective mixed 𝐻2/𝐻∞ output feedback control theory
with regional pole assignment, an additional robust damping controller is designed. In
addition, the balanced truncation method is adopted to reduce the order of the controller to
avoid problems that are not easily applied in practical engineering due to the high order of
the controller.

4. Finally, the time-domain simulations are used to verify the correctness of the CSP selection
and the effectiveness of the controller in a hybrid dual-infeed HVDC system.

2. Analysis of LFO characteristics for the HMIDC system
based on TLS-ESPRIT

Modal analysis is one of the classic methods used for studying LFO in power system, which is
also known as eigenvalue analysis. To restrain the LFO, it is first necessary to accurately identify
the modes of LFO. In this paper, the TLS-ESPRIT is used to accurately identify the oscillation
mode.

TLS-ESPRIT is an improvement of ESPRIT and is a high-resolution subspace-based signal
analysis method [23]. It is especially suitable for the analysis of oscillation characteristics and
model identification under a large system with small disturbances.

The design of an additional damping controller requires an exact mathematical model. To
obtain the parameters of the controller, a linearized model of the controlled plant must be
acquired. The hybrid dual-infeed HVDC system mode shown in Fig. 1 is initiated to identify
the oscillation characteristics. The subsystem of the LCC-HVDC is modified from the CIGRE
standard test model, and its control blocks are consistent with the CIGRE model. The CIGRE
standard test model is detailed in reference [24]. In addition, primary parameters of the LCC-
HVDC subsystem and VSC-HVDC subsystem are showed in the Table 1 and Table 2 in detail.
The subsystem of VSC-HVDC employs vector current control (VCC) with direct current control
based on a synchronous rotating reference frame 𝑑–𝑞. The constant AC voltage and constant
active power control are adopted in the rectifier, and the constant DC voltage and constant AC
voltage control are employed in the inverter.

After the system shown in Fig. 1 accesses the steady state, a small disturbance excitation that
does not damage the linearization of the system is applied. In this research, a power disturbance
of 0.02 pu times to the LCC-HVDC is selected for the input signals, and rotor angular velocity
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Fig. 1. Hybrid dual-infeed HVDC system

where 𝑅𝑒1 and 𝑅𝑒2 are the equivalent AC systems of the LCC-HVDC and VSC-HVDC, respectively; 𝐺1,
𝐺2 and 𝐺3 are the generators of the receiving AC system; and 𝑃𝐿𝑖 + 𝑄𝐿𝑖 is the load. 𝐿 is the electrical
distance, which is represented by a 𝜋-type equivalent circuit.

Table 1. Primary parameters of LCC-HVDC subsystem

The LCC parameters Rectifier side Inverter side

Equivalent AC system 328.87 kV 215.05 kV

Converter transformer capacity 603 MW 591.8 MW

Conversion ratio of transformer 345/213.5 kV 340/209.2 kV

Smoothing reactor 0.5968 H 0.5968 H

Table 2. Primary parameters of VSC-HVDC subsystem

The VSC parameters Rectifier side Inverter side

Equivalent AC system 215.05 kv 230 kv

Converter transformer capacity 900 MW 800 MW

Conversion ratio of transformer 230/100 kV 230/150 kV

DC capacitance 1000 uF 1000 uF

deviation of each generator is taken as an output signal. The time-domain simulation data of the
output signals for the before and after disturbance are sampled, we can identify the sampling data
through the TLS-ESPRIT, and the identified oscillation modes are given in Table 3.
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Table 3. The modes of oscillation

Oscillations Eigenvalue Frequency (Hz) Damping Ratio (b %)

mode1 −0.1163 + 10.1011𝑖 1.6076 1.15

𝜔13 mode2 −0.3424 + 7.3483𝑖 1.1695 4.65

mode3 −0.67836 + 3.03852𝑖 0.4836 21.79

mode1 −0.2504 + 10.2408𝑖 1.6299 2.44

𝜔12 mode2 −0.3146 + 7.3392𝑖 1.1681 4.28

mode3 −0.5915 + 2.9783𝑖 0.4740 19.48

mode1 −0.0608 + 10.6694𝑖 1.6981 0.57

𝜔23 mode2 −0.1063 + 7.3505𝑖 1.1699 1.45

mode3 −0.6196 + 2.9486𝑖 0.4963 20.56

It can be seen from Table 3 that the system mainly participates in the local oscillation modes of
approximately 1.60 Hz and 1.1 Hz, and the damping ratios are close to zero. They all belong to the
poorly damped oscillation modes to be suppressed, which are called the main oscillation modes.
The system also participates in an inter-area mode of approximately 0.5 Hz, where the damping
ratio is slightly higher than the local mode. A Butterworth bandpass filter with a frequency range
of 0.8–1.7 Hz is added, and 𝜔13 is taken as the identification target. Using the TLS-ESPRIT
for identification again, the 6th-order transfer function 𝐺(s) of the controlled plant is shown in
Eq. (1).

𝐺 (𝑠) =

=
−0.0024𝑠6+0.0710𝑠5+0.1254𝑠4+0.0580𝑠3

𝑠6+2.6353𝑠5+66.6521𝑠4+125.2475𝑠3
← +1.7289𝑠2+0.1276𝑠
+624.2779𝑠2+649.4768𝑠+165.3277

.
(1)

3. Determination of the CSP for HMID

The multiple HVDC transmission system creates different damping effects by adding ad-
ditional controllers at different HVDCs, so there is a problem of controlling sensitive point,
consistent with the findings of [20, 21]. The CSP refers to the HVDC system that contributes the
most to the damping degree of an oscillation mode in a power system with multiple HVDCs.
Whether the CSP determined according to the control target is appropriate decides whether the
DC modulation would achieve the intended effect. Reference [22] notes that the effect of an addi-
tional damping controller on suppressing LFO is related to the amplitude of the main oscillation
mode when the input signal is given. This paper chooses the control sensitivity factor to select
the CSP. The control sensitivity factor is defined as follows:

𝜌 =
𝑅

Δ𝑃
, (2)
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where 𝑅 is the amplitude of the frequency corresponding to the oscillation mode M; this paper
applied Δ𝑃 as power interference and attached it to each DC power command value. It can be
considered that the effect of controlling an HVDC line with a large sensitivity factor is better than
the effect of other DC lines at suppressing this oscillating mode M. Taking 𝜔13 as an example,
the specific steps are as follows:

1. The main oscillation mode M of the system are identified through TLS-ESPRIT. Then,
a power disturbance of Δ𝑃 is applied to each HVDC, and the rotor angular velocity change
Δ𝜔 between strong correlation generators is measured.

2. TLS-ESPRIT is used to identify Δ𝜔 and find the amplitude 𝑅 corresponding to the oscilla-
tion mode M. Based on Eq. (2), the control sensitivity factor is calculated. The HVDC line
with a larger control sensitivity factor is the installation position of the additional damping
controller.

3. If the system contains multiple main vibration modes, repeat the above steps to determine
the CSPs for each vibration mode.

This paper applied a 2% power disturbance to the power command value of LCC-HVDC and
VSC-HVDC and took out the time-domain simulation data ofΔ𝜔 before and after disturbance. As
per Δ𝜔, the frequencies and amplitudes of oscillation under different disturbances are identified
in Table 4.

Table 4. Identification results under different disturbances

Disturbed case Main oscillation Oscillation amplitude

LCC-HVDC
1.6049 1.0489 × 10−6

1.1698 2.4949 × 10−4

0.7718 1.9296 × 10−6

VSC-HVDC
1.5973 3.3354 × 10−6

1.1615 2.6492 × 10−4

0.8198 4.3872 × 10−6

As shown in Table 4, regardless of the main oscillation frequencies, the control sensitivity
factor of VSC-HVDC is greater than that of LCC-HVDC. It can be concluded that adding an
additional damping controller to VSC-HVDC is better than LCC-HVDC in suppressing the LFO
of HMIDC.

4. The mixed H2/H∞ controller design theory based on pole assignment
in the conic sector region

4.1. Theory of mixed H2/H∞ control
Because designing a controller by using an easily measured output as a feedback signal does

not require devising a complex state observer, it is easy to design a corresponding controller.
Therefore, this paper uses an output feedback controller to configure the poles in the appropriate
region. Therefore, the synthesis structure diagram of the mixed multi-objective robust controller
is shown in Fig. 2.
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Fig. 2. Synthesis structure diagram of a multi-objective robust controller

where𝐺 (𝑠) is the transfer function of the controlled plant and𝐾 (𝑠) is the controller to be designed.
x, u and y are the vectors of state variables, control variables and output variables, respectively. 𝑤
is the disturbance input, which represents the uncertainty factors of the system.𝑊𝑖 (𝑠) (𝑖 = 1, 2, 3)
is the weight function, the output channel 𝑧∞𝑖 (𝑖 = 1, 2) is associated with the performance 𝐻∞,
and the channel 𝑧2 is associated with the performance 𝐻2. Consider the power system depicted
in Fig. 2 whose state space model is given by:

¤x(𝑡) = Ax(𝑡) + B1w(𝑡) + B2u(𝑡),
z∞ (𝑡) = C1x(𝑡) + D11w(𝑡) + D12u(𝑡),
z2 (𝑡) = C2x(𝑡) + D21w(𝑡) + D22u(𝑡),
y(𝑡) = C3x(𝑡) + D31w(𝑡) + D32u(𝑡),

(3)

where A, B, C and D are all the parameter matrices of Eq. (3), z∞ = [z∞1z∞2]𝑇 .
It is assumed that the output-feedback controller 𝐾(s) to be designed has the following form

of state space: {
x𝑘 = A𝑘x𝑘 (𝑡) + B𝑘y𝑘 (𝑡)
y(𝑡) = C𝑘x𝑘 (𝑡)

, (4)

where x𝑘 is the state variable vector, and A𝑘 , B𝑘 and C𝑘 are the state matrix, the matrix of control
inputs, and the output matrix of the 𝐾 (𝑠), respectively.

Substituting Eq. (4) into Eq. (3) to obtain the state-space model of the closed-loop system
after adding the controller can be written as:

¤xℎ (𝑡) = Aℎx(𝑡) + Bℎw(𝑡)
z∞ (𝑡) = Cℎ1x(𝑡) + Dℎ1w(𝑡)
z2 (𝑡) = C2x(𝑡) + Dh2w(𝑡)

. (5)

For the controller 𝐾 (𝑠) designed in this paper, the 𝐻2/𝐻∞ performance is considered synthet-
ically; it defines 𝑇∞ and 𝑇2 as the closed-loop transfer functions from 𝑤 to 𝑧∞ and 𝑧2, respectively.
The main task of the output-feedback controller 𝐾 (𝑠) is as follows:

1. Pole assignment in a conic sector region
The method of pole assignment in a specified region can not only adapt to the uncertain

performance of the system model and the change of operating conditions but also effectively
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avoid the problem that the single dominant pole assignment may not be accurate due to the error
of the system identification model. The frequently used pole assignment regions are symmetrical
about the real axis in the complex plane and are usually described by a linear matrix inequality
region named an LMI region. For a given LMI region D, there are matrices L ∈ R𝑚×𝑚 and
M ∈ R𝑚×𝑚 satisfying:

D =
{
s ∈ C : L + sM + sM𝑇 < 0

}
, (6)

where s and M𝑇 represent the conjugate complex number and transpose matrix, respectively.
The conic sector region with a damping ratio b greater than cos \, as shown in Fig. 3, is

selected as the pole assignment region in this paper, and its eigenfunction is expressed as:

𝑓D (z) =
[
sin \ (s + s) cos \ (s − s)
cos \ (s − s) sin \ (s + s)

]
.

Fig. 3. LMI region D for pole placement

For the state matrix Aℎ , the necessary and sufficient condition for all its eigenvalues to be in
region D is that there is a symmetric positive definite matrix X, which satisfies:

L ⊗ X +M ⊗ (AℎX) +M𝑇 ⊗ (AℎX)𝑇 < 0, (7)

where ⊗ denotes the Kronecker product. The necessary and sufficient condition for the poles of
the closed-loop system described in Eq. (5) to be all located in region D is that there is a positive
definite matrix X1 that makes Eq. (8) work.

AℎX1 + X1A𝑇
ℎ + 2𝛼X1 < 0

sin \
(
AℎX1 + X1A𝑇

ℎ

)
cos \

(
AℎX1 − X1A𝑇

ℎ

)
cos \

(
X1A𝑇

ℎ − AℎX1

)
sin \

(
AℎX1 + X1A𝑇

ℎ

)  < 0
. (8)

1. 𝐻∞ performance
If ‖T∞‖∞ < 𝛾, where 𝛾 is a given positive constant, then it can be ensured that Eq. (5) satisfies

the robust performance corresponding to the upper bound 𝛾 for the uncertainties introduced by 𝑤.
Based on the bounded real lemma, there exists a positive definite matrix X2, which makes Eq. (9)
true.
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2. 𝐻2 performance 
X2Aℎ + A𝑇

ℎ X2 X2Bℎ C𝑇
ℎ1

B𝑇
ℎ X2 −𝛾I D𝑇

ℎ1

Cℎ1 Dℎ1 −𝛾I

 < 0. (9)

To ensure that the control performance of the system measured by 𝐻2 is at a good level, it
is necessary to satisfy ‖T2‖2 < [, where [ is a given positive constant. Similarly, there exist
symmetric positive definite matrices X3 and Q satisfying:

[
X3Aℎ + A𝑇

ℎ X3 X3Bℎ

B𝑇
ℎ X3 −I

]
< 0[

X3 C𝑇
ℎ2

Cℎ2 Q

]
Trace(Q) < [2

. (10)

3. Multi-objective mixed 𝐻2/𝐻∞ control
This can combine Eqs. (6)–(10) and make X1 = X2 = X3 = X, and without the limitation of

𝛾 and [, the required robust controller 𝐾 (𝑠) can be obtained by solving Eq. (11).

𝑘 (𝑠)min {𝛼 ‖𝑇∞‖∞} + 𝛽 ‖𝑇2‖2 , (11)

where 𝛼 and 𝛽 are the weight coefficients reflecting the 𝐻∞ performance and 𝐻2 performance,
respectively, and 𝛼 + 𝛽 = 1. In this paper, 𝛼 = 𝛽 = 0.5 is selected. By using the hinfmix function
in the LMI toolbox of MATLAB to calculate the parameters of 𝐾 (𝑠), the transfer function
can be obtained. The controller obtained through the above method can not only improve the
system’s damping but also provide robustness and optimal performance and achieve the optimal
comprehensive performance of the controller.

4.2. Design of additional robust controller
An appropriate weight function must be selected when designing an additional robust con-

troller for the sake of making the 𝐻∞ and 𝐻2 performance of the controller meet the expected
requirements. In general, the order of the weight function should not be too high. 𝑊1 (𝑠) has
a low-pass characteristic, 𝑊2 (𝑠) can be set as a small constant, and 𝑊3 (𝑠) has a high-pass char-
acteristic and does not overlap with the frequency band of 𝑊1 (𝑠). The weight function selected
in this paper is shown in Eq. (12): 

𝑊1 (𝑠) =
1

𝑠 + 100
𝑊2 (𝑠) = 1

𝑊3 (𝑠) =
0.01𝑠
𝑠 + 100

. (12)

Given the weight function for 𝐺 (𝑠), a pole assignment region with a damping ratio greater
than 25% is selected; let 𝛼 = 𝛽 = 0.5 of Eq. (11), and without the restrictions of 𝛾 and [. The
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output feedback controller is the additional damping controller as shown in Eq. (13):

𝐾 (𝑠) =
(
− 107.28𝑠7 − 2.13×104𝑠6 − 1.04×106𝑠5 + 2.53×106𝑠4 + 5.09×107𝑠3+

+ 2.75×108𝑠2 + 2.68×108𝑠 + 6.62𝑠
) / (

𝑠8 + 212.85𝑠7 + 1.27×104𝑠6 + 1.50×105𝑠5+
+ 1.16×106𝑠4 + 4.09×106𝑠3 + 9.44×106𝑠2 + 7.08×106𝑠 + 1.66×106) . (13)

It can be observed from Eq. (13) that the order of the output feedback controller is higher,
which is not conducive to practical application. In this paper, the balanced truncation method
based on Hankel singular value decomposition is performed to reduce the order of the controller,
which the fourth-order output feedback controller gives as follows:

𝐾𝑟 (𝑠) =
−110.37𝑠3 + 532.95𝑠2 + 1.95 × 103𝑠 + 2.41 × 104

𝑠4 + 10.27𝑠3 + 80.86𝑠2 + 252.92𝑠 + 602.44
. (14)

For LCC-HVDC, an additional damping controller is added at the rectifier constant current
control. The structure is shown in Fig. 4.

Fig. 4. The structure of constant current control with additional controller for LCC-HVDC

For VSC-HVDC, an additional damping controller is installed at the constant active power
control on the rectifier. The structure is shown in Fig. 5.

Fig. 5. The structure of dq-based control with robust controller for VSC-HVDC
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5. Case study and discussion

5.1. Verification of the control sensitive point
At 2 s, a single-phase ground fault occurs at bus 4, and the fault clears after 0.1 s. Taking

the rotor angular velocity deviation Δ𝜔13 as control objectives, without an additional damping
controller, LCC-HVDC and VSC-HVDC add additional damping controllers; In addition, the
inverter side in LCC-HVDC subsystem where the short-circuit ratio is about 3.68 adopts constant
DC current control and constant gama control. The simulation results are shown in Fig. 6.

(a) (b)

Fig. 6. The DC power curve of damping modulation with different HVDC: the DC power amount
of LCC-HVDC (a); the DC power amount of VSC-HVDC (b)

Fig. 6 shows that when a short-circuit fault occurs on bus 4, the voltage of the LCC-HVDC
is greatly affected by the fault, and the DC power transmitted is decreased. VSC-HVDC is
insensitive to faults, which indirectly proves that the stability of the system can be improved
after VSC-HVDC is fed to the HVDC system. Moreover, Fig. 6 also shows that the maximum
power modulation amount of LCC-HVDC and VSC-HVDC is approximately 100 MW. At the
same time, it can be observed from Fig. 7 that both the VSC-HVDC and LCC-HVDC additional
damping control can reduce the amplitude of the first swing and increase the damping of the
subsequent swing, which can suppress the system oscillation to a certain extent. In the case of the
same power modulation amount, the additional damping control of VSC-HVDC is slightly more
than the additional damping control of LCC-HVDC in increasing the damping of subsequent
swing aspect, which verifies the correctness of the selection of the CSP.

Fig. 7. Δ𝜔13 under different HVDC with additional robust damping controller
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5.2. Control effect and robustness verification of an additional damping controller

To verify the damping effect and robustness of the additional robust damping controller
designed in this paper, it is compared with the additional damping controller compensated by the
root locus method. The setting of the bandpass filter and limiting link is identical to the additional
robust damping controller. The series lead correction network is selected to compensate for
the original system, and the series correction network is converted to the negative feedback
loop. Balance truncation is also employed to reduce the order of the controller. The damping ratio
of the system is selected to improve to 0.25, and the natural oscillation frequency is adjusted to
2 rad/s. In other words, the dominant pole of the system will be corrected to −0.5 + 1.936𝑖, and
the final reduced root locus damping controller is as follows:

𝐻 (𝑠) =
(
− 412.8𝑠8 + 4333𝑠7 − 1.4 × 104𝑠6 + 3.1 × 105𝑠5 + 3.2 × 105𝑠4 + 2.9 × 106𝑠3+
+ 2.4 × 106𝑠2 − 1.7 × 105𝑠 − 2.7 × 105) / (𝑠8 − 42.6𝑠7 + 340.3𝑠6+
+ 321𝑠5 + 2346𝑠4 + 8153𝑠3 − 3553𝑠2 + 210.8𝑠 − 1.2 × 10−15) . (15)

Case 1: At 2 s, bus 5 suddenly loses the load, the fault is automatically removed after 0.5 s,
and the root locus controller and the robust controller are put into the active power control link
of VSC-HVDC. Taking Δ𝜔12, Δ𝜔13 and Δ𝜔23 as observation objects, the simulation results are
shown in Fig. 8.

(a) (b)

(c)

Fig. 8. Comparison of the control effect before and after the controller installation in case 1: comparison of
the control effect based on 𝜔13 (a); comparison of the control effect based on 𝜔12 (b); comparison of the

control effect based on 𝜔23 (c)
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The simulation results in Fig. 8 indicate that the generator speed changes after the system
is subjected to a small disturbance, and the system will continue to oscillate if there are no
control measures. After the root locus controller is installed, the amplitude of the first swing is
reduced, and the oscillation is restrained to a certain extent, but the increase in the damping of
the subsequent swing is not obvious. The robust controller can calm down the system oscillate
faster, which not only reduces the amplitude of the first swing but also increases the damping
of the subsequent swing significantly more than the root locus controller. Therefore, it can be
concluded that the damping effect of the robust controller on LFO is better than that of the root
locus controller.

Case 2: At 2 s, a transient three-phase metallic short-circuit fault occurs at bus 3, the ground
resistance is 0.01 Ω, and the fault clears after 0.3 s. The rest of the settings are the same as in
case 1. The simulation results are shown in Fig. 9.

(a) (b)

(c)

Fig. 9. Comparison of the control effect before and after the controller installation in case 2: comparison of
the control effect based on 𝜔13 (a); comparison of the control effect based on 𝜔12 (b); comparison of the

control effect based on 𝜔23 (c)

It can be seen from Fig. 9 that in case 2, the root locus controller has little effect on suppressing
system oscillation, while the robust controller can better suppress system oscillation. The reason
is that the three-phase short-circuit fault causes a change in the system model, and the design of
the additional damping controller was based on the transfer function of the system model. The
robust performance is not considered in the design of the root locus controller, but the robust
performance of the robust controller is relatively strong and insensitive to the change of the system
model, exhibits strong adaptability, and can rapidly damp the LFO of the system.
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The above research results indicate that if the receiving-end AC system undergoes LFO in the
HMIDC system, the damping effect of adding an additional damping controller in VSC-HVDC
is better than adding an additional damping controller in LCC-HVDC when the amount of power
modulation is identical. When designing the additional damping controller, the robust controller
designed using mixed 𝐻2/𝐻∞ control theory has a better damping effect on LFO than the effect
offered by the root locus controller based on classic root locus theory. The robust controller
exhibits not only good robust performance but also strong adaptability to changes in the system
operation model.

6. Conclusion

By fully utilizing the fast power regulation characteristics of an HVDC system, designing an
additional damping controller is a workable measure to suppress the LFO of an AC system. TLS-
ESPRIT can address the contradiction that strict control theory methods based on mathematical
models are difficult to apply to actual engineering. It directly identifies the LFO modes and
the transfer function of the system, which is of practical value for designing various types of
additional controllers. According to the identified transfer function, the additional damping robust
controller is designed using the mixed 𝐻2/𝐻∞ control theory. It can not only place all the poles in
a designated region to avoid the single-pole assignment inaccuracy caused by system uncertainty
but also provide the controller with optimal and robust performance. This paper uses the LMI
method to solve the controller problem to prevent the blindness of the controller parameter setting
and can quickly acquire the controller parameters, and the calculation results are accurate and
reliable. Based on the defined control sensitivity factor, if LCC-HVDC and VSC-HVDC have the
same power modulation amount in the HMIDC system, we can conclude that VSC-HVDC has
a better LFO damping effect than LCC-HVDC. Moreover, this paper also designs an additional
damping controller based on the root locus method. A simulation in the time domain shows that
the robust controller is superior to the damping controller of the root locus in suppressing LFO
and restoring the stable operation of the system.
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