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ABSTRACT

Renewable energy transmission by high-voltage direct current (HVDC) has attracted increasing attention
for the development and utilization of large-scale renewable energy under the Carbon Peak and Carbon
Neutrality Strategy in China. High-penetration power electronic systems (HPPESs) have gradually formed
at the sending end of HVDC transmission. The operation of such systems has undergone profound
changes compared with traditional power systems dominated by synchronous generators. New stability
issues, such as broadband oscillation and transient over-voltage, have emerged, causing tripping acci-
dents in large-scale renewable energy plants. The analysis methods and design principles of traditional
power systems are no longer suitable for HPPESs. In this paper, the mechanisms of broadband oscillation
and transient over-voltage are revealed, and analytical methods are proposed for HPPESs, including
small-signal impedance analysis and electromagnetic transient simulation. Validation of the theoretical
research has been accomplished through its application in several practical projects in north, northwest,
and northeast region of China. Finally, suggestions for the construction and operation of the future

renewable-energy-dominated power system are put forward.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To promote the adjustment of the energy structure, the Carbon
Peak and Carbon Neutrality Strategy was proposed in September
2020 in China [1-8], with a commitment to drastically reduce
China’s carbon emissions. The large-scale development and effi-
cient utilization of renewable energy has become an effective
means to decrease carbon emissions. In March 2021, President Xi
Jinping proposed building a future renewable-energy-dominated
power system, which has accelerated the development of renew-
able energy generation [9]. China’s onshore wind and solar energy
resources are mainly located in the north, northwest, and north-
east regions, while the load centers are mainly in the central and
eastern regions. Due to the reverse distribution of resources and
load, bulk power long-distance transmission is necessary. Com-
pared with high-voltage alternating current (HVAC), high-voltage
direct current (HVDC) is superior in terms of transmission capacity
and distance. Therefore, line-commutated converter (LCC)-based
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HVDC (LCC-HVDC) transmission over long distances is the domi-
nant form of large-scale utilization of onshore renewable energy
in China.

By the end of 2020, a total of 23 LCC-HVDC projects had been
put into operation or were under construction in China [10,11].
Eight projects transmitting renewable energy with a transmission
capacity exceeding 70 GW are listed in Table 1. In the following
years, more LCC-HVDC transmission projects will be put into
operation, along with the continuous construction of large-scale
renewable energy plants with a capacity of about 100 GW in the
gobi area.

China’s offshore wind power development has been dramati-
cally accelerated [12,13]. Due to its capability for establishing volt-
age for island systems, voltage source converter (VSC)-based HVDC
(VSC-HVDC) transmission is a more advantageous form of utilizing
offshore wind power than alternating current (AC) transmission.
Modular multilevel converter (MMC)-based HVDC (MMC-HVDC)
is the most common form of VSC-HVDC. Recently, several VSC-
HVDC demonstration projects have been constructed [14,15], and
more projects will be constructed for large-scale offshore wind
power transmission [16,17]. The planned total installed capacity
exceeds 124 GW.
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Table 1
LCC-HVDC projects for renewable energy transmission across China.
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Rated voltage (kV)

Transmission line length (km) Commissioning year

Project Capacity (MW)

Hami-Zhengzhou 8 000 +800
Jiuquan-Hunan 8 000 +800
Xilin Gol League-Taizhou 10 000 +800
Jarud Banner-Qingzhou 10 000 +800
Shanghaimiao-Shandong 10 000 +800
Zhundong-Wannan 12 000 +1 100
Qinghai-Henan 8 000 +800
Shaanxi-Wuhan 8 000 +800

2210 2014
2383 2017
1628 2017
1234 2017
1238 2019
3324 2019
1587 2020
1137 2021

However, the power electronic devices that are extensively used
in renewable energy generation and HVDC transmission systems
greatly impact grid stability [18]. With the development and uti-
lization of large-scale renewable energy, high-penetration power
electronic systems (HPPESs) have gradually formed at the sending
end of HVDC transmission [19-21]. Compared with synchronous
generators (SGs), power electronic devices have distinct character-
istics dictated by the nature of power semiconductors and their
control. The operation of power systems has been profoundly chan-
ged [22-25] and therefore presents new stability issues and opera-
tional challenges. Since 2011, oscillation incidents encountered in
Hami (Xinjiang Uygur Autonomous Region, hereinafter referred to
as Xinjiang), Guyuan (Hebei Province), and Tongyu (Jilin Province)
have resulted in the large-scale tripping off of wind turbines
(WTs) [26]. Since 2017, transient over-voltage incidents have been
encountered in Jiuquan (Gansu Province), Xilin Gol League (Inner
Mongolia Autonomous Region, hereinafter referred to as Inner
Mongolia), and Hainan Tibetan autonomous prefecture (Qinghai
Province) [27-29]. Over-voltage risks restrict the transmission
capacity of renewable energy, and stability issues bring significant
technical challenges to the safety and security of HPPESs and the
effective utilization of renewable energy.

To address the stability issues of HPPESs, numerous studies
have been carried out aimed at the challenges of broadband oscil-
lation. In recent years, stability analysis methods based on impe-
dance modeling have received extensive attention due to their
effectiveness in analyzing oscillations between power electronic
devices and AC power grids. More specifically, Refs. [30-34]
accomplish impedance modeling for grid-connected voltage-
source-converters, renewable energy units, LCCs, and VSCs, respec-
tively. Ref. [35] proposes a method for measuring impedance and
extracting the characteristics of power electronic devices. Refs.
[36,37] implement stability analysis by treating the grid-
connected system of power electronic devices as an equivalent
two-port network. To suppress oscillation, Refs. [38,39] offer
impedance-reshaping strategies by adding active damping or vir-
tual impedance. The existing research achievements are mainly
suitable for the stability analysis of grid-connected systems with
a single power electronic device. However, when confronted with
large-scale renewable energy bases composed of various product
types and multiple stations, current methods are insufficient for
stability analysis, especially considering the interactions among
renewable energy plants, weak AC grids, and HVDC.

Analysis of transient stability issues for HPPESs has also been
conducted. In Europe, renewable energy is mainly transmitted by
VSC-HVDC. The fault-handling technologies of both renewable
energy converters and VSC-HVDC are relatively mature and can
achieve fault ride-through by current control optimization [40-
45] based on fully controlled power electronic devices. In compari-
son, large-scale renewable energy in China is mainly transmitted
by LCC-HVDC. During the transient process under grid faults, LCC
commutation failure can be prevented by modifying the control
strategies of LCCs [46,47] or adopting auxiliary hardware devices
[48]. However, the transient over-voltage of renewable energy
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units at the fault-clearing time is neglected. In addition, the
impacts of weak grids and HVDC on the transient characteristics
of renewable energy units require further study.

In regard to simulation methods for HPPESs, digital simulation
technology based on HYPERSIM for large AC power grids has devel-
oped rapidly and is relatively mature [49,50], while the accurate
electromagnetic transient (EMT) simulation of LCC-HVDC and
VSC-HVDC has been realized with the employment of the con-
verter’s control and protection device [51,52]. In addition, the
EMT simulation of a single renewable energy unit employs control
hardware-in-the-loop (CHIL) technology, in which dramatic pro-
gress has been made [53-55]. However, for the EMT simulation
of large-scale renewable energy transmission by HVDC, technical
gaps remain in verifying renewable energy model precision and
the equivalence of renewable energy plants composed of large
quantities of various units in HPPESs.

Based on the stability issues presented by HPPESs, this paper
first identifies the technical challenges of HPPESs in Section 2.
Then, Section 3 reveals the mechanism of broadband oscillation
and transient over-voltage. Section 4 proposes analytical methods
for HPPESs, including small-signal analysis and EMT simulation.
Several project practices of renewable energy transmissions
through HVDC verify the theoretical research in Section 5. Finally,
Section 6 concludes the research results and offers suggestions for
the construction and operation of the future renewable-energy-
dominated power system.

2. Technical challenges

Thousands of renewable energy units are integrated into LCC-
HVDC through a complex collection network, consisting of three
or four step-up transformers in series and long lines. Due to the
decreasing number of coal-fired generating units providing com-
mutation voltage and the increasing equivalent impedance intro-
duced by the collection network, the short-circuit ratio (SCR) that
is characterized as system strength can be even lower than 1.5 at
the interconnection point of renewable energy units. Compared
with LCC-HVDC, VSC-HVDC can transmit renewable energy with-
out an AC system, as it can independently establish voltage for
island systems. Accordingly, HPPESs have gradually formed at the
sending end in the aforementioned applications, whose characteri-
stics are mainly dominated by power electronic devices—that is,
photovoltaic (PV) inverters, WT converters, LCCs, and VSCs. Com-
pared with the traditional power system dominated by SGs, the
steady-state and transient characteristics of HPPESs are undergo-
ing profound changes, resulting in the following two new types
of stability issue:

(1) Broadband oscillation. The control bandwidth of an SG is
relatively low (prime mover control: < 0.1 Hz; excitation control:
< 2 Hz). The dynamics of power electronic devices in HPPESs
mainly depend on the multi-loop control characteristics. Due to
the high switching frequency of the semiconductors, the band-
width of control loops is much larger; for example, the power con-
trol loop covers several Hertz, and the current control loop covers
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hundreds of Hertz. Compared with the low or sub-synchronous
frequency oscillation of traditional power systems, super-
synchronous or even high-frequency oscillations are introduced
into HPPESs, leading to broadband steady-state stability issues.

(2) Transient over-voltage: Under grid fault conditions, the
EMT response characteristics of a traditional power system depend
on the instantaneous armature response of the SG. In contrast, the
transient response characteristics of power electronic devices
depend on the multi-loop control and switching of control modes.
At the fault-clearing time, instantaneous response deviation
caused by control and switching delay can induce transient over-
voltage. Because of their weak capabilities of over-voltage and
over-current compared with those of SGs, renewable energy con-
verters are prone to trip off under transient over-voltage.

As the abovementioned stability issues in HPPESs present new
characteristics, the analysis methods and design principles used
for traditional power systems are no longer applicable. The reasons
for this are as follows:

(1) Inapplicability of research methods. Traditional steady-
state stability analysis methods are inapplicable to HPPESs due to
the large number of various power electronic devices and the con-
fidentiality of the core control parameters. On the other hand, the
phasor model is based on the fundamental electrical quantities of
voltage and current, making it difficult to describe the broadband
response ranging from tens to thousands of Hertz and the transient
process within 20 ms in HPPESs.

(2) Incompatibility of design principles. The control of power
electronic devices is usually designed under relatively ideal grid
conditions, assuming that the nonlinear characteristics of power
electronic devices are not significant (SCR > 5). This ideal principle
is no longer feasible for the HPPES, in which different devices
tightly interact with each other. For example, the controllers of
PV inverters and WTs are designed without considering the actual
system characteristics, including the grid strength (SCR < 1.5) and
the control characteristics of the LCC or VSC.

3. Mechanism analysis

Aiming to overcome the two technical challenges presented by
HPPESs, our research team has carried out numerous relevant
studies. After reviewing the existing achievements, we have estab-
lished theoretical models and summarized the mechanisms of
broadband oscillations and transient over-voltage by means of a
systematic analysis, which will be illustrated in detail in this sec-
tion. More specifically, the roles of renewable energy units, the col-
lection network, and the HVDC in these two issues are elaborated,
and the impacts of multi-loop control in power electronic devices
are investigated. In addition, the overall interaction between
broadband oscillation and transient over-voltage is considered.

3.1. Broadband oscillation

In this subsection, oscillation incidents in recent years are first
grouped into different frequency bands. Then, the main factors
causing oscillation are revealed by analyzing the dominant oscilla-
tion frequency, dominant devices, and dominant control loop. In
this way, the oscillation mechanism of renewable energy units
integrated into LCC-HVDC or VSC-HVDC is revealed.

3.1.1. Overview of oscillation
First, a brief overview of oscillation is presented as follows:

o Low-frequency oscillation in traditional power systems. The
rotors of different generators will swing against each other
under system disturbances and even oscillate sustainably at
0.1-2.5 Hz, due to inadequate damping [56].
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¢ Sub-synchronous oscillation in traditional power systems.
The capacitive impedance introduced by series compensation
or HVDC is in series with the inductive negative damping impe-
dance introduced by the SG, forming a resonant circuit in the
sub-synchronous frequency band. When the resonance fre-
quency is close to the natural resonant frequency of the shaft
system, oscillation will occur at 2.5-50 Hz [26].

Broadband oscillation in HPPESs. The negative damping
characteristics are distributed in a wide frequency band due
to the multi-loop control in power electronic devices. The
complex interaction among PV inverters, WTs, LCCs, VSCs, and
weak AC systems will induce broadband oscillation at several
Hertz to thousands of Hertz. Many oscillation incidents in the
wide-frequency range have recently occurred, as shown in
Fig. 1.

An HPPES is composed of over a thousand power electronic
devices, including LCCs, VSCs, and many types of PV inverters
and WTs from different manufacturers, such as string PV inverters,
centralized PV inverters, permanent magnetic synchronous
generators (PMSGs), and doubly fed induction generators (DFIGs).
Given this complex system, it is urgent to settle the following three
questions:

e How can we quickly and accurately determine the device that
acts as the oscillation source in a complex HPPES?
e How can we determine the dominant control loop in the oscil-
lation source?
e How can we determine the dominant couple of the oscillation
frequency?
3.1.2. Mechanism of broadband oscillation
The occurrence of oscillation should simultaneously satisfy the
following three conditions:

¢ Active devices. Power electronic devices in HPPESs, PV invert-
ers, WTs, LCCs, and VSCs are active devices that maintain sus-
tainable oscillation.

o Negative damping. Negative damping introduces the risk of
system oscillation. The negative damping characteristics of var-
ious devices are distributed in a wide frequency band.

o Inadequate stability margin. A series resonant circuit forms
when the conditions of equal magnitude and opposite phase
are satisfied, indicating an insufficient stability margin in the
HPPES.

In order to clarify the oscillation mechanism, the main contribu-
tions of this paper are as follows:

(1) The division of the frequency band. The control of power
electronic devices usually contains multiple loops, such as pulse
width modulation (PWM), a current loop, a phase-locked loop
(PLL), and an outer loop designed for different functions. In order
to guarantee loop stability, multi-loop bandwidths are usually
designed to differ by orders of magnitude. Due to the different
switching frequencies of devices with different topology and
power levels, the bandwidths of multiple control loops for different
devices also vary correspondingly. According to the established
analytical impedance models, the broadband impedance of devices
is determined by multiple control loops and main-circuit parame-
ters. The impedance characteristics at different frequencies are
determined by the control loop that dominates the specific fre-
quency band and are affected by other control loops that overlap
on the same frequency band.

For an HPPES composed of various devices, a frequency band
division method [57-59] is proposed to determine the dominant
device and control loop causing oscillations at different frequen-
cies, as shown in Fig. 2. The oscillation in Band I (2.5-50 Hz) is
mainly affected by the DFIG speed control and the MMC circulating
current control. Band II (50-100 Hz) is mainly affected by the PLL
and LCC firing angle controls. Band III (100-800 Hz) is mainly
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Yongfu, Guangxi Nan’ao, Guangdong
LCC-HVDC MMC-HVDC MMC-HVDC

(~3 Hz) (20-30 Hz) (23.6-25.2 Hz)

Xiamen, Fujian

Zhangbei, Hebei
MMC-HVDC
(58-60 Hz )

North Sea, North Sea
MMC-HVDC MMC-HVDC
(250-350 Hz) (1250 Hz)

Zhoushan, Zhejiang France—Spain
MMC-HVDC

1400+ Hz)

i N

i Vi

0 Hz T T

T T T
10 Hz T Tson NOZHZ T

T 1
10° Hz T T 104 Hz

Tongyu, Jilin Guyuan, Hebei ERCOT, Texas Nanhui, Shanghai Hami, Xinjiang Zhangbei, Hebei Luxi, Yunnan Zhangbei, Hebei
Wind farm Wind farm Wind farm MMC-HVDC Wind farm MMC-HVDC MMC-HVDC MMC-HVDC
(3-9 Hz) (3-10 Hz) (20-30 Hz) (20-30 Hz) (50-90 Hz) (650-900 Hz) (~1270 Hz) (3410-4250 Hz)
Fig. 1. Project incidents of broadband oscillation. ERCOT: Electric Reliability Commission of Texas.
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Fig. 2. The division of frequency band in an HPPES.
affected by the current control. Band IV (above 800 Hz) is mainly X;,
affected by the PV and WT filters. —————
.lt is notable that thg impedance characteristics at the bound- )E'" W : _@_f#_ Ve
aries between two adjacent bands are affected by both bands. .‘l
The boundaries are not strictly fixed, due to the different control Renewable
bandwidths of various devices. The proposed band ranges are energy X
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. . . . . . . —— 9
LCCs, and VSCs, which will be discussed in detail in Section 4.1. t"‘ +@_ —@——:I—ff/—@ v
Eventually, the division of the frequency band can be an effective ¢

method to analyze the aforementioned oscillation incidents in
Band I-Band IV.

Furthermore, several control loops cover two or more adjacent
bands, for example, the outer-loop control covers Band II-Band
111, and the delay introduced by control loops covers Band IlI-Band
IV. The outer-loop control includes AC voltage control, power con-
trol, direct current (DC) voltage control, and so forth. The overlap-
ping effect of different control loops on the same band is the main
reason for negative damping characteristics [60,61]. For example,
the current loop is represented as the capacitive impedance char-
acteristics in Band III. The overlap of delay on this band induces
capacitive negative damping characteristics, even if the current
loop is designed to be stable with a phase margin of 0°-90° (typi-
cally 45°). The overlap of the MMC filter and delay induces induc-
tive negative damping characteristics in Band IIl. On the other
hand, the coupling of the control and physical features will also
introduce negative damping in some devices. For example, nega-
tive damping is generated in Band I by the speed control and slip
effect of the DFIG [61].

(2) The resonant circuit. The determination of a series resonant
circuit in an extremely complex HPPES is crucial. Remarkably, the
series resonant circuits of renewable energy units integrated into
VSC-HVDC and LCC-HVDC are different, and can be deduced by
the simplified topology shown in Fig. 3.

For VSC-HVDC systems, oscillation usually occurs between the
renewable energy units and VSC. Because the leakage inductance
of transformers is relatively smaller than the impedance of the
VSC, the system impedance characteristics are mainly determined
by the VSC. Fig. 4 shows the impedance characteristics and fast
Fourier-transform (FFT) results of a PMSG integrated into VSC-

X;: transformer leakage reactance .

LCC

X;: grid reactance

V,: ideal grid voltage

Fig. 3. Simplified topology of renewable energy units integrated into VSC-HVDC
and LCC-HVDC.

HVDC, respectively. It can be seen that the impedance of the PMSG
represents negative damping characteristics in the sub-
synchronous to super-synchronous frequency band. In contrast,
the impedance of VSC-HVDC represents negative damping charac-
teristics above 400 Hz. Around the frequency points A, B, and C, the
magnitudes of the PMSG and VSC-HVDC impedance intersect; the
phases differ by nearly 180°, indicating a zero phase margin, lead-
ing to oscillation risk at the frequency points A, B, and C.

In contrast, the sending end system of LCC-HVDC is a three-port
network composed of renewable energy units, an AC grid, and an
LCC. Since both the LCC and the renewable energy converters are
in the current source control mode, the equivalent impedance is
a parallel connection of these two parts. The paralleled impedance
characteristics are determined by renewable energy converters (in
series with the AC collection network), because their impedance is
smaller than that of the LCC. For a typical scenario in China, the SCR
of an AC grid is 2-3, and the renewable energy units are integrated
into the LCC-HVDC through four step-up transformers with about
0.1 per unit (p.u.) leakage reactance each. The total reactance of
the collection network is up to 0.4 p.u., so the equivalent SCR at
the interconnection point of the renewable energy units is about
1.1-1.4. The system impedance characteristics are mainly deter-
mined by the weak grid. Oscillation usually occurs between the
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Fig. 4. Impedance characteristics and FFT results of a PMSG integrated into VSC-HVDC. (a) Impedance characteristics analysis; (b) FFT results of PMSG output currents.

renewable energy units and the weak grid; moreover, the influence
of the LCC-HVDC on the stability of the HPPES cannot be ignored.

Fig. 5 shows the impedance characteristics and FFT results of PV
inverters integrated into LCC-HVDC through the weak grid, respec-
tively. It is clear that the impedance magnitude of the PV inverters
intersects with that of the AC grid at point A with a narrow phase
margin. When the LCC-HVDC impedance is involved, the intersec-
tion point of the impedance magnitude moves to point B with
almost zero phase margin, resulting in oscillation. Therefore, the
stability of renewable energy transmission systems is closely
related to the LCC-HVDC.

(3) Frequency coupling. Multi-loop control of power electronic
devices is established on the synchronous rotating frame (SRF)—
that is, the dg-axis frame. The control effect of multi-loop con-
trollers, such as the PLL, current control, and outer-loop control,
on the dg-axis components is asymmetric, which is similar to the
armature reaction of the SG. Due to this kind of asymmetric control
effect, the devices will not only generate a response that has the
same frequency (e.g., perturbation frequency (f,)) and sequence
(e.g., positive) with the disturbance component but also generate
a coupled response that is symmetric about the fundamental fre-

50
—PV
—_ — LCC-HVDC
S 4ol PV&LCC-HVDC
g — Grid
g = —\p
. ‘ r>\
@ Y
=
20
30 40 50 60 70 80
200
N 100
o 0
2]
£-100
o
-200
-300
30 40 50 60 70 80
Frequency (Hz)
(a)

Magnitude (% of fundamental)

quency (f, - 2f1), but in opposite sequence (negative). The domi-
nant oscillation frequency in Fig. 6 is at 75 Hz in the positive
sequence, and the coupled frequency is at —25 Hz in the negative
sequence—that is, 25 Hz in the positive sequence. Consequently,
the oscillation in the HPPES presents the characteristics of broad-
band and multi-frequency coupling.

In sum, both the oscillations in the traditional power system
and those in the HPPES are caused by the negative damping and
inadequate stability margin in the series resonant circuit. However,
the difference is that the negative damping is expanded by the
multi-loop control of power electronic devices to a wider fre-
quency range. The control characteristics play a dominant role in
the oscillation in an HPPES.

3.2. Transient over-voltage

In this subsection, the characteristics of transient over-voltage
issues under different kinds of faults are described. Moreover, the
detailed response of power electronic devices in the transient
process are analyzed, including how the bus voltage is impacted
by LCC commutation failure or AC short-circuit fault and the

10

2 65 Hz

40 60
Frequency (Hz)

(b)

80 100

Fig. 5. Impedance characteristics and FFT results of PV inverters integrated into LCC-HVDC. (a) Impedance characteristics analysis; (b) FFT results of PV output currents.
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Fig. 6. Frequency-coupling characteristics.

switching process of the control modes of renewable energy units.
Thus, the main factors causing transient over-voltage are summa-
rized for HPPESs.

3.2.1. Overview of transient over-voltage

Transient over-voltage is described as a voltage amplitude of
renewable energy units exceeding 1.3 p.u. during the transient
process. Due to the weak over-current and over-voltage capabili-
ties of semiconductors, power electronic devices are vulnerable
to system faults. The large-scale tripping off of WT and PV inverters
triggered by the over-current and over-voltage protections brings
challenges to the transient stability of the HPPES.

Transient over-voltage is commonly caused by DC or AC system
faults. A DC fault, which mainly refers to a commutation failure of
an LCC that happens at the receiving end, can propagate to the
sending end and impact its transient stability. It can even induce
transient over-voltage at the interconnection point of PV inverters
and WTs above 1.3 p.u., lasting for about 80 ms. In addition, tran-
sient over-voltage can be induced by an AC short-circuit fault at
the sending end, which is characterized by a short duration
(£ 20 ms) and extremely high over-voltage amplitude
(up to 2 p.u.) compared with a DC commutation failure.

3.2.2. Mechanism of transient over-voltage

In essence, transient over-voltage results from excessive reac-
tive power after fault clearance, because the lagging transient
response of power electronic devices does not meet the require-
ments for system instantaneous recovery [62]. In an HPPES, the
transient over-voltage is mainly related to two kinds of power elec-
tronic devices: the LCC and renewable energy units.

(1) LCC-HVDC. During the period of fault clearance, a high volt-
age is generated at the interconnection point of the sending end of
the LCC, causing transient over-voltages of renewable energy units.
The high voltage is induced not only by the capacitors but also by
the power control strategy. A large number of passive shunt filter
capacitors are used to compensate for the reactive power con-
sumption of the LCC in normal operation. After faults, the active
power is significantly reduced, but the filter capacitors are not
withdrawn due to the lack of corresponding instructions. At the
fault-clearing time, a large amount of reactive power is injected
into the power system by filter capacitors due to the system volt-
age recovery, while the active power is not recovered immediately.
Consequently, the bus voltage rises above the normal level during
the transient process in the LCC-HVDC system.

The duration of voltage recovery processes is different under a
DC fault or AC fault. The bus voltage at the sending end first drops
after faults and then recovers from the fault-clearing time. For a DC
commutation failure, the bus voltage gradually recovers through
the firing angle control, lasting for about 40 ms. In comparison,
for an AC short-circuit fault, the bus voltage recovers immediately
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within 15 ms due to the direct voltage support of the AC grid, as
shown in Fig. 7.

(2) Renewable energy units. The response of renewable energy
units to the aforementioned bus voltage variation induces tran-
sient over-voltage. The response process includes low-voltage
ride-through (LVRT) and high-voltage ride-through (HVRT). Based
on the relevant standard for grid-connected renewable energy con-
verters [63], reactive power should be injected to support voltage
in LVRT and absorbed to reduce voltage in order to avoid the trip-
ping off of renewable energy converters in HVRT. However, the
performance of active power during the transient process is not
specified in the relevant standards.

During the transient process, when the bus voltage drops after
the fault, the control of the renewable energy converters switches
to the LVRT mode, injecting a large amount of reactive power into
the power system. Then, after clearing the fault, the reactive power
will increase as the bus voltage recovers immediately. As such, the
voltage will exceed the normal level, as the active power cannot
recover immediately. However, there is a delay in the HVRT con-
trol, so the exceeded voltage cannot be pulled down in time and
may last for tens of milliseconds. Consequently, transient
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Fig. 7. Transient process at the interconnection of the sending-end LCC under AC
and DC faults.
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over-voltage is induced at the interconnection point of renewable
energy converters.

It is notable that the control delay, including the switching time
of different control modes and the response time of the multi-loop
control, significantly impacts the transient over-voltage. Switching
delay is introduced by the recognition time of different voltage
states and the dead zone of hysteresis control in order to avoid
malfunction during the transient process, which makes delay
inherent to control switching. The multi-loop control introduces
the response time and is restricted to a tiny interval. In particular,
the switching and response of the control should be finished dur-
ing the voltage recovery process, which is about 40 ms for DC com-
mutation failure and 15 ms for AC short-circuit fault. As the
switching time is constant, there are stricter requirements for the
response speed of controllers.

Take PMSGs as an example: The voltage of renewable convert-
ers is instantaneously distorted at the AC fault-clearing time,
resulting in a sudden change of phase. Due to the slow response
speed of the PLL, it is difficult to quickly and accurately determine
the phase of the power grid, resulting in temporal invalidation of
power control based on the SRF. Consequently, a transient over-
voltage occurs when uncontrollable active and reactive power is
injected into a weak grid, as shown in Fig. 8.

Compared with PMSGs, the transient voltage response of DFIGs
is optimized, thanks to their flux characteristics. Ref. [64] reveals
that the flux conservation of a DFIG has a suppression effect on
the transient over-voltage under a sudden change of the grid volt-
age, so the transient over-voltage of a DFIG is lower than that of a
PMSG under the same conditions. The results of field tests at the
Zhangbei Test and Inspection Base verify this theoretical analysis,
as shown in Fig. 9. Moreover, the shorter the duration of the tran-
sient process, the greater the advantage of voltage suppression.

To sum up, transient voltage variations are induced by the LCC
at the sending end under faults and are further influenced by
renewable energy units, resulting in transient over-voltages in
HPPESs. Accordingly, the slow control response introduced by
switching control modes and multi-loop control will severely
impact the transient characteristics of power electronic devices.

3.3. Interaction between broadband oscillation and transient over-
voltage

In a traditional power system, the steady-state and transient
characteristics are relatively independent, and the transient char-
acteristics are mainly determined by the instantaneous armature
response of the SG. Comparatively speaking, the steady-state and

1.5
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Fig. 8. Transient process at the interconnection of a PMSG under an AC short-circuit
fault.
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Fig. 9. Comparison of transient response between a DFIG and a PMSG under the
same conditions.

transient characteristics of HPPESs are indivisible. In power elec-
tronic devices, the switching of control modes is designed for a
fault ride-through to improve the transient stability. However, this
may cause the steady-state stability issue to evolve into a more
severe transient stability issue. The coupling between the steady-
state and transient stability is more significant as the grid strength
is weaker.

More specifically, broadband oscillation tends to trigger HVRT/
LVRT and further evolves into transient over-voltage, which finally
causes the cascaded tripping off of renewable energy converters.
Taking the Qinghai-Henan LCC-HVDC project as an example, the
equivalent SCR at the interconnection point of the PV inverters is
1-1.5. The integration of PVs into an extremely weak AC grid can
induce sub/super-synchronous oscillation and can further cause
the voltage of the PV inverters to fluctuate violently. When the
voltage amplitude is lower than 0.9 p.u., the LVRT control mode
is triggered, with a large amount of reactive power being injected
into the power grid; this results in a rapid rise of voltage. When
the voltage amplitude exceeds 1.1 p.u., the PV inverters are
switched into the HVRT control mode, with a large amount of reac-
tive power being absorbed from the power grid, which results in a
rapid drop of voltage. The frequent switching between the HVRT
and LVRT control modes causes more severe oscillation and over-
voltage, eventually tripping off the PV inverters, as shown in
Fig. 10.

In order to improve the stability of HPPESs, the control of power
electronic devices should be designed in such a way as to satisfy
the requirements of the steady-state and transient characteristics
simultaneously. According to the coupling between steady-state
and transient stability, the design of controllers should strike a bal-
ance between them. For example, the control performance of the
PLL influences both the broadband oscillation and the transient
over-voltage [65]. A reduction of the control bandwidth of the
PLL is beneficial in order to improve the steady-state stability of
the system. However, reducing the control bandwidth seriously
restricts the transient characteristics of the fault ride-through,
leading to transient over-voltage.

4. Research methods

To deal with the complexity of an actual HPPES, we propose the
analytical methods of small-signal impedance analysis and EMT
simulation to solve the steady-state and transient stability issues.
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In this section, we explain the application of these two methods to
analyze broadband oscillation and transient over-voltage, and
compare the characteristics of the two methods.

4.1. The small-signal impedance analysis method

The eigenvalue analysis method based on state-space equations
is usually adopted to analyze oscillation issues in a traditional
power system. The impedance analysis method based on small-
signal modeling [66,67] can effectively analyze the oscillation in
a DC system and has been extended to three-phase AC systems
[68-72]. As the system is equivalent to a two-port network, the
small-signal impedance analysis method has a clear physical con-
cept and is applicable to an oscillation analysis combined with the
Nyquist stability criterion.

However, a complex HPPES presents several challenges to the
practical application of the impedance analysis method:

o It is difficult to obtain the analytical impedance model, due to
the confidentiality of core control strategies and parameters in
renewable energy converters and HVDC.

e The equivalent system impedance is difficult to determine, due
to the complex frequency-coupling characteristics among the
large number of various power electronic devices in an HPPES.

e The Nyquist stability criterion is too conservative to apply to the
dynamic changes of impedance under various operating condi-
tions. The Nyquist curve must pass through the (-1, jO) point
and cannot cover the stability problem along with the wide
range of power fluctuation of renewable energy converters.

To address the challenges listed above, we propose the use of
the impedance modeling method and stability criterion for a com-
plex HPPES with a system equivalent to a two-port network. The
main contributions of this research are as follows:

(1) Impedance scanning of power electronic devices: An
impedance scanning platform based on a control CHIL simulation
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is established in order to determine the actual impedance charac-
teristics of power electronic devices effectively. To eliminate the
influence of simulation step size, interface delay, and switch model
parameters on the measurement accuracy, an impedance measure-
ment correction method is proposed [73]. Based on this method, an
impedance model library containing 253 types of renewable
energy converters has been established that covers 80% of the total
installed capacity in China. In addition, the impedance characteris-
tics of the LCCs and VSCs produced by mainstream manufacturers
in China have also been scanned.

(2) Impedance modeling of a multi-port network: Consider-
ing the coupling characteristics of large quantities of various power
electronic devices and the frequency-dependent characteristics of
the collection network, a broadband coupling impedance network
modeling method for an HPPES has been proposed in Refs. [74,75].
The system is divided into two (or more) mutual coupling impe-
dance networks, and the topology is consistent with the actual
power grid, as shown in Fig. 11. Using the impedance network
model and multi-variable frequency domain theory, a multi-port
transfer function matrix model based on the multi-section division
of the system is established. The relationship between the impe-
dance network and the multi-variable feedback system is investi-
gated, which lays a foundation for applying electrical network
oscillation mode analysis to broadband oscillation stability
analysis.

(3) Stability criterion: To overcome the limitations of the clas-
sical Nyquist stability criterion, the theoretical impedance of
renewable energy converters is established, considering the
outer-loop power control. This can specifically describe how the
impedance characteristics are influenced by the operating points
corresponding with wind speed and solar irradiance. A maximum
peak Nyquist criterion is proposed to accurately analyze the broad-
band oscillation stability of the HPPES [76]. The impact significance
of the operating points on the impedance characteristics varies for
different frequency bands. Consequently, different stability mar-
gins are formulated for different frequency bands (Band I-Band
IV in Fig. 2), based on the statistics of the established impedance
model library.

Based on the contributions of the impedance scanning, network
modeling, and stability criterion of an HPPES, a relevant standard
has been formulated for the safe and stable operation of HPPESs
[77], in which the model requirement, testing method, operation
condition, stability margin, and other aspects are specified.

4.2. EMT simulation technology

The phasor model is based on the fundamental electrical quan-
tities of voltage and current, which makes it difficult to use this

f
!

Positive impedance network at f'

gt f

Negative |mpedance network at f 2f:

o i

Fig. 11. The broadband coupling impedance network model.
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model to describe the broadband oscillation and transient over-
voltage process within 20 ms in an HPPES. The EMT model is built
according to the main circuit, control structure, and parameters of
the actual power electronic devices and accurately describes the
dynamics of the broadband oscillation and transient process of
over-voltage in an HPPES.

There are two technical challenges in EMT modeling. The pro-
posed CHIL simulation in Section 3 can accurately reflect the EMT
characteristics of a single renewable energy unit, but a CHIL simula-
tion of thousands of units is impossible due to the limitation in phys-
ical input-output (I/0) interfaces. On the other hand, ultra-high
processing resources are required for a microsecond small-step
EMT simulation of many power electronic devices in an HPPES.

To address these issues, relying on the State Key Laboratory of
the Operation and Control of Renewable Energy and Storage Sys-
tems, our team has built an EMT simulation platform for large-
scale renewable energy transmitted by HVDC. Hence, real-time
EMT simulation with accurate and duplicable unit models and
equivalent plant models can be carried out to describe the EMT
process of an HPPES, as outlined below, which provides an effective
means for analyzing transient stability issues.

4.2.1. EMT modeling of renewable energy units

An EMT simulation model of renewable energy units is estab-
lished, in which the source code is packaged as control modules
instead of the real controllers. The encapsulated model can be used
for the simulation of large numbers of units. Verification of the
EMT response characteristics under onsite prototype testing
(PTT), CHIL simulation, and EMT simulation of the dynamic link
library (DLL) is carried out to ensure the accuracy of the digital
simulation model, as shown in Fig. 12. First, the CHIL simulation
is set as the calibrated benchmark according to the results of
PTT. Considering the limitation of the operating conditions in
PTT, the other operating conditions that cannot be accomplished
in PTT are fulfilled by CHIL simulation to verify the EMT response
of the DLL models, such as the transient over-voltage of LCC com-
mutation failure and oscillation in a weak grid.

4.2.2. EMT modeling of renewable energy plants

The accurate modeling of renewable energy plants should con-
sider not only the total capacity but also the line impedance
between units. However, the line impedance from each renewable
energy unit to the common coupling point of the plant is different.
Therefore, an EMT equivalent plant modeling method is proposed
to represent the detailed plant model. All the units in one plant
are divided into several groups according to the size of the line
impedance magnitudes. The line impedance in each group is taken

1.2

p.u.)

-
-
T

Voltage (
5
T

0.9 1 1 1 1 1 1 1
2.6

2.8 3.0

N
i

-
N

Active power (p.u.)

1.0 —PTT
— CHIL
0.8 —DLL
1.8 2.0 22 24 26 2.8 3.0
Time (s)

Fig. 12. EMT response characteristics verification under PTT, CHIL, and DLL

simulations.

260

Engineering 19 (2022) 252-267

as the typical value, and multiple units are replaced by an equiva-
lent one with the total capacity. Fig. 13 compares the broadband
impedance and transient characteristics between the detailed
model and the equivalent model of the PV station. The PV station,
which has a total capacity of 30 MW, is composed of 48 PV invert-
ers of 0.64 MW each, which is equivalent to four units with the
proposed EMT modeling method.

Eventually, an EMT real-time simulation platform for large-
scale renewable energy transmission through LCC/VSC-HVDC was
built based on the actual control and protection equipment. The
platform provides an effective means for broadband oscillation
and transient over-voltage issues. The feasibility and accuracy of
the EMT real-time simulation platform have been validated by
recurrences of practical incidents, such as transient over-voltage
under DC commutation failure of LCC-HVDC and AC short-circuit
fault of VSC-HVDC, as shown in Fig. 14.

4.3. The combination of small-signal analysis and EMT simulation

The small-signal method can be used for the steady-state stabil-
ity analysis of an HPPES under multiple operating conditions,
including different active power generation and different numbers
of grid-connected units. The system stability can be evaluated under
specific conditions and quantitatively analyzed by calculating the
stability margin. Furthermore, through the sensitivity analysis, the
small-signal analysis method can provide guidelines for system sta-
bility improvement by optimizing the impedance characteristics of
power electronic devices, which will be discussed in Section 5.

EMT simulation can provide models of the renewable energy
units and accomplish impedance scanning for small-signal analy-
sis. For conditions with an insufficient margin, EMT simulation
can verify the stability and determine the oscillation amplitudes.
Moreover, it can reproduce the oscillation incidents and cascaded
transient over-voltage induced by oscillations in the HPPES. In
addition, EMT simulation can accurately describe the transient
switching process of control modes from steady-state operation
to the fault ride-through mode, because it is capable of describing
the nonlinear characteristics of power electronic devices. For the
fault analysis of the system, EMT simulation can reproduce the
transient characteristics in a short duration, even within 20 ms.

The efficiency of small-signal analysis and the accuracy of EMT
simulation are highlighted by the complementarity of the two
methods when used to solve the steady-state and transient issues
in an HPPES, thereby ensuring the safe and stable operation of the
power system. For the future power system, the complementarity
of the two methods will show more significant advantages.

5. Project practice

Based on the theoretical analysis, several typical scenarios are
selected to explain how the analytical methods of small-signal
impedance analysis and EMT simulation are applied to solve prac-
tical problems. The following section describes two oscillation
cases of renewable energy integrated with LCC-HVDC and VSC-
HVDC systems and one transient over-voltage case of renewable
energy integrated with LCC-HVDC. The causes of accidents are
deduced according to their mechanisms, and the corresponding
solutions are proposed in order to suppress the broadband oscilla-
tions and transient over-voltage.

5.1. Broadband oscillation

5.1.1. Renewable energy transmitted by LCC-HVDC
Xinjiang is rich in wind power resources, with the installed
capacity of the WTs in Hami exceeding 18.8 GW. LCC-HVDC



W. Wang, G. Li and J. Guo

50

— Detailed model
|~ ~ Equivalent model

E-S
(&)

Magnitude (dB)

200

100

Phase (°)

—-100

100
Frequency (Hz)

—200 1 L
10

1000

Engineering 19 (2022) 252-267

- 1.0 — Detailed model

; - - Equivalent model

Q05

s U

o

>

O 1 1 1 1 1 L

73.2 73.4 73.6 73.8 74.0 74.2

E 1.0 &

g

S 05F

(]

2

S

< 0 1 1 1 1 1 1
73.2 734 73.6 73.8 74.0 74.2

3 10

=2

$ os5f |

o

a ——r‘

2 ot ‘f\_—

g

Q

& -05 ! 1 L ! ! 1
13.2 73.4 73.6 73.8 74.0 74.2

Time (s)

Fig. 13. Broadband impedance and transient characteristics between the detailed model and equivalent model of a PV station. (a) Impedance characteristics; (b) transient

characteristics.

0.8 | - - EMT simulation
? —Field test
06 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.

690 V voltage (p.u.) 330 kV voltage (p.u.) 750 kV voltage (p.u.)

Time; (s)

(a)

T 12
[} \
o 10 =
g
= 08L
g
S 06L — Field test
< - = EMT simulation
R 04 ; ; ; ;
10 12 14 16 1.8 2.0
S 15
2
S
S 1.o---\j e
o
>
>
s
g 05 1 1 1 1
1.0 1.2 14 1.6 1.8 2.0
-~ 15
3
2
[0] <P
%o —\j -
©
>
>
8 05 1 1 1 1
™ 1.0 1.2 14 1.6 1.8 2.0
Time (s)

(b)
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HVDC.

transmission from Xinjiang to Henan is the main corridor for
exporting renewable energy in the Hami region, sending renew-
able energy from northwest to central region of China. However,
several severe oscillation incidents occurred in PMSG wind farms
in July 2015 and in DFIG wind farms in May 2017, resulting in
large-scale tripping off of WTs. The layout of the wind farms at
the sending-end system is shown in Fig. 15.

According to Section 3.1, the oscillation occurs between the
WTs and the weak AC grid. To analyze the oscillation, the
positive-sequence impedance of the renewable energy converters
is obtained by means of impedance scanning, while the impedance
of the weak grid (SCR = 1.5) is calculated using impedance model-
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ing of the multi-port network, as mentioned in Section 4.1. The
results shown in Fig. 16 represent the negative damping character-
istics of the WTs and the insufficient system stability margin in the
super-synchronous frequency band, respectively. Through the
maximum peak Nyquist criterion, based on an analysis of the ratio
between AC grid impedance and PMSG impedance, oscillation
occurs between the PMSG and the weak AC grid at 75 Hz in a pos-
itive sequence. A Fourier analysis of the recorded data reveals that
there is another oscillation component of 25 Hz, which confirms
the mentioned frequency-coupling mechanism. Similarly, oscilla-
tion occurs between the DFIG and the weak AC grid at positive-
sequence 65 Hz with the coupled component at 35 Hz.
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Fig. 16. PMSG impedance characteristics and Nyquist criterion. (a) Impedance characteristics; (b) Nyquist criterion.

In order to solve the oscillation issue, the magnitude and phase
characteristics of the converter impedance should be reshaped,
typically through optimization of the control parameters or modi-
fication of the control structure. More specifically, the impedance
characteristics in the super-synchronous band of the PMSG are
dominated by the PLL and will be affected by the current control.
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Consequently, the PMSG impedance can be reshaped to eliminate
the oscillation risk by optimizing the control parameters for the
PLL and the current loop [65]. In addition, according to Ref. [61],
the negative damping characteristics of the DFIG in the super-
synchronous frequency band are mainly caused by the overlapping
effect of the outer-loop power control and inner-loop current
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control, as shown in Fig. 2. Therefore, the phase characteristics of
the DFIG’s impedance can be boosted by modifying the outer
power control strategy so as to eliminate the oscillation risk, as
shown in Fig. 17. The proposed impedance-reshaping technology
was applied to the wind farms in Hami [78], and there has been
no oscillation incident since October 2017.

5.1.2. Renewable energy transmitted by VSC-HVDC

The Zhangbei project is a multi-terminal VSC-HVDC project that
effectively supported the 2022 Beijing Winter Olympics with a
100% clean-energy power supply. Renewable energy converters
are integrated into the islanded VSC-HVDC at the Zhongdu, Zhang-
bei station (rated capacity: 3 GW). Since February 2021, with the
total installed capacity of the renewable energy converters exceed-
ing 1.4 GW, several oscillations at 58 Hz have been recorded. The
layout of the renewable energy plants is shown in Fig. 18. A Fourier
analysis of the fault current and fault voltage reveals that the oscil-
lation component is a negative-sequence component.

According to Section 3.1, the oscillation occurs between the
renewable energy converters and the VSC. The negative-sequence
impedance of the renewable energy converters and the VSC is
acquired by impedance scanning, as shown in Fig. 19(a). The
negative-sequence impedance of the VSC presents inductive nega-
tive damping characteristics near 58 Hz, while that of the renew-
able energy converters presents capacitive characteristics. The
magnitudes of the two impedances intersect and the phase differ-
ence is close to 180°, indicating an insufficient stability margin.
Through the maximum peak Nyquist criterion in Fig. 19(b), the
negative-sequence oscillation of the system occurs at 58 Hz; more-
over, a 158 Hz positive-sequence coupling component is gener-
ated. In summary, the negative damping characteristic of the VSC
is the main factor causing oscillation.

Based on the impedance characteristics reshaping method, the
capacitive negative damping characteristics of the negative-
sequence impedance in the VSC around the super-synchronous fre-
quency band are eliminated through the modification of the AC
voltage outer-loop control. Fig. 19 shows that the stability margin
of the system is improved after the impedance optimization of the
VSC, eliminating the risk of system oscillation. On 20 July 2021,
field tests on oscillation recurrence were carried out at Zhongdu,
Zhangbei station. System oscillations were eliminated after the
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Fig. 18. Layout of the renewable energy plants in Zhangbei.

proposed oscillation suppression strategy was employed, as shown
in Fig. 20, which completely verified the effectiveness of the anal-
ysis method and suppression strategy. Since then, there has been
no oscillation incident at the station.

5.2. Transient over-voltage

Gansu Province has abundant wind power resources, and a
large-scale wind power base with an installed capacity greater
than 7.5 GW has been built in Jiuquan. The +800 kV/8 GW
Gansu-Hunan LCC-HVDC transmission project shown in Fig. 21
was put into operation in 2017. In order to analyze the transient
stability under a grid fault of the power system, an EMT simulation
platform consisting of wind farms and the LCC-HVDC system was
constructed. The accuracy of the simulation model was ensured
by the consistency of EMT responses and PTT results, as mentioned
in Section 4.2. Based on the EMT simulation results, there is a risk
of transient over-voltage under LCC commutation failure and AC
short-circuit fault, especially with an increase of the transmission
power of the LCC-HVDC.

In order to solve the transient over-voltage issue, a detailed
analytical model of the transient response of renewable energy
converters was established [62]. Based on the analytical model,
the slow control response introduced by the improper control of
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Fig. 17. DFIG impedance characteristics and Nyquist criterion. (a) Impedance characteristics; (b) Nyquist criterion. Z: impedance.
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Fig. 20. The field test of oscillation recurrence and suppression. (a) Current of oscillation reproduction and suppression; (b) FFT analysis of oscillation reproduction current;

and (c) FFT analysis of oscillation suppression current.

renewable energy converters will cause transient over-voltage
during the transient process, which coincides with the conclusion
in Section 3.2. In addition, the effect of the flux characteristics in
the DFIG on transient over-voltage has been elaborated. During
the transient process, the transient over-voltage is more severe
in the PMSG, because the flux conservation of the DFIG has an
inherent suppression effect [78]. Moreover, the suppression effect
is more significant, as the duration of the transient process is short.

Based on the theoretical analysis, a transient over-voltage sup-
pression strategy was proposed based on modifying the control
structure and the optimization of controller parameters [79]. More
specifically, a virtual flux control was proposed and applied to the

PMSG and PV inverters to improve the transient response of the
reactive power. In addition, the response speed of active power
control, reactive power control, and PLL during the transient pro-
cess was improved by the optimization of the parameters. Conse-
quently, the EMT simulation model was modified according to
the proposed suppression strategy, and the results of the EMT sim-
ulation platform showed that no transient over-voltage occurs
under DC commutation failure and AC short-circuit fault.
According to the results obtained by our research team, a rele-
vant standard was formulated to guide the modification of the
practical HVRT strategy of renewable energy converters [80]. The
effectiveness of the suppression strategy was verified by field
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Fig. 21. Layout of wind farms at the Gansu-Hunan LCC-HVDC sending-end system.

testing in Gansu Province, whose results in Fig. 22 showed no tran-
sient over-voltage of renewable energy converters under large grid
disturbances [81]. Furthermore, the standard has been disseminated
throughout China and has been applied to several renewable energy
plants at the sending end of HVDC transmission projects, such as the
Inner Mongolia-Jiangsu and Qinghai-Henan LCC-HVDC projects,
which has improved the stability of the power system.

In summary, considering the interaction of broadband oscilla-
tion and transient over-voltage issues, optimization of control
parameters and modification of control structure should be com-
bined to solve steady-state and transient issues in the future power
system.

6. Conclusion and prospect
With the development of large-scale renewable energy, an

HPPES gradually forms at the HVDC sending end. New stability
issues occur, including broadband oscillation and transient over-
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voltage. To address these issues, this paper revealed the mecha-
nisms of broadband oscillation and transient over-voltage, and
proposed research methods combining small-signal impedance
analysis and EMT simulation. The successful solution of broadband
oscillation and transient over-voltage issues in several practical
projects has verified the proposed methods. The following conclu-
sions can be drawn based on the main contributions of this paper.

(1) The control of power electronic devices is the main reason
for broadband oscillation and transient over-voltage in an HPPES,
which includes multi-loop control and the switching of control
modes. The negative damping characteristics of power electronic
devices are distributed in a wider frequency range due to the
multi-loop control, which causes an extension of the oscillation
frequency. Multi-loop control and the slow response of switching
the control modes induces transient over-voltage, causing the trip-
ping off of renewable energy converters. Moreover, as the grid
strength is weak, broadband oscillation and transient over-
voltage interact with each other more significantly.

(2) The advantages of small-signal impedance analysis and EMT
simulation are complementary in the analysis of broadband oscil-
lation and transient over-voltage. Small-signal impedance analysis
can be used to efficiently analyze the system stability margin
under various operating conditions. In addition, EMT simulation
can accurately reproduce the nonlinear characteristics and tran-
sient process under specific conditions. For the future power sys-
tem with a high penetration of power electronic devices, the
complementarity of these two methods will lead to more signifi-
cant advantages.

(3) Two types of stability issues are caused by incompatibility
between the design principles of controllers and the actual charac-
teristics of an HPPES. The interaction effects among renewable con-
verters, LCCs/VSCs, and a weak grid in an HPPES are not
comprehensively considered in the conventional design principles
of controllers. In this paper, the control structure and controller
parameters were redesigned, based on the practical characteristics
of HPPESs. As a result, the broadband oscillation and transient
over-voltage issues were solved effectively, as has already been
verified through several practical projects.
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Fig. 22. Field test of transient over-voltage under a large grid disturbance. (a) DC commutation failure; (b) AC short-circuit fault.
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As the future power system will face more complex stability
problems and operational challenges, the analysis of stability
mechanisms and relevant research methods should keep pace with
the development of the power system over time. We suggest future
research in the following aspects:

(1) For the larger-scale utilization of renewable energy in the
future, it is necessary to develop hybrid HVDC technology com-
bined with LCCs and VSCs. The capabilities of large transmission
capacity, island voltage establishment, fault current limiting, and
the independent control of active and reactive power can be fur-
ther exploited. Furthermore, DC grid construction based on HVDC
is a future trend for collecting large-scale renewable energy in
many regions, including multi-terminal HVDC. A DC grid is benefi-
cial for realizing coordination of the power supply, grid network,
load and energy storage, and peak-valley adjustment of renewable
energy generation. Therefore, more advanced control technologies
should be developed for large-scale renewable energy transmis-
sion through HVDC.

(2) Considering the rapid expansion of renewable energy gener-
ation based on power electronic devices, the stability issues of the
future power system may spread from the local to the global sys-
tem. For example, in a point-to-point HVDC system, the
receiving-end performance may affect the stability at the sending
end. In a multi-terminal HVDC system, a system fault at any termi-
nal may lead to the stability risk of other terminal systems. Given
these issues, the analysis of the stability mechanism requires fur-
ther investigation.

(3) For the construction of the future power system, the design
principle should include the requirements not only for the grid
characteristics but also for the control of power electronic devices.
Furthermore, the control in power electronic devices should be
designed with normalized structures. The formulation of relevant
standards should also be accelerated, including the requirements
for grid connection and operation.
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