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Abstract—This paper proposes a novel bilateral inertia and
damping emulation (BIDE) control scheme for VSC-HVDC
transmission systems that can autonomously provide inertial
and damping responses to two VSC-HVDC interconnected asyn-
chronous AC grids in a similar fashion of synchronous generators.
For each VSC station, the energy for inertia emulation comes from
augmented DC link capacitance whereas the energy for damping
emulation comes from the interconnected grid on the other side.
This proposed approach is communication-free as the essential
information of two grid frequencies for inertia and damping
emulation can be obtained from the locally measured variables
dictated by the BIDE control algorithms. Modal analysis is carried
out to investigate the impacts of BIDE-emulated inertia time con-
stants and damping factors on system small-signal stability, and
to obtain the optimal control parameters. The effectiveness of the
proposed BIDE scheme is verified through controller hardware-
in-the-loop experiments, in the presence of load changes and grid
faults. The results show that the BIDE scheme can effectively
enhance the stability and damp the frequency oscillations for
both AC grids.

Index Terms—Frequency response, HVDC transmission con-
trol, pulse width modulated power converters, power system
transients, frequency stability.

I. INTRODUCTION

ITH the rapid development of renewable energy sources
W (RESs) in modern power systems, there is an increasing
trend for interconnecting asynchronous grids via VSC-HVDC
systems to mitigate the power imbalances incurred by the RES
volatility and meet the incremental demand engendered by the
electricity transactions, such as UK-Ireland interconnection [1]
and Nortctheast Asia grid interconneion [2]. However, unlike
conventional AC grids which enable power synchronization
between the asynchronous systems, the VSC-HVDC trans-
mission systems under the traditional control deny this syn-
chronous power supports, meaning that the kinetic inertia and
spinning reserves available in each asynchronous grid cannot
be mutually shared [3]. In addition, inertia- and damping-less
RESs, which are rapidly replacing grid-friendly synchronous
generators (SGs), is further lowering the grid inertia levels
and damping effects. Therefore, the grid frequency stability
is inevitably compromised.

When a grid experiences certain contingency (e.g. grid
faults), the inertia of a generator rotor restricts the grid Rate
of Change of Frequency (RoCoF), meanwhile the damping
windings of a generator rotor apply an effective stabilizing

impact on the rotor angle variations. Recent blackouts in
Australia and the UK indicate the deterioration of existing grid
frequency regulations and the increased demand for competent
frequency control schemes, such as inertia and damping control
(IDEC), for low-inertia power grids [4], [5].

To address the low-inertia related issues, many advanced
control approaches have been proposed for RESs. As reported
in [6], a wind turbine generator operates on a power de-
loaded mode through pitch control to keep certain power
reserve for frequency support. Similarly, in [7], photovoltaic
is suggested to work at sub-optimal voltage potentials. These
strategies, however, are economically unjustified, as the power
reserve is wasted for most of time. In [8], a synthetic inertia
control for doubly fed induction generator is proposed using
super-capacitors, which avoids power reserve losses due to de-
loading. However, from the perspective of transmission grid
operation, the system inertia segmentation issue caused by
VSC-HVDC links blocks the RES synthetic inertia for the
VSC-HVDC interconnected remote asynchronous grids, posing
a major challenge for the planning and operation of future RES-
dense power grids.

Generally, for a point-to-point VSC-HVDC system under
TC, as illustrated in Fig. 1, one converter acts as a power-
regulating VSC (PR-VSC) and the other one as a DC-voltage-
regulating VSC (VR-VSC). Under TC, neither RP-VSC nor
VR-VSC contributes inertia provision for their connected AC
grids, as indicated in Fig. 2(a). Historically reported inertia
and damping emulation schemes for VSC-HVDC systems can
be classified according to the types of energy sources: energy
from the remote side of a VSC-HVDC interconnected AC grid
(e.g. IDEC schemes in [9]-[19]) or from DC capacitors (e.g.
coordinated inertia and damping emulation control (CIDE)
schemes in [20]-[25]) .

1) The IDEC schemes, as shown in Fig. 2(b). The PR-
VSC for AC Grid P utilizes energy for the IDEC solely from
AC Grid V via the VSC-HVDC link. A power-synchronization
control is proposed in [9], in which the phase-lock loop (PLL)
is substituted by an active power synchronization loop to em-
ulate an SG. Virtual synchronous generator or machine (VSG
or VSM) schemes are reported in [10]-[13] to allow the VSCs
to mimic the SGs’ inertial and damping behaviors, but the
output current exhibits high-frequency ripples that potentially
affect transient stability [14]. References [14]-[16] insert an
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Fig. 1. Single-line diagram of a VSC-HVDC transmission system: (a)
configuration of the VSC-HVDC system; and (b) traditional control scheme.
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Fig. 2. The power flow diagrams of four control schemes where APy
represents inertial power provision and APy represents damping power
provision: (a) TC scheme; (b) IDEC scheme; (c) CIDE scheme; and (d) BIDE
scheme.

additional synchronous power controller in a virtual admittance
structure design to reduce the current ripples. References [17]
and [18] demonstrate that the provision of inertia support from
an OWF via VSC-HVDOC is feasible. However, the schemes in
[9]-[18] can only provide the inertial and damping support to
one side.

To avoid this issue, a novel control scheme is proposed
in [19] to provide the mutual inertial support based on the
priority selection unit. However, such a priority selection unit
requires minimum service durations to avoid frequent priority
switching, reducing the activating sensitivity of the bilateral
inertial response. Besides, the inertial support can only be
provided to one asynchronous grid at one time determined by
the priority selection unit. More importantly, all the schemes
in [9]-[19] require rapid power run-up or run-down from
the healthy-AC grid connected converter station to support
the faulted or disturbed AC grid, which in fact propagates
such faults or disturbances to the healthy-AC grid. Therefore,
these schemes cannot provide “incremental” inertial response
considering both AC grids.

2) The CIDE schemes, as shown in Fig. 2(c). Another
inertia emulation control (INEC) scheme is developed for VSC-
HVDC system in [20], [21], leveraging the energy in the DC
capacitors to emulate inertia time constant by varying the DC
voltage, while the AC grid connected on the other side is
not affected. Nevertheless, the INEC scheme does not mimic
the SG damping characteristics which can effectively suppress

angular oscillations as designed in [10]. Other CIDE schemes,
as proposed in [22]-[25], use both the energy of the DC
capacitors and the kinetic energy of wind turbines to provide
the inertial response. However, the CIDE schemes in [20]-[25]
are not designed to provide frequency support to OWF systems
under offshore grid contingencies.

To enable the VSC-HVDC inertial and damping responses
simultaneously to both interconnected AC grids, this paper pro-
poses a novel bilateral inertia and damping emulation (BIDE)
control scheme as shown in Fig. 2(d). The main contributions
of this paper are summarized as follows

1) Unlike the inertia emulation control in [9]-[25], the
proposed BIDE scheme can emulate SG inertial responses
for two AC grids interconnected via a VSC-HVDC link. The
inertial power for either side grid comes from the augmented
DC link capacitance, avoiding the disturbance to both AC grids.

2) The proposed BIDE scheme can emulate flexibly-defined
SG damping factors for both AC grids, using the active power
from the other side of the interconnected asynchronous grid.

3) Unlike the emulation scheme in [19] which uses the
priority selection control, the proposed BIDE scheme can
“simultaneously” provide the inertial and damping support to
both connected asynchronous grids, avoiding the disturbing
mode switching actions.

4) The approach is communication-free for the essential fre-
quency information acquisition of the remote grid, improving
control reliability and avoiding control latency.

The rest of this paper is organized as follows. The VSC-
HVDC system configuration is briefly introduced and its
power flow is analyzed in Section II. Section III presents
the mathematical algorithm and controller implementation of
the proposed BIDE scheme. In Section IV, the small-signal
stability analysis of the BIDE scheme is carried out. Section V
verifies the effectiveness of the proposed BIDE scheme through
controller hardware-in-the-loop (C-HIL) experiments. Finally,
Section VI draws conclusions.

II. VSC-HVDC SYSTEM CONFIGURATION AND POWER
FLOW ANALYSIS

A. VSC-HVDC configuration and traditional control

Fig. 1(a) illustrates a typical point-to-point configuration
of a VSC-HVDC system, interconnecting AC Grid P and V.
Two VSC converters are operated with their local control
systems to realize bidirectional power transmission and DC
voltage regulation, respectively. For each VSC converter, AC
phase reactor and shunt filter are used to attenuate high-order
harmonics.

TC scheme for VSC-HVDC systems is generally designed
in a cascaded structure, as illustrated in Fig. 1(b). The AC
current at the point of common coupling (PCC) is controlled
by an inner current loop to compute converter voltage reference
for pulse width modulation (PWM). A phase lock loop (PLL)
is used to track grid voltage angular phase 6 at the PCC to
ensure the synchronization of the VSC with the grid. The
active and reactive power are independently controlled by outer
power loops. Otherwise, the DC voltage is regulated by an
outer DC voltage control loop for DC network power balance.
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Regulating the AC voltage can be realized by an outer AC
voltage control instead of outer reactive power control. The
detailed VSC-HVDC control parameter design of TC has been
well documented in [9].

B. Power flow analysis of the VSC-HVDC systems

As the communication-less feature of the proposed BIDE is
based on the locally measured variables of the VSC-HVDC
systems, the power flow analysis of the VSC-HVDC system is
conducted for the further control design. As illustrated in Fig.
I(a), P, and P, are the injected and received active power
of PR-VSC and VR-VSC, respectively, Ve, and V., are the
DC terminal voltages of PR-VSC and VR-VSC, respectively,
and I3, and Ry, are the DC current and equivalent DC re-
sistance of the DC cables, respectively. The DC-side electrical
characteristics of the VSC-HVDC system can be described as

Vdcp = Vdcv + 2Ichdc
Py = ViepLue (1)
Pv = Vdcvldc

According to (1), the PR-VSC injected active power can be
rewritten as

Pp: (Vdcv + 2Ichdc) Idc (2)

Based on (1) and (2), the DC current I4. can be expressed
as

Vdcv 8K Rdc
Iyc= —1 1 P 3
d 4Fadc < * * Vd2cv ) ( )

According to (1) and (3), the DC voltage Vj., can be
calculated as

Viev 8P, Rye
Viep = C; <1+ 1+ sz d ) (4)
dev

As observed in (4), the DC voltage of PR-VSC V., can
be effectively estimated according to the VR-VSC DC voltage
Vive, the PR-VSC active power P,, and the DC resistance
Rgc. And it can be clearly found from (4) that the DC voltage
can be used as an intermediary to transfer the frequency
information from VR-VSC to PR-VSC as the PR-VSC voltage
correspondingly varies along with the VR-VSC DC voltage
change, which will be further used for the communication-free
bilateral frequency acquisition as detailed in Section //1.D.

III. BILATERAL INERTIA AND DAMPING EMULATION
CONTROL FOR VSC-HVDC SYSTEMS
A. The SG swing equation
The swing equation of an SG [26] is expressed as
2Hg df (f = fo)
7+Ds'7:Pm_Pe (5)
Jo dt ® fo

where Hgg and Dgg are the emulated inertia time constant and
damping factor of the SG in seconds and in pu, respectively;
f and fy refer to the instantaneous and nominal frequency in

Hz, respectively; and P,, and P, are the input mechanical and
output electrical power in pu, respectively.

According to (5) , the SG inertial power AP}, and damping
powerA Py can be expressed as

 2H, df

AR = =T (6)

APy = D10 (7
fo

In (6) and (7): 1) an SG’s inertial power exchange with
the grid is proportional to the grid RoCoF df/dt, and vanishes
to 0 after reaching to steady states; 2) an SG’s inherent
damping power is proportional to the frequency deviation
from a nominal value (f - fj), and is induced whenever any
frequency variation exists.

B. Inertia emulation by BIDE

The CIDE scheme as reported in [20] utilizing the energy
stored in the DC capacitance of the VSC-HVDC provides the
inertial power only to the VR-VSC connected AC grid. As
a significant improvement over CIDE, the proposed BIDE in
this paper aims to provide inertial responses bilaterally to both
the VR-VSC connected and PR-VSC connected asynchronous
grids, using capacitance energy without affecting the remote
VSC-HVDC interconnected grid. The development of the
BIDE inertia emulation algorithm is presented as follows.

According to (6), the total inertial power considering the
frequencies of both grids can be expressed as

2H ysep df; 2H scv df:
APy = APy, + AP, = — =2 —F Y (8
hp hp + AP, 7o dt + Fo o dt (8)
where APy, is the inertial power provided to both AC grids
in pu; APy, and AP, are the inertial powers provided to the
PR-VSC and VR-VSC in pu, respectively; Hysep and Hygey
are the separately emulated inertia time constants for the PR-
VSC and VR-VSC in seconds, respectively; and f, and f,
represent the frequencies measured by the PLLs of PR-VSC
and VR-VSC in Hz, respectively.

The power exchange of the DC capacitors APc can be
quantified by varying the DC voltage level via VR-VSC as
N Ovdcv dVdcv

Svsc dt
where N is the total number of DC capacitors in the VSC-
HVDC link; C is the capacitance of a single DC capacitor in
farad; and Sys is the rated apparent power of a single VSC
station in MVA.

Linking the inertial power AP, to the capacitance’s elec-
trostatic power AP gives

2Hvscp pr + 2Hysey %_chdcv AViey
f 0 dt f 0 dt N Svsc dt
The relationship between the frequencies of two asyn-

chronous grids and the DC voltage of the VR-VSC is obtained
after integrating both sides of (10) as

APc = ©))

(10)

*

fv Vdcv
2I{vscv NCVdcv
df,= —_—
fO Svsc

Ip
2Hvscp
dfy +
Jo

fo fo

dVaev  (11)

Videvo
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4Svsc
Vd*cv: \/Vcizcv0+ (HVSCP (fp_f0> +Hysev (fv_fO)) (12)

NCfo
where Vi and Vjc.o are the DC voltage reference and
nominal DC voltage in kV, respectively.

Equation (12) indicates that, to emulate separated inertia
time constant ., and Hygey, the DC voltage reference V..,
should be dynamically coupled and positively correlated to the
instantaneous PR-VSC frequency f, and VR-VSC frequency
fv. Fig. 3 illustrates the three-dimensional relationship among
the DC voltage Vg, and the grid frequencies f, and f,. It
can be seen that under the same frequency deviations, the DC
voltage deviation increase with increased emulated inertia time
constants.

Considering that the PR-VSC is directly controlled only to
regulate the active power, the PR-VSC active power reference
must operate in an immediate coordination with the VR-VSC
DC voltage control, so as to deliver the required inertial power

from the DC capacitance to AC Grid P as

2]{vscp %
fo dt

where P, and P are the nominal and updated active power
references of PR-VSC in pu, respectively. The positive sign in
(13) indicates the power transmission direction from PR-VSC
to VR-VSC.

P}, = Pyo+AP,, = Ppo+

g (13)

C. Damping emulation by BIDE

The proposed BIDE also aims to mimic the SG damping
effect to address potential grid angular oscillations in both
AC grids or to the unnecessary power oscillations of both
VSC stations themselves. Compared to the inertia emulation
that accesses the DC capacitors’ energy in the short term, as
speculated in (7), the damping emulation requires incremental
power continuously sustained in the relatively longer term
when any frequency deviation exists. Therefore, the damping
power to support one AC grid must be supplied from the
remote AC grid interconnected by the VSC-HVDC system.
The development of the BIDE damping emulation is presented
as follows.

According to (7), the damping power provided to AC Grid
P, APdp, can be expressed as

APy, = DVSCPM

fo
where Dy, is the emulated damping factor to AC Grid P via
PR-VSC in pu.
Similarly, the damping power provided to AC Grid V, A Py,
via VR-VSC can be expressed as

(14)

_Dvscv (fv _ fO)

Jo
where Dy is the emulated damping factor of AC Grid V in
pu. The negative sign in (15) indicates the power transmission
direction is from PR-VSC to VR-VSC.

Combining the damping powers APy, and APy, gives the
damping power provided to both AC grids, APy, as

APdpv _ Dvscp (fp - fO) — Dysey (fv — fO)

Jo fo

Equation (16) implies that providing the damping power for
both AC grids requires the active power change to be controlled
in proportion to both frequency deviations.

Fig. 4 shows the three-dimensional relationship of the damp-
ing power, A Py, with the PR-VSC connected grid frequency,
fp, and the VR-VSC connected grid frequency, f,. It can be
observed that the damping power is linearly correlated with the
difference between f, and f, under the same damping factors,
effectively enabling the two AC grids to instantaneously share
the overall power imbalance.

Considering the inertial power AP, in (13) and the damp-
ing power APy, in (16), the PR-VSC active power reference
under the proposed BIDE scheme is determined as

P; = Ppo-l-APhp + A.Pdpv

AFgy = 5)

(16)

a7
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2Hvscp%+D ] (fp_f0> D (fv_fO)

fo dt fo Y

where PJ is the RP-VSC active power reference in pu after
emulating both the inertial and damping effects.

As the proposed BIDE scheme provides the inertial power to
bilateral asynchronous AC grids only using the stored energy
from the DC capacitance, the inertial power will not disturb
the two interconnected asynchronous grids even though one
of them is an island grid. As typical AC grids must have
certain level of power reserve to guarantee the operational
security, the effectiveness of the damping emulation will not
be compromised as it only requires a minimum amount of
the power reserve in one grid to support the other grid (only
0.01 pu active power variation as proved in a severe fault
contingency in Section V.C).

Pr=Pyot (18)

D. Communication-free bilateral frequency acquisition

To implement the BIDE inertia and damping emulation
as designed in Sections III.B and III.C, the instantaneous
frequency information of AC Grid P for the remote VR-VSC
control as in (12) and the instantaneous frequency information
of AC Grid V for the remote PR-VSC control as in (18)
must be identified. To acquire such frequency information,
a communication-free approach is offered for the proposed
BIDE, using the locally measured DC voltage or the active
power, as further explained as follows.

1) Acquisition of AC Grid P frequency for VR-VSC:
The VR-VSC active power change, AP, involves the power
exchange of the DC system capacitance and the transmitted
active power change of PR-VSC, expressed as

AP, = APc — AP, (19)
where AP, is the PR-VSC active power change in pu.
Based on (9) and (10), AP can be rewritten as
2H 2H sy dfy
APz 2Hysep dfp sev dfv 20)

fo dt fo dt

Similarly, according to (18), AP, can be expressed as

2Hysep dfp (fo—fo) (fv = fo)
fo ot o D G0

Combining (19) - (21), the active power change of VR-VSC,
APy, can be expressed as

2I{vscv dfv fpff()) +DVSCV(fV7fO)
Jo dt Jo Jo
Based on (22), the frequency information of AC Grid P,
fp» can be estimated for the VR-VSC control based on its
local measurement of AC Grid V frequency, f,, and its power
variation, AP,, and the corresponding estimated frequency,
frp, is expressed as

(APV—2HVSCVde (fv _f0)>
1

AIDp = +Dvscp

AP, = (22)

Dvscp (

fo @R

f =
P Dvscp

fo (23)

frpf.fO =

Dvscp fO dt fO

where the active power change AP, in (23) can be calculated
as

. <APv My Ue fy UVfO)) (24)

APv:-Pv_-PVO (25)

where P, is the VR-VSC instantaneous active power in
steady state in pu, which is continuously measured before the
occurrence of any disturbance.

Thus, with locally measured f, and AP,, the AC Grid P
frequency information can be inferred in the VR-VSC control
by (24) without communication.

2) Acquisition of AC Grid V frequency for PR-VSC: Simi-
larly, the PR-VSC control can infer the instantaneous frequency
information of AC Grid V via the DC voltage variations
dictated by the VR-VSC inertia emulation. Based on (12), the
relationship between the two grid frequencies and the VR-VSC
terminal DC voltage can be rewritten as

Hv‘ N Hv v\Jv NC

scp (fp fO) J‘CZ SC (f fO) :4SVSC (VdQCv _ decvo)
(26)

According to (4), the PR-VSC terminal DC voltage V., can

be derived from the VR-VSC terminal DC voltage Vy., as

2
Vdcv 4P Rdc
vdip—vgcpo—( 5 <1+ 1+ V"dQ ))
= 2 (27)

Vdch 41Dp0]%dc
< 2 ( - - ‘/(12ch

where Vicpo is the nominal PR-VSC terminal DC voltage and
can be estimated by (4) in kV and V.o is the nominal VR-
VSC terminal DC voltage in kV.

Considering the small resistance of DC cables, a linearized
form of (27) is obtained through Taylor Expansion as

9P, Rye 9P, Rye
VdQCp_‘/dQCpO ~ decv (1+ ‘/pQ d )_\/dQCVO <1+‘/pgd) (28)
dev0

V(120p - Vd2cp0 ~ (decv - dech) +2 (PP - PPO) (29)

As the active power change (P, — Py) for the PR-VSC usu-
ally accounts for a relatively small percentage, thus equation
(29) can be further simplified as

Vd2<:p - V;icho ~ (Vchv - dech) (30)

As observed in (30), the square of the DC voltage deviation
at the PR-VSC terminal is approximately equal to that at
the VR-VSC terminal, which further confirms that the DC
voltage can be regarded as an intermediary to acquire frequency
information of the VR-VSC connected AC Grid V.

Combining (26) and (30), the estimated frequency informa-
tion of AC Grid V, f,,, can be obtained as follows

NC Hygep (fp_fo)

it (Vi 1) 2 2
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Fig. 5. The schematic diagram of the BIDE controller.
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It can be observed from (32) that the frequency information
of the VR-VSC connected AC Grid V can be inferred at
the PR-VSC locally by processing the PR-VSC terminal DC
voltage without communication.

Vo (32)

E. The complete BIDE algorithm and control implementation

To implement the communication-free BIDE algorithm in
the VR-VSC control, the estimated AC Grid P frequency, f:p,
acquired by (24) replaces the corresponding frequency, fp, in
(12) to compute and update the DC voltage reference as

Vi \/V2

Similarly, in the PR-VSC control, the instantaneous AC Grid
V frequency, f., in (18) is replaced by the estimated AC Grid
V frequency, f.y, acquired in (32) to compute and update the
active power reference as

4:‘*SVVSC
NC,

(Hvscp (frpffO)‘i’Hvscv (fvffO)) (33)

2]7vscp dfp Dvscp(fp_fO) Dvscv(frv_fO) (34)
fo fo Jo

Note that the nonlinear BIDE control scheme as designed
in (33) and (34) are different from conventional linear droop
controller which aims for power sharing purpose without
achieving inertia emulation (e.g., a P-Vpc-f droop control
scheme for a multi-terminal HVDC system [27]).

Fig. 5 illustrates the full implementation of BIDE in the
VSC-HVSC control system, especially as highlighted in blue
and red loops. The blue loop illustrates the inertia emulation
control loops as described in (33), which can provide the
inertial power bilaterally to the VSC-HVDC interconnected
AC Grid P and AC Grid V. The AC Grid V frequency is
measured locally by the VR-VSC’s PLL,, whereas the AC Grid
P frequency deviation is estimated by processing the VR-VSC
active power variations AP, according to (24). The VR-VSC

A4S seH ysey
NChy

controller ultimately varies its terminal DC voltage reference
in response to any frequency variation in AC Grid P or V
according to (33) for bilateral inertial power provision.

The damping emulation control, as highlighted in the red
loops of Fig. 5, is realized by modifying the PR-VSC active
power reference. The AC Grid P frequency is measured locally
by the PR-VSC’s PLL; whereas the AC Grid V frequency
deviation is estimated by processing the PR-VSC terminal
DC voltage variations according to (32). Thus, the PR-VSC
controller offsets its initial active power reference in response
to any frequency variation in AC Grid P or V based on (34)
to achieve the bilateral damping emulation.

F. DC capacitance selection

As can be seen in (33), a small DC capacitance can lead to
large DC voltage deviations, whereas a large DC capacitance
can lead to high capital cost. Therefore, the DC capacitance
should be economically selected, while fulfilling the energy
storage capacity required for the BIDE inertia emulation.

As analyzed in [25], the DC capacitance can be determined
as

C=HK 250

Y NV fo (35)
Kf:max fmax_f() fO_fmin

v Vdcmax - Vch, V::lcO - Vdcmin

where frax and fui, are the upper and lower limits of
frequency in Hz (e.g., £ 2.5 Hz [28]), respectively; Vicmax and
Vdemin are the upper and lower limits of DC link voltage in kV
(e.g., £ 0.15 pu [20]), respectively; and K¢ is the maximum
ratio value of permitted frequency deviations by DC voltage
deviations.

As shown in (35), the size of DC capacitance is proportional
with the emulated inertia time constants Hygp, and Hygey
respectively. In other words, larger DC capacitance can provide
more inertial power under the same RoCoF.
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When considering capacitor footprint, it can be significantly
reduced by employing rapidly-developing supercapacitor tech-
nologies with high energy densities [29]. With respect to the
cost for the proposed scheme, although one-off additional
investment on capacitance augmentation is evitable, it can pay
off in the longer term based on the service provisions of inertial
and damping responses, which may be intensified by electricity
markets [30] or imposed by system operators [31].

IV. STABILITY ANALYSIS UNDER THE PROPOSED BIDE

To optimize the effects of the VSC-HVDC BIDE scheme on
grid stability, modal analysis is carried out using a modified
benchmark power system model of the two-area system [26]
as shown in Fig. 6, where the interlinking AC double circuits
of the two areas are replaced by a point to point VSC-HVDC
system. All system parameters are presented in Table I.

A. Small-signal modelling of the studied system

The VSC-HVDC subsystem comprises three parts: 1) the
AC filters and phase reactors; 2) the DC-link system; and 3)
the VSC-HVDC control system. The two AC grids comprise
two main parts: 1) the four SGs; and 2) the local AC networks.
By interconnecting the inputs and outputs of the VSC-HVDC
subsystem and the two AC grid subsystems, the small-signal
model (SSM) can be obtained after linearization with the aid
of the linear analysis tool in MATLAB/Simulink as

AX = AAX + BAU

(36)
AY = CAX + DAU

where X is the state vector; U is the input vector; Y is the output
vector; A is the state matrix; B is the input/control matrix; C
is the output matrix; and D is the feedforward matrix. More
modelling details can be found in [25], [32].

To validate the SSM, its step change responses are compared
with those of the corresponding time-domain electromagnetic
transient (EMT) model. The initial operating points are set at
[Py, Vacl =[0.7, 1] pu. The system dynamic responses under a

TABLE 1
PARAMETERS OF THE VSC-HVDC SYSTEM

Elements Item Value
Rated VSC power /MVA 300
Nominal AC voltage /kV 300
VSC-HVDC Nominal DC voltage /kV +150
station Capacitance installed on each VSC /mF 7.5
Reactor inductance /pu 0.15
Reactor resistance /pu 0.005
Outer power controller 1 (Kp1, Kii1) 0.4, 40
Inner current controller 2 (Kp2, Ki2) 1, 100
VSC controller  Quter DC voltage controller 1 (Kp3, Kj3) 1, 60
Kp + Ki/s Inner current controller 2 (Kp4, Kig) 1, 200
PLL (Kppi1, Kipi) 60, 1400
Rated ratios Transf.1~Transf.4 /kV 230/13.8
Rated ratios Transf.5~Transf.6 /kV 230/150
Rated power Transf.1~Transf.6 /MVA 300
Transformer Resistance /pu 0.002
Leak inductance /pu 0.15
Magnetization inductance /pu 500
Resistance 75 / Q-m~1 0.053
AC cable Inductance I, /H-m™! 1.68e-4
Capacitance c, / Fm~! 1.05e-8
Resistance rq /Qm~1! 1.39e-2
DC cable Inductance Iq /Hm™1! 1.59e-4
Capacitance c¢q /F-m~! 2.31e-7
Rated power SG1~SG2 /MVA 300
Rated power SG3~SG4 /MVA 300
SG Terminal voltage /kV 13.8
Inertia time constant /s 3.2
Damping factor 0
Turbine permanent droop Rp/pu 0.05
Governor Turbine time gonstant Twls 2.67
Servo-motor time constant/s 0.07

step increase in the PR-VSC active power reference of 0.01 pu
are presented in Fig. 7. It can be observed that the responses
of the SSM are accurately aligned with those from the EMT
model, verifying the correctness of the SSM.

B. Stability Margin Analysis

The system asymptotic stability is assessed by eigenvalue
analysis. Figs. 8(a) and (b) present the root loci charts with
the variations of inertia time constants Hys, emulated by
PR-VSC and H,s., emulated by VR-VSC, respectively. Fig.
8(a) indicates the increase of H,, from 0.5 to 5.5 s moves
the real part of the oscillation modes A\; and A5 close to the
imaginary axis in the left plane with limited variation extent.
Moreover, the increase of Hys.p, moves the eigenvalues A3 and
A4 away from the imaginary axis in the left plane, indicating
an improved system stability with well-damped modes. Fig.
8(b) presents similar behaviors of the eigenvalue trajectories
when increasing the emulated inertia time constant, Hgcy.

Figs. 8(c) and (d) show the root loci charts during the
variations of the emulated damping factors, Dyscp and Dygey,
of PR-VSC and VR-VSC from 0.5 to 5.5 pu, respectively. Fig.
8(c) presents that the increase of emulated damping factors
moves the eigenvalues A3 and A\, away from the real axis in
the left plane with decreased damping, and moves the real
pole A5 toward the imaginary axis leading to compromised
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stability, which indicates the damping factor should be chosen
appropriately. Similar observations can also be found in Fig.
8(d) when varying Dygcy.

Based on the above analysis, both Hys, and Hyg, are
optimized at 3 s, and both Dy, and Dy, are optimized
at 1 pu. These optimal values are adopted in the simulation
evaluation of Section V. Stability comparisons of the proposed
BIDE scheme to other inertia emulation schemes (e.g., the
IDEC scheme in [10] and the CIDE scheme in [20]) can be
potentially carried out in the future.

V. SIMULATION EVALUATION

To verify the effectiveness of the proposed BIDE scheme, a
C-HIL experimental platform is established as shown in Fig. 6.
The platform consists of a dSPACE unit prototyping the PR-
VSC BIDE controller, an external DSP-based programmable
controller of TMS320F28335 prototyping the VR-VSC BIDE
controller, and an RT-LAB OP5600 modelling the rest of the
modified two-area system and the VSC-HVDC transmission
circuits using HYPERSIM toolbox in MATLAB/Simulink.

As shown in Fig. 6, AC Grid P and V both comprise of two
static loads and two SGs. The SGs are modelled in a seventh-
order state space with IEEE standard parameters [33]. For AC
Grid P, the initial active power generation of SG1 and SG2
are both 200 MW. For AC Grid V, the initial active power
generation of SG3 and SG4 are both 100 MW. The fixed static
load L1 is Sp1 = Pr1 + jQr1 = 200 - j20 MW. The switchable
load L2 is Sto = Pra + jQr2 = 20 - j12 MW, accounting for
10 % of the total load in AC Grid P. In AC Grid V, the fixed
static load L3 is Sp3 = Pp3 + jQrs = 400 + j50 MW. The
switchable load L4 is Sty = Prg + jQrs = 20 + j2.5 MW,
accounting for 5 % of the total load in AC Grid V.

AC Grid P

ACGrid V

S N vy

PLL, [

PR-VSC
Inner Controller|

<-| PWM

e CIDE
Fraber

D
PR-VSC

Inner Controller

Fig. 9. The conventional CIDC controller for simulation comparisons

The performances of three different schemes as introduced
in Section I are compared as follows

1) The BIDE scheme proposed in this paper, which provides
bilateral inertial power from DC capacitance and bilateral
damping power to both the interconnected grids, with the
parameter settings of Hysep = 3 'S, Hysey = 38, Dygep = 1
pu and Dy, = 1 pu based on the stability analysis in Section
Iv.

2) The CIDC scheme defined as the combined version of
IDEC and CIDE in this paper, as shown in Fig. 9, which
implements the IDEC scheme reported in [19] on PR-VSC
as highlighted in red and the CIDE scheme proposed in [25]
on VR-VSC as highlighted in blue, with the parameter settings
of Hysep =38, Hysey =38, Dysep = 1 pu and Dy = 1 pu.

3) The TC scheme as introduced in [34], which provides
neither inertial power nor damping power to either AC grid,
with the parameter settings of Hyscp = 08, Hysey = 08, Dygep
=0 pu and Dyg., = 0 pu.

Other controller parameters (e.g., the cascaded PI controllers
and the PLLs) are selected the same as shown in Table I.

Three grid events are simulated: A. step load increase in AC
Grid P; B. step load decrease in AC Grid V; and C. grid fault
in AC Grid P.

A. Step load increase in AC Grid P

Load L2 is switched in at t = 5 s in AC Grid P and the
system dynamics are illustrated in Fig. 10. The frequency f,
and RoCoF df,,/dt of AC Grid P, as shown in Figs. 10(a)
and (c), both exhibit significant reduction in the first peaks
under BIDE and CIDC. However, unlike BIDE, the power for
the inertial and damping provision by CIDC both comes from
AC Grid V, which results in a larger frequency deviation and
a larger RoCoF in AC Grid V, as shown in Figs. 10(b) and
(d). It is worthy notice that there is a steady-state frequency
deviation 0.004 Hz in AC Grid V at t = 90 s under BIDE due
to the damping provision from AC Grid V. The inertial power
under BIDE is released by varying the DC voltage based on
(33) within £ 0.04 pu, as shown in Fig. 10(e). Fig. 10(f) shows
the frequencies f, of AC Grid P and f, of AC Grid V can
be accurately estimated for PR-VSC and VR-VSC based on
(24) and (32), respectively. Although BIDE and CIDC provide
similar inertial and damping power to AC Grid P, as observed
in Fig. 10(g), CIDC causes larger power variations at AC Grid
V as shown in Fig. 10(h), and consequently, larger SG3 power
output fluctuations as presented in Fig. 10(j). For simplification,
only one SG in each AC grid is presented as both SGs have
similar dynamics.
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On the other hand, TC cannot provide the inertial and
damping power to mitigate the transient power imbalance in
AC Grid P. Therefore, the transmitted power of the VSC-
HVDC system maintains constant, as observed in Figs. 10(g)
and (h). As a result, larger frequency deviations and RoCoF
occur in AC Grid P as shown in Figs. 10(a) and (c), compared
to BIDE and CIDC. In addition, the steep power change in SG1
at the beginning of the load increase as seen in Fig. 10(i), may
increase its out-of-step risk. Such a risk can be more serious
when AC Grid P is a weak grid with higher RES penetration.

B. Step load decrease in AC Grid V

Fig. 11 presents the system dynamics when load L4 is
switched out at r = 5 s. As presented in Figs. 11(b) and (d), both
BIDE and CIDC effectively suppress the frequency deviations
and RoCoF of AC Grid V as they both act to increase the DC
voltage, as shown in Fig. 11(e), for releasing the capacitance
power to emulate inertia time constant based on (33). The
instantaneous frequencies f;, of AC Grid P and f;, of AC Grid
V can also be accurately acquired at PR-VSC and VR-VSC
respectively, and the corresponding results are compared to the
real frequencies, f, and f,, measured by the PLLs as shown
in Fig. 11(f). Figs. 11(g) and (i) show that there are apparent
active power changes in SG1 and PR-VSC under both BIDE

(c¢) RoCoF dfp/dt; (d) RoCoF dfy /dt; (e) DC voltage Vgcy: (f) restored
frequency frp and frv; (g) active power Pp; (h) active power Py; (i) SGI
power Psg1; and (j) SG3 power Pgs.

and CIDC, which provide the damping power and support AC
Grid V via the VSC-HVDC link. It is worthy noticing that the
inertial energy for AC Grid P comes from the augmented DC
capacitance under the BIDE scheme rather than from the AC
Grid V, avoiding exacerbating AC Grid V power imbalances
as shown in Fig. 11(b). Note that BIDE and CIDC provide
similar inertial and damping power to AC Grid V, but BIDE
can also effectively damp the power oscillations of VR-VSC
and SG3, as evident in Figs. 11(h) and (j), respectively.

On the other hand, TC scheme cannot provide the inertial
and damping power to AC Grid V and the output power of
PR-VSC and VR-VSC remain constant, as shown in Figs.
11(g) and (h), respectively. This results in a larger frequency
deviation and a larger RoCoF in AC Grid V, as shown in Figs.
11(b) and (d), and larger power variations of SG3, as shown
in Fig. 11().

C. Three-phase grid faults

Fig. 12 illustrates the performances of three control schemes
under a 140 ms three-phase remote fault at bus B; in AC Grid
P from ¢ = 1 s, which results in a significant 0.6 pu voltage
drop, as shown in Fig. 12(a). The DC voltage is varied by the
BIDE and CIDC schemes to release the inertial power as shown
in Fig. 12(b). As can be generally observed in Figs. 12(c) and
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(d), when compared to TC, BIDE can significantly underpin the
faulted AC grid by providing inertial and damping responses,
sacrificing a trivial amount of frequency variation in the remote
AC Grid V. CIDC achieves a similar frequency stabilizing
effect, but the frequency variation magnitude and RoCoF in
the remote AC grid are higher than BIDE as observed in Figs.
12(d) and (f). Fig. 12(g) shows the accuracies of the estimated
frequency information of AC Grid P and V are affected at the
beginning of the fault due to the steep variations in the PR-
VSC active power and the DC voltage as shown in Figs. 12(i)
and (b), but are improved when the fault is cleared. Fig. 12(h)
shows the PR-VSC active power is varied to provide the inertial
and damping power when the fault is cleared. Figs. 12(i), (j)
and (1) clearly show that VR-VSC and SG3 experience more
active power oscillations under the CIDC scheme compared to
the proposed BIDE scheme as the inertial power for AC Grid

P is directly provided from the AC Grid V.

As can be seen in the results in Section VA, V.B and V.C,
compared to the CIDC scheme, the BIDE scheme proposed
in this paper can effectively provide bilateral inertial power
from DC capacitance and bilateral damping power to both
interconnected AC grids.

VI. CONCLUSION

This paper proposes a bilateral inertia and damping emu-
lation (BIDE) control scheme for VSC-HVDC transmission
systems to autonomously underpin frequency stability for in-
terconnected asynchronous AC grids. The inertia emulation is
realized by varying the DC capacitance energy via the DC
voltage regulating VSC, whereas the damping emulation is
achieved by coordinating the active power flow via the power
regulating VSC.

In contrast to the other historically-reported schemes which
only support for one side of the grid, the proposed BIDE
scheme has the following features: 1) instantaneous inertial re-
sponse can be bilaterally provided to interconnected AC grids,
with flexibly-defined inertia time constants; 2) the SG damping
effects can be flexibly emulated and bilaterally provided for
both AC grids; 3) the inertial and damping support can be
“simultaneously” provided to both connected asynchronous
grids without priority discrimination; and 4) communication
is avoided, as the grid frequencies can be precisely extracted
from locally measured DC voltage and active power variations.

Various simulation studies verify that the VSC-HVDC sys-
tem under BIDE can interact with the two interconnected AC
grids, minimize grid frequency deviations, and reduce angular
oscillations under different grid contingencies. In the future, it
is important to equip VSC-HVDC systems with BIDE, as grid
inertia and system damping will inevitably decline due to the
rapid replacement of conventional synchronous generations by
inertia- and damping-less RESs.
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