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Abstract

Direct voltage fluctuations due to the presence of relatively large DC reactors (as an essen-
tial part of HVDC breakers), lack of inertia, and unwanted frequency fluctuations in the
AC side of HVDC grids, have major consequences on the stability of HVAC/HVDC grids.
The use of the DC Power System Stabilizer (DC-PSS) can damp and eliminate voltage
oscillations caused by the presence of the DC reactors. However, DC-PSS cannot address
the issues of inertia and unwanted frequency fluctuations. A method to improve inertia
is proposed here that can operate well with the droop controller, and DC-PSS does not
interfere with power-sharing and does not interact with any of these elements. Since the
presence of a droop controller in HVAC/HVDC grids associates with power and direct
voltage, the method proposed here can improve direct voltage fluctuations by eliminating
severe power peaks. Moreover, this method does not change the voltage level of the entire
system, so thete is no need to change the set-points of controllers. In addition, all param-
eters of the controllers are tuned by an intelligent algorithm, and the Participation factor

1 | INTRODUCTION

Given the long distances between offshore wind farms and
onshore power grids and the need for bulk power transmis-
sion, High Voltage Direct Current (HVDC) systems became a
promising solution [1]. In this paradigm, there are issues such as
frequency conversion, area synchronization, and controllability
[2—4]. With the advancement and developments of HVDC
systems and the introduction of Multi-Terminal HVDC (MT-
HVDC) systems, control and direct voltage dynamic stability are
becoming as important as AC frequency stability in traditional
power systems. MT-HVDC classic control methods can be gen-
erally divided into two categories: Master-Slave Control (MSC),
and droop control strategy [5]. In MSC strategy, only one power
converter is dedicated to direct voltage control, and the rest of
the power converters have the task of regulating the injected
power to the AC grid. In [6] and [7] several coordinated control
methods based on the MSC strategy have been proposed, but
the common drawback of these strategies is that the power
converter station is also paralyzed by tripping the power con-
verter station. Another issue is that the MSC method is based
on communications and the controller performance is affected

(PF) scheme is used to find the proper placement of the proposed controller.

by communication delays [8].Electromechanical featutes dis-
tinguish the power converters from synchronous generators.
Consequently, the static and dynamic characteristics of the
formed new power generation units are different from those of
synchronous generators [9]. The static features change by the
droop controller in [10] and energy storage in [11]. One of the
disadvantages of having power converters is that they prevent
the entrance of kinetic energy in the inertia of renewable energy
sources into the network to reduce system transients. Therefore,
with the high penetration of power converters, the frequency
stability of the power system and consequently the stability of
the whole system is compromised, so that the control system
may not be able to have acceptable performance. One of the
main factors in improving the stability of such systems is inertia
improvement [12]. The methods presented in [13—15] enable
the wind generating units to emulate inertia during the fault
or disturbance in the AC side. In [14], a method for inertia
emulation via rotor energy is presented. In [15], the inertia
of the system is provided by controlling the output power of
the inverter according to frequency variations. However, the
problem with these methods is that it is very difficult to recover
and restore the rotor speed after acceleration. In [13], a time
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derivative grid frequency control strategy is used to adjust the
power and inertia via the power converters, but this method has
the same rotor speed recovery issue as the proposed method in
[15]. The INEC inertia control algorithm in VSC-HVDC sys-
tems has been investigated to improve the stability of frequency
under the disturbances of the AC side of the system in [16-18]
although the problem is that in these methods the existence
of large capacitors increases cost and dynamic response of
the controllers [19]. Besides, this method changes the voltage
levels of the entire system, thus requiring a set-point change
for all the controllers. In an HVDC grid, the lack of inertia
[2, 16, 17] and the introduction of large DC reactors through
the installed HVDC breakers [20] can lead to unstable direct
voltages and will require additional control. Besides, the stability
of the system is reliant on balancing generation, demand, and
power losses [20]. Also, more studies on inertia improvement
have focused on the problem of inertia emulation in different
ways and only a few of them have investigated its optimal place-
ment [21]. Methods for improving stability in weak grids are
classified into several categories. These categories include filter
and parameters design of controller [22, 23] with a trade-off
between stability and performance, stability analysis focusing
on the interaction between network impedance and PLL [24,
25]. Delay and impedance phase compensators have been inves-
tigated in [26, 27], however, compensators are only effective
in the steady-state condition. Also, virtual impedance was used
early on to distribute active and reactive power between parallel
inverters [28—30].

This paper proposes a method for inertia improvement that
operates alongside the droop controller, so that, it does not dis-
turb the load sharing in the grid. The energy to do so comes
from the sub-module capacitors of the Modular Multilevel Con-
verter (MMOC)s. In this method, the frequency of the AC side is
measured and it is combined with inertia. Then, damping sig-
nals from DC-PSS will be injected into the droop controller
loop. Both of these signals will be compared with the measured
active power to be applied to the power controller as a power
reference. As mentioned, using this method of inertia emulation
does not prevent droop controller operation and power-sharing
and does not change the voltage level of the whole system.
Therefore, there is no need to change set points for controllers.
Also in this paper, the particle swarm optimization (PSO) algo-
rithm is used to tune the parameters, and the participation fac-
tor method is used to investigate the optimal location of the
proposed controller.

In summary, contributions of this research are:

* This paper proposes a method for stability improvement of
the HVAC/HVDC grid by inertia emulation.

* The proposed method is applied to the droop controller so
that in addition to the inertia emulation to maintain the stabil-
ity of the HVAC/HVDC grid, it does not disturb the system
power-sharing.

* This method does not change the voltage level of the entire
system, so there is no need to change a set point for the con-
trollers.
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* The proposed method, in addition to improving the fre-
quency stability of the AC side through the inertia emulation,
also enhances the voltage stability on the DC side.

* This method provides transient damping and eliminating
voltage oscillations caused by the effect of DC reactors.

The rest of the paper is divided into sections as follows:
The proposed method is explained in Section 2. Section 3
is devoted to small-signal analysis. Section 4 presents the
simulation results. Remarks and conclusions are presented in
Section 5.

2 | PROPOSED METHOD FOR
STABILITY IMPROVEMENT

Figure 1 shows an MMC station integrated into the AC grid.
The proposed method consists of the inertia emulation loop
and DC-PSS.

2.1 | Inertia emulation loop

The inertia of the synchronous generators of AC systems
and the energy stored in the capacitors of DC systems are
analogous [12, 31]. Total stored kinetic energy (KE) due to
the difference between the input mechanical power and the
output electrical power of a synchronous generator is equal
to:

1
KE = Z 3 1)

where the moment of inertia of the p-th synchronous genera-
tor is shown by /, and the number of generators in the power
system is shown by /V.
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In HVDC grids, stored energy in the grid capacitors is an
indicator of energy balancing;

N,

1 2
CE = Z EC&M’ZJD&M,/M@P X (GNYA"[,P) (2)
=1

where capacitor energy is CE, the number of MMCs is /N, and
the direct voltage of the p-th submodule capacitor of the MMC
1S 2911 4 p- As it is seen, Equation (2) is analogous to Equation
(1). Unlike frequency, which is a global parameter, direct voltage
is a local parameter. According to Equation (2), any changes in
CFE are due to the difference between the input power and the
output power of the capacitors. Consequently, the capacitors of
the HVDC grid, based on voltage changes, have the same func-
tion as the AC grid inertia [12].

In a synchronous generator, the inertia constant equation is
shown in Equation (3), where K% is the kinetic energy stored in
the rotating object and its unitis (MVA.Sec). Also, /is the inertia
moment and Sy is the nominal power.

1 CUZ
KE >
H=— = 3)
Su Su
The time constant of the capacitor is given by:
Lent 2
Wy 2 CNV e
T = )

T Sie Sise

The angular motion equation of the synchronous machine is
shown by:

2/ df

f,odt

D, — P = AP (pn) 5)

Also, the power change of MMC can be written in the form
of:

AWinic
at

=B, = By = AP (pn) ©)

The common structure of an MMC contains six arms. Each
arm is composed of an arm reactor and several submodules
(Ngyp). The DC voltage (1) of the MMC is illustrated in
Equation (7). N, is the number of levels of MMC and g7,
is the average submodule voltage.

_ 2
Ve = Niwet X V51 4 ?

Moreover, each arm of MMC-HVDC has the stored energy
as shown as follows:

1
— -2
Eam/,avg - 5 C&M Yoy Jang X NSLM (8)

The total number of the submodule in MMC is 6 Ny,
because MMC has six arms. The stored energy in MMC is
revealed in Equation (9).

1
Wime = 3 Csnﬂ%ww X (6Ngy1) )

So,

6 QLMMLM Vs, avg dv SM,avg

= AL (pn 10
Sy dr > (pu) (10)

This equation shows that any change in direct voltage
changes the energy stored in the capacitors. The power of the
synchronous machine in Equation (5) can be equal to the capac-
ity of the capacitor in Equation (10).

AP (1) = AP, (p2) )

Therefore AP can be added to the reference active power
obtained from the droop controller of the proposed controller
that is shown in Figure 1 It should be noted that any change
in power reference leads to voltage changes, and therefore it
can change the level of energy stored in the sub-modules of the
MMC. In the proposed method, the frequency of the AC side
is measured and is combined with the inertia coefficient which
is calculated in Equation (5). Simultaneously, damping signals
from DC-PSS ate injected into the droop controller loop. Then,
both of these signals will be compared with the measured DC
power to be applied to the power controller as a power ref-
erence. As it is shown in Figure 1 one loop is receiving fre-
quency error feedback from the AC side and another loop is
taking direct voltage error from the DC side, both at the same
converter station. However, the voltage signal is converted to
a power signal through the droop controller, which means that
they do not conflict with each other. By applying this control
method, in the initial moments of fault, the inertia is emulated
through frequency changes, in the direct voltage and it will pre-
vent sudden changes in the hybrid HVAC/HVDC network.
Since, using this method, frequency changes act as energy stor-
age for direct voltage.

2.2 | DC-PSS

The presence of relatively large DC reactors, which are an essen-
tial part of DC breakers, have major implications for HVDC
grid stability. In the transient conditions, direct voltages of the
HVDC grid will be regulated by the action of the '=P droop
control equipped with the DC-PSS to remove the instabilities
of power coming from other stations. Figure 2 shows a straight
structure of a DC-PSS, as exposed in this figure, in each HVDC
grid, the power balance index, is the local measured voltage used
as the input [32].
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FIGURE 2 The DC-PSS structure
3 | SMALL SIGNAL ANALYSIS

If the modal analysis (small-signal analysis) is used to investigate
the impact of the proposed control method on the system sta-
bility, the linearized model of the power system can be expressed
in state-space form as [20]:

A% = AAx + BAu (12)

where Ax and A denote the state vector and the state space
matrix correspondingly, Az and B signify the input vector and
input matrix correspondingly.

3.1 | MMC modelling

Analysis of the proposed method for applying MMC in the sys-
tem requires understanding the dynamic behaviour of the power
converter and its controller. The arm switching function model
of an MMC-HVDC converter is proper for hybrid AC/DC
systems analysis. It should be noted that, in this case, IGBTs
arrangement is different, being grouped in submodules along
with DC capacitors, also, their switching frequencies in compar-
ison with converters with two- or three-level power is lower [33].

The control system of MMC converters, generally, has a cas-
cade structure. The external controller of the power converter is
usually based on the vector controller. This part of the controller
is responsible for controlling the input and output variables of
the AC/DC converter (AC or DC voltage and active or reactive
power). The higher-level controller has a lower bandwidth in
contrast with its lower-level controller. In an ideal separate per-
formance and well-designed cascade control, the higher-level
control operates 6—10 times slower compared to the next lower-
level control loop. Figure 3 illustrates the control diagram of the
arm switching function model of an MMC. The arm switching
function model of an MMC has the most applications in terms
of accuracy and velocity of calculations and it is an appropri-
ate model for transient analysis [33]. However, the detailed
IGBT-based model of MMC, due to its very low computational
speed and high accuracy is used only to investigate and estimate
losses. Also, the AVM MMC model is not used in transient
DC studies, since it has an incorrect response to DC side
faults [33].

In this type of modelling, considering the concept of a half-
bridge converter switching performance. The dynamics of such
a system can be examined in several steps as follows.

* Internal variables modelling of an MMC
* DC side electrical modelling
* AC side electrical modelling and PLL structure

abe MMC
Vv Z abc L i abe
8 8 Vo Loy + .
—®) 3 T 5—4—% J Vie 7 Cye W lde,s
Ct T v
. abc |abc i Balancing and
ley —> modulation
4 Ievd abc* T abe*
cevdg o Ver Ve
ACside current  Vevdg dq dqz,
. control
i abc abc
Vac Ve f T 1
v v fevg Circulating dg
AC power or direct d current controller b
voltage controller . * ¢
T T lcv,d T T
* Sum energy
Py Pucy control i cabc
f 1
*®
Wy Wx
FIGURE 3 MMC model including its control structure

3.1.1 | Internal variables modelling of an MMC

The internal circulating current of the zero-sequence is con-
trolled by the internal loop PI controller to determine the value
of the corresponding reference voltage 27 . The control system
is designed in such a way that £, as the feedforward loop per-
formance coefficient has 2 number between zero and one, if the
controller has a feedforward loop, the £, value is one and oth-
erwise it is zeto.

(13)

By using voltage compensated modulation, the product-
induced nonlinearity between the insertion indices and the total
arm voltage, and the effect of capacitor voltage fluctuations on
the internal control loops, are effectively compensated. There-
fore, these effects can be removed from the system model and
the conduction voltages of the ac side currents and the zero
sequence current can be assumed to be equal to their reference
values when modelling the equations of the electrical circuit and
the corresponding control loops [34]. With only the aggregated
energy sum and the zero sequence circulation current retained
as the internal variables of the MMC, the modelled part of the
control system from Figure 3 includes two PI controller loops.
As an outer control loop, a PI controller, controls the aggre-
gated energy in order to provide a zero-sequence circulating
current reference. The operation of this controller is shown in
Equation (14), where, £,,,> and £, are the gains of the PI con-
troller.

Iy = Kpwx (”’; — ) + Ay sks
(14)
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3.1.2 | DC side electrical modelling

State variables of DC side electrical modelling is shown in the
following equations. Where the crossover frequency of the low-
pass filter is shown by @, ,. The control system is such that the
AC power defined by Equation (106) passes through the low-pass
filter before being used in the power control loop as shown in
Equation (15).

d ), . .
Z Vie = a (de,.v - 42[5{)
ac
15
! (15)

5 Vdef = Doy (”dc - ”df,f)

Pm' = Vod 2o,d + ”0,qzm,q

, (16)

=P
dt

ac,m

= w[)ﬂ[ (1)ﬂ€ + L,

ac,m )

The reference current 7 , is defined by PI controller of
power and a direct voltage droop determines the AC power ref-
erence as it is expressed in Equation (17).

P*

i;,v’d = /épp,gc ( ac Paf,m) + ’éz'p,gmo

d

;P = Pat - PM,M (17)
ef

B; = ’édmo]) (”Z - ”[lf,f) + P;;

313 |

structure

AC side electrical modelling and PLL

The current controller loops and phase-locked loop (PLL), rele-
vant to the AC side of the MMC converter, can be modelled like
the AC side modelling of VSC converters [33]. In the following
equations, Z, is the power converter side current, 7, is the grid
side current and #, is equivalent capacitor voltage.

d . (Z + rf) Ds . . <) @,
7= ﬁ+/6qwa 7, + L] Uy — L] v,
f B f 5 f
(18)
d iww + b . Wy .
— V= =] Yo —ly — =4
A & Ff
19
0= (/wco+ w”)z’ 2y, + 2Ly,
Ty — T b - 0 - Y
@ ¢ % Gt G

where @, is the per-unit grid frequency and L, 7, Ly, 1sy by,
1, Cp are the resistances, capacitance, and inductances of the
system.

The AC side currents of the power converter are controlled
by decoupled PI controllers corresponding to the 4 and ¢ axes.

The equations of these controllers are defined by Equations (20)

and (21).
’éffv”o - ”i[]) + ’épf (Z:/ - Z.m) + /é,ﬂ/ + jllfwPLLZ‘m
(20)

d o .
;y =y Ty

vy =kap (0, — )
4 1)
;qo =W p (”0 - ¢)

The &y as the coefficient of performance of the feedforward
loop has a number between zero and one if the controller has a
feedforwatd loop of »,, the value of £ is one and otherwise it is
zero. Also, yil 1, 18 used to eliminate I.C oscillation. In Equation
Equation (21), ¢ is the state of a filter.

PLL configuration contains a PI controller. The linear equa-
tions of PLL are described in Equation (22) [35].

d
7 Oprr = kot Vog + Xprr.

d
Z XpLr = ”0,4 (22)

Therefore, the matrix of state variables is illustrated in Equa-
tion (23) and the input matrix is expressed in Equation (24).

xj = [”od ”aq Z.ﬁ/,z/ Z.ﬁ/,q Ya }Iq Z.o,d io,q P q’q Ve (23)
. A
YpLld YPLL,g Vde, f P Dacm Tz ks 'f;{ W{{]

u;

J g

T
= [y;jf 2 ity | i w;] (24)
As it is shown in Equation (25), The matrices related to
Avpcy and Aigyy are mined to enable the integration of the
MMC model and the HVDC grid.

Aifff(/)
x;=A;x;+By;xd;+ |B;,c B;
J 7 djre [J j] AP; (25)

Arpcy) = Cje %)

3.2 | DCline model

The conventional 7-section model of a line accurately shows
the cable behaviour only at a single point of the frequency
domain. In the 7-section model, increasing the number of 7-
sections improves hyperbolic factors, but does not necessarily
lead to a good approximation of the actual behaviour of the
cable because it does not allow the frequency dependence of
the distributed parameters to be considered [30]. Instead, the
frequency-dependent 77 model can be used to modelling the
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FIGURE 4 FD-7m model of the lines
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FIGURE 5 Integrating lines with power converters of HVDC grid

behaviour of cables in a specific frequency range. The FD- 7
model consists of a lumped circuit with parallel £-L. branches
in each section of the 77 model of the line. The accuracy and
validity of the FD- 7 model are determined by the number of
sections of the 77 model and the number of parallel branches in
each section.

To model the line based on FD-7, first the line is divided into
n sections. The number of sections is determined by the length
of the line and the frequency range to be interested. Then the
number of parallel lines is considered and specified.

Figure 4 shows the line model based on FD-7r [37]. The num-
ber of the parallel branch is showed by 7.

Figure 5 displays the construction of a DC network with
lines (7) and converters (7). A schematic of a MIMO sys-
tem for stability investigation in the HVDC grid is shown in
Figure 6 Understudy HVDC grid includes 5-terminal. The ter-
minal power reference is the input signal and the voltage is the
output signal.

*
n

Al AP*IlAfdc(z)APZ Algen AP
I J y

Converter Converter Converter
t’ Alldc(l)t' Audc(z) | ' Audc(,,)
DC Grid model

4|

FIGURE 6  Schematic of HVDC MIMO grid
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— —— Cable

—— Overhead line

Ba-B2

FIGURE 7 Cigré DCS3 test HVDC grids

4 | SIMULATION RESULTS

4.1 | Understudy network

The diagram of the under-study network is shown in Figure 7 In
this paper, Cigré DCS3 test grid is used to analyse the proposed
method.

This grid consists of four AC areas that are connected via

a 5-terminal bipolar power converter station [38]. The HVDC
transmission lines are considered by the FD-7r model.

4.2 | Optimization parameters of DC-PSS

Stabilizer parameters must be adjusted before the optimal place-

ment of the inertia and DC-PSS emulation loops to reduce the
value of the objective function Equation (20).

’

Error = Z /z‘(|AVM| + |AP/,|)dt 26)

b=1 0

Integration of the area under the curve of oscillation of direct
voltage and the area under the curve of oscillation of active
power for n AC/DC bus during specified time is exposed in
Equation (26). The main contribution of this paper is to facili-
tate inertia emulation based on the 2-1”droop control and DC-
PSS of an MMC. So, the frequency stability has been considered
in parameters optimization through active power variations in
Equation (26). According to this equation, if there is no fault
or malfunction in the system, the Error function will be zero.
In this paper, the PSO algorithm is employed to determine the
DC-PSS parameters based on Equation (26) [39]. The proce-
dure of solving the optimization problem by PSO algorithm is
such that at the beginning and at the specified time, a fault is
applied, the zone below the DC voltage oscillation curve and
active power oscillation curve is calculated for all AC/DC buses
and finally, all calculated areas are used as performance criteria
in Equation (26). Then, the goal is deliberated.
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TABLE 1
fault in BA-AO

Optimization result for DC-PSS by PSO algorithm following a

TABLE 3
fault in BA-B1

Optimization result for DC-PSS by PSO algorithm following a

Parameter Kpc T; (s) T, (s) T3 (s) Ty (s) Parameter Kpc Ty (s) T, (s) T3 (s) T, (s)
Optimal value 131.2 0.0184 0.0107 0.00132 0.007 Optimal value 131.2 0.0183 0.0108 0.00131 0.0069
P P
Minimum 1 0.01 0.01 0.01 0.01 Minimum 1 0.01 0.01 0.01 0.01
value value
Maximum 1000 0.1 0.1 0.1 0.1 Maximum 1000 0.1 0.1 0.1 0.1
value value
TABLE 2  Optimization result for DC-PSS by PSO algorithm following a TABLE 4 Comparison of the parameters obtained from two algorithm
fault in BA-BO .
Kpe T (s) T, (s) T; (s) Ty (s) Repetition
Parameter Kpc T; (s) T, (s) T3 (s) Ty (s) BaAO
Optima] value 131.1 0.0174 0.0105 0.00131 0.0072 1311 0.0180 0.0105 0.00133 0.066 95
Minimum 1 0.01 0.01 0.01 0.01 PSO Ba-BO
value
131.8 0.0179 0.0103 0.00128 0.068 120
Maximum 1000 0.1 0.1 0.1 0.1
Ba-B1
value
132.2 0.0184 0.0109 0.00130 0.069 126
Ba-A0
. . 132. .01 .01 .001 . 2
However, the design problem of DC-PSS has the following 323 00T 00104 000134 0.0067 00
constraints: GA Ba-B0
132.1 0.0177 0.0105 0.00138 0.0065 200
Kpc min < Kpe < Kpcprax @7) Ba-B1
132.9 0.0181 0.0105 0.00129 0.0067 200
E,mz'ﬂ < 71 < E,max (28)
the table shows, the proposed PSO algorithm achieves a better
< <T 29 response than the GA algorithm, it also has a faster response
2o = F2 = 52, 29) and fewer repetitions.
By S BB (30 4.3 | Optimal placement of the proposed
method
Ly pin < 1y £ 14y (31)  'The participation factor (PF) method is employed in Cigré

Initially, PSO starts with a population of random solutions
and then searches for the global optimal solution through con-
tinuous up-gradation of the populations.

The optimum parameters of DC-PSS and limitation of each
parameter with 120 repetitions following a three-phase fault in
Ba-AO0 place with a duration of 150 ms are presented in Table 1
The optimum parameters of DC-PSS and limitation of each
parameter with 120 repetitions following a three-phase fault in
Ba-B0 place with a duration of 150 ms are presented in Table 2
The optimum parameters of DC-PSS and limitation of each
parameter with 120 repetitions following a three-phase fault in
Ba-B1 place with a duration of 150 ms are presented in Table 3

For robustness of the solutions, the obtained values of
parameters of the Genetic Algorithm (GA) and the PSO algo-
rithm are compared following several faults including a three-
phase fault with a duration of 150 ms in Ba-A0, Ba-B0, and
Ba-B1. The results of this comparison are shown in Table 4 As

DCS3 system to determine the appropriate location of the iner-
tia emulation loop and DC-PSS.

Important data about the MIMO system can be reveals by the
method of singular value [40], so, it is employed in multivariate
systems. Singular value analysis calculates the gain among the
reference of the power of a particular power converter and volt-
age of terminals. The plane of the singular value according to
Equation (12) shows the gains between the norm of Euclidean
of the input vector and its output in the range of frequency [41].
The terminal with a bigger singular value in a particular fre-
quency range can be selected as a decent place for DC-PSS and
inertia emulation loops due to the sensitivity to power change in
this place. The data of the system are given in Table 5

Figure 8 shows the diagram of poles and zeros of the small-
signal control model with different values of H.

As shown in Figure 8 the system is generally stable and all
poles are on the left side of the complex plane. This figure shows
that by increasing the inertia constant value from zero to 4 s,
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TABLE 5 Parameters of power converters
Value Parameter
160 per arm Ny Number of submodules
3.5 mF C: Submodule capacitance
4 H: Emulated inertia time constant
50 Hz /o Rated frequency
5
x10
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FIGURE 8 Zeroes and dominant poles between //=0to H=4(N=1,
C=3.5mkF)

conjugate poles of the system move to the zero axes, but the
poles located on the horizontal axis, move farther from the axis.
The singular values between the voltage vector and power of
specific terminals for a closed-loop model are shown in Figure 9

Table 7 shows the normalized participation factors associ-
ated with eigenvalues that bigger than 0.2 and it shows the state

T T

ol _
-100 1.96 Hz © b
-184 dB
200 58.5 Hz |
)
T 300}
(0]
el
2 -400f \
g -326 dB
T _ 29.8Hz |
500 -Cb-
= gi :; -307 dB
-600 i b
— Cb-B1 305 H
. ¥4
-700 Cb-C2 N
-Cb-A1
-800 5 = >
10 10
Frequency(Hz)
FIGURE 9  Singular value plans of the closed-loop models for direct

voltages of the terminal with £4;0p 0f Cb-B1 = 0.25; £4;00p 0of Cb-B2 = 0.52

TABLE 6
modes

Frequency, damping related to the eigenvalue for the oscillatory

Inertia loop and
DC-PSS in Cb-B1

Inertia loop and
DC-PSS in Cb-B2

Eigen value —2.27 + 18.95/ —1.08 + 17.36/

Damping ratio 0.119 0.0620

Frequency (Hz) 1.51 2.76

Eigen value —19 + 110/ =23+ 113/

Damping ratio 0.17 0.12

Frequency (Hz) 17.50 17.98

TABLE 7 Normalize Participation factors for all buses

Eig. State variable Normalized PF Bus

—10.5 Aey, Avy, Axiy, Auty, 0.32,0.95, 0.221, 0.99 Cb-B1
Avy, Ay, Any, Adyy, 0.12,0.47,0.61, 0.92 Cbh-B2
Aey, Avy, Axciy, Any, 0.73, 0.81, 0.02, 0.24 Ch-Al
Axy 0.33 Cb-C2
Auy, Adyy, 0.382, 0.36 Cb-D1

—1.39 £ 18.71 Aey, Ay 4 Avy, 1,0.91,0.51 Cb-B2

-2 Avy, Aey, 0.41, 0.62 Cb-Al
Aey, Ax;y Avy 1,0.892, 0.981 Cb-B1

variables and their related bus. Table 7 shows that the insecu-
rity mode has special values associated with Cb-B1 concerning
the participation coefficient. This demonstrates the Cb-B1 that
used droop is a proper place to install the proposed controller
to compare the converter without a droop controller.

The frequency oscillation and damping ratio eigenvalues of
the system according to the location of the inertia loop and DC-
PSS are shown in Table 3 This table shows that the system with
inertial loop and DC-PSS in Cb-B1 has a higher damping ratio
in compare comparison with the network with inertia loop and
DC-PSS in Cb-B1.

Table 6 revealed the participation factors following the low
frequency very weak damply terminal modes, according to its
voltage. For each of the finite eigenvalues that correspond to
the corresponding state variables of the system model, the PF
participation coefficient is written.

4.4 | Investigation of the proposed method
for the understudy network

In this part of the paper, the effect of the inertia emulation
loop and DC-PSS alongside with droop controller on the Cigré
DCS3 grid is investigated under three scenarios. These scenarios
are examined as follows:

Case 1: This scenario is reducing the power output of the
Cb-A1l bus at 3 s.
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Case 2: This scenario is 3 phase fault with a duration of
3-3.5 s in Ba-A0.

Case 3: This scenario is 3 phase fault with a duration of
3-3.15 s in Ba-B0.

In these simulations, the inertia control loop is applied to the
Cb-B1 bus converter. DC voltage and active power of the Cb-
B1, Cb-B2, Cb-Al, Cb-C2, Cb-D1 by udlizing DC-PSS, inertia
emulation loop.

Casel: This scenario is reducing the power output of the Cb-
Al bus at 3 s: As shown in Figure 10a at 3 s as the power
output of Cb-Al decreases, the voltage in the Cb-B1 changes
from 1.015 p.u. to 1.01. At the same time, the output power of
this bus is changing from about —200 MW to about —10 MW.
As shown in this figure, by adopting the inertia control loop
and DC-PSS, the power fluctuation is eliminated and it slowly
reaches to steady-state condition without any drop or a sudden
increase in its signal. Also, by using DC-PSS alongside the inet-
tia emulation loop, the dynamic performance of DC voltage can
be improved. Figure 10b shows the simulation results under the
previous scenario on reducing power production of the Cb-B2
bus. The results for this bus also confirm that the stability of the
output power of Cb-B2 can be improved by using both DC-PSS
and inertia emulation.

As shown in Figure 10b in addition to the output power, the
DC voltage does not decrease or increase abruptly using the

inertial loop and slowly reaches its final value. The simulation
results for the Cb-A1 bus also show in Figure 10c

It should be noted that the proposed method has a good
performance in power-sharing and does not impair the perfor-
mance of the droop controller. As it is shown in Figure 10d e,
the simulations for these buses repeat the same previous results,
except that the controller for these buses is a power controller.
The frequency of the grid under the conventional method, DC-
PSS, and by using DC-PSS with inertia is shown in Figure 10f As
this figure shows, the frequency using DC-PSS equipped with
inertia has a lower peak.

Case2: This scenario is 3 phase fault with a duration of
3-3.5 s at Ba-AO: Figure 1la displays the voltage signal
of Cb-Al under three-phase short-circuit at Ba-AO from 3
to 3.5s.

In the current part, to investigate the impact of DC-PSS,
three Cb-B1 basses as the optimal location and Cb-B2 bass as
the second optimal location according to Tables 3 and 4 and the
Cb-A1l bus arbitrarily designated. Also, Figure 11b shows the
fluctuations of the frequency of the AC side of Cb-B1 power
converter. As shown in Figure 11b the use of DC-PSS equipped
with inertia, under 3 phase fault with a duration of 3-3.5 s at Ba-
AQ, has also contributed to AC frequency stability. This figure
shows that the DC-PSS and the inertia emulation loop located
in Cb-B1 as the optimal location can damp oscillations under
fault conditions.



AZIZ1 ET AL.

3924 |
=1.02
1.02 ‘% it
g 1.01 conventional
o DC-PSS
E) 1018 § 1 DC-PSS with inertia
- 3 35 4 45
< 1.016 . , ‘
o)
O
“6 ;E’\TSO.Z A)
g 1.014 , 5 49.99
> conventional s 50 =
> 49.98
1012} Cb-B1 & Cb-B2 | §49.8 34 35 36
) Cb-B1 & Cb-A1 3 35 4 45
Cb-B1 Time(s)
1.01 — : ‘
3 3.5 4 4.5 FIGURE 12  Direct voltage of Cb-Al after an incident fault in Ba-B0 and
Time(s) frequency of the grid after an incident fault in Ba-BO
(a)

Case3: This scenario is 3 phase fault with a duration of 3—
= conventional 3.15 s at Ba-B0: Figure 12 shows the fluctuations of the fre-
s 11! DC-PSS quency of the AC side of the Cb-Al power converter. As
o DC-PSS with inertia shown in Figure 12 the use of DC-PSS equipped with inertia,
8 105! under 3 phase fault with a duration of 3-3.15 s at Ba-B0, has
S also contributed to AC frequency stability. This figure shows
.~ that the DC-PSS and the inertia emulation loop located at Cb-

1t B1 as the optimal location can damp oscillations under fault
conditions.
50.04 ¢
N
< 8002 5 | CONCLUSION
e 50}
8 49 98 Direct voltage oscillations, lack of inertia, frequency fluctua-
g ' tions and generation balance, demand, and power losses jeop-
L 49961 ardize the stable operation of the HVAC/HVDC grids. To
49.94 address these issues, in this paper, a method is proposed that
enables the power converters to emulate system inertia for fre-
(b) Time(s) quency stability enhancement in the events of direct power
fluctuations and operate alongside the DC-PSS and droop
FIGURE 11 (a) Direct voltage of Cb-A1 after an incident fault in Ba-A0; controller. This method prevents sudden fluctuations in fre-

(b) frequency of the grid after an incident fault in Ba-AO

TABLE 8  The area under the frequency fluctuation curve for » DC buses
with inertia emulation loop and without inertia

Cb-B1, Cb-B2 Cb-B1, Cb-Al Cb-B1 Conventional
0.097 0.105 0.109 0.162

Table 8 shows the value of the objective function (26) under
three short-circuit in Ba-AO to guarantee the correctness of
the responses. This table demonstrates that a system that used
DC-PSS and an inertia emulation loop in the optimal location
responds better than other conditions.

quency, power, and direct voltage and it has similar behaviour
to synchronous generators against abrupt changes. This paper
shows through various analyses and simulations that the intro-
duced method significantly improves the overall stability of the
system.
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