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Abstract—Virtual inertia is known as an inevitable part of the
modern power systems with high penetration of renewable
energy. Recent trend of research is oriented in different methods
of emulating the inertia to increase the sustainability of the
system. In the case of dynamic performance of power systems
especially in automatic generation control (AGC) issue, there are
concerns considering the matter of virtual inertia. This paper
proposes an approach for analyzing the dynamic effects of virtual
inertia in two-area AC/DC interconnected AGC power systems.
Derivative control technique is used for higher level control
application of inertia emulation. This method of inertia
emulation is developed for two-area AGC system which is
connected by parallel AC/DC transmission systems. Based on the
proposed technique, the dynamic effect of inertia emulated by
storage devices for frequency and active power control are
evaluated. The effects of frequency measurement delay and PLL
effect on are also considered by introducing a second-order
function. Simulations performed by Matlab software
demonstrate how virtual inertia emulation can effectively
improve the performance of the power system. A detailed
eigenvalue analysis is also performed to support the positive
effects of proposed method.

Index Terms—Automatic Generation Control, Virtual Inertia,
Interconnected Systems, Load Frequency Control.

I. INTRODUCTION

IBERALIZATION of power industry as well as

integration of large-scale Renewable Energy Sources
(RES) are leading to make more adaption in the structure of
conventional methodologies in power system. Automatic
Generation Control (AGC) and Power Oscillation Damping
(POD) analysis are very important in power system dynamic
[1]-[3]. Deregulation of conventional scenarios of power
industry considering high penetration of RES, make several
adoptions in these important research areas [4]-[6]. The recent
trends of research are through the adoption of previous
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concepts and conventional models considering new AC/DC
complex scenarios with more application of DC
interconnections and RES penetrations [7]-[9].

During the last decade, many researchers tried to propose
new models for load frequency control, considering
competitive environment, which was usually based on
previous conventional generations. More details regarding
generation by renewable resources considering Energy
Storage Systems (ESS) were also proposed in many references
[5]-[8]. Integration of RES is the main challenge for electric
industry. During the steady state operation, the generation and
consumption of energy must be balanced and any unbalancing
will cause frequency and tie-line power mismatching. It is
known that the rate of change of frequency (ROCOF) depends
on the initial power mismatch and system inertia.
Furthermore, power system is facing with high penetration of
renewable resources with less inertia. The lack of inertia in
modern power system, which caused by high penetration of
RE sources and power electronic based components, will
make a big challenge for the system. For example in PV
generation there is not any mechanical part with inertia and
also in case of wind and wave energy, because of decoupling
the prime mover from electrical generator, they cannot
contribute directly in total inertial of the system [9]. Therefore,
technical methods for providing inertia will be very useful. In
the generation level, applications of energy storage devices are
very important in order to recover the lack of inertia in power
electronic parts of generation [8] and facilitating RES to act as
a conventional generator for frequency support issues [8]-[11].

At the transmission levels, in parallel with high penetration
of renewable energy sources, there are huge increase of
installation and applications of the High Voltage Direct
Current (HVDC) interconnections especially after 2010.
Positive effects of DC interconnections are clear and various
advantages like frequency conversion, connections of
asynchronous areas, more controllability, and expandability
are reported by many researchers [12]-[14]. Power oscillation
damping is another feature of HVDC links using POD
controllers over the fast response electronic converters which
can contribute in damping of inter-area oscillations [12].
Technologies that can help to increase power system
flexibility are critical to reaching renewable energy integration
targets. Energy storage Systems (ESS) are one of the
promising tools for adding more beneficial advantages from

0885-8950 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2016.2644698, IEEE

Transactions on Power Systems

HVDC and converter based systems [15]-[16]. Grid-scale
energy storage is widely believed to have the potential to
provide more flexibility [17] which led to research
investigation on both the technical and economic issues
surrounding ESS applications. A variety of battery
technologies are being scaled up for grid application [17].
These have the flexibility to provide support services for
customers and distribution grids as well as balancing or
frequency regulation services. As reported in [18]-[19] battery
and super-capacitor units can be used for high power
applications. Application of Superconducting Magnetic
Energy Storage (SMES) as bulk energy storage is also
presented in [13] and [20]. An inertia emulation control (IEC)
system is proposed in [15] which allow VSC-HVDC system to
perform an inertial response in a similar fashion to
synchronous machines.

In this paper, the inertia emulation concept using a
derivative term control strategy suitable for frequency support
applications in AGC interconnected systems is presented. The
requirements in the frequency control and the net power
interchange in a multi-area interconnected power system are
settled by the automatic generation control. AGC concept is
known as higher level control at the transmission level. This
higher level control will generate the set-points for all the
local components which are under control by their local
controllers. Since, in real practice, the measurements of
frequency is very important using derivative control method,
the effects of frequency measurements and PLL dynamics are
also added into the system modelling by considering a second-
order function.

In the following sections, the dynamic model of multi-area
AGC system with AC/DC connection will be explained in
section II. Then the concept of inertia emulation by derivative
term with different model considering the models with and
without PLL measurements is presented in section III. System
analyses in a two-area system are given in section IV.
Eigenvalue analyses are presented and discussed. Simulation
results for a general case study are also presented in section V
and finally the paper is concluded by section VI.

II. SYSTEM MODELING

The power system is assumed to contain two areas and each
area includes two generation companies (GENCO). The
studied model consists of parallel AC and HVDC lines with
added storage system. The block diagram studied load
frequency control (LFC) system is shown in Fig. 1.
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Fig. 1. The configuration of interconnected system with HVDC link.

In this model the power electronics are used as interface to
control storage behaviour in response to AGC signals in order
to improve frequency deviations [17]-[20].

The converter will be controlled to keep the storage element
charged during normal operation and then help the system
during contingencies. Based on this explanation, the ESS is
used to provide additional inertia using derivative control
method. A brief review regarding interconnected AGC
modelling considering HVDC links is presented as follows.

A. VSC-HVDC Transmission

Modeling of voltage source converter especially for large
scale power system is a very important issue. In case of
HVDC analysis through complex AC grids, fast transient
effects of switching part of VSC could be eliminated using
average value models. Figure 2 shows the general structure of
VSC-HVDC transmission system with their control actions.
The main control blocks of VSC as shown in Fig. 2, are inner
and outer control loops.

AC system1 AC system2
N VSC1 T VSC2 )
Jlﬂ- CTH
VYatel "m 1 u
v [ L]
Current . Current
) Y Control Conrral
|L’?| - Outer I T Outer e— Voo
% ._G\o controllers e [ controllers Ve
Q"o T o Q"

VSC Stationl VSC Station2

Fig. 2. General structure of VSC-HVDC control system.

Inner current control of HVDC is a fast dynamic control
system for controlling the AC current in this system. The
references were provided by outer control. For implementing
inner control, different control methodology can be used [23].
By means of this current controller the voltage set-points for
PWM converter will be provided. The outer control loops are
responsible for generating the reference values mainly for AC
current references. Reference for active current should be
obtained from the DC voltage controller, active power and
frequency controllers. Furthermore, the reference value for
reactive current can be derived from AC voltage controller and
reactive power controller. But depend on the special
application, some of these controllers will be used.

Usually in HVDC system, one converter will be
responsible of active power flow control and the other
converter will control the level of DC link voltage.

B. AGC structure for AC/DC system

The load frequency control and AGC issue is well
discussed in power system control literatures [1]-[4].To
understand the concept of LFC problem, the Area Control
Error (ACE) is introduced. In a two—area power system model,
the ACE is defined as follows:

ACEi = ﬁlAfl + APij (1)

where the AP;; is the net tie-line power flow variation
—APy), f is the system’s
frequency; B, is referred as the frequency bias and is generally

between two areas (AP; =
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referred to the tie-line bias control. Therefore, in a normal
two-area AC link we have:

APij = APtie,AC )
Af = factuar = fscheaute 3)
The state space presentation of i area could be as follow:
K, .
Aw; = Ti‘l’l’m [APm i — APy — APy 4] “4)

where AP;;(i = 1,2) is local load deviation, K,; is the power
system gain, Tp;is the power system time constant, AP,
(k = 1, 2) is the output of generation units and:

K= T, = Yoysmi _ 2Hoysi/@o )

i
P Dsys—i P Dsys—i Dsys—i

Considering that Hyy;_; and Dg,,_; are inertia and damping.
The rest of the variables could be defined as follows:

1 Aw;
1+ sTtg'ik R; X 2m
where R, (k = 1:4) is considered as droop for each
generation company (GENCO). It is assumed each GENCO
model consist of its turbine and governor model and T, is
overall the time constant of turbine-governor units in each

GENCO [5] and [21]. The reference of generation units in i
area will be based on ACE and could be considered like this:

APp i = — KjiAPyepi (6)

ACE; 11pB;
APTEfi = _S : = ; [jA(Dl + APtie,AC] (7)
T
APpigac = S [Aw; — Awj] ®)

and Tj; is also the synchronization power coefficient [1].

In order to model the HVDC link for dynamic analysis and
implementing of the damping controller on the interconnected
systems, the concept of Supplementary Power Modulation
Controller (SPMC) is used [12]. The block diagram of the
SPMC for modelling the VSC-HVDC in AGC power system
is shown in Fig. 3. The power flow through the VSC-HVDC
link is modulated based on the frequency variations at the two
sides of the DC link and the variations of the AC power flow
between the areas with the parallel VSC-HVDC stations. In
this study, the dynamics of fast transient HVDC power
electronic parts is neglected because the time constant of
electronic parts is much smaller than mechanical part involved
in dynamic analysis of power system.

The SPMC is designed as higher level damping controller
to improve the performance of power system during load
changes. The frequency deviations are used as a control signal
for the VSC-HVDC units to control the power flow by
changing the duty cycles of converters. The coordinated
control strategy for this kind of HVDC link can be written as
follows:

Axpe = KpiAw; + KpcAPye ¢ + KriAw; )

Considering that Axp is the control signal for the DC link
(the desired DC power reference), Kf;, Krjand Kpc are
control gains. The HVDC link is also represented in the form
of a transfer function:

APpe = GpXpc (10)

1

G,(s) = ————
p(9) 1+ 5Ty,

Y

where Tp is the time constant of the HVDC unit and APy is
DC power flow through the system.
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Fig. 3. Diagram of SPMC to the power system with parallel AC/DC links.

The Axpcis the input signal of HVDC which will be
generated by frequency deviations of each interconnected
areas and AC tie-line power deviations (in case of any parallel
AC line with HVDC transmission link). As mentioned in [14]
and [22] for this type of higher level control design, the proper
time response could be between 100 ms to 500 ms. In this
study, the time constant is assumed 300 ms for Tp.. The total
tie-line power variation in AC-DC system becomes:

AP;j = APp¢c + APgjg ac

where APy is a power modulation by HVDC link [1].

12)

III. VIRTUAL INERTIA BASED ON DERIVATIVE CONTROL

A. Virtual inertia concept

If the active power through the power -electronics
converters of the storage device is controlled proportionally
with the derivative of the grid frequency, a virtual inertia in
the power system is emulated, which will contribute in
enhancing the inertial response of the system against the
change in the power demand. The control law for the active
power of the power converter will be as follows [8]:

d(Aw)
Pemutate = KaWo dt

where Pgyate 18 the emulated power, k, is the proportional
conversion gain and w, is the nominal grid frequency [8]-[10].

B. Proposed model of AGC with virtual inertia

In this section, the proposed model for hybrid AC/DC link
with the ability of storing energy and inertia emulation by
derivative control is explained. This model is presented in
Laplace domain with per unit value.

If the active power through the converter is controlled
using the derivative of the frequency, a virtual inertia could be
emulated in the system, thus enhancing the inertial response of
conventional generator to changes in the power demand. The
emulated power (APggs) can be defined like this:

BPessi(5) = Ty T Bon (5]
where Tggg; is also the time constant of added filter for

13)
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imitating the dynamic control for electronic storage devices
and J; is the controller gain representing the virtual inertia.
This control concept is the derivative control, which
calculates the ROCOF and with a control gain modifies the
active power reference of storage device for emulating the
inertia. Adding the emulated power will modify (5)-(6) to the
following equations:
B (s) = —2
YT T ST,
+ APggs; — APy;)

AP,y i — DPyig ac — AP
( m,ik tie, AC DC (14)

In order to perform detailed analysis for the two-area power
system, the complete state space presentation of the studied
system should be performed.

x =Ax + Bu (15)
where the state matrix A is partitioned as follows:
Ayr Ap
A=Ay Ay (16)
A31 A32

(12x12)

Therefore, each sub-matrix of two-area model is as follows:

L fmkmogog o o e
Tp1 Ter Tpa o
0 — 0 02T o 0 =
Tp, Tp2 Tp2 Tpz
|21 Tig Teg1 Teg1
A= 0 == 0 02 0 o0
27TR, Tt gz Tig2 Teg2
0 L0 0 Lo o X 9
27R;3Tgs Tigs Tigs
2MTR,Ttga Tiga Tega “(6x9)
r—Kp1 —Kp1
Tp1r  Tp1 b 0 0..0 1]
ZKpy 0 —Kpy 2
Ay =| T2 Tp2 » A1 =10 £ 0 -1
0 0 0 T, —zTﬂ
c Lor 2 00 Ol
X
0 0 0 Jex3
-1
100 e 0 0
Aypy=[-100 s Az = Q1110 1111 O
0 0 0lzxs @20 0 @212 (3x3)
Ke1 K K
JL 2 g 9 o 0 00 A
Asq = Tdc TdC TdC
317 g, 0 agi3 @4 O 0 00

0 a2 O 0 ay25 @126 0 0 a9 (3%9)

As identified in state space presentation of global system,
the parameters of derivative control are appeared in sub-
matrices As; and A;5 which are related to derivative control
state variables. In fact, these parameters are presented in 11%
and 12" rows of the global system matrix A and could be used
in analysing the system performance. Therefore, the elements
of interest in matrix A are the elements which contain the
control gains of derivative control components (J; and J2) in
sub-matricesA3; andAs5 . These elements are as follows:

-J1 J1 Kp1 J1 Kp1

a = =
> 1L TesslTpl’

a11,4

Ai11 =
! TesslTpl’

Tess1 Tp1

4
1 Kp1 J1 Kp1 —J1 Kp1 -1
a =—a =—0a = —
119 Te siTpl, 1110 TesslTpl’ 1111 Tess1Tp1  Tess1
_ ]2 _ J2Kp2 _ J2Kp2
Q2o = — 01— Qs = — Q126 =
ess2 Tp2 ess2Tp2 ess2Tp2
a _ J2Kp2 _ J2Kp2 a _ S Kp -1
129 — 12,10 — 12,12 —
Tess2 TpZ ’ Tess2 TpZ ’ Tess2 TpZ Tess2

As shown in this model, we will have two more gains
(J; and J,) related to inertia emulators for both areas. Usually,
it would be possible to define a cost function for obtaining the
optimum values for these control gains. These gains could be
defined based on optimization theory by minimizing the
following cost function [1]-[5]:

J= f [ACE? + ACEZ dt (17)

This cost function is the regular function which is based on
the ISE (Integral of Squared Error) method [5]. It should be
noted that the ACE is the area error which is consisted of
frequency and tie-line deviations in each area. The control
parameter for this case study could be obtained using the eq.
(17) and classical FMINCON function in Matlab software.
The generic non-linear optimization routine FMINCON solver
could be used as a classical optimization which implements
the Sequential Quadratic Programming (SQP) and the interior-
point method for optimization of LFC problem [5].

C. Dynamic effects of frequency measurements

1) Model of PLL Dynamics

Usually the Phase Locked Loop (PLL) is one of the
methods for synchronizing the converter to the grid and to
measuring the frequency. Its dynamics can be approximated
by a first-order or second-order model [23]. A general control
structure of grid-connected converter with DC link and PLL is
shown in Fig. 4. As shown in Fig. 4, reference values for
active and reactive powers are coming for higher level control
actions like droop frequency control. Related current
references could be obtained based on the concept of
Instantaneous Active-Reactive Control in the reference
generation block [23].

Converter component

AC side Ly v
i \. )} N—AN—] J

w7 [Ai] g
%r PWM e

Relerence §

. B Inner current control
Gieneration

Control structure

Fig. 4. A typical control structure of grid-connected converters.

The inner current loop controller is used for providing the
reference voltage for converter. The angle of the grid voltage
is provided by a PLL. This PLL can be used for estimating the
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frequency. This estimation is very important for proper action
of inner current controller. The power references are coming
from higher level control. The power reference is made by
derivative control for emulating the inertia in two-area
interconnected power system.

As explained before, the dynamics of converter and HVDC
could be modelled as a first-order transfer function with a
proper time constant imitating the control time of its
components. In this study, in order to evaluate the dynamic
effects of PLL and delayed measurements, more detailed
model is considered by adding additional transfer function that
model the dynamics of PLL and delayed measurements. The
general block diagram of derivative control with PLL is
presented in Fig. 5.

ROCOF

e PLL measurement! Vo AP
d\rnamlcs ? df

Fig. 5. Block diagram of derivative inertia emulation strategy.
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= Grid
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For defining a proper model imitating the dynamics of PLL
in higher level control analysis, a brief review is presented
over the normal components of PLL. The basic structure of
PLL is presented in Fig. 6. It contains of Phase Detector (FD),
Loop filter (LF) and Voltage-Controlled Oscillator (VCO).

PD{s) LF(s) VCO(s)

Input singal g Output
1
A Ts

Fig. 6. Small signal model of a basic PLL.

Considering unitary values for PD and VCO gains of this
closed-loop system (kpq = ki, = 1), will give the following
characteristic transfer functions. Open-loop transfer function:

kp
kpS + T_l (18)
For(s) = PD(s). LF (). VCO(s) = ——5—
Therefore, the close-loop transfer function is:
k
For(s) _ kPS + T_I:
1+ For(s) B

H(s) = (19)

k
s2+kys+-L

T;
This second-order transfer function can be written in a
normalized way as follows:

2{w,S + w?
H =~ 20
pua(S) 52+ 20w,s + w3 20)
where
w, = kTi and z=—V’"’2"T" @21)

The approximated time constant of this second-order
function could be 7 = % for 1% of steady state response [23].

Wn

2) Modelling considering the PLL measurement dynamics

For estimating or measuring the frequency different
components like PLL can be used. These components will
introduce some delay with specific dynamics to the system
[22]. Therefore, it would be important to take into account
these effects in term of derivative control implementation on

frequency regulation of the transmission systems. As
explained in previous section, the dynamic behaviours are like
a second-order system which can be added in the LFC model.
It should be mentioned that, the second-order block in the
proposed LFC scheme is not the exact model of a PLL and is
mainly representing the dynamics of a remote PLL with its
delay for frequency measurement in high-level LFC
applications. The modified model of two-area interconnected
power system with derivative control method adding the PLL
dynamics is depicted in Fig. 7. As explained before, in the
second-order transfer function, there is one zero in the
numerator. This zero will exhibit some overshoots in the
system responses.

The relationship between input and output signals in this
second-order system could be identified as follows:

(22)

The input signal u(t) is the grid frequency Aw; which is
related to other state of the global multi-area system and the
output signal will consist of two states variables.

V+ 20w,y + 0wy =2{w, + w2 u

Axqyp
AYp = APgssp = Ax (23)
2,P
Area1_ T Ay
A
GENC -
Mg
PLL Dynamics Derivative control
k,s+k, /T, 6‘%
s ks tk, T I+STF$S 1 AP
K |
L, [=
Al s 2 -
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: » i) E]' |+sTF“_
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ws -
' GENCO -

Area2 - A

Fig.7. Proposed model for HVDC interconnected system with ESS derivative
control and PLL dynamics.

Based on classic control concepts, this second-order system
could be represented by a set of two linear state equations.

P R P | el

Ax, p —wi  —2{wn|[Ax,p
*loza, atl [
Therefore, considering the input signals (Aw;) for i
(i=1:2) of two-area interconnected system, complete state
equations of these new states could be as follows:

AXy p; = DXy p;
= P1i Aw; + B APpj + B3 APrie ac
+ Bui APpc + Ps i APgss;

+ Be,i Axypi + Bri Axyp;
+ B, APy,

(24)

arca

(25)
Nt pi

(26)

where

—2{iwni

Bri = T

28;wni Kpi
+ (‘)nl ﬁZL - ‘
pi pz
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Bsi = —2{;wni Kpi Bui = —2{wn; Kpi
3, Tpi » P4, Tpi
—2{;wn; Kpi 2
Bsi=—F — » Bei = ~wp
pi
—28;wn; Kpi
Bri = —26iwni, Poi = —F —
pi

Based on presented information about adding a new
second-order system, the linearized mathematical presentation
of the studied two-area system could be update as follows:

Ax = A,Ax + B,Au (27)
where A, is the new state matrix considering the dynamics of
PLL and measurements in the system with derivative control.

p,11 Ap,lZ

(28)

p.21 Ap,ZZ

A
4, =4
(16x16)
Therefore, A, 1, could be extracted from sub-matrices 4,4
and A;, of (17) and the new sub-matrices are:

“Kp1 Kp1 o 0'|

In Table I, the values of all the modes for the system with
derivative control are compared for different values of control
gain Ji (located in area one). From the presented information
in this table it can be observed that the first mode A; has the
highest variation. It means that this mode will be more
sensitive to the change of parameter in area one.

In order to assess the system behaviours over a wide range
of parameter variation, eigen trajectory is also performed. In
Fig. 8-a, the movements of all modes after changing the
derivative control gain (J;) for a very wide range is presented.

TABLE I
EIGENVALUES FOR DIFFERENT VALUES OF J; (WITH J,=0.093).
Modes J,=0.1 Ji=0.8 J=2.2 J=2.9
Ay -58.45 -195.6 -470.12 -607.41
2, -52.96 -52.97 -52.96 -52.96
A3 -23.25 -23.65 -22.51 -22.51
A4 -0.78+i1.87 | -1.17+i1.90 | -1.25+i1.89 | -1.27+i1.89
Ag -0.78-11.87 1.17-i11.90 -1.25-11.89 -1.27-i1.89
e -0.21+i0.36 -0.180 -0.0007 -0.0005
A, -0.21-10.36 | -0.19+i0.24 | -0.22+i0.22 | -0.23+i0.22
g -0.427 -0.19-10.24 -0.22-i0.22 -0.23-i0.22
2o -2.154 -2.201 -2.201 -2.201
10 -2.248 -2.491 -2.571 -2.590
A1 -2.695 -2.701 -2.701 -2.701
212 -2.631 -2.631 -2.631 -2.631

I Tyr Tpr
” 22 g 2200
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Ap11 = “] Apz=| 0 0 00..0
P Az (9%9) n HE :
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A B 0 J2B1,2 0 0 J2B22  J2B2;2 00 J2Bs,2
P21 — Tess.2 Tessz  Tess;2 Tess,2
0 0 0 0 0 0 00 O
ﬁl,l 0 BZ,I BZ,I 0 0 00 ﬁ3,1
0 0 0 0 0 0 00 O
0 Bz 0 0 Bap B2 0083, 1,
9 o Kn Kn K K
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—J1Ba1 J1Bs1 —1 J1Besx  J1(B71+1) 0 0
Tess.l Tess.l Tess,l Tess.l
J2Baz J2Bs2—1 0 0 J2Be2 J2 (B7,2+1)
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p.22 ess.2 ess.2 ess,2 ess.2
0 0 0 0 1 0 0
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IV. SYSTEM ANALYSIS

In this section, the analysis are focused on two parts. The

After increasing the control gain (J;), the 6® mode (Aq) is
another mode which has some negative effects on the system
by moving to the right. Therefore, it is obvious that designing
the control gain will be a trade-off for having the most
optimum response. Participation factors for different modes
are presented in Table III. As shown in this table the main
participation for A;, are from the power states of ESS
elements. While the main participants for mode A4 are the area
control error and frequency deviations (AACE; , Aw¢, Aw,).

The effect of various changes on the other parameter (J2)
which is located in Area2 (area without contingency) is also
presented in Table II. As shown in Table II, the second mode
A, will have the most variation for different values of J, which
will indicate that the second mode of the system is more
sensitive to the changes of J». It is obvious that by increasing
the J> values, several modes (like: A4, Ag, Ag, A; and Ag) will
move to the right which will deteriorate the dynamic
performance of the system.

first part is focused on the effects of derivative control gains
and inertia itself on the system performance and the second
part of analysis is focused on the effects of the frequency
measurements dynamics on the system with virtual inertia.

A. Eigenvalue analysis of virtual inertia

The dynamic effects of inertia emulation by derivative
control method for presented system in eq. (16) are analysed.
Analyses are performed in Matlab platform and the system
parameters are given by [1] and [12]. The main objective of
this section is to analyse the effects of derivative control gains
on the performance of the system. Based on presented state
space models in section IV.B, the eigen-value of two-area
power system for different parameters of derivative control
gains, as shown in Table I and II, could be obtained.

TABLE II
EIGENVALUES FOR DIFFERENT VALUES OF J, (WITH J;=0.85).
Modes J>=0.01 J>=0.05 J>=0.15 J>=0.5
A -209.32 -209.32 -209.32 -209.32
2, -40.10 -46.23 -61.90 -116.87
A3 -22.42 -22.55 -22.70 -22.83
A -1.29+il.7 -1.22+i1.82 | -1.15+i1.97 -1.10+i2.01
A -1.29-11.7 -1.22-11.82 -1.15-i11.97 -1.10-i2.01
g -0.22+i0.11 -0.201 -0.15 -0.08+i0.22
. -0.22-i0.11 | -0.24+i0.20 | -0.16+i0.24 -0.08-10.22
Ag -0.460 -0.24-i0.20 -0.16-i0.24 -0.101
2o -1.80 -2.07 -2.30 -2.65
A0 -2.50 -2.50 -2.50 -2.50
A1 -2.69 -2.69 -2.70 -2.55
A1z -2.63 -2.63 -2.63 -2.63
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Fig. 8. Eigenvalue trajectory of dominant poles over changes of controller gains, (arrow direction indicates increase in J;). A) J; variations, B) J, variations.

Likewise, in Fig. 8.b, the movements of modes for different
value of J, are presented. It can be observed that, by
increasing J», several modes are approaching to a less stable
and more oscillatory region. Therefore, it is better to keep
smaller values for J, and give the main responsibility to the
derivative control which is located in the same area of
contingency (J; in the first area).

TABLE III
PARTICIPATION OF SYSTEM STATES FOR DIFFERENT MODES.
Modes Associated states Participation factors

A4 APpeeqy 0.9982

A, APggsr 1.0054

A3 APyio e, Awq, Aw, 1.1053,0.1517, 0.036
Ay APyio ac » Awy, Aw, 0.3661, 0.8140, 0.402
Ag APyig ac , Aw,, Aw, 0.3661, 0.8140, 0.402
A AACE, , Aw{, Aw, 1.2578, 0.3975, 0.220
A, AACE, , Aw4, Aw, 0.5801, 0.4537, 0.544
Ag AACE, , Aw,, Aw, 0.5801, 0.4537, 0.544
Ay AP, APy, 0.8498, 0.3692
A1 APy APy, 0.5184, 0.4850
A APys , APy, 0.7504, 0.2589
A AP, AP, 0.4830, 0.5170

A general comparison of eigen-values for different systems
is presented in Table IV. It is obvious that adding derivative
control for emulating the inertia to the system will improve the
dynamic performance by shifting the eigenvalues to a better
place in the left half of the s-plane.

TABLE IV
CONTROL PARAMETERS FOR STUDIED MODEL
AC/DC with
Modes AC system AC/DC System Derivative Control

4 -0.027 + 0.8251 -23.9299 -209.32
A, -0.027 - 0.8251 -0.494 + 1.6611i -52.96

A3 -0.342 + 0.399i -0.494 - 1.6611i -22.63

Ay -0.342 - 0.399i -0.343 + 0.4245i1 -1.1+ 1.9
A5 -0.7023 -0.343 - 0.4245i -1.1-1.9i
g -1.8271 -0.8974 -0.201

A, -2.1073 -1.937 + 0.1752i -0.1 +0.2i
Ag -2.6872 -1.937 - 0.1752i -0.1-0.2i
Ay -2.6316 -2.6850 -2.30
A | - -2.6316 -2.50
Aq | | e -2.70
Ay | | e -2.63

B. Required energy for inertia emulation

Usually, it would be difficult to identify the exact amount of
required energy to be stored. This is due to dynamic nature of

rotational machines and unpredictability of load variations in
terms of its location and their degree of severity [24].
According Eq. (4), after each sudden load changing, the
machine will accelerate or decelerate. It is desirable to have a
very fast control strategy to follow the derivations of the
signals. This ability can be accomplished using fast power
electronic components, while the problem of lack of energy
reserve for emulating the inertia can be solved by using the
storage devise. Any mismatch between electrical power and
mechanical power will bring the accelerating power named
here P,. During each transient, the value of accelerating power
should be minimized quickly. However, the stability margin of
the studied system can be increased if a certain amount of
power is added/subtracted from this value of accelerating
power. For doing that, the equation of motion introducing the
contribution of virtual inertia power can be presented as

follows:

2H .

—Aw = AP, + AP,

wS
where P; can be the emulated power supplied/absorbed by the
storage system. Since the time response of storage device is in
the range of milliseconds until seconds, a constant value for
input mechanical power can be assumed. Therefore, by
neglecting the damping factor, a linearized equation for
estimating the required energy can be obtained.

In multi-area interconnected AGC systems, in the case of
any help from a neighbour area (especially for fast DC links)
the contributions of tie-line AC/DC power could be also
considered. Based on these assumptions, the total amount of
storage power is equal to the total power mismatch related to
load variations subtracted by the tie-line contributions in
multi-area interconnected systems:

AP, = APy — (APp; + AP,,) 30)
where AP, is load variations, APp. is the deviations of dc
power flow and AP, is the deviations of AC tie-line power
flow. Usually in order to assure enough capacity, the size of
storage should be based on the worst case scenario. The usual
faulty situation from the dynamic point of view, in the case of
LFC analysis, could be a usual disturbance for generation
drops or load variation. For normal contingencies like normal
load variations, the mismatch value can be determined based
on the average statistical exchange between load and
generation. Short term and long term demand forecasting

(29)
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based on the history of the statistical exchange power is one of
the tools for predicting the possible load variation. It is also
possible to derive some parameters realizing the amount of
ESS power based on the virtual inertia control.

Considering Fig. 9, the following parameters can be defined:
® Penar ey, Maximum charging power.
® Pgiscnlt,,,: maximum discharging power.

® E_,qr: maximum charging capacity (equal to area B).
® E hqr: maximum discharging capacity (equal to area A).

timefs)

Fig. 9. A general example of injected power by storage device.

In practice, the energy of ESS component can be calculated
according to the following equation:

t
Eess = f Pess(t)dt + Eess,o 31
0

where P, is the instantaneous power of storage device and
Eesso 1s the initial stored energy. Amount of energy for
different control gains are obtained and presented in Figs. 10
and 11. The required energy for ESS; (for J;=0.8) is around
0.6 p.u. Thus, knowing the base values for each application,
the real values of energy with the required DC capacitance can
be calculated.

3 m,=01
w=08

B1,=1.5

%le 2.2

ESS1 ESS2 f=29

Fig. 10. Per unit values of energy for different J; (when J,=0.09).

0.8

0.6 mJ),=0.01
> A
o 0.4 #Jy=0.05
c
N 0.2 B2J,=0.15

0 =1
ESS1 ESS2

Fig. 11. Per unit values of energy for different J, (when J;=0.8).

In case of having HVDC links, since the variations in DC
link voltage of HVDC system is limited, the stored energy in
DC link may not be enough for effective action. Therefore,
considering these analysis, the required energy from additional
storage system can be identified.

C. Analysis of frequency measurements and PLL effects

In this section, the dynamic effects of measurement mainly
related to second-order PLL effects of ESS based converter
system is analysed. A general comparison between the system
of inertia emulation with and without PLL is presented in Fig
12. To have a fair comparison for higher level application, a
range between 100 ms to 700 ms delay could be assumed for
the time response of second-order function. It is assumed that
this time constant is associated to a remote PLL dynamics,
communications and measurements together [23].

The system input is one step changes around 0.03 pu. at
t=3s in Areal. The control parameters for the studied power
model are given Table V. The dynamic behaviours for several
systems are presented and compared.

TABLE V
CONTROL PARAMETERS FOR STUDIED MODEL
Parameters Value
Keq 0.3
Ke, 0.1
Ky 2.2
J1 0.85
J2 0.093

The comparisons are mainly related to the normal case with
AC line, AC/DC lines and AC/DC with inertia emulation
capability.

AC/DC System
AC/DC with Virtual Inertia |
=== AC/DC with Inertia and PLL

Frequency deviation in area 1 (rad/sec)

3 J
o
[
g
©
£
]
3 - i
L | vy o0 e AC/DC System
3 AC/DC with Virtual Inertia
5 ‘ ‘ [ T === AC/DG with Inertia and PLLT
g | | | | |
w

045 L L L | |

0 10 20 30 40 50 60

time (sec)

Fig. 12. Frequency deviation of the systems adding PLL effects (rad/sec).

As shown in Fig. 12, the frequency deviation of the system
in area one is compared with the normal AC system (the red
curve), the system with normal AC/DC line (blue), the system
with PLL (green) and the system without PLL (black). From
these responses, it could be concluded that adding a PLL is
affecting the dynamic performance of the system. Note that,
because of the zero in the numerator of second-order model,
the system exhibits more overshoots in dynamic responses.
The superiority of the inertial control method compared to the
other systems is due to the fast response of converter based
energy storage devices which can provide a fast inertia
response during load variations.
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Fig. 13. Eigenvalue trajectory of dominant poles over J; changes considering PLL model (arrow direction indicates increase in J;).
Another comparison regarding eigenvalue of the systems

In order to evaluate the system behaviours over a wide
range of parameter variation with considering the PLL model,
eigen trajectory is repeated considering the complete model of
Eq. (27). In Fig. 13, the movements of all modes after
changing the derivative control gains for a very wide range is
presented. The general trend is the same as the one presented
in Fig.§8, but it is obvious that after adding PLL more couples
of oscillatory modes are appearing. The participations of
different states are presented in Table VI.

TABLE VI
PARTICIPATION OF SYSTEM STATES FOR DIFFERENT MODES.
Modes Associated states Participation factors
A APesq 1.0041
2, APggs, 1.0055
1 APyiepc » Awy, Aw,, 1.041,0.0051,0.003,
3 AXypy 0.075
2 APy ac » Awy, Aw,, 0.521, 0.366, 0.22,
4 AX, p1. AX py 0.191, 0.529
1 APyie ac > Awy, Aw,, 0.521, 0.366, 0.22,
5 AX, p1. AX py 0.191, 0.529
2 AACE, , AACE, , Awy, Aw,, | 0.177,0.12,0.26, 0.155,
6 AX, p1. AX py 0.292,0.122
R AACE, ,AACE, , Awy, Aw,, | 0.177,0.12,0.26, 0.155,
7 AXy p1.AX py 0.292,0.122
R AACE, , AX, py, AXypy, 0.112, 0.145, 0.248,
8 AX, pr.AX; py 0.446, 0.395
a AACE, , AXy{pyAX,py, 0.112,0.145, 0.248,
9 AX, py. AX; py 0.446, 0.395
A0 AACE; , AX; pq 0.8875, 0.0513
A AACE; , AX; pq 0.8875, 0.0513
R AACE,, Awy, AXypy, AX, py, 0.603, 0.491, 0.156,
12 AXy pp. DX, py 0.278,0.173,0.375
A3 AP,s, APy, Aw, 0.4189, 0.8504, 0.2071
Aa AP, AP, , Aw, 0.5619, 0.5362, 0.0804
Ags AP, AP, 0.4881,0.5119
M6 AP, AP, 0.7171, 0.2922

Based on the obtained result, it can be observed that which
states have more participation in sensitive modes. For example
two of the sensitive modes from the eigenvalue analysis is 4
and 1,. After checking the participation factor matrix, it
become clear that APggs; and APggs; have the most
participation in those modes. Therefore, controlling these state
(APgss1 and APggg,) are the most important ones for control
design.

with and without PLL effects are presented by Table VII. It is
clear that by adding PLL dynamics, the number of oscillatory
modes will increase from 4 to 8 modes which deteriorate the
dynamic performance of the system by increasing the
oscillations and settling time of the system. Some oscillatory
modes are also close to zero.

TABLE VII
EIGENVALUE COMPARISONS FOR DIFFERENT TWO-AREA SYSTEMS.

Modes AC/DC with AC/DC with Derivative

Derivative Control Control and PLL

Ay -209.32 -134.07

2, -52.96 -39.375

A3 -22.63 -23.740

A4 -1.1+ 1.9i -0.791 + 1.961i

Ag -1.1-1.9i -0.791 - 1.961i

2 -0.201 -0.450 + 0.520i

y. -0.1+0.2i -0.450 - 0.520i

g -0.1-0.2i -0.341 + 0.501i

Ao -2.30 -0.341 - 0.501i

A0 -2.50 -0.078 + 0.503i

A1 -2.70 -0.078 - 0.503i

212 -2.63 -0.2102

Ads | -2.041

Ay | -2.423

Ads | -2.631

A | 000000 -2.690

In order to analyse the dynamic effects of PLL for various
parameters, more numerical analyses are presented in Fig. 14.
In this comparisons, both PLLs are using the same values for
their parameters ({; = {, = { and w; = W, = wWy).

The frequency deviation in area one is presented in Fig. 14.
It is assumed that the value for ( is equal to 1.2 and the other
parameter, w,, is changing for comparing different dynamics
effects of PLL measurements over the system behaviour.

Based on the presented results, it is obvious that the effects
of PLL could be explained based on its time response. When
the time constant is too high, it could be observe that the real
effects of derivative control will be cancelled out. In this
situation more oscillation will appear and the dynamic
behaviour could be deteriorated.
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As shown in Fig. 14, when the values of w,, are very low
(high time constant), the response of the system is oscillatory
and is not acceptable. Additionally, it is obvious that for the
higher values of w,, the system start to show the effects of
derivative term and especially the effects of PLL. Therefore,
the derivative control is more effective but with more settling
time.
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Fig. 14. Response of frequency deviations in both areas (rad/sec).

V. PERFORMANCE VALIDATION WITH DETAILED MODEL

This section presents detailed simulation results of the
proposed control system. Simulation studies are carried out in
the MATLAB/SIMULINK with all the details like PSS and
AVR components under high-level AGC operation in the
system. The dynamic parameters of the AC system is also
given in Table VIII. Each area consists of two generators, each
having a rating of 900 MVA and 20 kV. The transmission
system nominal voltage is 230 kV. The loads are located at
buses 7 and 9, demanding total active power of 2734 MW
(967 MW in Areal and 1767 MW in Area2.) The rest of the
data can be found in [1].

TABLE VIII
PARAMETERS OF INTERCONNECTED SYSTEM
Name Bus | Rated power \4 H (s) R
GENCO1 1 900 MW 20 kV 6.5 0.05
GENCO2 2 900 MW 20 kV 6.5 0.06
GENCO3 3 900 MW 20kV | 6.175 | 0.05
GENCO4 4 900 MW 20kV | 6.175 | 0.06

In this model the HVDC link is located in parallel with AC
line. As shown in Table IX, this parallel transmission corridor
consists of 345kV of AC line and two terminal VSC-HVDC
links with 600kV of pole to pole rated DC link voltage.

TABLE IX
PARAMETERS OF HVDC SYSTEM
Rated Power MVA 500 MVA
Rated DC side voltage 600 kV
Rated AC side voltage 345 kV
DC link capacitor 600 pF
Frequency 60 Hz

10

In this study, it is also assumed that 600 MW of power is
transferring from Areal to Area2, while after adding the
HVDC link 200 MW of this power will be transferred using
HVDC system. The ratings of HVDC converters are assumed
to be 500 MW and the rating of ESS converter are 200 MW. It
is assumed that at £ =170 s a huge decrement around 250 MW
happened in Area2 with the load of DISCO2. This load
variation will affect the dynamic of the system and the
response of virtual inertia is validated as shown in Figs. 15-20.

The voltage terminal of all generators are presented in Fig.
15, showing an acceptable performance of AVR especially
after load reduction in Area2.

Terminal Voltage1 (p.u)

170 175 180 185 190 195

Terminal voltage2 (p.u)

170 175 180 185 190 195

Terminal Voltage3 (p.u)

170 175 180 185 190 195 200

—

0.9t . , \ i
170 175 180 185 190 195 200
time (sec)

Terminal Voltage4 (p.u)

Fig. 15. Terminal voltage of generators (p.u).

The dynamic response of DC power is also presented in
Fig. 16. It shows the fast response of HVDC converter on
controlling the power around 200 MW (Power reference is 0.4
pu. for 500 MW rated power).

0.408

0.406 - g
So404 ]
0.402 - g

04

. . 1 1 . . 1
169 170 171 172 173 174 175
time (sec)

Fig. 16. Terminal voltage of generators (rating of 500 MW).
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Fig. 17. Terminal voltage of generators (p.u).

The DC link voltage of HVDC link is also presented in Fig.
17, comparing the AC/DC systems with and without virtual
inertia on maintaining the power balance through the DC link.
It is obvious that after adding virtual inertia, oscillations on
DC link is reduced. Emulated power from different ESS with
virtual inertia controllers are presented in Fig. 18. The main
contribution is from second controller located in Area2.

40

Emulated Power (MW)
]

40

60 F / ,

-80 === = P T
_PESSQ

180 200 220 240 260 280 300 320 340
time (sec)

Fig. 18. Emulated power by ESS components (MW).

The frequency deviations are presented in Fig. 19. Based
on the presented results, remarkable improvement is achieved
in damping of frequency oscillation. The blue line is related to
the AC/DC system which shows that DC link will contribute
only on damping of oscillation by improving the settling time
of the system without especial improvements in first
overshoot. But after implementing the virtual inertia into the
DC links, more improvements is appeared in reducing the first
overshoot of frequency.
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The output power of all generators are presented in Fig. 20.
Based on the AGC concept, the main demanded loads should
be responded by the responsible generators at the same area,
which is clear in Fig 20, while GENCOs 3 and 4 is reducing
its output after load reduction in DISCO2.
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Fig. 20. Output of GENCOS (pu.).

Considering the results in Figs. 18 and 20, it is worth
mention that, the maximum value of absorbed power from
ESS2 is happening in a very short time after load variation.
Response of electronic ESS compare to mechanical power of
conventional generators. Obtained results through this analysis
can identify the ratings of necessity facilities for converter
stations in different applications.

VI. CONCLUSION

In this paper, a new approach for implementing the virtual
inertia in two-area AC/DC interconnected system is proposed.
The proposed formulation could be easily implemented for
any type of interconnected power systems with different size
and characteristics. Derivative control technique is used for
control the stored energy of converter devices in AC/DC
interconnected AGC power system. The effects of frequency
measurement and PLL are also considered in this paper. Based
on presented information, inertia emulation using derivative
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control in AC/DC interconnection could help the system
during sever contingencies. It is shown through the different
analysis and simulations that proposed approach is improving
significantly the stability of the system.
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