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a b s t r a c t

Virtual inertia is known as an inevitable part of the modern power systems, especially considering the
increasing level of power electronic-based component and HVDC interconnection in the future gird.
To cope with this challenging issue, a novel approach for modeling and analysis the effect of virtual
inertia on frequency stability of multi area interconnected system is proposed. The proposed method
is based on Virtual Synchronous Power (VSP) control strategy of HVDC interconnected systems. The
presented work is focused on modeling and detailed sensitivity analysis of VSP-based HVDC concept
in frequency control and automatic generation control task of interconnected power systems. In order

to understand the influence of virtual inertia parameters, a set of sensitivity analysis is performed to
identify the proper range of critical control parameters on the stability of the system. The effectiveness of
the proposed concept on dynamic improvements is also validated through Matlab simulation of multi-
area (two-area and three-area) test systems. The three-area test system is based on complex model of
39-bus, 10 generator test system.
. Introduction

One of the main concerns in an electrical power system is to
nsure the balance between the total power generation with the
otal load demand and, then regulating the system frequency and
ie-line power exchange [1,2]. To supply a high quality and reliable
lectric power to consumers, the frequency control will be one of
he most profitable ancillary services in power system design and
peration [3]. This task in the presence of renewable generation and
omplex HVDC interconnected systems will become challenging
ssue [4].

In the modern scenario of power system, there is an increas-
ng attention to expansion of interconnected power grid using
VDC transmission lines. This is due to several limitations associ-
ted with AC lines, especially for long distance connections. HVDC

nterconnection is one of the main applications of power con-
erters in multi-area interconnected power systems which could
ring several advantages, e.g., fast and bidirectional controllabil-

∗ Corresponding author at: Technical University of Catalonia (UPC), Electrical Engi-
eering Department, SEER Research Center, GAIA building, 22, Rambla Sant Nebridi,
8222 Terrassa, Barcelona, Spain.

E-mail address: elyas.rakhshani@gmail.com (E. Rakhshani).
ity, damping capabilities and frequency stability support [5–7].
HVDC systems can essentially improve the reliability of complex
interconnected systems. It can act as a kind of firewall against cas-
cading disturbances to prevent global blackouts [8,9]. It is worth
to mention that, the HVDC links are superior to the governor
which is a conventional frequency control system in terms of high-
speed performance. With a proper coordination and control of
the HVDC link, the tie-line power modulation of the HVDC link
through interconnections is applicable for stabilizing the frequency
oscillations of AC systems by adding more damping to the system
[10]. Typically, conventional generators with the droop capability
are responsible for providing sufficient inertia against frequency
deviations in the system. Nowadays, considering the high penetra-
tion of renewable generations and increasing application of power
electronic-based components, the system’s inertia is becoming low.
Therefore, the lack of sufficient inertia will be the main concern of
future grids [10,11]. Therefore, control of frequency and tie-line
power exchange between authorized areas will be more and more
complex. In such scenario, the matter of modeling and control con-
sidering the methods of providing virtual inertia to the system is

critical and the role of advanced technologies such as the use of
modern power processing systems, energy storage, and advanced
converters in HVDC links will be essential.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2016.07.025&domain=pdf
mailto:elyas.rakhshani@gmail.com


o
o
c
[
m
s
f
i
D
w
g
i
w
o
m
q
T
a
g
p
f
s
w
i
w

t
c
l
b
[
c
a
c

o
t
t
m
t
M
l
r
[
m
v
a
v
m
e
c
c
t
f
m

2

2

l
e

Inertia emulation based on the derivative of frequency is one
f the common techniques for emulating inertia [12]. Derivative
f grid frequency can be used as a complementary signal for VSC
ontrollers which is supported by proper communication channels
13]. Inertia emulation controller (INEC) is another method imple-

ented for providing inertia by a DC link in Multi-Terminal HVDC
ystems [14]. This controller is based on the error signal coming
rom frequency deviation measurement from the AC grid, generat-
ng the DC voltage reference for emulating transient inertia using
C capacitance of the DC grid. The method is simple and generic
ith some limitation for real application of the power industry. In

eneral, virtual emulation based on derivative term of frequency
s very are always dependent on proper estimation of frequency

hich can bring some limitations. In most of these methods, the use
f Phase Locked Loop (PLL) is essential for a proper estimation and
easurements of the signals. Any amplified noise caused by fre-

uency deviation measurements could bring instability problems.
his limitation can be even worse, especially during abnormal faults
nd unsymmetrical system. The synchronization system used to
enerate errors in the detection of the grid voltage magnitude and
hase-angle at the point of connection. In such scenario, in which a
ast response from the generator is required, the errors made by the
ynchronization system give rise to uncontrolled power exchanges
ith the grid. Therefore, better methods of providing alternative

nertia without limitation of signal measurements are necessary;
hich is the topic that is going to be proposed in this paper.

The present paper addresses a new LFC scheme considering
he high level control application of the concept of Virtual Syn-
hronous Power (VSP) through the converter stations of the HVDC
ink for inertia emulation in multi-area systems. The used VSP is
ased on the synchronous controller, which was reported in 2012
15]. This control strategy is proposing a new method in power
onverter control behaving as a synchronous generator with the
bility of emulating synchronous inertia without the drawbacks of
onventional generators [16].

The main objective of this paper is to propose a new approach
f frequency stability analysis in multi-area AGC system, adding
he VSP concept in HVDC links of interconnected systems. In
he last several decades, traditional Load Frequency Control (LFC)

odels have been modified and revised to add different func-
ionalities in the reformulation of conventional power systems.

ost of those modifications are related to AGC in a deregu-
ated market scenario [17], different types of power plants like
enewable generation [18], the demand side dynamic models
19] and recently implementing the effects of PLL and frequency

easurements [20]. The importance of the VSP concept in pro-
iding ancillary services like emulating simultaneous damping
nd inertia for frequency control improvements is another moti-
ation of this paper. Another goal of this paper is to propose a
odel which is very useful for pre-evaluation of the dynamic

ffects of converter stations of the HVDC link in higher level
ontrol design for power systems applications. Proper range of
ontrol parameters of the VSP is explored through detailed sensi-
ivity analysis. This analysis can be used as a basic methodology
or analyzing the effects of control gains on the system perfor-

ance.

. Dynamic model of multi-area AGC system

.1. Conventional frequency regulation
A proper control strategy for active power/frequency issue in
arge scale power systems is shown in Fig. 1. A low-order lin-
arized model could be used for modeling the load-generation
dynamic behaviors. The frequency deviation for ith area could be as
follows:

�ωi = Kpi

1 + sTpi

[
�Pmi − �PLi − �Ptie,i

]
(1)

�Pmi =
l∑

j=1

�Pmij (2)

where Kpi and Tpi are gain and time constant of power system and
can be calculated considering the constant of inertia (M = 2H) and
damping (D) of the power system area (Tp = 2H/D and Kp = 1/D).
Moreover,�Pmi in Eq. (1) is the total generated power by GENCOs
(Generation Companies) and �PL is load change in each area. While
�Pmij is the output of each unit:

�Pmij = 1
1 + sTtg,ij

[−�ωi

Ri
− KIapfij�Prefi

]
(3)

�Prefi = ACEi

s
(4)

where Ttg,ij is the time constant of each turbine-governor unit, Ri

is the droop characteristic of equivalent generation unit, KI is the
integral controller gain, �Prefi is the area reference power which is
the integration of ACE. The ACE is the area control error expressed as
a linear combination of tie-line power flow and weighted frequency
deviations.

ACEi = ˇi�ωi + �Ptie,i (5)

where ˇ is the bias coefficient. The participation of individual gen-
eration output for each unit in AGC will be accomplished by area
participation factors (apf) in each area.

For modeling the interconnections between N areas in multi-
area AGC system, the tie-line power exchange between area i and
the rest of area could be presented as follows [7]:

�Ptie,i =
N∑

j = 1

j /= i

�Ptie,ij = 1
s

⎡
⎢⎢⎢⎢⎢⎣

N∑
j = 1

j /= i

Tij�ωi −
N∑

j = 1

j /= i

Tij�ωj

⎤
⎥⎥⎥⎥⎥⎦ (6)

�Ptie,ji = −�Ptie,ij (7)

where Tij is the synchronizing coefficient between areas. Therefore,
considering Ei and ıi0 as the initial values of voltage and angle of
ith terminal and X as the reactance of the line, we have:

Tij = E1E2

X
cos

(
ı10 − ı20

)
(8)

2.2. AC/DC transmission model

In case of small signal modeling and stability studies for the
pre-design process of higher level control design like AGC, each
converter station could be modelled as a first-order transfer func-
tion consisting a proper time constant. For HVDC system with two
VSC stations, the second-order transfer function will be approx-
imated by equivalent first-order transfer function imitating the
overall time response of HVDC system as follow:

1
1 + sT1

× 1
1 + sT2

= 1
1 + (T1 + T2)s + (T1T2)s2

∼= 1
1 + sTDC
where T1 and T2 are the time constant of converters and TDC is the
equivalent time constant of overall HVDC control system:

TDC = T1 + T2
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Fig. 1. Basic frame of ith area in AGC impleme

Therefore, the incremental power flow through the HVDC trans-
ission system could be modelled by a linear first-order model
ith a proper time constant as follows:

DC
d�Ptie,DC

dt
= �Pref,DC − �Ptie,DC (9)

here �Pref,DC is the reference control signal of DC power and
Ptie,DC will be the real DC power flow through the system. It is

ssumed that the DC line is lossless and DC power flow out from
ne converter to another converter. As shown in Fig. 2, there is a DC

ine in parallel coordination with AC line between Area i and Area
.

The �Pref,DC is the input signal of the HVDC system which will
e generated by different control signals. These signals are fre-
uency deviations of each interconnected areas and AC power flow
eviations. This power modulation controller is modeled as a pro-
ortional controller.

Pref,DC = Kfi�ωi + Kfk�ωk + KAC�Ptie,ik (10)

Considering this new state in DC link, the new ACE signal of each
rea in AGC operation which contains some additional HVDC link
ill be adapted:
Ptot,i = �Ptie,DC + �Ptie,i (11)

CEnew,i = ˇi�ωi + �Ptot,i (12)

Fig. 2. Control actions of interconnected area with HVDC model.
n of multi-area interconnected power system.

where �Ptot,i is the total tie-line power deviations, �Ptie,i is the tie-
line power exchange between Area i and other areas and �Ptie,DC is
the DC power deviation in the HVDC link between Area i and Area
k. In this study, the sign convention for net power into a control
area is negative, and net power out of a control area is positive. It
should be mentioned that the role of ACE signal in LFC is to maintain
the frequency and power interchanges at the scheduled values. ACE
signal will represent the real power imbalance between generation
and load. In practice, ACE will be performed by its supervisory con-
trol considering the proportional integral controller, limiters and
delays. As explained before, this signal will be distributed among
LFC participant generation units with their participation factors
for providing proper control command for set-points of specified
plants.

3. Virtual synchronous power strategy

In this section the concept of Virtual Synchronous Power (VSP)
which is based on the control of voltage source converter through
an active power synchronization loop and a virtual admittance is
presented. The general structure of synchronous power control for
each converter of the VSC-HVDC line is presented in Fig. 3. This con-
trol structure stems from programming the electrical performance
of a Synchronous Generator (SG) in a digital frame-work which is
responsible for controlling the VSC-converter. However, it is worth
to point that this synchronous controller does not aim to faithfully
mimic the response of the synchronous generator, but it overcomes
the drawbacks of the inherent oscillatory response of the conven-
tional synchronous generator [16]. It should be note that, in this
scheme the protection controllers are not included. The DC energy
storage element represented by C in Fig. 3, is in charge of absorption
of any transient unbalance between the two power converters con-
nected to the DC link. This energy storage element can be inserted
in the converter topology or implemented by any additional power
converter storage.

By modifying the swing equation of conventional synchronous
generator, the general electromechanical control loop for VSP
application in transient contingencies can be presented based on
the diagram of Fig. 4. This diagram represents a Power-Locked

Loop, in which any variation between the delivered power by
the converter (Pout) and the input power from the DC side, (Pin)
is processed by a Power Loop Controller (PLC) to set a relative
frequency that should be added to the synchronous frequency of



Fig. 3. The configuration of simplified
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Fig. 4. Active power loop representation of the overall VSP controller.

he grid, for generating the rotating frequency of a virtual rotor. The
ntegral of such frequency gives the angular position of the virtual
otor leading to the power delivered by the power converter.

The transfer function of a simple controller for PLC which will
epresent the mechanical behavior of synchronous generator might
e written as:

LC (s) = N (s)
D (s)

= ω2
n/Pmax

s + 2�ωn
(13)

hile � is damping factor, ωn is the natural frequency and Pmax is
he maximum active power that can be delivered:

max = EV

X
(14)

here E, V and X are internal emf voltage, grid voltage and overall
mpedance, respectively. Usually, the values for E and V are close to
he rated ones and the value for the load angle (ı), used to be very
mall. Under such conditions, the value of sin

(
ı
)

can be simply
pproximated by ı, and thereby the delivered electrical power can
e approximated to (P = EV/Xı). The transmitted power could be
asily adjusted by shifting the output voltage phase of the converter
orward or backward. It should be noted that the value of Pmax will
etermine the range of the power for the installed converter. A
traightforward analysis of such electromechanical model leads to
he following transfer function describes the dynamic relationship
etween the input and output powers [15]:

Pout

Pin
= ω2

n

s2 + 2�ωns + ω2
n

= Pmax/J × ωs

s2 + k/J × ωss + Pmax/J × ωs
(15)
here Pin, Pout, J, k and ωs are input power, delivered active power,
he moment of inertia, damping constant and synchronous fre-
uency. From this transfer function, the relationships of natural
synchronous power controller.

frequency, ωn, and the damping factor, �, of the virtual electrome-
chanical system to the rest of parameters would be given by:

ωn =
√

Pmax

J × ωs
(16)

� = k

2
√

PmaxJ × ωs

(17)

Therefore, the virtual inertia (J) and desired damping to the
system could be emulated by proper selections of these control
parameters of VSP strategy. In practice, synchronous generators are
equipped with some damping windings to attenuate these power
oscillations in a certain extent. However, the damping action pro-
vided by such winding is limited by some mechanical and electrical
constraints, thereby the conventional synchronous generators do
not have a perfectly damped performance. Due to the fact that a
VSP-based control behaves as a programmable synchronous gener-
ator, it is possible to adjust and program its capability for damping
power oscillations in the power system with an optimal perfor-
mance.

4. The proposed approach with VSP-based HVDC

As explained in the previous section, the dynamic relationships
between input and output power of each converter station could be
a second-order transfer function. The relationship between input
and output signals in this second-order system could be identified
using its characteristic equation of the VSP dynamic model:

ÿ + 2�ωnẏ + ω2
ny = ω2

nu (18)

The input signal, u, is the reference for DC power emulation
which is related to other state of the global multi-area system and
the output signal will consist of two state variables.

�YVSP =
[

�X1,VSP

]
(19)
2,VSP

where �X1,VSP represents the emulated power (�PDC,VSP) and
�X2,VSP is the derivative term of this power for each VSP,
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Fig. 5. Basic frame of AGC implementation in multi-area

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

�Ẋ1,VSP

�Ẋ2,VSP

]
=

[
0 1

−ω2
n −2�ωn

][
�X1,VSP

�X2,VSP

]
+

[
0

ω2
n

]
�U (20)

here U is the reference signal coming from higher level control
hich is defined as:

U = �PDC,ref = Kfi,VSP�ωi + Kfk,VSP�ωk + KAC�Ptie,ik (21)

As the HVDC line is located between Area i and Area k, the fre-
uency deviation of those areas is the most suitable control signal.
his state space presentation will be part of the global system and
t could be added to the rest of the state space model.

As shown in Fig. 5, it is assumed that there is a parallel AC/HVDC
ink between Area i and Area k, where both converter stations of
VDC link are facilitated by VSP functionalities.

The dynamic equations of the AC/DC interconnected areas con-
idering the dynamic of VSP based HVDC link in Laplace domain
ill be as follows:

ωi = Kpi

1 + sTpi

[
�Pmi − �PL1 −

(
�Ptie,i + �X1,VSPi

)]
(22)

ωk = Kpk

1 + sTpk

[
�Pmk − �PLk −

(
�Ptie,k + �X1,VSPk

)]
(23)

CEi = ˇi�ωi +
[
�Ptie,i + �X1,VSPi

]
(24)

CEk = ˇk�ωk +
[
�Ptie,k + �X1,VSPk

]
(25)

Ptie,k = −�Ptie,i (26)

�X1,VSPi = �X2,VSPi (27)

�X2,VSPi =
[

Kfi,VSPω2
ni

]
�ωi +

[
Kfk,VSPω2

ni

]
�ωk
2� 2�

+
[
KAC,VSPω2

ni

]
�Ptie,ik − ω2

ni�X1,VSPi − 2�iωni�X2,VSPi

(28)
onnected systems with a VSP based AC/DC transmission.

s�X1,VSPk = �X2,VSPk (29)

s�X2,VSPk =
[

Kfi,VSPω2
nk

2�

]
�ωi +

[
Kfk,VSPω2

nk

2�

]
�ωk

+
[
KAC,VSPω2

nk

]
�Ptie,ik − ω2

nk�X1,VSPk

− 2�kωnk�X2,VSPk (30)

It should be mentioned that, the dynamic equations of other AC
areas which are connected with AC lines will be the same as the ones
presented in Section 2. The proposed formulation is a generalized
form of parallel AC/DC system or any coordinated AC and DC line
which are connected to the same areas.

The AC tie-line power deviation could be used as a control signal
in order to achieve suitable coordination between two lines. The
coordinated AC line can be a parallel or any close line to the DC
link. In the case just with one DC link without a parallel AC line,
this feedback signal will be zero and the rest of the models for the
VSP strategy will be the same.

Therefore, in two-area AC/DC interconnected power system
which will have two synchronous controllers, four new state vari-
ables of synchronous controllers will be added to the system.
Therefore, the overall state space equations, used for analysis of
tow are case study, will be as follows:
A =
[

A11

A21

]
(13×13)

(31)
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herefore, each sub-matrix will be as follows:

11 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1
Tp1

0
Kp1

Tp1

Kp1

Tp1
0 0 0 0

0
−1
Tp2

0 0
Kp2

Tp2

Kp2

Tp2
0 0

−1
2�R1Ttg1

0
−1
Ttg1

0 0 0
−KI1

Ttg1
0

−1
2�R2Ttg2

0 0
−1
Ttg2

0 0
−KI1

Ttg2
0

0
−1

2�R3Ttg3
0 0

−1
Ttg3

0 0
−
T

0
−1

2�R4Ttg4
0 0 0

−1
Ttg4

0
−
T

ˇ1

2�
0 0 0 0 0 0 0

0
ˇ2

2�
0 0 0 0 0 0

T12

2�
−T12

2�
0 0 0 0 0 0

nd

21 =

⎡
⎢⎢⎣

0 0 0 0 0 0 0 0 0 0 1

a11,1 a11,2 0 0 0 0 0 0 a11,9 a11,10 a11,11

0 0 0 0 0 0 0 0 0 0 0

a13,1 a13,2 0 0 0 0 0 0 a13,9 0 0 a1

here

a11,1 = Kf 1,VSPω2
n1

2�
, a11,2 = Kf 2,VSPω2

n2
2�

, a11,9 = KAC,VSPω2
n1, a11,10 =

a13,1 = Kf 1,VSPω2
n2

2�
, a13,2 = Kf 2,VSPω2

n2
2�

, a13,9 = KAC,VSPω2
n2, a13,12 =

he overall system will have thirteen state variables as follows:

=
[
�ω1�ω2�Pm1�Pm2�Pm3�Pm4�ACE1�ACE2�PtieAC,12�x1,V

nd control inputs are load changes in each area:

= [�PL1�PL2]T

As shown in this model, we will have more control gains (�i and
ni) related to VSP controller in each station of HVDC link. Usually, it
ould be possible to define a cost function in two-area AGC system

or obtaining the optimum values for all of these gains. These gains
ould be defined based on optimization theory by minimizing the
ollowing common cost function [1–5]:

=
∫ [

ACE2
1 + ACE2

2

]
dt (33)

his cost function is the regular function which is based on the
Integral of Squared Error) ISE method [5]. It should be noted that
he ACE is the area error which is consisted of frequency and tie-
ine power deviations in each area. These control gains (�i and ωni)
ould be obtained using the optimization toolboxes from MATLAB.
he FMINCON (find minimum of constrained function) solver can

e used as a classical optimization which implements the (Sequen-
ial Quadratic Programming) SQP and the interior-point method for
ptimization of LFC problem. For doing the optimization process
epend on the system requirement, available stored energy and
ontrol limitation design, various constraints can be added during
inimization of the objection function.
−Kp1

Tp1

−Kp1

Tp1
0 0 0

Kp2

Tp2
0 0

Kp2

Tp2
0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

1 1 0 0 0

−1 0 0 −1 0

0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(9×13)

0

0

1

a13,13

⎤
⎥⎥⎦

(4×13)

2
n1, a11,11 = −2�1ωn1

2
n2, a13,13 = −2�2ωn2

(32)

x2,VSP1�x1,VSP2�x2,VSP2
]T

5. System studies

In order to evaluate and analyze the effects of proposed VSP-
based AC/DC system on AGC dynamics and to show how the
proposed approach can help the system dynamic during contingen-
cies, a common scenario for multi-area test system is considered.
All the analysis and simulations are performed in Matlab platform.
It should be mentioned that the main objective of this section it
to introduce the modeling and dynamic effects of VSP concept on
multi-area AGC system. The general frame of two-area intercon-
nected system with parallel AC/DC lines is depicted in Fig. 6. It is
assumed that in each area two generation company (GENCO) is
located.

The presented model in Fig. 6 which has HVDC link in parallel
with AC line is used for simulation. It is assumed that one contin-
gency happened as a load change in Area1 by increasing to 0.03 p.u.
at t = 3.5 s in Area1. System parameters considering the time con-
stants of turbine (Tt) and generators (Tg) of turbine-governor units
are presented in Tables 4.1 and 4.2 [2,11]. All generators participate
in LFC defined by the following apfs:
apf1 = 0.50, apf2 = 1 − apf1 = 0.50

apf3 = 0.50, apf4 = 1 − apf3 = 0.50
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In this section, the dynamic effects of inertia emulation using
irtual synchronous power concept on two-area AGC intercon-
ected system are analysed by performing the numerical analysis
nd eigenvalue (modal) analysis. As explained before, the studied
wo-area power system contains of two generation units and one
oad demand center in each area (Fig. 6). The parameters of the
tudied two-area power system are given in Tables 1 and 2 and
he control parameter for this case study is presented in Table 3.
hese values are obtained using the Eq. (33) and classical FMINCON
unction in Matlab software. The generic non-linear optimization
outine FMINCON solver has been used as a classical optimization
hich implements the SQP (Sequential Quadratic Programming)

nd the interior-point method for optimization of LFC problem.

.1. Sensitivity analyses

In order to analyze the effects of synchronous power control

ains, (ωn1, �1, ωn2, and �2), on the system behavior, numerical
imulation is performed with different values of control gains in
SP controllers. These analyses are performed for two-area system,
onsidering the data of Tables 1–3, under a large load step-change

able 1
ENCOs parameters.

Parameters Area1 Area2

GENCO1 GENCO2 GENCO3 GENCO4

Tt (s) 0.32 0.30 0.30 0.32
Tg (s) 0.06 0.08 0.06 0.07
R (Hz/p.u.) 2.4 2.5 2.5 2.7

able 2
ontrol area parameters.

Parameters Area1 Area2

KP (Hz/p.u.) 102 102
TP (s) 20 25
ˇ (p.u./Hz) 0.425 0.396
T12 (p.u./rad) 0.245

Table 3
Control parameters of the studied AC/DC model with VSP.

Parameters Value

Kf 1,VSP(p.u. MW/rad) 3.5
Kf 2,VSP(p.u. MW/rad) −1.61
KAC,VSP (p.u. MW) 3.1
ωn1 (rad/s) 6.9
ωn2 (rad/s) 0.022
�1 (p.u.) 1.30
�2 (p.u.) 1.01
a power system with HVDC link.

around 0.03 p.u at 3.5 s in the Area1. The sensitivity analysis is
explained and presented as a classical method for analyzing the
effect of each VSP over the system behavior. Therefore, the proper
ranges for each parameters are obtained and discussed in this sec-
tion.

5.1.1. Effects of variations in VSP1 parameters
As explained before, the VSP1 has two important parameters,

�1 and ωn1. The effect of ωn1 from VSP1 on the system behavior is
presented in Figs. 7 and 8 while the parameters of the VSP2 are
the same as the ones presented in Table 3. The value of ωn1 is
increasing from 0.3 to 7 and the system responses are analyzed.
The frequency deviations and output power generations are pre-
sented in Figs. 7 and 8, respectively. It is clear that the dynamic
performance can be improved by increasing the ωn1 factor of VSP1.
These results are more clear comparing the results presented in
Figs. 9 and 10, when after increasing the ωn1 the peak value is
decreasing and at the same time, lower settling time is achievable.

The effects of damping parameter (�1) in VSP1 is presented in
Figs. 11 and 12. The damping factor has changed from 0.08 to 2.6 and
the system response for each situation is presented and compared.
As shown in Fig. 11, lower values of damping will result in various
oscillations in the frequency of Area1, while very high values make
the system response more slow (higher settling time).

Therefore, for having a suitable dynamic response, a proper
damping is necessary. But comparing the results in Fig. 12, shows
that the best value for damping is around 1.3 which will bring
the best dynamic performance with less oscillation and minimum
settling time is achieved.

The dynamic response of emulated power by VSP1 (�x1,VSP1) is
also presented in Fig. 13. It is obvious that lower damping will bring
lots of oscillation which is totally unacceptable. But by increasing
the damping of VSP1 better dynamic response could be achieved
by VSP1.

5.1.2. Effects of variations in VSP2 parameters
The effect of second synchronous power controller, which is

located in the second area is presented. These parameters are iner-
tia gain (ωn2) and damping (�2). The parameters of the VSP1 are the
same as the ones presented in Table 3 and the effects of variation in
VSP2 is analyzed here. The frequency deviations for different values
of ωn2 are presented in Figs. 14 and 15.

Increasing the ωn2 value will lead to more participation from
VSP2 compared to VSP1, but since in the studied system the load
contingency is in area one, this increase will not have a positive
effect on the overall system behavior. Therefore, the lower value

of ωn2 in VSP2 is expectable. As shown in the figures, the value of
ωn2 is increasing from 0.02 to 8. It is observed that the lower values
for ωn2 is preferable. The higher values of ωn2 is leading to high
overshoot.



Fig. 7. Frequency deviations in Area1 and 2 for difference control gain values.
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The effects of damping parameter (�2) in VSP2 is also presented
n Figs. 16 and 17. The damping factor has changed from 0.3 to 2 and
he system response for each situation is presented and compared.

As it was expected, damping value is necessary to reach better
ynamic performance. As shown in Fig. 16, lower value of damping

n VSP2 is leading to steady state error with unacceptable perfor-
ance.
Fig. 17, is also presenting the response of the power state emu-

ated by VSP2 (�x1,VSP2) for different values of damping. As shown
n Fig. 17, higher values for damping in VSP2 will bring a better
esponse with less time response.

.2. Eigenvalue sensitivities

In order to perform eigen sensitivity analyses, the matrix of par-

icipation factor should be calculated. The participation matrix for
wo-area studied power system is calculated in this section. Based
n the obtained result, it can be observed that exactly which states
ave more participation in sensitive or critical modes. Here all the
k overshoot, and (b) settling time.

information about participation matrix is presented. The same as
before, this information will be useful to identify the participant
state for each sensitive mode.

Participation factor matrix:



NCO1, (b) GENCO2, (c) GENCO3, (d) GENCO4.
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Table 4
Normalized sensitivity of each mode for important elements of A matrix.

Sensitivity of 
i a11,1 a11,2 a11,9 a11,10 a11,11


1 0.3120 0.0003 0.0003 0.065 1.001

2 0.3138 0.0007 0.0005 0.0679 0.697

3 0.0020 0.000 0.000 0.0036 0.0036

4 0.0044 0.0003 0.000 0.0035 0.0036

5 0.0044 0.0003 0.000 0.0035 0.0036

6 0.0020 0.0029 0.000 0.000 0.000

7 0.0020 0.0029 0.000 0.000 0.000

8 0.0011 0.0016 0.000 0.0004 0.000

9 0.0004 0.0004 0.000 0.000 0.000

10 0.0004 0.0004 0.000 0.000 0.000

11 0.000 0.000 0.000 0.000 0.000
Fig. 9. Active power generations. (a) GE

Another objective in eigenvalue sensitivity analysis is to identify
he sensitivity of eigenvalues to each element of state matrix A in
he system. As it was explained before, the sensitivity matrix of the
lements in matrix A could be as follows:

sens = �ik�ji = ∂
i

∂akj

(31)

here the sensitivity of the eigenvalue �i to the element akj of the
tate matrix A will be equal to the product of the left eigenvector
lement �ik and the right eigenvector element�ji. This tells us that
he best way to change the ith mode is to apply a control to the state
ariable such that the above sensitivity has the largest participating
actor.

In order to apply such analysis for the studied two-area power
ystem, the state matrix A of studied two-area system with VSP is
artitioned as presented by Eqs. (32) and (33).

As identified in state space presentation of global system in Eq.
32), the parameters of synchronous power control are appeared in

ub-matrices A21 which are related to VSP control state variables.
n fact, these parameters are presented in 11th and 13th rows of
he global system matrix A and could be used in analyzing the
ystem performance. Therefore, the elements of interest in matrix

Fig. 10. Settling times of active power re

12 0.000 0.000 0.000 0.000 0.000

13 0.000 0.000 0.000 0.000 0.000

A are the elements which contain the control gains of VSP control
components (ωn1, ωn2, �1 and �2) in sub-matrix A21.

The results of sensitivities to the state matrix A(12 × 12) param-

eters are presented by Tables 4 and 5. In these tables the absolute
value for sensitivity of each mode to the elements of sub-matrixA21,
which are of our interest, is presented.

sponse for GENCO1 and GENCO2.



Fig. 11. Frequency deviations for different damping in VSP1, (a) Area1, (b) Area2.
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Fig. 12. Frequency characteristics: (a) peak ove

From the presented information in Table 4, it is obvious that

he sensitivities for a11,1 and a11,11 are higher than other elements.
or these elements of matrix A, the first and second modes (
1 and
2) have the most sensitivities. From participation factor matrix it

Fig. 13. Emulated po
t, and (b) settling time for 1% of the final value.

could be observed that these modes are related to the first, 10th

and 11th states of the system (�ω1, �x1,VSP1 and �x2,VSP1).

The same as before, the sensitivities to the rest of elements are
presented in Table 5. These parts of elements are the ones from
matrix A21 which contain VSP2 parameters presented by Eq. (33):

wer by VSP1.



Fig. 14. Frequency deviations in Area1 and 2 for difference control gain values.

Fig. 15. Frequency characteristics: (a) peak overshoot, and (b) settling time for 1% of the final value.

Fig. 16. Frequency deviations in Area1 for different damping in VSP2.
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Fig. 17. Emulated power

From the presented information in Table 5, it can be observed
hat most of the elements have a considerable sensitivities to 9th
nd 10th modes (
9 and 
10). From the participation factor matrix
t can be indicated that the 12th and 13th states (�x1,VSP2 and

x2,VSP2) have the main participation for these two modes.
The summary of the eigenvalue sensitivity analysis is presented

n Table 6. As shown by sensitivity matrices in Tables 4 and 5, 
1,
2, 
9 and 
10 have the main sensitivity. Considering the results of
articipation matrix, it is indicated that controlling the 10th, 11th,
2th, and 13th states (the states of both VSP controllers) are the
ost important ones for control design.
As explained before, the VSP states (�x1,VSP1, �x2,VSP1, �x1,VSP2

nd �x2,VSP2) are affected by their control gains. So with proper
election of control gains, the desired dynamic response could be
btained.

In the last part of the analyses, for investigating the effects of VSP
ased HVDC parameters on the system performance and to identify
heir proper ranges, another analysis for modal characteristics (like
amping and frequency of oscillatory modes) of the studied sys-

em regarding parameter variation of VSP stations are performed as
elow. The relationship between the ωn gains (ωn1 and ωn2) of syn-
hronous controller and the damping of critical modes is presented
n Fig. 18.

able 5
ormalized sensitivity of each mode for important elements of A matrix.

Sensitivity of 
i a13,1 a13,2 a13,9 a13,12 a13,13


1 0.0012 0.000 0.000 0.000 0.000

2 0.0025 0.000 0.000 0.000 0.000

3 0.000 0.000 0.000 0.000 0.000

4 0.0002 0.000 0.000 0.000 0.000

5 0.0002 0.0026 0.000 0.000 0.000

6 0.0301 0.0435 0.0025 0.000 0.000

7 0.0301 0.0435 0.0025 0.000 0.000

8 0.0035 0.0053 0.0007 0.000 0.000
�9 0.9920 0.9001 0.0941 0.1529 0.0076
�10 1.001 0.9810 0.0941 0.1529 0.00135

11 0.0004 0.00122 0.000 0.000 0.000

12 0.000 0.000 0.000 0.000 0.000

13 0.000 0.000 0.000 0.000 0.000

able 6
ummary of eigen sensitivity analysis.

Sensitive modes to A matrix elements Participant states


1 �x1,VSP1, �x2,VSP1, �ω1


2 �x1,VSP1, �x2,VSP1, �ω1


9 �x1,VSP2, �x2,VSP2


10 �x1,VSP2, �x2,VSP2
P2 for different damping.

The 3-D presentation in Fig. 18, will indicates the area with high-
est damping. As shown in this figure, the highest damping will
achieve for high values of ωn1 and low values for ωn2. It means,
for the studied two-area case, the values for ωn1 should be higher
than 5 and the values for ωn2 should be lower than 1. These results
are exactly the same as the results which were obtained from the
eigenvalue analyses presented before.

For investigating the proper range of damping in VSP1, another
plot is presented in Fig. 19. In this figure, the relationships between
parameters of VSP1 (ωn1 and �1) and system damping is also pre-
sented. As shown in this figure, the highest damping is achieved for
the space with damping value higher than 1 and lower than 3. For
the other parameter of VSP1, ωn1, the range is the same as the one
presented in Fig. 18.

For investigating the proper range of damping in the second
VSP controller, another plot is presented in Fig. 20. In this figure,
the relationships between damping ratio parameters of both VSP
controllers (�1 and �2) and system damping is presented.

As shown in Fig. 20, the highest damping in the system modes
is achieved for the area with the values higher than 0.5 for �2. The
proper range for the other damping ratio, �1, is the same as the one
from Fig. 19.
Therefore, based on the presented analysis, the acceptable range
of VSP parameter variations which can guaranty a stable and
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Fig. 18. 3-D presentation for damping of critical modes for different values of ωn1
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Fig. 20. 3-D presentation for damping of critical modes for different values of �1
ig. 19. 3-D presentation for damping of critical modes for different values of ωn1

nd �1.

cceptable dynamic response in the studied case could be as fol-
ows:

n1 > 5

n2 < 1

< �1 < 3
2 > 0.5

A) 

B) 
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Fig. 21. Dynamic response of frequency
and �2.

5.3. Comparison and simulation results

In order to validate and evaluate the positive effects of proposed
VSP-based AC/DC system on AGC dynamics and to show how the
proposed approach can help the system dynamic during contin-
gencies, a common scenario for two-area test system which was
explained in the previous sections is considered. It is assumed the
contingency is a load variation in Area1 around 0.03 p.u. at 3 s. All
the analysis and simulations are performed in Matlab platform.

Several comparisons are performed during this simulation.

Comparisons are related to the normal AC system, the typical
AC/DC system and the proposed model for AC/DC system with
VSP based inertia emulation. Considering these simulations, the

0 40 50 60
e(s)

AC System

AC/DC System

AC/DC with VSP Control

0 35 40 45 50 55 60
e(s)

AC System

AC/DC System

AC/DC with VSP Control

deviations; (A) Area1, (B) Area2.
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Fig. 22. Output power generation; (A) GEN

ositive effects of VSP method will be identified. The Frequency
eviations in both areas are presented in Fig. 21.

The output power generated by each unit is also presented in
ig. 22. It is clear that by means of inertia emulation it would be
ossible to change the dynamic response of system and the final
esponse will be smoother than the normal system without virtual
nertia capabilities. It is clear that the synchronous power control
echnique has a better performance with several advantages for
mulating the inertia.

As it was discussed before, in the VSP technique there is no
eed to PLL and frequency estimation and considering the fact that
imultaneous damping and inertia could be emulated, a powerful
ethod for improving the system dynamics during the contingen-

ies is proposed.
The dynamic behaviours of emulated power for VSP inertia emu-
ation are also presented in Fig. 23. The comparisons are made
etween two controllers in different area. The main contribution

s coming from the one in Area1 (area with contingency). Since the
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ig. 23. Comparisons of emulated power deviations for VSP1 in Area1 and VSP2 in
rea2.
B) GENCO2, (C) GENCO3, and (D) GENCO4.

load change is happening in Area1, it is predictable that the con-
troller in Area1 will have more contribution compared to the second
controller in Area2. As shown in Fig. 23, the maximum emulated
power is less than 2% of the rated power.

Another comparison regarding eigenvalue of the system consid-
ering different systems is presented in Table 7. It is clear that the
method based on synchronous power strategy has better perfor-
mance, less oscillatory modes with higher damping is achievable.

5.4. Case study with 39-bus test system

To investigate the performance of the proposed control strat-
egy with a more complex system, a network with more elements
as the well-known IEEE 10 generators 39-bus system is consid-
ered as the test system. This system is widely used as a standard

system for testing of new power system analysis and control syn-
thesis methodologies. Fig. 24 shows a single-line diagram of the
test system.

Table 7
Eigenvalue comparisons for different two-area interconnected systems.

Modes AC system AC/DC system AC/DC with VSP method


1 −0.027 + 0.825i −23.9299 −15.1962

2 −0.027 − 0.825i −0.4945 + 1.6611i −10.2239

3 −0.342 + 0.399i −0.4945 − 1.6611i −1.4311

4 −0.342 − 0.399i −0.3437 + 0.4245i −0.9586 + 0.4913i

5 −0.7023 −0.3437 − 0.4245i −0.9586 − 0.4913i

6 −1.8271 −0.8974 −0.1916 + 0.5618i

7 −2.1073 −1.9374 + 0.1752i −0.1916 − 0.5618i

8 −2.6872 −1.9374 − 0.1752i −0.6072

9 −2.6316 −2.6850 −0.473

10 – −2.6316 −0.088

11 – – −2.1129

12 – – −2.6873

13 – – −2.6316
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Table 9
Control parameters for studied AC/DC model with VSP.

Parameters Value

Kf 1,VSP (p.u. MW/rad) 1.8
Kf 3,VSP (p.u. MW/rad) −4.5
KAC,VSP (p.u. MW) 0.015
ωn1(rad/s) 1.3
ωn3 (rad/s) 4.1

responding equally to regulate their area control error. The tie-
line power interchanges of all areas are shown in Fig. 29. It can be
seen that the tie-line power flows in the normal systems without
VSP, show more oscillations and poor performance in keeping the
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Fig. 24. The configuration of the three-area power system with HVDC link.

This system consists of 3 areas, 10 generators and the system
arameters are shown in Table 8 [21]. The total load in this system

s assumed to be 5.483 GW for the base system of 100 MVA and
0 Hz. More details about this system data can be found in Refs.
21–23]. As mentioned, the main objective of this paper is to pro-
ose an effective LFC scheme with a desirable performance in the
resence of the VSP based HVDC system. Therefore, the case study

s updated by adding a VSP based HVDC line between Area1 and 3.
s shown in Fig. 24, the tie-line flows are used for control studies. In

his simulation, the important inherent requirement such as gover-
or dead band and generation rate constraint imposed by physical
ystem dynamics are considered.

In this scenario, it is assumed that the main contingency hap-
ened as a load change in Area3 by increasing to 0.1 p.u. at t = 3 s.
ll generators participate in LFC with equal participation factors.

n the simulation, the parameters of the VSP based HVDC system
re obtained using optimization theory as explained in previous
ections. These values are presented in Table 9.

It is worth to mention that, it is not necessary to equip all the

onverters with the VSP control during AGC task. In fact, the number
f converters which are facilitated by VSP control will be depended
n grid topology and specific conditions and requirements of each
rea in terms of ancillary services. In our work, we assumed that

able 8
arameters of test system. (Base power of 100 MVA).

Area GENCO H Xd Xq T′
do Xl

1 G11 70.0 0.02 0.019 7.0 0.003
G12 30.3 0.295 0.282 1.5 0.035
G13 35.8 0.249 0.237 1.5 0.030

2 G21 28.6 0.262 0.258 1.5 0.029
G22 26.0 0.67 0.620 0.44 0.054
G23 34.8 0.254 0.241 0.4 0.022
G24 26.4 0.259 0.292 1.5 0.032

3 G31 24.3 0.290 0.280 0.41 0.028
G32 34.5 0.261 0.205 1.96 0.029
G33 20.0 0.10 0.069 0.0 0.012
�1 (pu) 0.8
�3 (pu) 2.6

both converters of HVDC line are equipped with VSP control to
improve local and global stability of the system.

The simulation results of the three-area test system including
VSP based HVDC line are also compared with the system including
a normal DC and normal AC lines. In Fig. 25, the frequency devia-
tion of all areas following the applied load disturbances in Area3
is presented. These figures show the superior performance of the
proposed VSP based method to the classical model in deriving the
frequency deviation close to 0 with a better dynamic.

The dynamic responses of generated power for all the genera-
tion units in different areas are depicted in Figs. 26–28. It is clear
that the units in Area3, the area with 0.1 p.u. load change, are
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Fig. 25. Dynamic response of frequency deviations for three-area system (rad/sec);
(A) Area1, (B) Area2 and (C) Area3.
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Fig. 26. Power generations in Area1; (A) GENCO11, (B) GENCO12, and (C) GENCO13.
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Fig. 27. Power generations in Area3; (A) GENCO31, (B) GENCO32, and (C) GENCO33.
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Fig. 28. Power generations in Area2; (A) GENCO21, (B) GENCO22, (C) GENCO23, and GENCO24.
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Fig. 31. Required energy by VSP based HVDC stations (p.u.).

In practice, the required energy for emulating sufficient virtual
inertia in period of t can be directly calculated according to the
following equation for period of t:

EVSP,i =
t∫
0

PVSP,i (t) dt + EVSP0,i (35)

where PVSP,i was the instantaneous emulated power of VSP com-
ponents (�X1,VSP,i) and EVSP0,i is the initial energy. For this study,
the energy trace is depicted by Fig. 31 in p.u. The required energy
for VSP1 is 0.1 p.u. and the energy for VSP3 is equal to 0.22 p.u.
Thus, knowing the base values for each application, the real values
of energy with the required DC capacitance can be calculated.

6. Conclusion

A novel approach for modeling and analyzing the multi-area
AGC scheme in the presence of VSP based inertia emulation of HVDC
interconnected systems is proposed and discussed. The proposed
control of VSP is a power electronics based synchronous generator
which is naturally synchronized with the electrical grid by bal-
ancing the exchange of power with such grid. Therefore, it does
not require any external synchronization system, such as a PLL, to
work. This methodology has been proposed to cope with the future
requirements of modern power system in the matter of low inertia.
Proposed model has been discussed and analyzed through different
eigenvalue and sensitivity analysis. The performance of the pro-
posed approach has been also verified through different simulation
for two and three area interconnected systems. Obtained results
reveal that the proposed technique gives a very good dynamic per-
formance and usages of this method will reduce the peak deviations
of frequencies and tie-line power with significant improvement of
the system stability.

Proposed approaches and analysis in this paper will be essen-
tial for further research in this topic. Future work will be required
to explore how the inertia emulation can be implemented on the
present systems with more detail, and how the VSP system can
be implemented in more complex multi terminal grids. Consid-
ering different point of views of such problem like the effects of
communications and SCADA system and required infrastructure
for implementing such scenarios is surely a worthy area of research
which will benefit the electrical industry in the future.
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