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Abstract 
 
The integration of non-synchronous power electronics systems (n-SPES) is 

most common in the present-day power sector. As a result of n-SPES 
integration, the system’s total synchronous inertia is reduced, which 

eventually jeopardizes frequency regulation. Consequently, many 

modifications are introduced to assist in the short-term inertial response. 
However, due to insufficient energy reserve capacity, additional energy 

storage is required for inertia emulation. In this paper, a high voltage direct 

current (HVDC) link, Virtual Synchronous Power (VSP) based HVDC link, 
and Electric Vehicles (EVs) along with the AC tie-link are considered to 

study how the inertia effects the frequency regulation.  The system 

performance is analyzed with the HVDC tie line and VSP-HVDC link both 

in parallel with the AC tie link, respectively. The tie-line power variations 
and system frequency are studied with various case studies at different load 

changes and optimized with Particle swarm optimization (PSO) technique. 

The results suggest that the interconnected system dynamics are significantly 
improved with VSP-HVDC link 
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1 Introduction 
 

Most of the countries around the world have taken special measures to 

de-carbonize their electric grids and transport industries by promoting non-

conventional energy generation and facilitating the usage of electric vehicles 
(EVs) [1].A significant share of renewable energy is contemplated to 

emanate from distributed energy resources such as small hydro, biomass, 

wind and solar. The intermittent nature brought about by the uncertainty of 

renewable energy generation lead to impending concerns about the operation 
and control of power system [1].  

Extensive integration of renewable energy would raise the frequency 

control challenge. Many experiments have been already carried out to 
explore the regulation of frequency with high penetration of non-

conventional energy resources. Due to the integration of Distributed 

Renewable Energy Resources, parallel connections between HVDC and high 
voltage alternating current (HVAC) control areas have become the recent 

trends in many latest projects [2]. Nevertheless, with expanding 

electronically interfaced components because of HVDC systems and the 

penetration of Renewable Energy Sources modern power system would 
suffer from lack of damping response and synchronous inertia, which would 

have a pessimistic impact on the RES system.  Since these non-conventional 

sources are highly unpredictable because of their nature, energy storage 
technologies are utilized. They include Superconducting Magnetic Energy 

Storage (SMES), Compressed Air, Thermal Energy Storage, Battery Energy 

Storage System (BESS), Flywheel etc. They are developing at a faster pace 

to support frequency regulation of the grid for sudden demand variations.  
Nevertheless, these energy storage technologies are costly; their economic 

benefits for large scale implementation are still at risk. There has been a 

growing awareness of EVs in recent years. The implementation and 
extensive usage of EVs will have a considerable impact on power systems 

[3]. 

One of the potential cost-efficient solutions to the problem of LFC is 
realized by the contribution from electric vehicles [3]. Electrical vehicles 

(EVs) have lately been progressively introduced as they can reduce the 

impact on urban heat islands to benefit globally as well as local ecosystems. 

It is observed that most onboard battery type EVs are left in an idle state for 
most of the day [4]. Furthermore, they act as a load and can also participate 

in primary and secondary frequency control (SFC) with the help of vehicle-

to-grid (V2G) infrastructure [5]. EVs engage explicitly in the PFC as they 
have the autonomous power of the V2G [6] and [7]. A centralized control 

technique of V2G is applied in [8], which provides a rotating reserve based 

on a frequency deviation. Nevertheless, the additional controller parameters 
and V2G control have been tested independently for one control area, 

respectively, which may not corroborate proper synchronization.  
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In the above work, fixed structure mixed H¬2/H∞ controller based on 

Particle Swarm Optimization is used for V2G in a coordinated control 

manner, and the LFC frequency controller in the existence of wind power is 
developed in [9]. The problem of LFC for large power systems consisting of 

EVs and dispersed PV generators is studied in [10] using a controller based 

on Fuzzy Logic. A control strategy based on adaptive droop for Primary 

Frequency Control, considering the charging requirements of EV, is 
presented in [11].  

However, much research in the past involved Electric Vehicle 

involvement for only PFC in the presence of sustainable sources [12], [13], 
[14]. Despite, the contribution of many researchers in this area, there is a 

need to address some gaps, such as the advantage of VSP- HVDC and PHEV 

to mitigate the negative impact of frequency deviations and variations of load 
in a low-inertia grid. 

Because of this, an interconnected power system with thermal units of 

non-reheat type and PHEVs are modelled as two area system, and dynamic 

performance of the system is analyzed at different load changes.  Various 
case studies are studied with varying factors of participation of generator and 

PHEV.  The general AC tie line is related with VSP-HVDC tie-link, and 

HVDC tie-link in parallel and power handling capability of tie line is 
investigated.  

The primary purpose of the proposed work is: 

 An optimal framework is designed to minimize tie-line deviations 

and frequency deviations for an interconnected power system with 

AC/DC parallel tie-link configuration. 

 To investigate the optimal parameters of the controllers required for 

inertia regulation in the interconnected system considered. 

 The effectiveness of short-term inertial support obtained from EVs is 

analyzed under diverse HVDC links. 

        The paper is structured in five sections: the performance modelling of 
different components present in the system are discussed in section 2. In 

section 3, the particle swarm optimization algorithm is presented, and the 

optimized controller parameters are generated. Section 4 deals with results 
and discussion, and lastly conclusions were drawn and shown in section 5.      

                  

2 Performance Modelling 

 

The proposed interconnected model in this paper comprises non-reheat 

thermal units and PHEV in both areas. Two different tie lines are used 
namely HVDC link and VSP-HVDC link to investigate the time domain 

characteristics of the interconnected system with load variations. Figure 1 

represents the schematic diagram of the two-area power system considered. 
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Figure 1: Schematic representation of the two-area power system with AC and DC 

tie-links 

 

2.1 Smart Grid Infrastructure 
 

For Load Frequency Control, primary regulation and secondary 

regulation are needed. Primary regulation is to minimize the oscillations 

under disturbance, and secondary regulation is adapted to maintain zero 
steady-state error [6]. In each area, PHEV is comprised to aid load frequency 

control action. The electromechanical model of the proposed system is 

presented in Figure 2 [3]. 

 
Figure 2: Two Area Interconnected Power System Model in the presence of Electric 

Vehicles 

 

In Figure 2, β1,β2=bias coefficient of areas-1 and 2 respectively; 

R1,R2=droop constants of areas-1 and 2 respectively; H1,H2=inertia constants 

of areas-1 and 2 respectively; D1,D2=damping coefficients of areas-1 and 2 
respectively; Tg1,Tg2=governor time constants of areas-1 and 2 respectively; 

TT1,TT2=turbine time constants of areas-1 and 2 respectively; a12 =tie line 

constant; K1,K2,K3,K4 = participation factors; ∆f1,∆f2= change in areas-1 and 
2 frequency respectively; ∆Pg1,∆Pg2= governor output in areas-1 and 2 

respectively;  ∆PT1,∆PT2= turbine output in areas-1 and 2 respectively; ∆Ptie= 

tie line power; ∆PPHEV1,∆PPHEV2= output of PHEV in areas-1 and 2 
respectively; ∆P1,∆P2= input power of areas-1 and 2 respectively. 
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2.2 Plug-in Hybrid Electric Vehicles (PHEV) 
 

Plug-in Hybrid Electric Vehicles emit no harmful gases into the 
environment, and hence they attract more attention these days. Utilization of 

power electronic components is essential to connect Electric Vehicles to the 

grid. Depending on the current flow direction while charging and 

discharging, it can act as both source and sink.  The control of charging and 
discharging cycles can be performed with various algorithms PHEV can aid 

Load Frequency Control action in the interconnected system. Its model is 

presented in Figure 3 as follows. 

 
Figure 3: The PHEV model [Note: Where KPHEV= gain; TPHEV= time constant; 

PPHEV=output of PHEV unit; Pref= reference input] 

 

2.3 HVDC Link 
 

For long-distance power transmission, it is economical to use HVDC 
compared to HVAC transmission, and also losses are reduced.  In our 

proposed system, HVDC tie-link is in parallel with AC tie line as shown in 

Fig.1 to increase the power handling capability [5] of the tie line and 
decrease oscillations in power while disturbance occurs. HVDC link is 

connected through power electronic equipment due to the change in 

frequency from AC to DC.  The difference in frequencies of area-1 and area-

2 when a change in load in area-1 is given as follows: 

                      (1) 

                       (2) 

 

2.4 HVDC Link 
 

The derivative of grid frequency can control the power by emulating 

virtual inertia into the system, which is derivate based Virtual inertia 

emulation method, as shown in Figure 4.  The integration of the AC tie line 
in parallel with VSP-HVDC tie link is considered for the analysis [5].  

 
Figure 4: Derivative based Virtual Inertia Emulation 
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This method needs a filter to eliminate noise during emulation. 

Frequency deviations in control areas 1 and 2 under load variation with VSP-

HVDC tie-link are given as follows: 

           (3) 

              (4) 

Where,  = power output of the emulator. 

 

3 Particle Swarm Optimization (PSO) 
 

To set proper controller parameters, particle swarm optimization (PSO) 
is used. It is a meta-heuristic optimization technique which is based on 

swarm intelligence.  It is an iterative process in which the search starts with 

random velocity.  The fitness value of all the particles is calculated and 
compared with other particles in the swarm.   Each particle compares its 

fitness value to its personal best value (pbest), and best value of all other 

particles known as global best value (gbest).  The position and velocity of 

each particle are updated using the following equations [10]: 

                        (5) 

                                                                   (6) 

In equations (5) and (6), acceleration constants,  random 

numbers between 0 and 1, =inertia weight factor, velocity of an i
th

 

particle in a k
th
 iteration and  position of an i

th
 particle in a k

th
 iteration. 

The tuned parameters for 5% and 10% load change are presented in 

Table 1, and 2. 
Table 1: Tuned Parameters for 5% load change 

 
 

 

 

 

 

 

 

 

Table 2: Tuned Parameters for 10% load change 
 

 

 

 

 

 

 

CASE Tie-line KP1 KI1 KD1 KP2 KI2 KD2 

1 

 

HVDC 3.25 1.10 0.64 1.66 2.57 3.85 

VSP-HVDC 1.48 3.49 1.75 1.72 0.68 2.40 

2 HVDC 0.30 1.41 2.11 0.64 1.87 2.04 

VSP-HVDC 0.30 2.74 2.51 0.83 3.82 0.37 

3 HVDC 0.61 3.24 0.63 2.90 2.51 3.69 

VSP-HVDC 2.71 3.27 1.20 3.73 0.64 3.95 

CASE Tie-line KP1 KI1 KD1 KP2 KI2 KD2 

1 

 

HVDC 2.42    
 
2.69   

 
2.79  

 
2.34   

 
2.85    

 
2.60

 

VSP-HVDC 2.36   
 

0.39  
 

0.52  
 

3.77   
 

1.04    
 
2.49

 

2 HVDC 1.45 
 

1.23 
 

2.15  
 

2.78    
 
1.13 

 
2.81

 

VSP-HVDC 0.63  
 

2.34  
 

3.55  
 

0.27    
 
0.44   

 
0.82

 

3 HVDC 1.55
 

1.81
 

3.74 
 

1.16  
 

0.79    
 
2.91

 

VSP-HVDC 0.80    
 
1.37   

 
3.25    

 
2.24    

 
0.93    

 
2.19
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4 Results and Discussion  

 

The two-area system is simulated with various participation factors of 
generator and PHEV at 10% and 20% load changes.  PSO is the optimization 

algorithm considered for the system secondary controller, and results are 

taken by comparing the dynamic performance with both VSP-HVDC and 
HVDC links.   

Change in frequencies of area-1 and 2, change in tie link power and 

settling time are noted. Simulation is performed in MATLAB/SIMULINK 
environment, considering the system shown in Figure 5. The design 

parameters of the test are presented in detail in Table 3. 

 

 
Figure 5: Test system with DC and AC Links 

 
Table 3: Design parameters of the proposed system 

Parameters Values 

Area-1 Generator 

and Load Data 

G1: Rated 400 MVA, 20 kV; X=0.18 PU; 

Pg1: 700MW;  
G2: Rated 400MVA,20KV; X=0.18pu: 

Pg2:700MW; PL1:800MW 

Area-2 Generator 

and Load Data 

G3: Rated 400MVA, 20KV; X=0.18pu; 

Pg3:720MW;  

G4: Rated 400MVA,20KV; X=0.18pu; 

Pg4:700MW; PL2:2000MW 

AC Transmission 

Line Parameters 
400 KV; r=0.031Ո/km, x=0.327mH/km 

DC Transmission 

Line Parameters 
500KV; r=0.0139Ո/km; L=159µH/km, 

C=0.331µF/km 

H1, H2 6.175, 6.5 

Tg1, Tg2 0.08s 

TT1, TT2 0.3s 

D1, D2 1 

β 1, β2 0.425 

R1, R2 2.4 

a12 0.0866 

KPHEV 1 

TPHEV 1 
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The two control areas are interconnected in parallel with an AC link and 

with an HVDC link. The 580- km HVDC tie-line has a rated capacity of 

500MW and rating of DC voltage is ±500KV. Each control area comprises 
two generating units each of rating 400-MVA/20 KV. 

The connection to each unit is facilitated through transformers to the 400 

KV transmission line. The tie-line between control areas 1 and 2 allows a 
power flow of 600 MW. Loads PL1 and PL2 are modelled as constant 

impedances. 

 

4.1 Contribution of Gains in IPS as K1=K3=0.8; K2=K4=0.2 
 

The compensation of the thermal unit is 80%, and PHEV is 20% in this 

case.  The dynamics of an interconnected system with 5% load change are 
shown in Figures 6 and 7, and with 10% load change are shown in Figures 8, 

9.  From this analysis, oscillations are less with VSP-HVDC line when 

compared to the HVDC line.  The peak overshoot also reduces with VSP-
HVDC line optimized with PSO. 

 

 
Figure 6: Frequency Dynamics of areas-1 & 2 with 5% change in load 

 

 
Figure 7: Tie-line power dynamics with a 5% change in load 
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Figure 8: Frequency Dynamics in areas-1 & 2 with 10 % load change 

 

 
Figure 9: Tie-line power dynamics with 10% load change 

 

4.2 Contribution of Gains in IPS as K1=K3=0.9; K2=K4=0.1 
 

The compensation of the thermal unit is 90%, and PHEV is 10% in this 

case.  Figures10, 11 shows the dynamics of the system with a 5% load 

change.  Figures 12, 13 depicts the system dynamics with a 10% load 
change. 

 

 
Figure 10: Frequency Dynamics of areas 1 &2 with 5% change in load 
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Figure 11: Tie-line power dynamics with a 5% change in load 

 

 
Figure 12: Frequency Dynamics in areas 1 &2 with 10 % load change 

 

 
Figure 13: Tie-line power dynamics with 10% load change 

 

4.3 Contribution of Gains in IPS as K1=K3=0.95; K2=K4=0.05 
 

In this case, generator compensation is 95%, and PHEV compensation is 

5%.  Figures14, 15 represents the dynamics of the system under a 5% load 
change.  Figures 16, 17 represents the dynamics of the system under 10% 

load change. 
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Figure 14: Frequency Dynamics of areas 1 & 2 with a 5% change in load 

 

 
Figure 15: Tie-line power dynamics with a 5% change in load 

 

 
Figure 16: Frequency Dynamics in areas 1 & 2 with a 10 % load change 

 

 
Figure 17: Tie-line power dynamics with 10% load change 
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4.4 Performance Analysis 
 

The interconnected system is simulated with these optimized values and 
time-domain characteristics such as peak value of change in area-1 frequency 

(∆f_1peak), the peak value of change in area-2 frequency (∆f_2peak), peak 

value of change in tie-line power (∆P_(tie-peak)) and settling time (ts).  The 
step load disturbance is created in area-1, and corresponding frequency 

change in area-1, area-2 and tie-line power change is noted. 

In Table 4 case (1) the settling time with HVDC link is 24.75 sec when 
optimized with PSO.  When HVDC is compared with VSP-HVDC link, the 

settling time still reduced to 12.28 sec, which proves that with virtual inertia, 

the system can reach stability faster due to inertia emulation.  In Table 5, the 

peak overshoot improved due to the load variation of up to 10%. Suppose 
load change increases, the disturbance increases and fluctuations in 

frequency and tie-line power increase.  The peak overshoot in area-1 

frequency in case (1) with HVDC line is 0.17 Hz whereas it is deprived of 
0.15Hz with VSP-HVDC line.  

 
Table 4: Performance Analysis of Interconnected System under 5% Load Change 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C
a

se
 

T
ie

-l
in

e 

(H
z
) 

t s
(s

ec
)  

t s
 (

se
c)
  

t s
 (

se
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1 

 

HVDC 0.09 24.75 0.06 24.36 0.01 28.80 

VSP-

HVDC 

0.07 18.90 0.03 21.63 9.54*10^-3 21.75 

2 HVDC 0.09 18.00 0.05 25.00 0.01 29.00 

VSP-

HVDC 

0.07 12.60 0.02 19.30 0.01 16.55 

3 HVDC 0.09 20.00 0.07 13.50 0.01 16.12 

VSP-
HVDC 

0.07 23.80 0.04 23.06 9.95*10^-3 41.46 
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Table 5: Performance Analysis of Interconnected System under 10% Load Change 

 
From Table 4 and Table 5, it is evident that the settling time is improved, 

and peak overshoot is decreased with VSP-HVDC optimized system when 
compared to HVDC.  The oscillations with HVDC are also minimized with 

VSP-HVDC link. 

 

5 Conclusions 
  

A two area interconnected power system with non-reheat thermal units, 
and PHEV is considered in each area, and the PID controller does load 

frequency control. The AC tie line is kept parallel with HVDC link, and 

VSP-HVDC link and the performance is studied at different case studies 
using PSO. The results will explain the role of PHEV. VSP-HVDC link gives 

fewer oscillations when compared to HVDC link. The time-domain 

characteristics like settling time, peak overshoot of frequency and tie-line 

power are reduced. 
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