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Abstract

For synchronous and asynchronous connectivity of separate power grids,
phase shifting transformers (PST), the high-voltage-direct-current (HVDC)
converters and variable-frequency-transformer (VFT) are viable options. Nat-
ural damping and high overloading capabilities are inherent in the VFT,
which is critical for power grid reliability and stability. This article reports the
optimal power flow across a power system involving the implementation of
several meta-heuristic optimization techniques based control strategy. Several
optimization techniques are applied to optimize the gains of proportional-
integral-derivative (PID) controller which aids in regulating the system
dynamic response. The firefly algorithm based PID controller performs better
in contrast to other optimization techniques in improving the system dynam-
ics. The DC motor accustomed with PID controller provides the required
torque necessary for power transfer between two connected grids. Sensitivity
analysis is exhibited to inspect the strength of developed power system
against deviations in certain system parameters. A separate study is done
for the asynchronous operation of VFT based power system using firefly

Distributed Generation & Alternative Energy Journal, Vol. 37_4, 1129–1158.
doi: 10.13052/dgaej2156-3306.37410
© 2022 River Publishers



1130 A. H. Sheikh and F. I. Bakhsh

algorithm with different DC motor torque. To validate the effect of VFT over
HVDC total harmonic distortion analysis has been carried out to check for
the harmonic content in the rotor and stator current of VFT.

Keywords: Variable frequency transformer (VFT), high-voltage-direct-
current (HVDC), sensitivity analysis (SA), firefly algorithm (FA).

1 Introduction

The classical synchronous interconnection between two power grids is real-
ized by using PST and the asynchronous interconnection is accomplished
using back-to-back (B2B) HVDC link. Conversely, achieving synchronous
power system interconnection using PST in the modern power systems
is difficult when one or both power grids experience a slight change in
frequency. Moreover, the PST provides slow and step-wise change caus-
ing deterioration to the contacts of tap changer [1]. To achieve the power
interchange among connected asynchronous power grids, a B2B HVDC
link is employed extensively. A line commuted converter (LCC) established
HVDC tie endures from the drawbacks of deficit inertia for natural damping,
lesser thermal time constant leading to short over load capability and ample
reactive power requirement. Whereas, the reactive power requirement can be
controlled by voltage source converter (VSC) established HVDC tie unlike
LCC established HVDC tie but the introduction of harmonics, frequency
response and contribution of inertia are still the objections faced by HVDC
technologies [2]. Consequently, the incorporation of VFT between power
grids for power transfer can address the above mentioned challenges.

VFT comprises of three core components: (1) Dc Drive motor (2) Rotary
transformer (3) Collector bus. The rotary transformer is basically a conven-
tional induction machine having wound rotor as doubly-fed (WRIM) and
loaded with three-phase winding on both stator and rotor. On the upper side of
the rotary transformer are the three-phase collectors. The rotor winding and
the collector rings are connected through a three-phase bus. The collector
is made using traditional method that uses carbon brushes on copper slip
rings. All these components are coupled on a same shaft [3]. Figure 1 depicts
the single line diagram of VFT incorporated between two power grids. The
stator of VFT is electrically linked with power Grid #1 and the rotor is linked
with power Grid #2. The air gap between the three phase stator and rotor
windings provides the required magnetic coupling which is necessary for
power interchange in between connected power grids. Power transfer between
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Figure 1 System outline of VFT.

power grids occurs through a phase angle shift which is created by the torque
provided by the dc motor, coupled to the rotor of VFT. The amount as well
as the direction of active power across VFT depends on the phase angle shift
and other VFT parameters [3].

1.1 Related Works

The concept of VFT is introduced by authors in [3] along with its electromag-
netic and mechanical design. The necessary features of dc motor required for
the generation of torque in VFT is reported in [4]. In the work presented
in [4], a 20 Pole, 48/93 rpm, 2796 KW, 750V VFT installation is done
with a dc motor. The work in [5] describes the use of VFT to transmit
power across synchronous and asynchronous power grids. The performance
comparison of VFT and B2B HVDC tie for power transfer to a weak AC
network is discussed in [6] and it reveals that VFT provides better natural
damping capability and faster initial transient recovery as compared to other
counterparts. The role of VFT for the prevention of fault propagation into
adjoining area’s is explained in [7]. The simulation findings in [7] clearly
demonstrate that the VFT successfully reduces power oscillations. and thus
helps in preventing the fault from spreading to other areas. A control strategy
is developed in for VFT to achieve the low voltage ride through capability.
The control scheme in employs a dynamic series braking resistor to limit the
fault spread across VFT. Another control strategy based on series compensa-
tion technique is developed in [8] to restrict the VFT against asymmetrical
grid faults. Application of VFT in wind energy conversion systems (WECS)
is discussed in [9]. The modelling results in [9] clearly depict that VFT is
capable of transferring power from WECS to power grid at different PMSG
speeds with the production of negligible harmonics. Also, the application
of VFT to feed an isolated load is carried out in [10] and it is revealed
that when proposed system is compared to a typical conventional system,
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overall harmonic distortion of output voltage and current of proposed system
is minimal. Another novel control strategy is presented in [11] to reduce the
disturbances using VFT in doubly fed induction generator based WECS. A
detailed configuration of power transfer control through VFT with separated
active and reactive power is presented in [2]. The work imposes series voltage
compensation to achieve decoupled and bi-directional power flow. Another
work presented in [12] implements VFT to suppress power fluctuations
in wind turbine using PID controller. The PID controller gains in [12] is
optimized using particle swarm optimization.

To regulate load frequency, the work presented in [13] implements grey
wolf optimization (GWO) in an interconnected power system. To diminish
the inter-area oscillations in a power system, a stabilizer is used in [14], and
moreover the controller gains are adjusted capitalizing GWO. To unravel the
optimal power flow problem in power system, water evaporation optimization
(WEO) is implemented in [15]. To determine the efficiency of WEO various
IEEE bus systems are tested in [15]. Another similar work presented in [16]
discusses the optimal power flow problem using WEO and its competitive-
ness in addressing a variety of objectives is demonstrated by a comparison
study with other well-established methodologies. In [17], the firefly algorithm
(FA) is used to improve the hybrid fuzzy PID controller gains in a multi-
area system for load frequency management. To test the effectiveness of
the suggested method in [17], time domain simulations are run with various
contractual situations and the obtained outcomes are compared. The work
demonstrated in [18] plans out a method for minimizing the ohmic power
loss of an overall network by improving control variables like series injected
voltage magnitude by unified power flow controller (UPFC) and its phase
angle, UPFC location and transformer taps using a bio-inspired optimization
technique called as the firefly algorithm (FA). The work presented in [19]
implements flywheel energy storage system and VFT to mitigate the power
frequency oscillations in wind integrated two area power system. To enhance
load frequency control in an interconnected power system, VFT is combined
with a fuzzy-based super capacitor energy storage device [20].

Since, none of the optimization techniques mentioned in the literature
have been implemented on VFT based power system. Therefore, this work
manages to implement the same to optimize the PID controller gains and
to test the effectiveness of the PID controller gains, sensitivity analysis has
been performed. Moreover, total harmonic distortion (THD) analysis has
been carried out to check against the harmonic content in the rotor and stator
current of VFT.
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This paper is arranged in 7 sections. Section 2 presents the motivation,
contribution and objectives of the present work. Section 3 provides the
general theory of operation of VFT along with the related mathematical
equations. Section 4 discusses the MATLAB model of power system in
consideration. Section 5 explains the basic operation of the optimization
techniques employed in the current work. Section 6 presents the results and
discussions along with the sensitivity analysis, asynchronous operation and
THD analysis of VFT. Finally Section 7 draws the conclusion.

2 Motivation

Computational problems may occur in today’s reality while trying to identify
a globally optimum solution from an enormous solution space. As a result,
heuristic optimization algorithms that can discover the candidate solution
from a huge solution space have been proposed. Various meta-heuristic
optimization techniques have recently been presented to handle real-time,
complicated and non-linear issues. Optimization techniques are more popular
than conventional techniques due to local optima avoidance, derivative free
mechanism, flexibility and simplicity. The present work aims at evaluating the
dynamic performance regulation of VFT based power system incorporated
with realistic behavior in the form of non-linearities and complexity through
real-time simulations. Hence, optimization techniques are applied in order to
take care of the system realistic behavior.

2.1 Contribution and Objectives of Present Work

A VFT based power system is analyzed for optimal power flow between two
connected power grids in both synchronous and asynchronous modes. The
power interchange is realized by means of industrially applied PID controller,
the gains of which are optimized using several meta-heuristic techniques
available in literature. The robustness of PID controller gains is verified
using sensitivity analysis by subjecting the nominal system through different
parameter variations.

Objectives of Present Work

Based on the above discussions the objectives are:

1. To develop and model VFT based power system for power transfer
between two connected power grids.
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2. To compare the system performance in presence of PID controller using
different meta-heuristic optimization techniques.

3. To evaluate the optimum meta-heuristic optimization technique for
desired performance of the developed power system.

4. To check the robustness of optimized PID controller gains for alterations
in system parameters from their nominal values.

5. To investigate the operation of VFT based power system under asyn-
chronous condition.

6. To analyze the harmonic content in stator and rotor current of VFT under
synchronous and asynchronous condition using THD analysis.

3 Theory of Operation of VFT

In case of VFT, while applying the torque on the shaft, the phase angle
between stator and rotor windings gets continuously modified. Thus, power
gets continuously varied. Therefore, the equation for active power transfer
through VFT is given by Equations (1) and (2). The circuit diagram of power
system network with VFT incorporated is shown in Figure 2 and phasor
diagram representation of the VFT is presented in Figure 3.

PVFT =
V1V2

Xl +XVFT
sin(θ1 − (θ2 + θ2o)) =

V1V2
X12

sin(θ1 − (θ2 + θ2o))

(1)

PVFT =
V1V2
X12

sin(θnet) (2)

θnet = θ1 − (θ2 + θ2o)
PVFT = Power flow through VFT.
V1 = Magnitude of voltage on stator.
V2 = Magnitude of voltage on rotor.
X12 = Net stator to rotor reactance.

Xl/2Xl/2
V1        δ V2        0

VFT
Figure 2 Circuit diagram of VFT.
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Figure 3 Phasor relationship of voltages in VFT based power system.

θ1 = Stator voltage phase angle w.r.t reference phasor.
θ2 = Rotor voltage phase angle w.r.t reference phasor.
θ2o = Net stator to rotor phase angle.

The maximum possible power transfer occurs at θnet = 90◦ in either
direction

PVFT =
V1V2
X12

; at θnet = θ1 − (θ2 + θ2o) = 90◦ (3)

But for stable operation of the VFT, angle θnet must be less than 90◦. The
time integral of AC voltage frequencies gives their respective angles, while
the integral of rotor speed over time gives the angle of rotor and is given in
Equation (4).

PVFT = Pmax

[∫
(ω1(t)− ω2(t))dt−

∫
ω2o(t)dt

]
(4)

Where,

ω1 = Time dependent voltage frequency at stator terminals.
ω2 = Time dependent voltage frequency at rotor terminals.
ω2o = Time dependent rotary transformer rotor speed.

4 Power System Under Investigation

The system under investigation is modelled under MATLAB/SIMULINK
platform as shown in Figure 4. A 400 V three phase source is used to
simulate both the grids. For synchronous operation both the grids are kept
at 50 Hz while for an asynchronous operation 60 Hz and 50 Hz frequencies
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Figure 4 Schematic diagram of developed power system.

are employed for Grid #1 and Grid #2 respectively. The WRIM stator is
linked with Grid #1 while as the rotor of WRIM is linked with Grid #2.
The WRIM which is basically a rotary transformer is rated at 10 Kw, 50 Hz,
400 V and 1430 RPM. The output torque of dc shunt motor rated at 240 V,
1 HP, 1430 RPM is applied to the rotor of WRIM to simulate the VFT. A load
of 1 Kw is connected to Grid #1 while as a load of 4 Kw is connected to
Grid #2. A PID controller is accustomed with the dc shunt motor to control
the torque which eventually controls the power transfer between two grids.
The developed model is used to assess the performance of the power system
in consideration.

5 Optimization Techniques Applied

For the desired performance evaluation of the developed power system, some
recent optimization techniques are considered. These are discussed below;

5.1 Water Evaporation Optimization

A. Kaveh et al. introduced water evaporation optimization (WEO) [21] and
it implements molecular dynamics to examine water particles evaporating
from solid surfaces of varying wettability. Wettability is a criterion of liquid
particle’s capacity to attach to solid surfaces and is denoted by the interaction
between solid phases and fluid. By changing the charge (q), the wettability
can be restrained. The mobility of water depends on q and stretches smoothly
to the value of q = 0.4e. As the value of q drops below 0.4e, the water
droplet shrinks considerably and becomes immobile. The search space is
represented by the solid surface with different wettability whereas, individu-
als are represented by water particles in WEO. As the algorithm progresses,
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changes in water accumulation over the surface occurs due to the variations
in surface wettability and these variations are interpreted as changes in the
values of objective function. Those individuals who achieve their maximum
around q = 0.4e have a chance to update themselves and this is represented
by evaporation flux. This helps the WEO to achieve simplified algorithm
structure and good convergence rate. The individuals in WEO are updated
using Equation (5).

Ef (q) = exp

(
−Ecs

KBT room

)
; q ≥ 0.4e (5)

Where, Ef (q) denotes evaporation flux, Ecs denotes the surface con-
tact energy, T room denotes room temperature and KB denotes Boltzmann
constant.

For half number of evaluations monolayer evaporation (ME) probability
given in Equation (6) is used to update the individuals of WEO. The global
search competence of WEO is represented in this first phase.

MEkij = 1 for randij〈exp(Ecs(i)
k)

MEkij = 0 for randij ≥ exp(Ecs(i)
k)

(6)

DEkij = 1 for randij〈exp(Ef(φ(i))k)

DEkij = 0 for randij ≥ exp(Ef(φ(i))k)
(7)

Where,

φ(i)k =
(φhigh − φlow)× (OF ki − low(OF ))

high(OF )− low(OF )
+ φlow (8)

MEkijandDEkij (given in Equation (7)) represents the chances at kth iteration
to update the jth variable of ith water particle in ME and DE probability and
φrepresents the contact angle vector.

Droplet evaluation probability given in Equation (9) is used to update the
individuals in the second phase.

Ef (φ) = E0Pg(φ); q < 0.4e (9)

Where, Ef (φ) is evaporation flux, E0 is a constant having a value of
1.24 ns−1 and Pg(φ) is the ratio of condensed water particles and surface
water particles. The flowchart of WEO is given in Figure 5.
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Figure 5 Flowchart of WEO.

5.2 Grey Wolf Optimization

S. Mirajalili [22] suggested a population based algorithm called grey wolf
optimization (GWO). Grey wolves have a well-defined social hierarchy.
The leaders are referred to as alphas. The alpha is responsible for decision
making regarding the time to sleep, time to wake up, to hunt and so on. Beta
is the second rank in the grey wolf pyramid. For the pack duties particularly
the decision making process, the beta wolves assist the alphas. In the event
that one of the alpha becomes very old or dies, the best contender to become
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the alpha is generally the beta wolf. The lowest rank in the hierarchy is given
to omegas. The omega wolves are used as a scapegoat, and they are forced to
yield to all other main wolves at all times. These include the final count of
wolves to be eaten. Any wolf excluding above ranked wolves is referred to as
subordinate. Although delta wolves must bow to alphas and betas, they rule
the omega. Following are the key phases of wolf hunting:

(a) The prey is being followed, pursued and advanced.
(b) Pursue the prey, encircle it and annoy it as long as it is static.
(c) Attacking the prey is a good idea.

When creating GWO, we include the most fit value as alpha (α) to
quantitatively describe the social structure of wolves. As a result, the ultimate
and penultimate options are known as beta (β) and delta (δ). Omega (ω) is
assumed for the rest of the possible solutions and following Equations (10)
and (11) are inferred.

~Z = |~C.~YP (t)− ~Y (t)| (10)

~Y (t+ 1) = ~YP (t)− ~A~D (11)

Where, ~A,~C represent co-efficient vectors, ~Y indicates the grey wolf
position vector, ~YP is the prey position vector and t indicates the current
iteration. The ~A and ~C vectors are calculated using Equations (12) and (13):

~A = 2~ar1 − ~a (12)

~C = 2~r2 (13)

Where, r1, r2 are random vectors and during the iterations process, the
solutions of ~a are reduced progressively. To simulate the chasing perfor-
mance of grey wolves mathematically, we postulate that hunting factors have
superior information about prey location. As a result, the best three results
are stored and other search factors are employed to update the locations in
accordance with the placement of best search agent.

~Y1 = ~Yα − ~a1 ~Zα, ~Y2 = ~Yβ − ~a2 ~Zβ, ~Y3 = ~Yδ − ~a3 ~Zδ
(14)

~Y (t+ 1) =
~Y1 + ~Y2 + ~Y3

3
(15)
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Figure 6 Flowchart of GWO.

Alpha, beta and delta determine the final position in the search space
which would be a random place within a circle. The flowchart of algorithm is
shown in Figure 6.

5.3 Firefly Algorithm

Flash signals are used by fireflies to attract other fireflies looking for partners.
Yang created a meta-heuristic algorithm based on this phenomenon [23].
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All fireflies are considered unisexual, and the intensity of their flash deter-
mines how attractive they are. As a result, if a firefly particle has to choose
between two fireflies, it will be drawn to the firefly with the brightest light and
will move towards that path. The firefly will move in a random path if there
are no other fireflies nearby. The fitness function is linked to the brightness
of the flash. As seen from Equation (16), light intensity follows the inverse
square law.

I(r) =
Is
r2

(16)

Where, Is is the source intensity and I(r) is the light intensity at a
distance r.

For a static absorption co-efficient (γ) in a given medium, the light inten-
sity (I) depends on original light intensity (I0) and fluctuates with distance
(r) as given in Equation (17).

I = I0 exp(−γr2) (17)

Because the adherence of a firefly is related to the light ardency seen by
nearby fireflies, its attractiveness (β) can be described using Equation (18):

β = β0 exp(−γrm); m ≥ 1 (18)

Where, β0 is the appealing at r = 0. For any two fireflies i and j at xi
and xj respectively the distance between them is calculated in Equation (19).
Each generation, the fireflies migrate to brighter fireflies nearby, as specified
by Equation (20).

rij =

√√√√ d∑
k=1

(xi,k − xj,k)2 = ‖xi − xj‖ (19)

xi = xi + β0 exp(−γr2ij)(xi − xj) + αε (20)

Where, α denotes the parameter of randomization and ε is a random value
Gaussian distribution vector. The step size is controlled by α here. Based on
the brightness, the fireflies are graded at the conclusion of each iteration,
which leads to the discovery of finest firefly in each iteration. In succeeding
generations, the fireflies are made to travel and according to the objective
function the light intensity of each firefly is streamlined. The best objective
function value is determined by the firefly with the maximum brightness and
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Figure 7 Flowchart of FA.

it is considered to be the best case (optimal solution) at the conclusion of all
iterations. Flowchart of FA is given Figure 7.

Objective function selection for the given power system:

The location and specific value of the PID parameters is determined by the
objective function. Other essential properties given in the objective function
include steady state errors, settling time rise time and peak overshoot. The
fitness function can be written using Equation (21):

Fobj = 1− e−δ(MP + Er) + e−δ(Ts − Tr) (21)

Where, Fobj represents the objective function and δ is the scaling factor.
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Er, Ts, Tr and MP represent steady state errors, settling time rise time
and peak overshoot.

6 Results and Discussions

The developed VFT model is simulated in MATLAB 2018a Simulink plat-
form. To obtain the best results for synchronous power transfer in between
connected grids a comparison based on minimization of objective function
and system dynamic response regulation among the optimization techniques
is done. To check the robustness of optimized PID controller gains against
various changes in system parameters under nominal conditions Sensitivity
analysis is performed. The investigation of power transfer is further carried
to asynchronous operation of VFT.

6.1 Selection of Optimal Technique for Power System Under
Nominal Conditions

The nominal system is simulated for a DC motor torque of 10 Nm, load
#1 = 1 Kw, load #2 = 4 Kw, frequency = 50 Hz. The PID controller gains
are optimized using GWO, WEA and FA, one at a time. The optimized
PID controller gains for WEA, GWO and FA are reported in Table 1. The
terms Kp, Ki, Kd represent usual controller notations while N represents the
derivative coefficient of PID controller. The convergence characteristics for
WEA, GWO and FA are shown in Figure 8. The obtained power transfer
responses using WEA, GWO and FA techniques are compared for analysis
and are shown in Figure 9. Based on the dynamic responses and objective
function convergence characteristics, a comparative analysis is done for
selecting the optimal technique to improve execution of the system. A critical
review of Figure 9 shows that the transient characteristics of power transfer
response are better handled by FA optimized PID controller. Further, the
convergence of objective function (given in Equation (21)) is attained to its
minimum possible value using FA technique. This analysis reflects that FA
optimized PID controller achieves desired performance of the system with

Table 1 Optimized gains for PID controller using WEO, GWO and FA technique
Kp Ki Kd N

WEO 0.3182 0.4532 0.1611 0.5987
GWO 0.8717 0.9084 0.9061 5.6714
FA 0.3079 0.5157 0.3935 9.9520
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Figure 8 Convergence characteristics of WEO, GWO and FA.

Figure 9 Power transfer using WEO, GWO and FA.

Table 2 Transient characteristics of WEO, GWO AND FA
WEO GWO FA

Settling Time (seconds) 0.6 sec 0.7 sec 0.3 sec
Overshoot (% of final value) 37.09% 42.08% 25.57%
Undershoot (% of final value) 64.51% 25.19% 17.51%

minimum value of Fobj and better dynamic performance regulation. Thus,
FA proves to be optimal technique for controller tuning for the present power
system and the key specifications highlighting the superiority of FA over
WEO and GWO are reported in Table 2. Further, the additional investigation
is carried out with FA to be the optimal technique for performance analysis.
Figure 10 shows the different values of power transfer between two grids at
different values of dc motor torque. From the Figure 10, it is clear that upon
increasing dc motor torque, the power transfer through VFT also increases
from Grid #1 to Grid #2. Figure 11 represents the power transfer through
VFT when the direction of torque is reversed. It is clear from the Figure 11
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Figure 10 Power transfer for different values of positive dc motor torque using FA under
synchronous condition.

Figure 11 Power transfer for different values of negative dc motor torque using FA under
synchronous condition.

that upon increasing dc motor torque in reversed direction, the power transfer
also increases from Grid #2 to Grid #1. Figure 12 represents the dynamic
response of VFT parameters where Figure 12(a) represents rotor current,
12(b) represents stator current, 12(c) represents dc motor torque and 12(d)
represents the rotor speed in rpm. The rotor speed is zero which is due to the
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Figure 12 Dynamic response of different VFT parameters using FA under synchronous
condition.

fact that both the grids are operating at same frequency. From the Figure 12
it is clear that both the rotor and stator current are sinusoidal and hence it can
be deducted that VFT does not produce harmonics as compared to its other
counter parts.

6.2 Sensitivity Analysis (SA)

The nominal system under any situation, may be subjected to certain dis-
turbances which leads to instability issues [24, 25]. In order to check the
behavior of the developed system to variations of system parameters, sensi-
tivity analysis is performed with wide variations in system parameters from
their nominal values. The nominal system is subjected to variations in load
demand in both Grid #1 and Grid #2 and DC motor torque. The system with
already FA optimized PID controller gains (Table 1) is simulated and the
responses obtained under these conditions are labelled as offline-optimized
responses while as the dynamic responses of the system which is once again
optimized using FA technique under the changed conditions are labelled as
real-time responses.

6.2.1 ±10% variation in load demand in both Grid #1 and
Grid #2

The developed system is altered with a load demand variation of +10%
with respect to nominal load demand. The offline optimized responses are



Optimal Power Flow Through Variable Frequency Transformer 1147

Figure 13 Comparison of real time and offline FA optimized power transfer with +10%
variation in load demand.

Figure 14 Comparison of real time and offline FA optimized power transfer with −10%
variation in load demand.

compared with the real time responses as shown in Figure 13. Similarly, a
load variation of −10% with respect to nominal load demand is done and
the offline and real time responses are compared as shown in Figure 14. The
dynamic comparison of the responses reveal that both offline as well as real
time responses are almost identical.

6.2.2 ±10% variation of DC motor torque
The aim is to check the robustness of the PID controller gains when the torque
deviates from the nominal value. The developed power system is applied with
a ±10% deviation of dc motor torque and the compared responses are shown
in Figures 15 and 16. The dynamic comparison of the responses in this case
also reflects that the offline optimized and real time responses are almost
same.
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Figure 15 Comparison of real time and offline FA optimized power transfer with +10%
variation in dc motor torque.

Figure 16 Comparison of real time and offline FA optimized power transfer with −10%
variation in dc motor torque.

Inferences from Section 5.2: Sensitivity analysis of the system pertaining to
variations from the nominal system parameters validate the effective distur-
bance handling capability of the optimized PID controller gains. This analysis
proves that the developed power system is stable enough to withstand any
change in the system parameters. Hence, the optimized PID controller gains
need no further resetting.

6.3 Asynchronous Operation of the Power System

In an asynchronous interconnection, the two power grids will operate at
different frequencies. The difference of frequencies between two grids makes
rotor rotate continuously and speed of rotor is a function of frequency
difference between rotor and stator and is given in Equation (22).

Nr =

(
1− fr

fs

)
Ns (22)
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Figure 17 Power transfer for different values of positive dc motor torque using FA under
asynchronous condition.

Figure 18 Power transfer for different values of negative dc motor torque using FA under
asynchronous condition.

Nr = rotor speed
Ns = stator flux speed
fs = stator frequency
fr = rotor frequency

The rotor and stator of VFT are connected to two power grids of the
present power system at different frequencies with Grid #1 operated at
60 Hz while Grid #2 is operated at 50 Hz. The system is simulated for
different dc motor torque values with FA optimized PID controller gains
and the simulation results are shown in Figures 17, 18 and 19. Figures 17
and 18 represents the power transfer through VFT for positive and negative
values of dc motor torque respectively under asynchronous condition and it
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Figure 19 Dynamic response of different VFT parameters using FA under asynchronous
condition.

is clear from these figures that power transfer through VFT increases upon
increasing dc motor torque. Figure 19 represents the dynamic response of
VFT parameters (rotor current, stator current, dc motor torque and rotor
speed) under asynchronous condition and it is clear from the figure that the
VFT does not produce harmonics in rotor and stator current.

6.4 Harmonic Analysis

The major phenomena that impacts the power quality is the existence of har-
monics. Grid current and voltage waveforms no longer remain sinusoidal due
to the operation of non-linear loads, but instead contain components at mul-
tiples of the system’s fundamental frequency [26]. The non-linear converters
in HVDC power transmission are replaced by VFT to suppress the harmonic
content. The Total Harmonic Distortion (THD), which is the ratio of total
harmonics to the value at the fundamental frequency is the most widely used
indicator for characterizing the total system harmonic content [26]. To verify
the harmonic content in the rotor and stator current, THD analysis has been
carried out and is presented in Figures 20(a), 20(b), 21(a) and 21(b). The THD
given in the Figures 20(a) and 20(b) is 1.57% and 0.79% for the rotor and
stator current respectively under synchronous condition for a dc motor torque
of 10 Nm. The THD given in the Figures 21(a) and 21(b) is 0.78% and 2.25%
for the rotor and stator current respectively under asynchronous condition for
a dc motor torque of 5 Nm. Under both the conditions the THD is completely
acceptable as per standard IEEE norms [27, 28]. This validates the fact that
VFT produces very less harmonics as compared to its other counter parts.
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Figure 20(a) THD of rotor current under synchronous condition.

Figure 20(b) THD of stator current under synchronous condition.

Figure 21(a) THD of rotor current under asynchronous condition.

 
Figure 21(b) THD of stator current under asynchronous condition.

7 Conclusion

A VFT based power system employing PID controller is studied for power
transfer capability interconnected between two grids. The PID controller
gains are optimized using different optimization techniques where FA
technique proves to be efficient enough in elevating the performance of
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the power system, the performance index being better transient and steady-
state characteristics and better convergence characteristics of the formulated
objective function. The disturbance rejection ability of the power system
is authenticated employing sensitivity analysis by deviating certain power
system parameters from their nominal values. Also, the behavior of power
system under asynchronous operation is studied which confers the dynamic
behavior characteristics under difference in frequencies of the interconnected
grids. Moreover, the THD analysis is conducted to confer the effective
suppression of rotor and stator current harmonics by VFT which improves
the quality of power transfer between two connected grids.

Appendix

Nominal system parameters

WRIM

Rated nominal power (SWRIM): 10 Kva, voltage (Vl−l rms): 400 V,
f: 50 Hz, rotor-resistance (Rr): 1.395 Ω, stator-resistance (Rs): 1.405 Ω,
rotor-inductance (Lr): 0.005839 H, stator-inductance (Ls): 0.005839 H,
mutual-inductance (Lm): 0.1722.

DC Motor

Power (Pdc): 1 HP, field voltage (Vf ): 300 V, armature voltage (Va): 240 V,
field resistance (Rf ) and inductance (Lf ): 281.3 Ω and 156 H, armature
resistance (Ra) and inductance (La): 2.581 Ω and 0.028 H.

Grid #1 and Grid #2

Voltage voltage (Vl−l rms): 400 V, f: 50 Hz, source resistance (Rs): 0.8929 Ω.

Optimization Technique

WEO: – Pop size = 50,Ecsmax =−0.5,Ecsmin =−3.5, φmax = 50 degree,
φmin = 20 degree, computational time = 14 min.

GWO: - pop size = 50, ~a = [2, 0] linearly decreased over the course of
iterations, ~r1 ~r2 = [0, 1], computational time = 17 min.

FA: – pop size = 50, α = 0.3, β0 = 0.2, γ = 1, computational time = 15.
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