INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
A. Latif et al., Vol.8, No.1, March, 2018

Integrated Demand Side Management and

Generation Control for Frequency Control of a
Microgrid using PSO and FA based Controller

Abdul Latif*{, D C Das*, S. Ranjan*, I. Hussain*

*Department of Electrical Engineering, National Institute of Technology, Silchar, India, 788010

(latif1014@gmail.com, dulal_nit@yahoo.co.in, ranjan4c@gmail.com, israfilhussainl@gmail.com)

1 Corresponding Author; Abdul Latif, Department of Electrical Engineering, National Institute of Technology, Silchar, India,
788010, Tel: +91 3842 242912, Fax: +91 3842 242912, latif1014@gmail.com

Received: 24.10.2017 Accepted:24.12.2017

Abstract- This paper investigates demand side management (DSM) method as a new control strategy for frequency control of
a microgrid powered by diesel driven generator (DDG), wind and solar photovoltaic (PV) power sources in absence of battery
energy storage. Frequency fluctuation due to intermittent power generation is leveled by adjusting the power consumption of
the non-critical loads (i.e., heat pump, freezer) and charging-discharging of plug-in hybrid vehicles (PHEV) through the
demand response controllers beside the automatic generation control of DDG. The parameters of the controllers (PI/PID) are
optimized using popular Particle Swarm Optimization (PSO) and Firefly Algorithm (FA). Different disturbance conditions
such as step perturbation and random variations of load, solar PV and wind output power are considered to investigate the
performance of the microgrid. Simulation studies confirmed that the performance of the FA optimized PID controller is the
best among all other the controllers considered in this study in terms of frequency deviation and setting time.
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1. Introduction

The modus operandi of conventional (fossil fuels-based)
power generation system is agreed to be non-optimum and
unsustainable in its long run process. So, electricity
generations are facing fundamental changes in upcoming
decades across the world, due to future grid requires low
carbon emissions from generation with higher integration of
clean energy resources such as solar, wind, tidal, biomass
etc. [1]. Renewable based integrated hybrid power system in
the form of standalone or isolated micro grid is believe to be
the better choice than conventional centralized power plants
due to its small scale, on-site distributed energy, economic
reason and energy security [2]. However, characteristics of
renewable sources such as volatility, stochasticity and
intermittency make it difficult to control the power output of
these resources, thus maintaining power balance between
supply and demand becomes challenging task. The
imbalance between demand and generation causes frequency
fluctuation that leads the network towards undesirable
situation like system instability, load shedding which are
badly effecting the quality of power supply. When demand
exceeds the available supply, the frequency falls below 50Hz
(or 60 Hz in North America), similarly the reverse case
occurs [3]. Unlike the conventional grid, frequency
regulation in the isolated microgrid become exacting task due
to inclusion of intermittent renewable energy resources
(RERs) which are uncontrollable in nature, smaller in size
and has less inertia. Therefore, an appropriate control
strategy needs to be employed with such a microgrid [4].

Frequency control of renewable energy based hybrid
power systems using different types of controllers have been
investigated in the past. Conventional PI controller [5],
Fuzzy PID controller [6], PSO based fuzzy controller [7],
GA and PSO optimized PI/PID controllers [8] have
performed satisfactory to reduce the frequency fluctuation in
such hybrid power systems. Noticeably in many of the above
mentioned hybrid power systems and [9], [10], [11], [12]
battery energy storage has been used to level the power
fluctuation. Nonetheless, battery storage systems have some
limitations, for instance, battery banks are expensive, require
frequent maintenance and disposal of battery is big concern
[13]. Thus, finding a feasible solution with minimum storage
cost, reduced maintenance, and preserving the environment
is a current research demand.

Demand side management (DSM) can be a potential
solution to the above frequency control related problem in
microgrid. Switching on and off of demand side devices with
lesser energy consumption cost presented by Ozturk et al.
[14]. However, the localized decision making creates
customer discomfort due to curtailment of large number of
loads.

Recently, some very good works on demand response
frequency control of power system have been reported in
[15]. Bao, Yu-Qing, et al. [15] considered demand response
control scheme for frequency (decreasing cases) control of
power system consisting of single generator and demand
response appliances. The parameters of the demand response
controller (PI) are optimized using GA. However, to ensure
the robustness of the proposed control strategy, performance
of the proposed demand response control strategy could be

explored considering other uncertainties also. In other work
[16], demand response for frequency control of diesel
generator, solar PV, fuel cell and based hybrid microgrid in
absence of storage has been investigated. To maintain the
power balance between generation and demand the output of
the soar PV system is adjusted in coordination with diesel
generating unit and fuel cell outputs along with demand
response control. The performance of the control approach
has been assessed considering step changes in load /and or
generation. However, in order to examine the effect of
practically variable nature of generation and / or load
demand on dynamic performance of the microgrid, the
performance could be evaluated considering randomly
variable characteristics. Not much literature or few have
investigated the coordinated control of different generating
units incorporating DSM in an autonomous storage free
microgrid.

In view of this, present paper explores an automatic
coordinated control scheme through DSM for containing
frequency of a microgrid without energy storage. The micro
grid comprises of wind-turbine generator, solar PV
generation, diesel-engine driven generator (DDG), plug-in
hybrid electric vehicles (PHEV), heat pump (HP), freezers
(FREEZER) as non-critical load and certain critical load. The
proposed control strategy combines the direct load control
(DLC) under demand side management for non-critical load
in addition to automatic generation control (AGC). For direct
load control the controllable loads are equipped with
controller, called DR controller. Combined operation of both
the DR controller and AGC controller maintain the frequency
within its’ permissible limit.
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Fig. 1. Conceptual structure of proposed storage free Wind-
PV-DDG based microgrid

The objectives of the work are summarized below:

(1) To develop appropriate transfer function model of the
proposed microgrid including DLC for controllable
loads in MATLAB Simulation software for examining
the dynamic performance.

(i1) To optimize the gains of the controllers (PI and PID)
employed with DDG for automatic generation control
and DR controller for controllable loads using PSO and
FA.

(iii) To compare the performance of the controllers (PI and
PID) under different operational cases such as step and
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random variation in critical load as well as wind and
solar power.

(iv) To compare the dynamic performance of the microgrid
with DR controllers vis-a-vis its performance without
DR controllers.

The rest paper is organized as follows: section 2 explains
the complete transfer function of proposed microgrid system.
The proposed DSM control philosophy is discussed in
section 3. The overview of PSO and FA optimized systems
are illustrated in section 4. Problem formulation and
Simulation results are presented in section 5 and 6.
Consequently, section 7 concludes the findings of the study.

2. Proposed Storage Free Microgrid and Its Modeling

The proposed microgrid along with it’s transfer function
model are illustrated in Fig. 1 and Fig. 2 respectively. It
consists of wind, PV and diesel-based generators along with
critical and non-critical loads (i.e., heat pump, freezer). The
system parameters shown in appendix, we referred [5, 9,
17,]. The power generated i.e. sum of the output powers from
conventional and non-conventional energy resources, are
supplied to the critical and non-critical load. The plug-in
hybrid electric vehicles supplies power during deficit and
draw power when the load exceeds generation. However,
heat pump only draws power when load exceeds the
generation. The freezer, which is used as a controllable load,
capable of reducing the power consumption without causing
much discomfort to the consumers during insufficient
generation. Modeling, functionalities of each system
components and their first order transfer function are
discussed in the succeeding sections.

Wind
Solar PV
P Turbine system
WIG Generator v
PWTG PP Vv
max
— P
DDG| !
DR i Speed || Digsel
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PI/PID) —
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Fig. 2. Schematic transfer function model of proposed
microgrid without storage

2.1. Wind turbine generator (WTG) system

Wind energy is considered one of the most rapidly
developing renewable energy with an average growth of 21%
during the past decades [18]. Wind power is extracted from
the kinetic energy of the moving air. Therefore, power
generated from the wind turbine generator system is the
function of the instantaneous wind speed, V. Vy is given

by [9],
Vi =V + Vs + Vi + Vi (M

where Vg, Vws, Vwr and Vyy are the base wind speed,
squall wind speed, speed of ramp wind and speed of noise

wind. The mechanical output power of the wind turbine is
defined by the following equation [19]:

P, = % PAC, (A, B)V,* )

where p represent the air density, A is the swept area of the
wind blade, Vy is the wind velocity and Cp (A,B) is the power
conversion coefficient of the wind turbine depending on the
tip-speed ratio A and pitch angle B of the blades. The wind
turbine is a nonlinear system and its pitch controller uses to
counter act frequency oscillations of the utility grid. Hence
the pitch system which controls the pitch angle according to
wind speed introduces nonlinearities in the system. The
transfer function model depicting first order of wind turbine
generator (WTGQG) [9] is given by

K (3)
G _ wrG
wre (S) 1+ 5T,

2.2. Solar PV system

Solar PV system is another fasted growing renewable
energy technology. Solar radiation which is intermittent in
nature because of dependency on weather condition is used
solar photovoltaic cells for electricity generation. The d.c.
power so generated is converted to a.c through the inverter.
The series/parallel combination of PV solar cells form PV
arrays, output power (in watts) of which is given by [9],

P,, =nS®{1-0.005(7, +25)} (4)

where 1 is the conversion efficiency of PV cell (9% -12%), S
is (=4084 m®) the measured area of PV array, ¢ (=1kW/m?) is
the solar radiation and T, is ambient temperature in degree
Celsius. The d.c. power output of PV generator is given by
[16],

B,y =V,

C

where Vg and Ipy is the PV module operating voltage or dc-
link  voltage and module current respectively.

In addition AP, =Py s — Py The transfer function of

the PV system can be represented [9] as:

Kpy (6)

G,,(8) =
PV() 1+STPV

2.3. Diesel engine driven generator (DDG) system

Diesel engine coupled with synchronous generator
produces the required torque for driving the synchronous
generator to produce sufficient amount of power output. It
acts as a back-up generating unit to maintain load demand
during unavailability of solar and/or wind power. In a
microgrid sudden changes in load at the customer end occur
frequently, so, it is important that prime mover in the diesel
generator is efficient enough in addition to fast dynamic
response. The energy generated by DDG is given by [20],

EDDG = nDDthPDDG dt ™

Where Pppg is the rated output power of DDG and nppg is its
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efficiency and t is the operating time. A diesel engine driven
generator is a nonlinear system with time varying dead time
between the injection and the production of the mechanical
torque [9]. The governor adjusts the fuel injection to the
engine through so as to generate required power to maintain
the balance between the generation and demand [16]. This
work considers first order transfer function model for diesel
generator [5].

K, pe
= ©

DDG

2.4. Plug-in hybrid electric vehicle (PHEV) system

The Plug-in hybrid electric vehicle (PHEV) is a kind of
vehicle which can be powered from conventional fuel as well
as battery/super capacitor [21]. The PHEV is used to take
power from the grid and store it during off-peak hours and
supply the store power to the grid during peak hours. The
PHEV model is shown in Fig. 3(a). Since it can be run using
either fuel or electricity, it is a good option for driving long
distance. The transfer function of PHEV represented as 1st
order by [5]

K
_ PHEV 9
GPIIEV (S) - 1 T ( )
+s PHEV
rated value
KPI—EV F -
& f—~[ Gonvoter | = BPoey
1+S7;’HEV PPHEV T"'
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rated value
K / —
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[conteoter |77 J P, T e
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rated value
K wezzm .
Af—{Goniater | —w - AP ez
FREEZIR FREEZER T +
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Fig. 3. Shows the model of (a) PHEV (b) HP and (c) Freezer
2.5. Heat pump (HP) system

As the name suggests, the heat pump (HP) is a device
used to transfer generated heat through a compressor which
pumps the heat mixed with a substance called refrigerant.
The refrigerant passes through the heat exchanger coils
where the heat is absorbed by the surrounding and the
refrigerants get evaporated due to low pressure. There are
upward trends to install heat pump in as isolated grid as a
controllable load. So, a large scale regulating capacity (by
large amount of power consumption) of power fluctuation
compensation can be controlled through heat [22]. The HP is
modeled as a first order system as shown in Fig. 3(b). The
transfer function of HP represented as 1st order by [5]

K
Gyp(s) = —1 " SH,; (10)
HP

2.6. Freezer system

The family-friendly controllable load freezers have
attracted research attention because of their rapid
disconnection and storage capability [23]. In freezer dynamic
demand control can be used for the frequency response to
improve system stability. The system model has been shown
in Fig. 3(c). When generation is more, the freezers are
switched on so that they can absorb power and when
generation falls suddenly the freezer are switched off to
maintain frequency. The transfer function of freezer is given
by [17]

G K rrpezer (11)

rreszer (8) = 1+sT
+ L prEEzER

2.7. Power deviation and system frequency deviations

When the system suffers from any disturbance the total
power (active power) imbalance, 4P, primarily affects the
system frequency. In a wind, solar based microgrid,
maintaining system frequency is a tough job. For stable
operation of the microgrid, an appropriate control strategy is
adopted which effectively maintain the active power balance
by adjusting the output of the generating components and
controllable loads. As frequency fluctuation occurs mainly
due to active power mismatch; the main aim is to keep
balance of active power generation and demand. The
mismatch between power generation (Ps) and load demand
(Proap) reference is given by

(12)

Though system frequency is varies with net power variation,
the system frequency deviation Af calculated by [8]

Af = IA(P (13)

Sys

In practical scenario, there exist an intrinsic time delay
between the power deviation and system frequency
fluctuation. Thus, the transfer function model of power
system for system frequency fluctuation to per unit active
power deviation is expressed by [24]

Go-—2 Lt 1 (14)
o [A-Pop] K, (+sT,) Ms+D

5§ sys

Afi =PS_PLOAD

3. Proposed DSM Control Strategy

DSM concept includes preservation of energy and
energy efficiency, demand response, fuel replacement, and
residential or commercial load management programs [4].
The primary objective of DSM is to shape the consumer
needs for energy according to the generation of energy and
distribution capacity. Usually when generation is less than
demand, loads are curtailed to maintain the system but the
main motive of DSM is to encourage the consumers to use
less energy during peak hours or to move the time of energy
use to the off-peak hour’s viz. night.
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Fig. 4. Flowchart representation of proposed DSM control
strategy

In this paper, direct load control (DLC) approach under
demand response has been considered to reduce the
frequency fluctuation due to variation in load and /or
generation from renewable energy. Beside the automatic
generation control, AGC (only for DDG), DLC adjust the
power consumption by the controllable appliances such as
HP, FREEZER and PHEV during frequency fluctuation.
Switching off these devices for some time do not cause much
inconvenience to the customers. The parameters of the
controllers equipped with DDG for AGC as well as the
demand response controllers employed with HP, PHEV and
FREEZER are optimized using popular soft computing tools
such as PSO and FA. The proposed control strategy is
expected to be effective in maintaining the system frequency
of the microgrid under different uncertainty conditions in
absence of battery energy storage.

Since, wind and solar PV are intermittent in nature; the
highest capacity non-renewable energy based generator
(DDG) should be able to meet the critical load demand. A
range of frequency along with upper and lower threshold
frequency should be determined above and below which the
non-critical loads would be off for maintaining the frequency
within the permissible range. The flowchart representation of
the proposed DSM control strategy is shown in Fig. 4.

When Ppy+ Pyrgt Pppg < Pert+ Pycr; DSM control method
is activated and controlling the non-critical loads such as heat
pump and freezer while keeping the critical load undisturbed.
The stored energy in PHEV is fed back to the grid, but when
PPV + PWTG+ PDDG > PCL+ PNCL; DSM strategy is off and the
non-critical loads are connected in the system, PHEV are
charged. Due to the nonlinearities present in the power
system, the controller tuning is very difficult task. So the
controller’s (PI/PID) parameters of the proposed model have
been optimized by using Particle Swarm (PSO) Optimization

and firefly (FA) algorithms due to their advantage over other
techniques.

4. Overview of PSO and FA Algorithm

Russell Eberhart and James Kennedy has developed
Particle Swarm Optimization (PSO) algorithm in the year of
1995, which is population-based stochastic optimization
technique that is derived from the social-psychological
theory and has been found to provide optimal solution in
complex system. This technique has been inspired by social
behavior of bird flocking, fish schooling and swarm theory
[8]. In the past few years, number of paper has been
published based on application of PSO. Reference [25] gives
a comprehensive overview of PSO and its application in
power system. . The flowchart of the PSO algorithm is
illustrated in Fig. 5. The PSO optimization mainly has three
steps until the satisfactory results are not met.

» Find the fitness function of every particle.

» Compare the fitness value of every individual particle
with its best position for particle (Pbest). The best fitness
value among all the Pbests is the best global position
(gbest).

» Update the velocity and position of every particle.
During each iteration, every particle in the swarm is
updated by [26] using (15-16).

START

[ Generate Initial Population ]

]
v

[ Run the system model ]

¥

[ Calculate the controller parameters ]

{

[ Evaluate the fitness function ]

v

Calculate Pbest of each particle and
gbest of each population

!

Update the velocity and
position

Maximum iteration
number reached?

Yes

Fig. 5. Flowchart of PSO algorithm

Vi, =WV, +c .rand, .(pbest—x,)+

cy.rand,.(gbest-x;) (15)

Xign =X Vi (16)

W= - = Pin o (17)
iter,

max

where, ¢; and ¢, are the cognitive and social acceleration
factors respectively. rand; and rand, are the random numbers
of range (0,1). w is the inertia weight factor. iter and iter,,,
are the iteration count and maximum iteration respectively.
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On the other hand, firefly (FA) algorithm was
formulated by X.-S. Yang in 2007 mimicked the flashing
characteristics of fireflies. Recently, it has been reported that
the FA outperforms the GA in terms of efficiency in finding
the global optimum and success rate. The flowchart of the
FA algorithm is shown in Fig. 6. The algorithm was
developed with the assumption that:

» All fireflies are unisex so that one firefly will be
attracting to other fireflies irrespective of their sex.

» Attractiveness is proportional to the brightness, thus for
any two flashing fireflies, the less bright one will move
towards the bright one. Attractiveness decrease with
increase in distance between them. If there is no brighter
one then a particular firefly, it will move randomly.

» The brightness of the firefly is determined by the
landscape of the objective function. For a maximization
problem, the brightness can simply be proportional to
the value of objective function. [27, 28]

Generate Initial Population
of fireflies

v

[ Run the system model J

¥

[ Calculate the controller parameters J

v

Evaluate the fitness of all fireflies
from objective function

Update light intensity (fitness value)
of all fireflies

!

Rank the fireflies and update
the position

No

Maximum iteration
number reached?

Optimal result

Fig. 6. Flowchart of firefly (FA) algorithm

The distance between two fireflies i and j at X; and X can be
the Cartesian distance r;-X;-X;. In the simplest form, the light
intensity I(r) varies with the distance monotonically and
exponentially. [29]

I=1e" (18)

where 7, 1) and Y are the light intensity, the original light
intensity and the absorption coefficient. As a firefly’s
attractiveness is proportional to the light intensity seen by
adjacent fireflies, so the attractiveness can be defines as

B=pBe" (19)

The exponent yr can be replace by other functions such as
yr™ when m > 0 [29]. For more details and pseudo code of
FA authors may refer to [29].

The performances of the optimization algorithms are
sensitive to their adjusting parameters. The tuned values of
parameters of PSO and FA are presented in Table 1.

Table 1. Tuned parameters of PSO and FA

PSO Value FA Value
parameters parameters
Number of | 555 | Number of iteration | 200
1teration
. Light absorption
Population 50 coefficient 0.5
wmex 09 Attractw;ness 0.2
coefficient
wm 0.1 Number of firefly 50
C, 2 Scaling factor 0.2
C, 2 - -

5. Problem Formulation

The parameters of the (PI/PID) controllers employed
with the microgrid are optimized so as to minimize the
objective function. The integral square error (ISE) of
frequency deviation is chosen as the objective function (J), it
is expressed as follows:

J =}'(Af)2dt (20)

The objective is to minimize J, subject to the constraints
given below

min max
KprDG = KpiDDG = KprDG (21)
" -
&7DDG = I<i7DDG = KLDDG (22)
K o6 =Ky oo <Ki"bpe (23)

Similarly, the ranges for the parameters of the other
controllers employed with PHEV, HP and FREEZER
respectively are chosen. The maximum and minimum values
of K,,, K and K, of the each of the controller are taken in the
range of [-400 to 400].

6. Simulation Results and Discussion

In this section, the dynamic performance of the proposed
DDG-Wind-PV-PHEV based microgrid along with DSM
control strategy is evaluated under different power
generation and loading condition to ascertain its
performance. As the proposed microgrid consists of
renewable energies (solar and wind), causes considerable
effects on the system frequency. So the system employed
with the controllers which regulate the power output from the
DDG, PHEV, HP and FREEZER. In order to access the
effectiveness of the proposed methodology, the microgrid
system under various operating points and disturbance
condition with optimum gain setting of PSO and FA based PI
and PID controllers respectively, has been simulated. The
simulation time of the present system is considered as 100 s.
The following four cases are illustrated in Table 2. are
considered for case studies.
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Table 2. Simulation condition for each case

Case Operating conditions DSM activity
Pwr¢ = 03 pau  at| During 60<t< 100s
0<t<60s & 0.4 p.u at | PHEV and Non-

Casel | t>60s, critical loads
Ppy = 0.2 p.u at 0<t <80s | absorbed Power.

& 0.3 p.u at t>80s and

PCL:0'5 p.u

Pwrg =0.3 p.u at0<t<60s | During 0<t<100 s
& 0.1p.u at t>60s, Non-critical  loads

Case2 | Ppy=0.2 puat0<t<80s | are off and at
& 0.1 p.u at t>80s and 60<t<100 s PHEV
Pcr =0.5 p.u at 0<t<60s. | delivers its power.
Pwrg = 0.3 p.u at0<t<60s | During 60<t<80 s
& 0.4p.u at t>60s, PHEV delivers its

Case3 | Ppy = 0.2 p.u at 0<t <80s | power and Non-
& 0.3 p.u at t>80s and critical loads are
PcL = 0.5 p.u at0<t<60s off.

= 0.7 p.u at t>60s.
Pwrc, Ppv and P¢y are During 0<t<100 s,
Randomly variable in | non-critical loads
Case4 | nature. are off and PHEV is
variable with
random load.

6.1 Step increase in wind and PV power and constant
demand condition: Case 1

In this case, the dynamic performance of proposed
microgrid is investigated under step disturbance in Ppy and
Pwrg. Fig. 7 represents the Pyrg, Ppy and load demand (Pcy)
respectively. The total power generation (Ps) and load
(PLoap) is given by

PS = PWTG +BJV +PDDG i'PPHEV 24
PLOAD = PCL +PNCL (25)

Where, PcL and PycL are the critical load power and non-
critical load power. As it can be seen that during 0<t<100s
critical load demand is kept constant 50% (.5 p.u) of the
nominal value. At t=60s, the wind power output (Pwrg) is
increase to 0.4 p.u from its initial value of 0.3 p.u and at
t=80s, the solar PV power (Ppy) is increase to 0.3 p.u from its
initial value of 0.2 p.u. During the time period from 0<t<60
s, the total generated power (Ps) is same as load demand
(PLoap), hence there is no power generation by the DDG,
PHEV and no need to activate DSM strategy. For the
remaining time period DSM strategy works. As there is a
surplus power, the HP, FREEZER and PHEV absorb the
same.

Critical Load wWinda

/
Solar PV

o 20 a0 eo 80 100
Time (s)

Fig. 7. Output power of Pyrg, Ppy and load model, case 1

T T T T T T T
Frequency deviation at the timre of disturbances; 60s and 80s

0.1

0

-0.1

-0.2

0 0.5 1 15 60 65 70 80 85 90

Fig. 8. Frequency deviation Af observed with PSO and FA
optimized PI and PID controllers, case 1
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Fig. 9. Output power generation of DDG, PHEV, HP and
FREEZER, case 1

Thus, the mismatch between active power generation and
consumption of the system is automatically alleviated by the
controller to regulate the power variation from DDG, PHEV
and non-critical loads which lead to system frequency within
its permissible limit. The gains of the controllers are
optimized by using PSO and FA are presented in Table 3.
and Table 4. respectively. Fig. 8 illustrate the frequency
deviation of hybrid power system using PSO and FA
optimized PI and PID controllers. The output power from
DDG, PHEV, HP and FREEZER are shown in Fig. 9. The
convergence plots of the objective function vs iteration for
the system using PSO and FA optimized PI/PID controllers
are presented in Fig. 10. Frequency deviation and objective
function plot reveals that the FA optimized controllers
performs betters than their PSO optimized counter part.
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Fig. 11. (a) Frequency deviation (b) output power with FA
optimized PID controllers for DDG with and without DR
controller, case 1

In order to justify the performance of then DR

controllers employed with the controllable loads, a
comparative analysis has been conducted considering
operating conditions mentioned in case 1. In this case,
microgrid with out any DR controller for the controllable
loads (only PID controller for the DDG) vis-a-vis microgrid
with DR controllers for the controllable loads (with PID
controller for the DDG) have been simulated. Frequency
deviation as shown in Fig. 11 (a), indicates that microgrid
without DR controllers cannot maintain the frequency to
minimum level as compared to the microgrid with DR
controller.
It may be noted that in this FA optimised PID controller has
been used here since its performance is the best amongst all
other controllers. Fig. 11 (b) represents the power absorbed
or supplied by the differnt units.

6.2 Step decrease in wind and PV power with constant
demand condition: Case 2

In this study, the system is tested in the presence of wind
and PV output fluctuations with constant critical load
demand as shown in Fig. 12. In this case, during the period
0<t<100 s, the load demand is constant 0.5 p.u. To
investigate the system response due to the step change in
input power, at t=60s wind power has dropped to 0.1 p.u
from its initial value 0.3 p.u, however at t=80 s, solar PV
power has decreased to 50% from its initial value 0.2 p.u.

Crritical Load
/
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_Wind

ot Solar PV
| e
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Fig. 12. Output power of Pywrg, Ppy and load model, case 2
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Fig. 13. Frequency deviation Af observed with PSO and FA
optimized PI and PID controllers, case 2

During 0<t<60 s, the power generated by solar PV and wind
turbine generator is same as critical load demand, so no
power generation from DDG and PHEV hence non- critical
load (Pycy) i.e., HP and FREEZER will on. However, during
60<t<100 s, the power generated from wind and solar PV
system is not sufficient to supply the critical load demand;
thus DDG and PHEV come in the scenario to provide the
deficit power. Fig. 13 represents the comparative
performance of transient response of frequency deviation for
the present system using PSO and FA optimized PI/PID
controller parameters.

However, the output power of DDG, PHEV, HP and
FREEZER are shown in Fig. 14. Under the variation of
generation and load demand, the PI and PID controllers’
parameters are optimized and their values are presented in
Table 3. and Table 4. respectively.

Table 3. Gains of PSO and FA opitimized PI controller.

Case 1 Case 2
Gains PSO FA PSO FA
Kpppg -1.4 -0.2 -0.5 -5
Kippc -8.3 | -10.05 | -10.7 | -15.74
KppaEV 4.62 9 10 8.99
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Kipuey 1 6.26 0.23 | .01469
Kpnp 5.1 557 | 3142 9.12
Kinp 5 8.047 0.4 | 0.0178

Kprreezer | 0.01 | 0.0104 2 0.93
Kirreezer | 0.1 | 0.3872 | 1.7 10

Gains Case 3 Case 4

Kpppc -1.2 | -0.01 -1.4 | -0.01
Kippc -12.7 | -20.05 | -15.7 | -12.16

KpprEV 12 20 10 20

Kipury 0.3 1 0.1 0.1
Kpup 5 7 5 2.8988
Kinp 5.213 3 7.3435

Kprregzer | 1.3 | 9.139 | 1.94 | 5.5562
Kirreezer | 0.3 1.87 0.8 | 5.7508

Table 4. Gains of PSO and FA opitimized PID controller.

Case 1 Case 2
Gains PSO FA PSO FA
Keppc -0.5 -0.1 -0.5 -6
Kippg -10 -5 -20 | -12.396
Kbpbpc -0.1 | -0.0313 -0.1 0.001
Kppuey 18 15 20 40
Kipugv 19.5 43.14 20 80
Kppuey | 200.61 | 200.484 200 | 100.498
Kpnp 30 10.948 18 | 20.1073
Kip 8 7 0.001 | 0.0263
Kpup | 200.63 | 0.0605 | 200.64 | 1.5413
KprrEEZER 34 | 1.0654 | 20.64 | 0.1188
KirRrEEZER 2 4.0514 0.01 | 0.1173
KprrEEZER 2.2 | 1.5526 20 0.8671
Gains Case 3 Case 4
Keppc -0.01 -0.5 -0.8 -0.1
Kippe -20 | -20.953 -20 -14
Kbpppe -0.1 -0.01 -1 -0.01
Kppuey 40 100 60 85
Kipary | 40.85 | 80.8497 | 5.84 8.001
Kbppuev 200 | 266.008 20 | 20.3343
Kpnp 1.685 1.78 4.25 4.0507
Kinp 1.1945 1 0.80 2.1244
Kbpnr 300 200 2.33 1.0640
KprrEEZER 2 80 1 0.0213
Kirrerzer | 0.6160 8 0.1 0.0592
Kprreezer | 153.64 200.2 | 1.07 0.1888
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Fig. 14. Output power generation of DDG, PHEV, HP and
FREEZER, case 2

The responses of frequency deviation in Fig. 13 and
convergence plot in Fig. 10 clearly reveal that FA optimized
controllers performed better than their PSO optimized
counterparts.

6.3 Step increase in wind and PV power and step increase in
demand: Case 3

In this scenario, the critical load is assumed to be 0.5 p.u
during the first 60 s, and at 60<t<100 s it increase 40% (0.7
p.u) from its initial value. As it can be seen that at t= 60 s,
the wind power (Pwrg) is increased to 0.4 p.u from its initial
value of 0.3 p.u. and at t=80s, the solar PV power (Ppy) is
increase to 0.3 p.u from its initial value of 0.2 p.u. Fig. 15
illustrated the Pyrg, Ppy, and P¢p respectively.
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o
iN

A /__
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Fig. 15. Output power of Pywrg, Ppy and load model, case 3
0.1
ol | s |
£ 0.1 ——PSOPI 4
= ——PSOPID
~ -0.2

Frequency deviation at the ti\ne of disturbances; §0s and 80s |

03 i FAPID \ s

. m ‘ A
0 10 20 30 40 .50 60 70 80 90 100
(s) .
- - - x10

61 80 82 84 86 88

Fig. 16. Frequency deviation Af observed with PSO and FA
optimized PI and PID controllers, case 3
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During the time period from 0<t<60 s, the total
renewable power generation (Pg) is same as load demand, so,
no need to generate power from DDG and PHEV. But during
60<t<80 s, power generated from wind and PV is not
sufficient to supply the required critical load demand (Pcy),
the diesel driven generator (DDG) and plug-in hybrid
vehicles (PHEV) come into the picture and starts generating
power. Hence, DSM is get activated and there is no power
consumption by the HP and FREEZER. However, for the
remaining time period, generated power (Ps) is same as load
demand (PLoap), hence there is no power generation from
DDG and PHEV.
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Fig. 17. Output power generation of DDG, PHEV, HP and
FREEZER, case 3

Fig. 16 represents the frequency deviation of the present
system using PSO and FA optimized PI/PID controller’s
parameters. The gains value of the PI and PID controllers
parameters are presented in Table 3 and Table 4. The output
power from DDG, PHEV, HP and FREEZER are shown in
Fig. 17. Response of frequency deviation reveals that the FA
optimized controllers perform betters than their PSO
optimized counterparts.

6.4 Random variation in solar PV, wind power as well as
load demand: Case 4

In this case, the dynamic performance of the present
system under randomly variable characteristics of the solar
PV, wind and load demand are carried out. As it can be seen
that during the entire time periods the critical load, wind and
solar PV power vary around the average values of 0.6 p.u,
0.3 p.u and 0.2 p.u respectively. Fig. 18 illustrate wind power
(Pwrc), solar PV power (Ppy) and critical load demand (Pcy)
under randomly varying conditions. During the time period
from 0<t<100 s, the total average power generation from the
intermittent energy sources is not equal to average load
demand. Hence DSM get activated to control the system
frequency within its limit.
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=
= critical Load Wind
T 0.4 /
2 ¥

0.2

Solar PV
o
o 20 40 60 80 100
Time (s)

Fig. 18. Output power of Pywrg, Ppy and load model, case 4

Fig. 19 represents the frequency fluctuation when
employing with PSO and FA optimized PI and PID
controllers. In order to eliminate the difference between
active power generation and load demand under these
conditions, the output power of the DDG, PHEV, HP and
FREEZER are controlled to appropriate values using
controllers. The gains of the controllers (PI/PID) are obtained
using PSO and FA and are presented in Table 3. and Table 4.
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Fig. 19. Frequency deviation Af observed with PSO and FA

optimized PI and PID controller, case
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Fig. 20. Output power generation of DDG, PHEV, HP and
FREEZER, case 4

The output power from DDG, PHEV, HP and FREEZER
are shown in Fig. 20. The convergence plots of the objective
function vs iteration could not be provided to limit the paper
size. However, the objective function vs iteration indicate
that FA optimized controllers perform better than the PSO
optimised counterparts. Response of frequency deviation also
reveals that the FA optimized controllers perform better than
their PSO optimized counterparts. Table 5. presents the peak
values of the frequency deviation for various operating
condition of the systems.
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Table 5. Maximum frequency deviation (4fin Hz)

Case Case 1 Case 2
T(i;‘)‘e =605 =80s | t=60s |  t=80s
Af Over Over Under Under
shoot shoot shoot shoot
PEIO 0.00232 | 0.002239 | -.006323 | -.002358
FAPI | 0.00184 | 0.001469 | -.005498 | - 0.00212
1;%()’ 0.00112 | 0.001118 | - 0.00364 | - .000887
IFI‘]‘) 0.000821 | 0.000492 | - 0.00135 | -.000532
Case Case 3 Case 4
T(i;‘)‘e t=60s t=80s Random
Under Over Overshoot/
Af shoot shoot Undershoot
PP | 00514 | 0.00133 - 0.005125
FAPI | -0.05081 | 0.001061 0.0001899
0| 004048 | 0.000687 0.0001731
oib | 002573 | 0.000201 0.000085

7. Conclusion

DSM, particularly direct load control is an effective
control strategy in a microgrid, especially for power
fluctuation caused by renewable energy resources. The
present work investigates robust frequency control strategy
of a solar PV, wind, DDG, PHEV, HP and FREEZER based
microgrid in absence of battery energy storage using direct
load control strategy along with generation control.
Depending on the difference between generation and
demand, DDG and PHEV along with non-critical loads are
controlled using controllers (PI/PID) to deliver the steady-
state frequency regulation in the system. Parameters of the PI
and PID controllers are optimized by using PSO and FA
algorithm techniques under different generation and load
demand condition. Simulation results demonstrate the
effectiveness of proposed demand side management (DSM)
strategy. Though there are variations of Pyrg, Ppy, and Pc;
the power generation from DDG, PHEV and non-critical
loads can effectively controlled using DSM strategy in
absence of battery bank storage. Furthermore, the
comparative performance of robustness of FA optimized
controllers in comparison to PSO optimized controllers
reveals that FA optimized controllers is superior. The
convergence plots of FA optimized controller are much
better than PSO optimized controllers. So, it can be conclude
that the performance of the proposed control scheme is
excellent in regulating the frequency in all the cases.

Appendix

KWTG = 1, TWTG =1.5 S, KPV = 1, TPV =1.8 S, KG: 1, TG =
0.1 S, KDDG = 1, TDDG = 0.45, KPHEV: -1, TPHEV =0.2 S, KHP
= -1, THP =0.1 S, KFREEZER = -1, TFREEZER =0.2456 S, D=10.2
(pu/Hz), R = 3 (Hz/pu), M = 0.012 (pu s).
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