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Abstract: The conventional energy sources are depleting with rise in power demand day by day.
The renewable energy sources may serve as promising solution towards present day energy
crisis. They are pollution free, cheaper and abundantly available in nature. The frequently used
wind and PV renewable energy sources are intermittent in nature. Due to uncertainties in wind
speed, solar irradiation and loading conditions, there are large variations in peak overshoot,
settling time and total harmonic distortion (THD) of output power. This paper describes dynamic
modeling and PID control design for hybrid renewable energy system with wind, photovoltaic
and fuel cell. The PID controller is used to obtain the constant AC output from the hybrid system
integrated with grid. To yield the better output, the Grasshopper optimization algorithm (GOA)
tuned the PID controller parameters. The simulation results of proposed hybrid system show a
remarkable improvement in peak overshoot, settling time and total harmonic distortion (THD).
Keywords: Hybrid energy system, renewable energy system, Grasshopper optimization
technique, Dynamic modeling of hybrid system.
Many researches on hybrid power generation
system using renewable energy sources [1-5]
includes modeling of different components.
Most researches include the optimization of
MPPT strategies [6]. The authors described the
real time energy management of wind - micro
turbine energy system. Eskander et al. [7]
describes the fuzzy control strategy for MPPT
of wind and PV system. The P&O algorithm for
tracking wind mill power for 80W module has
been proposed by Wang et al. [8]. To use PV
and wind turbine as hybrid generation, some of
the backup power is always required. Hongxing
et al. [9] described application of large batteries

Introduction
1.
The conventional power sources are depleting
very speedily. Increasing consumption, high
costs, exhausting nature of fossil fuels and high
emissions have created the need to invest in
renewable resources of energy. These energy
sources are environment friendly, less noisy and
pollution free. The most commonly used
renewable energy sources are solar and wind.
The variable wind speed of wind turbine creates
fluctuations in output power. To overcome this
issue, power converters and proper control
strategies is used in wind power hybrid
generation.
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or super capacitors for hybrid generation with
solar and wind. When solar and wind energy are
abundant, energy can be stored and can be
utilized later when there are peak periods,
described by Mitchell et al. [10]. Tomonobu et
al. [11] showed simulation output of hybrid
system with electrolyzer fuel cell and distributed
generation. The simulation of PV–fuel cell
generation system and battery storage system
was provided by Saiful and Ronnie [12]. The
problem with battery is its charging and
discharging cycle, causing battery to lose its
capacity. The sizing optimization method [1319] guarantees the full use and low investment
of PV, Wind turbine and storage system for
system that can work under optimum conditions
for residential and commercial purposes. The
hybrid system with Wind turbine, PV array and
fuel cell has been described by Kaushik [20] to
provide pollution less, high efficiency diversity
of fuels, heat reusability in comparison to
conventional huge lead-acid batteries.
In literature, various artificial intelligence
techniques such as genetic algorithm (GA),
particle swarm optimization (PSO), ant colony
optimization (ACO) [21-24] etc. have been
proposed by the researchers. However, GA
suffers from the problem of convergence. The
problem associated with PSO is its slow
convergence and they fall into local optimum in
high
dimensional
space. The ACO has probability distribution
problem that can change for every iteration. In
this paper, PID control design for a hybrid
power system model comprises of wind mill,
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FUEL CELL
ARRAY
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fuel cell and solar array subjected to an
uncertain load is presented. The PID controller
parameters are tuned using grasshopper artificial
intelligence technique. The main advantage of
GOA is that the local optima is avoided with
ability to achieve the global optima in given
space. The incremental conductance algorithm
is used to track the maximum power from the
sun. The simulations of proposed hybrid power
systemare carried out using MATLAB. The
comparison of system with PID controller and
GOA optimized PID controller shows great
performance enhancement of output power. This
paper is organized as follows – section 2
elaborates the hybrid system description, the
control strategy along with Grasshopper
optimization algorithm is discussed in section 3,
Matlab model of the hybrid control system with
controller is presented in section 4, section 5
discusses the simulation results and conclusion
is presented in section 6.
2.
Hybrid System Description
The Hybrid power generation system consist of
(a) wind energy system (b) PV array and (c)
Fuel Cell stack is described in Figure 1. The
obtained variable DC is converted into constant
DC by means of boost/buck-boost converters.
This DC is converted into 3 phase AC by IGBT
inverter for connection to Grid and load. The
IGBT inverter gating pulses are obtained from
PID controller. The PID controller parameters
are tuned using Grasshopper optimization
algorithm.
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Figure 1:Block diagram of Proposed Hybrid System

2.1. Wind Energy Conversion System
Wind is most abundantly available renewable
energy sources. Several studies [25-28] have
been done on wind turbine and generators. Wind
rotates the blades of the turbine which in turn
rotates the alternator delivering AC power
output.
The wind’s output power [29-30] is given by the
equation (1):
1

𝑃𝑚 = 2 𝜌 𝐴 𝐶𝑝 𝑣 3

Figure 2: Power Coefficient vs. Tip-Speed Ratio

(1)

Figure 2 shows the 𝜆𝑜𝑝𝑡 point corresponding to
the maximum value of Cp. At this point, the
optimum efficiency is obtained with the
maximum output power by wind generator.
Figure 3 shows the power output of the wind
turbine and rotor speed corresponding to
different wind speeds such that V3> V2> V1.
This has been observed that at V1 speed,
maximum power is obtained at ω1 rotor speed,
at an operating point denoted by A. On
changing wind speed from V1 to V2, the
operating point at ω1 is shifted to B. However,
at this point,the power output is not the
maximum. To obtain the maximum power at V2,
the speed must be elevated to ω2 corresponding
to operating point C.

Where, A –Turbine covered area (m2)
𝐶𝑝 - Power coefficient of the wind
turbine
𝑣 – Wind speed (m/sec)
𝜌 – Air density (Kg/m3)
If wind speed, swept area and air density is
constant, the output power will be a function of
power coefficient of turbine. The wind turbine is
identified by its 𝐶𝑝 − 𝜆 curve [Figure 2], where
λ is tip speed ratio as given in equation (2)
𝜆 = 𝜔𝑅/𝑉
(2)
Where, 𝜔 -Rotor speed of turbine (rad/sec)
R - Turbine blade radius (m)
V - Wind speed (m/sec)
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Where,𝑘𝑜𝑝𝑡 =

The optimum speed is mathematically given by:
𝑣 .𝜆𝑜𝑝𝑡
𝑅

→ 𝑣=

𝑅 .𝜔𝑜𝑝𝑡
𝜆𝑜𝑝𝑡

(3)
The output power of turbine can be obtained by
substituting wind speed from equation (3) into
(1):
𝑃𝑚 =

1
2

𝜌𝐴𝐶𝑝 (

𝑅 .𝜔𝑜𝑝𝑡
𝜆𝑜𝑝𝑡

2

𝑅

𝜌𝐴𝐶𝑝𝑀𝑎𝑥 (𝜆

𝑜𝑝𝑡

3

)

2.2. Photovoltaic power generation System
The solar cell is the most basic element of a
Photo Voltaic array. This generates DC electric
power from solar radiations. Due to variations in
intensity of solar irradiation throughout the day,
the output DC power is fluctuating. Thus DC to
DC converter is required to regulate the
obtained DC power.
The basic principle to generate the power
through solar cell (Patel [31]) is similar to p-n
junction diode. The relation of output voltage
and load current [32-33] is given by equation
(6):
𝐼 = 𝐼𝐿 −
𝑉+𝐼𝑅𝑆
𝐼0 [𝑒𝑥𝑝 ( 𝛼 ) 𝑡]
(6)

Figure 3: Output Power vs. Rotor Speed

𝜔𝑜𝑝𝑡 =

1

Where, IL – Light Current (A)
I0 – Diode reverse saturation Current (A)
I – Load Current (A)
V – Output voltage (Volts)
RS – Series Resistance of PV cell (ohms)
α – Thermal voltage timing completion
factor of cell (volts)

3

)

(4)
The torque can be obtained as:

Figure 4 Showsthe V-I characteristics of PV
stack (operating at standard irradiance of 1000
W/m2 at 250).

𝑇𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑘𝑜𝑝𝑡 . 𝜔𝑜𝑝𝑡 2
(5)

Figure 4: Power –Voltage (PV) Characteristics of a photovoltaic array
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If the irradiance level is varied from 1000
W/m2 to 600 or 400 W/m2, then PV
characteristics changes as shown in Figure 5.

This has been observed that the low irradiation
yields in low value of maximum output power
obtained from PV arrays.

Figure 5: P-V Characteristics of Photovoltaic Array for different Irradiation levels

Output terminal voltage [34] of fuel cell is given
by equation (8):

2.3. Fuel Cell Stack System
The chemical device in which chemical reaction
generates the electricity is named as fuel cell.A
fuel cell has two electrodes namely cathode and
anode, and an electrolyte. The electrodes and
electrolyte materials are not altered in this
process. Byproducts obtained are only water and
heat if the fuel is pure hydrogen. The
advantages of fuel cell are that no moving part
is available, low cost and no gaseous emission.
Various types of fuel cells such as – Proton
Exchange Membrane (PEM) fuel cell, Solid
Acid (SA) fuel cell, Alkaline fuel cell (AFC) etc
are available. The PEMFC is one of the most
commonly used fuel cell due to following
advantages - (i) Environment friendly (ii) Easier
installation (iii) Simple mechanism of working
(iv) Low maintenance required (v) Long life (vi)
Low operating temperature (below 100˚C) and
(vii) High efficiency. In this work, PEMFC is
considered for hybrid renewable energy system.
In a PEMFC, polymer membrane is used as an
electrolyte [34-35]. The air is used as an oxidant
and hydrogen as a fuel at atmospheric pressure.
The typical reaction of fuel cell is given by:

∆𝑉𝑜ℎ𝑚 − ∆𝑉𝑡𝑟𝑎𝑛𝑠

(8)

Where, E - Open circuit voltage
∆𝑉𝑎𝑐𝑡 - Voltage drop due to cathode and
anode’s activation
∆𝑉𝑜ℎ𝑚 - Ohmic voltage drop
∆𝑉𝑡𝑟𝑎𝑛𝑠 - Voltage drop of concentration
of reactants gases
For each solar cell, considering the equivalent
output voltage, the current for complete fuel cell
stack can be calculated by equation (9):
𝐼

𝐼

+𝐴𝐶𝐸𝐿𝐿 𝑖𝑛

𝑉𝐹𝐶 = 𝑁𝐶𝐸𝐿𝐿 [𝐸 − 𝑙𝑛 ( 𝐹𝐶𝐴
𝐼

𝐶𝐸𝐿𝐿 𝑖𝑜

𝑟 (𝐴 𝐹𝐶 ) − 𝑚 𝑒𝑥𝑝 (𝑛 𝐴 𝐹𝐶 )]
𝐶𝐸𝐿𝐿

)−

(9)

𝐶𝐸𝐿𝐿

Where, 𝑁𝐶𝐸𝐿𝐿 - Cells connected in series
𝐴𝐶𝐸𝐿𝐿 - Area of electrodes
The total power of fuel cell can be given by the
following equation:

𝐻2 + 𝑂2 → 𝐻2 𝑂
(7)
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𝑉𝐶𝐸𝐿𝐿 = 𝐸 − ∆𝑉𝑎𝑐𝑡 −
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(10)
Figure 6 Shows the V-I and P-I characteristics of fuel cell stack.

Figure 6: Voltage-Current (V-I) and Power – Current (P-I) Characteristics of Fuel Cell

the current value of the DC voltage to get the
error. The obtained error signal is given to the
PID controller. Furthermore, PID controller
decides the duty ratio of the IGBT of the to tune
the Voltage level to its desired value. To
achieve the best output the optimized parameter
values of PID are identified by the Grasshopper
Optimization Algorithm.

3. Control Strategy
Because of variable and unforeseeable nature of
wind and solar energy, the electric power
generated is also variable. Figure 7 shows the
simulink model responsible for tuning and
stabilizing the DC voltage of the DC link. The
desired D.C voltage is 800 volts. This voltage is
fed as the reference voltage and subtracted from

Figure 7: Control Strategy Simulink block

Algorithm is one of the most efficient and latest
artificial intelligence techniques.
Grasshopper optimization algorithm (GOA) is
based on grasshopper’s behavior for search of
food. Grasshoppers (insects) are considered as
pests as they cause harm to the crop and

3.1. Grasshopper Optimization Technique
Optimization helps to achieve the best design
for prioritized criteria or constrains [36]. The
optimization can be single or multi objective for
any specific problem [37-38]. Grasshopper
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𝑑𝑖𝑗 = |𝑋𝑗 − 𝑋𝑖 |

agriculture. Usually grasshoppers are seen
single but also found in large swarm. The
swarming behavior can be found in both nymph
and adulthood grasshoppers. Grasshoppers eat
almost every vegetation coming in their path. In
larva phase, swarm has very slow motion. While
opposite is in adult hood, i.e. abrupt movement
and long range of swarm. The exploration and
exploitation are two main features of nature
based algorithms [39-40].
A mathematical model for simulation of
swarming behavior of grasshoppers is depicted
as follows [41-42]:

(14)
S factor in the equation (13) provides social
force’s strength and⃗⃗⃗⃗⃗⃗
𝑑𝑖𝑗 is unit vector from ith to
jth grasshopper:
⃗⃗⃗⃗⃗
𝑑𝑖𝑗 =

𝑋𝑗 − 𝑋 𝑖
𝑑𝑖𝑗

(15)
And s can be given by equation (16):

𝑋𝑖 = 𝑆𝑖 + 𝐺𝑖 + 𝐴𝑖

𝑠(𝑟) = 𝑓 . 𝑒

Parameter ‘f’ denotes the intensity of attraction
and ‘l’ is attractive length scale. Function ‘s’
shows the attraction or repulsion of grasshopper.
Component G in equation (12) can be given as:

Where,𝑋𝑖 – ith grasshopper’s position
𝑆𝑖 – Social interaction
𝐺𝑖 – Gravity force on ith grasshopper

𝐺𝑖 = −𝑔 . 𝑒⃗⃗⃗𝑔

𝐴𝑖 - Wind advection
(17)

For random behavior of grasshoppers, equation
can be manipulated as given by equation (12):

Where, g is gravitational constant and ⃗⃗⃗
𝑒𝑔 is the
unit vector towards the center of earth.
Factor A can be calculated as:

𝑋𝑖 = 𝑟1 𝑆𝑖 + 𝑟2 𝐺𝑖 + 𝑟3 𝐴𝑖
(12)

𝐴𝑖 = 𝑢 . 𝑒⃗⃗⃗⃗𝑤

Where, 𝑟1, , 𝑟2 , 𝑟3 are random numbers in the
range (0,1).
The Si can be given by equation (13):

(18)
Where u is constant drift and ⃗⃗⃗⃗
𝑒𝑤 is unity vector
in the direction of wind.
The nymph grasshoppers don’t have wings.
Because of this, nymph’s movement is highly
correlated with wind’s direction and can be
described by equation (19):

⃗⃗⃗⃗⃗
∑𝑁
𝑗=1 𝑠(𝑑𝑖𝑗 ) 𝑑𝑖𝑗
𝑗≠𝑖

(13)
Where dij provides the distance between ith and
jth grasshopper and given as:

⃗⃗⃗⃗⃗
𝑋𝑖 = ∑𝑁
𝑗=1 𝑠 (𝑑𝑖𝑗 )𝑑𝑖𝑗 −
𝑔 . ⃗⃗⃗
𝑒𝑔 + 𝑢 . 𝑒⃗⃗⃗⃗𝑤
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− 𝑒 −𝑟

(16)

(11)

𝑆𝑖 =

−𝑟⁄
𝑙
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𝑋𝑑𝑖 =

N provides the number of grasshoppers. This
equation provides the simulation of interaction
between grasshoppers in the swarm. The
mathematical modelling cannot be used directly
for grasshopper swarm because they reach the
comfort zone very quickly and do not cover the
specific point. Therefore, a modified version of
equation (19) is given by equation (20):

(∑𝑁
𝑗=1 𝑐
𝑇𝑑

𝑈𝑏𝑑 − 𝐿𝑏𝑑

𝑗≠𝑖

2

. 𝑠 . (|𝑋𝑗𝑑 − 𝑋𝑖𝑑 |)

𝑋𝑗 − 𝑋𝑖
𝑑𝑑

)+

(20)

Where, 𝑈𝑏𝑑 - upper bound in Dth dimension
𝐿𝑏𝑑 – Lower bound in Dth dimension
Td - Best solution obtained so far
C – Decreasing coefficient to the
attraction, repulsion and comfort zone.

The main advantages of GOA are [43] - (i) Most
promising region from given space can be found
by grasshoppers (ii) Very accurate solution is
obtained for unconstrained optimization
problems (iii) GOA provides promising and
correct results for constrained optimization
problems and (iv) Local and global optima are
obtained in given space.
Figure 8 shows the flow chart of the GOA
algorithm. The initialization is done at the initial
step thereafter random population is generated.
Afterwards, fitness function for each population
is evaluated. Then the updated parameters
normalize the distance among the grasshopper.
Further, update the positions and iterate the
process for all the members of the population.

Iterate the process and update the overall best
solution.The optimization process is stopped if
termination criteria is reached.
The Hybrid system with Wind-PV-Fuel cell
combination is being optimized using GOA
algorithm. The control strategy is to tune the
PID controller values for obtain optimized
output from the hybrid system in the presence of
uncertainties in loading conditions. The DC link
voltage is generally varying as the renewable
energy generation is never constant. Figure 9
displays the flow chart of optimization of PID
parameters i.e. Kp, Ki and Kd. The parameters of
conventional PID and GOA-PID controllers are
shown in Table 1.

Table 1: PID Controller parameters
Parameters

Conventional
PID Values

Kp
Ki
Kd

0.72
0.08
0

generation model interfaced with different
power electronic components and with grid
connection with different AC loads is shown in
Figure
10

4. MATLAB / SIMULINK Implementation
of the Hybrid System
Mathematical models of wind turbine, PV array
and fuel cell are shown independently in
different figures. The overall Hybrid power
.
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0
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START

END

Set the initial values of cmax, cmin, l, f and maxitr

Produce the overall best solution r

Set the Initial Iteration Counter t = 0

YES
NO

Generate the initial population X (t) randomly

Termination criteria
Satisfied ?

Evaluate each solution in the population X (t)

Assign the overall best solution T in the population
X (t)

t=t+1

Update the parameter c

Update the overall best solution T in the
population X (t)

Normalize the distance between the current
grasshopper and the other grasshopper
NO
Update the position of current solution

All solutions in the
population visited

Reset the current solution if it violates the
boundries of search space
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Figure 8: Flow Chart of GOA
START

Parameter Initialization : Initialization of variables of
GOA, i.e. Kp, Ki and Kd

Fitness Function Evaluation : i.e. The Simulation
model execution to minimize the error
Rearranging the Swarm of Grasshopper location
and generates the new positions

Max Iteration

NO

YES

Save the best solution

END
Figure 9: Flow Chart of The PID tuning using GOA
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Figure 10: Wind-PV Array-Fuel Cell combined Matlab / Simulink Model

The Simulink model for wind turbine is presented in Figure 11.

Figure 11:Wind Matlab/Simulink Model

The Simulink model for PV array is shown in Figure 12:
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Figure 12: Photovoltaic Panel MATLAB / Simulink Subsystem

Simulink model for fuel cell stack is shown in Figure 13.

Figure 13: Fuel Cell MATLAB / SIMULINK model

The gate switching of the IGBT inverter is
controlled by the GOA tuned PID controller.
Figure 14 shows the inverter DC input voltage
with conventional PID and GOA-PID. From
Figure it is shown that the overshoot (%) is
decreased from 6.5 to 0.05 and settling time is
reduced from 0.16 sec to 0.09 sec for PID
controller and GOA optimized PID controller
respectively also shown by Table 2.

5.
Simulation Results
The proposed hybrid system comprised of PV,
wind and fuel cell energy sources (Figure 10) is
simulated with uncertain loading conditions. To
judge the effectiveness of the proposed control
scheme, R - L load has been suddenly reduced
from 24KW to 12 KW at t = 0.5 sec and further
increased to 24 KW at t = 0.7 sec. The
maximum power output required from the
system is 8 KW. The reference DC is 800 Volt.
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Figure 14 (a): Output DC voltage from hybrid renewable sources with conventional PID

Table 2: Comparison of Overshoot and Settling Time of Inverter DC Input Voltage
Parameter

Overshoot
Settling time

With PID Controller

With GOA-PID Controller

6.5 %
0.16 sec

0.05 %
0.09 sec

Figure 14 (b): Output DC voltage from hybrid renewable sources with GOA-PID

Figure 15:3-phase inverter output voltage
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Figure 15 shows the inverter output AC voltage. The peak value of AC voltage is constant at
340V.

Figure 16:3-phase inverter output current

Figure 16 shows the inverter output 3- Phase
current. The current and voltages are

synchronized with the grid using the phase
locked loop with current hysteresis control.

Figure 17: Load current with variations in demand

Figure 17 depicts the load current supplied by
the system. This has been seen that the peak
load current is reduced from 42 A to 32 A at 0.5
sec and further increased to 42 A at 0.7 sec with

ISSN: 2367-8976

controlled oscillations in the system. This shows
the enhanced dynamic stability of the proposed
system under sudden change in loading
conditions.
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Figure 18: Load voltage with variations in demand

Figure 19 (a): Power delivered by the Grid to the Load

Figure 19(b) : Power delivered by the inverter to the Grid

Figure 18 shows the 3-phase voltage of the load.
This has been seen that the voltage is constant
without any fluctuations even in the presence of
loading uncertainties. This shows the robustness
of the system with proposed control scheme

under the varying loading conditions. Figure
19(a) and 19(b) shows the power delivered by
Grid to the R-L load and inverter to the grid
respectively.

Figure 20(a) : THD level of inverter 3-phase voltage with conventional PID controller
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The sudden switching of R-L load in the hybrid
system may cause high frequency sinusoidal
current/voltage harmonics in the system.
The harmonic
distortion present
in
current/voltage is measured by total harmonic
distortion (THD). In this work, the THD is
calculated for both voltage and current with
conventional PID and GOA-PID controller and
shown in tabular form in Table 3.

The THD level for inverter 3-phase output
voltage with PID and GOA PID is provided in
Figure 20(a) and 20(b) respectively. The THD
value is reduced from 5.13% (with conventional
PID) to 1.19 % (with GOA-PID) only. The THD
level for inverter 3-phase output current with
PID and GOA PID is shown in Figure 21(a) and
21(b) respectively. The THD level with
conventional PID is 9.80% whereas the THD
with GOA-PID is reduced to 5.53% only.

Figure 20(b) : THD level of inverter 3-phase voltage with GOA-PID controller

Figure 21(a) : THD level of inverter 3-phase current with conventional PID controller
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Figure 21(b) : THD level of inverter 3-phase current with GOA-PID controller
Therefore, the settling time, overshoot and THD
system performance as well as dynamic stability
values are improved with GOA optimized PID
of the system is enhanced in presence of loading
controller in comparison with conventional or
uncertainties.
manually tuned PID controller. Therefore,
Table 3 : Comparison of THD of Inverter voltages and currents with PID and GOA-PID
Parameter

THD (voltage)
THD (current)

With PID
Controller
(%)
5.13
9.80

remarkable improvement in power quality and
dynamic stability of the system.

6.
Conclusion
The continuous rise in power demand is unable
to meet by conventional energy sources only.
This requires exploring alternative sources of
energy such as wind, solar and fuel cell. In this
work, a hybrid power system model with solar,
wind and fuel cells integrated with grid has been
presented. The uncertainties in wind speed, solar
radiation and loading are well tackled by
Grasshopper tuned PID Controller. The
computer simulation results show far better over
shoot, THD levels of the voltage and current by
GOA-PID control scheme in comparison with
conventional PID controller. Thus, there is a

ISSN: 2367-8976

With GOAPIDController
(%)
1.19
5.53
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