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Real-time validation of an automatic generation control
system considering HPA-ISE with crow search
algorithm optimized cascade FOPDN-FOPIDN

controller

Naladi Ram BABU, Tirumalasetty CHIRANJEEVI, Ramesh DEVARAPALLI,
Łukasz KNYPIŃSKI and Fausto Pedro GARCÍA MÁRQUEZ

This article validates the application of RT-Lab for the AGC studies of three-area systems.
All the areas are employed with thermal-DSTS systems. A new controller named cascade
FOPDN-FOPPIDN is employed. Its parameters are optimized using a CSA, subjecting to a
new PI named HPA-ISE. The responses of the FOPDN-FOPIDN controller are related and are
superior over PIDN and TIDN controllers. Moreover, the dominance of HPA-ISE is verified
with ISE, and it performs better in terms of system dynamics. Further, the system performance
reliability is analyzed with the AC-HVDC and is better than the AC system. Besides, sensitivity
analysis recommends that the proposed FOPDN-FOPIDN at diverse conditions is robust and
more reliability.
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1. Introduction

AGC aims to shrink the disparity amid generation and load [1]. This disparity
violation rises to frequency and power abnormalities. If these mismatch persist
for long time, it leads to damage and is overcome by AGC. AGC works com-
menced thru one [2] and prolonged to multi-area systems [3]. Realistic systems
are developed by considering generation rate constraint (GRC) and droop. AGC
studies with Thermal-hydro, Thermal-Gas with GRC and GDB are presented
in [4, 5].
Fossil fuels are the main source for electricity generation. But the excess car-

bon emission by hampering the environment tend to contribute to the renewable
energy source (RES) penetration. Wind and solar energy dominate over other re-
newable. Bevrani et al. [6] integrated the photovoltaic system in AGC study. Das
et al. [7] proposed an AGC study comprising solar thermal power plants (STPPs).
The idea of integrating DSTS and wind units in AGC studies are proposed by
Rahman [8,9]. Also, the AGC studies in [10–12] presented the renewable energy
source (RES) integration of wind, DSTSs and STPPs of two-area systems only.
Also, only a few literatures mentioned the use of Solar. Thus, AGC research with
multiple solar (DSTS) units with thermal provides opportunity.
System dynamics can be weakened in abnormal circumstances. Also, in-

creased load demand tends to enhance the inter-area power transfer capability.
Therefore, HVDC is connected across AC link. During the exchange of spin-
ning reserves among inter-areas, HVDC suppress cascading outages and helps in
power flow. Also, transient presence in transmission lines would exacerbate the
system dynamics and it can be exterminated by incorporating HVDC [13, 14].
AGC system with HVDC are studied by Sharma et al. [15–17]. Rakhshani et
al. [14] and Pathak et al. [18] demonstrated the AGC study considering integral
and derivative control in the two-area system. Further, the AGC-HVDC stud-
ies did not involve RES integration like DSTSs in all areas that need further
investigation.
In present days, AGC research focuses on the strategy of ancillary controllers,

which contribute to restoring the system indices to nominal values. Controllers
like integer orders (IO-PIDN) [19], fractional orders (FOPID) [20], tilt (TID)
control [21], and the integer-FO cascade controllers [8] are studied. FO controllers
surpass IO controllers by providing flexibility with more tuning parameters.
Further, the authors proposed a cascade combination of IO-FO controllers [10].
Authors in [22, 23] presented two FO cascade controllers. Also, various cascade
amalgamations of two FO controllers may produce superior dynamics. A new
cascade combination of FOPDN-FOPIDN is proposed for AGC research which
offers wide study.
Controller parameter optimization leads to optimum solutions and can be

attained by evolutionary algorithms (EA). EAs like whale [10], sine-cosine [11],
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firefly [19], cuckoo search [24], spider monkey [25], Harris hawk’s with particle
swarm [26], biogeography [27], coyote optimization [28] etc., are presented.
A latest EA named crow-search algorithm (CSA) [29,30] is handy, it is based on
the crow’s food-finding behaviour. The properties of food search, face recognition,
tools’ usage, communication methods, and greedy nature make the crow a clever
bird. This offers further assessments.
The above AGC research is implemented in MATLAB software. However,

the validation of AGC studies in a RT-Lab is not carried. This calls for further
investigations. The aims are as follows, based on the above-mentioned literature:
a) To model an unequal three thermal area system with DSTS and HVDC.
b) To perform an assessment with the suggested FOPDN-FOPIDN controller
over PID and TID.

c) To apply the CSA algorithm for controller optimization
d) To execute SA and to check the reliability of the FOPDN-FOPIDN con-
troller.

e) To apply the AC-HVDC system.
f) To validate the obtained results in RT-Lab software.

2. System investigated

The three thermal area system with 1:2:3 as capacity ratio considering drop
and GRC is combined with HVDC and DSTS. The power expression for AC-
HVDC with gain (𝐾) and time constant (𝑇) is given by Eq. (1).

Δ𝑃tie 𝑖 𝑗 =

(
2𝜋𝑇𝑗 𝑘
𝑠

+ 𝐾𝐷𝐶

1 + 𝑠𝑇𝐷𝐶

) (
Δ𝐹𝑗 − Δ𝐹𝑘

)
, (1)

Investigation are carried for (a) thermal systems in MATLAB, (b) systems-(i)
with RT-Lab application, (c) thermal-DSTS systems with RT-Lab application
and (d) systems-(iii) with HVDC integration. The study system is in Fig. 1 and
its transfer function (TF) model of the studied system employing the FOPDN-
FOPIDN controller that is shown in Fig. 2. Controllers like PIDN, TIDN and
proposed FOPDN-FOPIDN are considered with 1% SLP in area-1. Nominal
parameters are noted in the Section Notations. The controller parameters are
optimized by CSA with HPA-ISE are given by Eq. (2).

[HPA-ISE =

𝑡∫
0

{
Δ𝐹2𝑗 + Δ𝐹2𝑗−𝑘 +

��Δ𝐹𝑗 , peak�� + ��Δ𝐹𝑗−𝑘,peak��} d𝑡, (2)

where the area numbers ( 𝑗 , 𝑘 and 𝑚).
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Figure 1: The study system model

Figure 2: Investigated system
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3. Proposed cascade FOPDN-FOPIDN controller

Controller cascading comprises two-loop systems and has more benefits over
one-loop systems. The output/primary loop directs the ending output of the
systems, while the inner loop is in charge of dampening the influence of the
internal process. The cascading structure is in Fig. 3.

Figure 3: Cascade controller structure

Washima et al. [22, 23] was the first to propose a cascade connection of two
FO–FO controllers. Though several 𝑃, 𝐼 and 𝐷 combinations exist, a unique
design of the cascade connection, namely FOPDN-FOPIDN, is suggested with
two FO–FO controllers. The TFs of FOPDN-FOPIDN are given by Eqs. (3)
and (4).

𝑇𝐹FOPDN =
𝐾𝑃 𝑗 + 𝐾𝐷 𝑗 𝑠` 𝑗𝑁 𝑗��1 + 𝑁 𝑗/𝑠` 𝑗

�� , (3)

𝑇𝐹FOPIDN =
𝐾𝑃 𝑗 + 𝐾𝐼 𝑗/𝑠_ 𝑗 + 𝐾𝐷 𝑗 𝑠` 𝑗𝑁 𝑗��1 + 𝑁 𝑗/𝑠` 𝑗

�� . (4)

The FOPDN controller structure is analogous to the FOPIDN controller structure.
The TF model of the FOPDN-FOPIDN controller with AGC as input is in Fig. 4

Figure 4: Transfer function model FOPDN-FOPIDN controller
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and its gains are optimized by the CSA with constraints in Eq. (5), considering
HPA-ISE in Eq. (2).

0 ¬ 𝐾𝑃1 𝑗 , 𝐾𝑃2 𝑗 ¬ 1, 0 ¬ 𝐾𝐼 𝑗 ¬ 1,
0 ¬ 𝐾𝐷1 𝑗 , 𝐾𝑃𝐷 𝑗 ¬ 1, 0 ¬ _ 𝑗 , `1 𝑗 , `2 𝑗 ¬ 1,

0 ¬ 𝑁1 𝑗 , 𝑁2 𝑗 ¬ 100.
(5)

4. Crow search algorithm

Crows are unique smart entities. It tracks additional birds trying to whack
the food. Askarzadeh proposed a revolutionary algorithm named by crow-search
algorithm (CSA) considering search agent as a crow [31]. All crows create a flock.
Each crow remembers its own hiding places with food and can steal food from
another crow. Also, each individual canmove randomlywith a certain probability.
The position of a crow is described by

X𝑎
𝑖 =

[
𝑋𝑎𝑖 (1), 𝑋𝑎𝑖 (2), . . . , 𝑋𝑎𝑖 (𝑑)

]𝑇
, (6)

where: 𝑎 is crow’s number, 𝑖 is iteration, 𝑑 is search directions (design variables).
Two path will occur in the each iteration for crow 𝑧 to follow crow 𝑦.

(a) Path 1. The crow 𝑎 do not take into account position of crow 𝑏. The crow
𝑦 move in direction the best own food place according (7)

𝑋𝑎𝑖+1 = 𝑋
𝑎
𝑖 + 𝑟𝑎 𝑓 𝑎𝑖

(
𝑚𝑏
𝑖 − 𝑋𝑎𝑖

)
𝑟𝑏  𝐴𝑎𝑖 , (7)

where: 𝑟𝑎 is the random number, 𝑓 𝑎
𝑖
is the length of flight. 𝑓 decides about

minima and maxima optimal points, 𝐴𝑎
𝑖
is the perceptual probability of

crow, 𝑚𝑏
𝑖
is the location where individual 𝑏 have food [34].

(b) Path 2. Knowing crow z approach, crow y sailed to an arbitrary loca-
tion (8) [35].

X𝑎
𝑖+1 = random . (8)

After calculation of the positions of all crows in 𝑖-th iteration, the matrix 𝑚
describing the location of food places for each crow is updated.

X𝑎
𝑖+1 = random . (9)

The fitness of crow’s in an iteration is stockpiled and is updated for the
subsequent iteration. Figure 5 present the CSA flow chart.
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Figure 5: Flow chart of elaborated CSA

5. Results and analysis

The enactment of the AGC scheme encompassing thermal is integrated with
DSTS, HVDC is evaluated. The investigations are conceded out with following
controllers type: (a) PIDN, (b) TIDN and (c) FOPDN-FOPIDN. Simulations are
carried with FOPDN-FOPIDN controller with ODE4 and are optimized by CSA.
The optimization simulations were executed for parameters: numbers of crow
equal 50, flight length 𝑓 = 0.2, probability 𝐴 = 0.1 and maximum iterations
maxiter = 100. Investigated system and controller with optimum parameters are
linked with RT-Lab. The obtained responses are compared and validated with
RT-Lab Software. The implementation of the AGC model is compiled in RT-Lab
and is in Fig. 6.
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Figure 6: Computer bench with RT-Lab system

5.1. System performance comparison with PIDN, TIDN and FOPDN-FOPIDN
in thermal system

The system is presented in Fig. 1(i) is employed with PIDN, TIDN and newly
design FOPDN-FOPIDN controllers. Controller limits are enhanced by CSA
with HPA-ISE module. of Controller finest values are noted in Table 1 and its
consistent responses are in Fig. 7. The value of optimal parameters obtained
for the optimization process for the FOPDN-FOPIDN controller are following:
𝐾𝑃11 = 0.4673, 𝐾𝐷11 = 0.1899, `𝐼1 = 0.8710, 𝑁11 = 69.943, 𝐾𝑃12 = 0.3862,
𝐾𝐼1 = 0.5881, _1 = 0.8004, 𝐾𝐷12 = 0.1912, `𝐼2 = 0.7820, 𝑁12 = 48.231,
𝐾𝑃21 = 0.6505, 𝐾𝐷21 = 0.3006, `21 = 0.2300, 𝑁21 = 56.704, 𝐾𝑃22 = 0.1506,
𝐾𝐼2 = 0.4009, _2 = 0.4878, 𝐾𝐷22 = 0.7074, `22 = 0.7162, 𝑁22 = 39.256,
𝐾𝑃31 = 0.8773, 𝐾𝐷31 = 0.1367, `31 = 0.4281, 𝑁31 = 87.572, 𝐾𝑃32 = 0.6145,
𝐾𝐼3 = 0.940, _3 = 0.9854, 𝐾𝐷32 = 0.4578, `32 = 0.9178, 𝑁32 = 66.2102.

Table 1: CSA augmented controller gains of the thermal system considering HPA-ISE

PIDN controller
𝐾𝑃 𝑗 𝐾𝐼 𝑗 𝐾𝐷 𝑗 𝑁 𝑗

Area-1 0.4127 0.583 0.1676 97.4734
Area-2 0.4008 0.7302 0.5014 9.9626
Area-3 0.2521 0.0034 0.3271 25.6831

TIDN controller
𝐾𝑇 𝑗 𝑛 𝑗 𝐾𝐼 𝑗 𝐾𝐷 𝑗 𝑁 𝑗

Area-1 0.5980 5.5522 0.2183 0.1301 42.1166
Area-2 0.3606 4.7116 0.6347 0.0068 90.2860
Area-3 0.3738 0.0548 0.4851 0.1333 50.3638
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(a)

(b)

Figure 7: System dynamic waveforms with thermal system considering MATLAB soft-
ware (a) Δ𝐹3, and (b) Δ𝑃31

5.2. Application of RT-Lab software in AGC studies

The system presented in Section-A with CSA optimized FOPDN-FOPIDN
controller gains consideringMATLAB software are transferred into RT-Lab soft-
ware. The obtained dynamics using the RT-Lab are compared with MATLAB
responses are in Fig. 8.
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(a)

(b)

Figure 8: System dynamic waveforms with thermal system considering MATLAB and
RT-Lab software (a) Δ𝐹3, and (b) Δ𝑃31

It is worth noting that smaller oscillations in the transition state were obtained
for the MATLAB environment.

5.3. Comparison of system dynamics among HPA-ISE and ISE
with the RT-Lab application

The system presented in Fig. 1 was investigated with the FOPDN-FOPIDN
controller and ISE, whose gains were optimized by CSA. The parameters of the
controller obtained during optimization process are following: 𝐾𝑃11 = 0.8735,
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𝐾𝐷11 = 0.3146, `𝐼1 = 0.8324, 𝑁11 = 33.795, 𝐾𝑃12 = 0.8735, 𝐾𝐼1 = 0.6875,
_1 = 0.4354, 𝐾𝐷12 = 0.9379, `𝐼2 = 0.2369, 𝑁12 = 59.870, 𝐾𝑃21 = 0.0720,
𝐾𝐷21 = 0.8703, `21 = 0.3179, 𝑁21 = 37.8461, 𝐾𝑃22 = 0.8706, 𝐾𝐼2 = 0.9254,
_2 = 0.9978, 𝐾𝐷22 = 0.4228, `22 = 0.1015, 𝑁22 = 92.340, 𝐾𝑃31 = 0.258,
𝐾𝐷31 = 0.6169, `31 = 0.8914, 𝑁31 = 64.254, 𝐾𝑃32 = 0.8454, 𝐾𝐼3 = 0.7164,
_3 = 0.8524, 𝐾𝐷32 = 0.1985, `32 = 0.3321, 𝑁32 = 85.3480.
The obtained dynamics considering RT-Lab are compared with HPA-ISE and

are presented in Fig. 9a and Fig. 9b.

(a)

(b)

Figure 9: System dynamics with HPA-ISE and ISE: (a) Δ𝐹2 and (b) Δ𝑃31 in RT-lab
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It is noticed that the dynamics with HPA-ISE gives better responses in com-
parison to ISE. ISE is characterized by high pulsation values in the beginning
period.

5.4. Integration of DSTS systems

The system presented in Section 2 was incorporated with DSTS and is shown
in Fig. 1(ii). The optimized parameters of FOPDN-FOPIDN with MATLAB
have the following values: 𝐾𝑃11 = 0.5725, 𝐾𝐷11 = 0.3573, `𝐼1 = 0.5773,
𝑁11 = 0.3623, 𝐾𝑃12 = 0.3967, 𝐾𝐼1 = 0.9328, _1 = 0.7321, 𝐾𝐷12 = 0.7700,
`𝐼2 = 0.2217, 𝑁12 = 26.2542, 𝐾𝑃21 = 0.8054, 𝐾𝐷21 = 0.2628, `21 = 0.0677,
𝑁21 = 62.557, 𝐾𝑃22 = 0.1872, 𝐾𝐼2 = 0.7831, _2 = 0.1866, 𝐾𝐷22 = 0.0376,
`22 = 0.6490, 𝑁22 = 80.2145, 𝐾𝑃31 = 0.0132, 𝐾𝐷31 = 0.6691, `31 = 0.6925,
𝑁31 = 57.4512, 𝐾𝑃32 = 0.8712, 𝐾𝐼3 = 0.1551, _3 = 0.5721, 𝐾𝐷32 = 0.5964,
`32 = 0.7251, 𝑁32 = 15.9802.
The system dynamics with optimal parameters were matched with the thermal

system responses and are shown in Fig. 10a. The obtained dynamics waveform
with MATLAB has compared with waveform obtained using RT-Lab software.
The comparison is illustrated in Fig. 10b.

(a)

Figure 10
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(b)

Figure 10: Dynamics performance compression of system with DSTS integration:
(a) Δ𝑃12 with MATLAB, and (b) Δ𝑃12 with MATLAB and RT-Lab

Figure 10a concludes that the dynamics with DSTS integration provides
better responses. In addition, responses in Fig. 10b with RT-Lab shows improved
responses.

5.5. Integration of HVDC system

DSTS-thermal system in Section-D is linked with HVDC. Figure 1(iii) illus-
trates the investigated system. The CSA is used to optimize FOPDN-FOPIDN
parameters. The optimized parameters of FOPDN-FOPIDN with MATLAB
have the following values: 𝐾𝑃11 = 0.6554, 𝐾𝐷11 = 0.7111, `𝐼1 = 0.7060,
𝑁11 = 0.3183, 𝐾𝑃12 = 0.2769, 𝐾𝐼1 = 0.0461, _1 = 0.9131, 𝐾𝐷12 = 0.8234,
`𝐼2 = 0.5946, 𝑁12 = 22.2145, 𝐾𝑃21 = 0.4446, 𝐾𝐷21 = 0.0254, `21 = 0.7099,
𝑁21 = 22.496, 𝐾𝑃22 = 0.6478, 𝐾𝐼2 = 0.0415, _2 = 0.4723, 𝐾𝐷22 = 0.0563,
`22 = 0.1744, 𝑁22 = 67.452, 𝐾𝑃31 = 0.8175, 𝐾𝐷31 = 0.3115, `31 = 0.2413,
𝑁31 = 10.9647, 𝐾𝑃32 = 0.3141, 𝐾𝐼3 = 0.9047, _3 = 0.7496, 𝐾𝐷32 = 0.4864,
`32 = 0.7521, 𝑁32 = 27.8941.
The transients with HVDC integration are in Fig. 11a. The comparative dy-

namics with MATLAB and RT Lab are in Fig. 11b.
From Fig. 11 it is observed that responses with RT Lab software provide

better dynamics.
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(a)

(b)

Figure 11: SystemdynamicswithAC-HVDC: (a)Δ𝐹1, withMATLAB
and (b) Δ𝐹1 with MATLAB and RT-Lab

5.6. Sensitivity analysis of the thermal-DSTS system with FOPDN-FOPIDN controller

The system presented in Fig. 2 is exposed to deviations in loading conditions
(LC) i.e., (±15%). Simulations were passed in RT Lab software with FOPDN-
FOPIDN controller and responses are in Fig. 12.
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(a)

(b)

Figure 12: System condition with deviations in LC (±15%): (a) Δ𝐹1
and (b) Δ𝑃12 with RT-Lab

6. Conclusions

The application of RT-Lab software in AGC studies has been successfully
adopted. A new PI named by HPA-ISE is applied in AGC studies. A new con-
trol design named by the FOPDN-FOPIDN controller was investigated and its
parameters were enhanced by the crow search algorithm. The performance of
FOPDN-FOPIDN outperforms over TIDN and PIDN controller. The system dy-
namics response with HPA-USE has better performance reliability in comparison
to ISE. It is to point out, also that better thermal response is obtained by incorpo-
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ration of DSTS. Additionally, it has been noted that the connection of HVDCwith
the AC system can enhance system dynamics. Besides, a deviation in LC through
SA recommends that the proposed FOPDN-FOPIDN controller is vigorous. In
addition, RT-Lab software validates the system dynamics obtained with MAT-
LAB and is obvious that responses with RT-Lab outperforms over MATLAB
software.

Nomenclature

𝐹 frequency (Hz)
𝑃tie tie-power
SLP step load perturbation
AGC automatic generation control
DSTS dish-stirling solar thermal system
HVDC high voltage direct current
KP, KI, KD proportional, integral and derivative gains
_, ` proportional and integral non-integer parameters
CSA crow search algorithm
MATLAB matrix laboratory
RT-Lab real time laboratory
RES renewable energy source
HPA hybrid peak area
ISE integral squared error
LC loading condition
SA sensitivity analysis
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