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1. INTRODUCTION

Modern power industries consist of power plant, transmission line, distribution and load systems. The
transmission system function is to transfer amount of the electric energy from power generation plants (fossil
or renewable energy sources) to distribution systems, moreover to consumers. There are two transmission
types exist such as: alternating current (AC) and direct current (DC). By implementing modern power
semiconductor and its controller technologies, the power convert from AC to DC or vice-versa is easy to be
implemented in real power system (PS) with affordable cost. The electrical power is transferred into high
voltage direct current (HVDC) formed, furthermore the power is transmitted to consumers in demand side.
Some advantages of HVDC transmission line such as: Can be installed on far distance by overhead or/and sea
cables, reactive power losses can be reduced, can be connected with all power systems frequency in the
worldwide, to minimize angle stability problem in longer transmission line distance, and can be operated with
higher reliability. Those advantages make the HVDC link more competent to transmit the electrical power
than high voltage alternating current (HVAC) transmission system [1]. It is not only to deliver the electrical
power in the traditional sense, but also cooperate with smart mobile communication devices, internet, internet
of thing, and has applied widely in recent years [2]. Meanwhile, a voltage source converter (VSC) HVDC is
developed to deliver a large scale of electrical power from renewable energy source generation to the bulk of
modern PS operations. The Kriging surrogate method is built for configuration model optimization of reactive
power compensator to maintain the power transfer using a bi-level optimal power flow algorithm [3].
Moreover, ultra HYDC (UHVDC) transmission system is a new technology can be used to gain the power
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transfer, to minimize the losses, and to reduce circuit-line number [4]. The structure and characteristic
operations of UHVDC are analyzed with two indices such that partial mono-pole and bi-pole outage times [5].
Simplified model HVDC is developed to reduce complicated of HVDC model and to reduce simulation time
[6]. To protect and isolate the HVDC circuit when the fault occurred on the HVDC circuit, the integrated
HVDC circuit breaker with past enough to clear the DC fault is proposed [7]. Frequency limit control is
applied to improve frequency stability in islanded HVDC system and avoid frequency deviation significantly
[8]. Modeling and analysis a regulation scheme real time for frequency both converter and inverter are
proposed to gain power capacity and to enhance transient period for short-term-transferred on line-
commutated converter (LCC) of HVDC [9], [10]. The features of panoramic voltage and vision transformers
are implemented for location of fault accurately in high voltage direct-current grids [11].

The HVDC structure for linear analysis and small signal modeling (SSM) are built to reduce model
complexity and to maintain the accuracy of the SSM in low-frequency oscillation [12], transfer function
matrix-based SSM with time-frequency analysis is proposed to maintain quantitative stability and dynamic
performance of multi-terminal HVDC considering different operation mode [13]. The SSM model is applied to
stability analysis on different HVDC station topologies in asymmetric direct-current mode operations with
grounding HVDC network consideration and to build controller for improvement of system response during
asymmetric DC operation [14]. Supervisory control is applied in HVDC that allows the controller to be
separated into three levels of detail function such as: Supervision, logic and interface level controls [15].
Optimal operation of HYDC-HVAC is executed by AC/DC optimal power flow appropriate voltage reference
to the grid side converter’s control periodically and the system can still be operated even during contingencies
such as on converter or DC cable disconnection [16]. Optimal control scheme for HVDC to improve robust
grid frequency regulation [17], hybrid VSC/LCC cascaded HVDC is developed to support reactive power
maintain in large capacity transfer [18], and fast protection scheme is proposed based on un-distorted factor
using line traveling wave voltage to obtain the detailed protection criteria [19]. Development of artificial
intelligent (Al) and its applications penetrate into electrical engineering field such as: Adaptive neuro-fuzzy
inference system (ANFIS)-based passivity control is used in multilevel inverter [20], in supplementary control
for reduce transient current on rectifier [21] and in HVDC system to reduce transient current of rectifier [22].

Generally, optimization algorithm (OA) is built in mathematical and meta-heuristic models [23]. The
meta-heuristic algorithm is divided into four categories [24]: (a). Genetic algorithms. Evolutionary genetic
evolution in biology is inspired this algorithm. Reproduction, mutation, recombination, and selection processes
should be done in this algorithm. For example, tree growth algorithm is developed on the evolutionary
principal. (b). Swarm intelligence. This algorithm mimics the animal habit of food foraging or schooling.
Giant trevally optimizer is included in this category, and this algorithm is applied in engineering system.
Meanwhile, grey wolf optimizer (GWO) is designed on shape and size 800-kV converter transformer bushing
optimization for HVDC system [25]. (c). Human activity algorithm. This algorithm imitates the human
activities in process of preschool education [26] or interaction of teaching-learning for teacher-pupil in
classroom. This method is applied on grid-connected photovoltaic-battery system [27]. (d). The OAs are built
from other inspiration, such as optimization inspired from crystal structure algorithm to imitate the crystal
formation in symmetric arrangement in nature [28], material generation and formation in natural environment
[29], application of gravitational search algorithm for automatic load frequency control on hybrid PS(s) [30].

Transient response in HVDC system should paid attention in order to maintain short-term power
transfer [10]. Nevertheless, IT2FC-GWO research topic in reducing transient response in an inverter HYDC
system has not been treated in the previous literatures. To use this control scheme, The IT2FC optimized by
the GWO to enhance the ITC response in inverter-side HVDC is implemented. The rest of the manuscript is
managed as following: The HVDC structure and IT2FC scheme are explored in Section 2. Section 3, develop
and adjust the GWO parameters. The results of simulation in numeric value, graphic and table forms and
their explanations are provided in Section 4. Finally, Section 5 shows the summary of this research.

2. HVDC TRANSMISSION LINE CONTROLLED BY TYPE-2 FUZZY SYSTEM
2.1. HVDC system

Delivering amount of electric energy from power plant production to loading side is the main
function of HVDC transmission line. In this research, the model and its operation procedure are developed by
[31], where the numbering in parentheses refers to the block components shown in Figure 1:

1) Sending-end from rectifier 5)  Transducer for inverter measurement
2) Athree hundred kilometers long-distance DC-line  6) A receiving-end voltage source
3) RL compensator 7) A 600 MVAR 50 Hz AC filter

4)  Inverter device

Inverter transient response improvement using grey wolf optimizer for ... (I Made Ginarsa)



2132 O3 ISSN: 2088-8694

To run the inverter HVDC this system components:

20) Master control 23) Pl control

5)  Signal inputs Vanc, lanc from transducer 24) IT2FC-GWO

21) lex calculation 25) Inverter pole control), and generate pulse
22) Current error calculation (Ei) inverter ignition in 12-pulse firing control

The PI control is modified by adding an (IT2FC-GWO) as a supplementary controller. The
numbering in parentheses below refers to the sub-components depicted in Figure 1(b):

24a) Input 24e) Interval type-2 fuzzy model
24b) Gain Kin 24f)  Gain for Koy
24c)  Gain Kinz 24g) GWO algorithm
24d) Unit delay 24h)  Alpha (i) signal as an output
Inv TN - .
" From | DCline RL ety 6 24f)  (24h)
I Ko/} 25
(1 bt
Type-2 fuzzy
comro]]cr
23 Pulsey.p, ke ac:
PI AL 25 )
22) control @) Vose 508%4}‘{’2“
+
Ei=ly-1{ [IT2F-Gwo] ¥ 7
A Eeilog Vase, Luve (pu)
for

inverter (240)

1o Jaartls o +1e 7| _Jmeasurement Kin; Kinzy Kou 24¢)

I=——=— |73 optimized by using GWO
(a) (b)

Figure 1. Inverter HVDC diagram: (a) main apparatus and (b) IT2FC-GWO proposed control

2.2. Interval type-2 fuzzy control (IT2FC)

The IT2FC was developed by five Gaussian membership (MF) functions on two inputs and nine
constant-type MFs on an output. The MF function for Input dEi and nine constant-type MFs for the Output
are illustrated in Figures 2(a) and 2(b), respectively. The constant values of respective output MFs are:

MFI =-1 MF4 =—-0.25 MF7 =0.5
MF2 =-0.75 MF5 =0 MF8 = 0.75
MEF3 =-0.5 MF6 = 0.25 MF9 =1

Nine fuzzy rules (Rule 1 — Rule 9) were built to generate an output based on the evaluation of Input Ei and
dEi, as shown in Figure 2(c). Each rule is expressed in linguistic terms, as defined in (1). The rule base
includes the following linguistic variables:

NBU: Negative big upper ZEL.: Zero lower

NBL: Negative big lower PSU: Positive small upper
NSU: Negative small upper PSL.: Positive small lower
NSL: Negative small lower PBU: Positive big upper
ZEU: Zero upper PBL: Positive small lower

Example for Rule 7: If (Ei is PBU, Positive Big Upper) and (dEi is PSU, Positive Small Upper), Then SC is
MF7. Furthermore, the input and output connection defined as input-output surface-control as shown in
Figure 2(d).

Rule If (Ei is NBU) and (dEi is NBU) Then (SC is MF1)

If (Ei is NSU) and (dEi is NBU) Then (SC is MF2)

If (Ei is NBU) and (dEi is NSU) Then (SC is MF3)

If (Ei is NSU) and (dEi is NSU) Then (SC is MF4)

If (Ei is ZEU) and (dEi is ZEU) Then (SC is MF5)

If (Ei is PSU) and (dEi is PSU) Then (SC is MF6)

If (Ei is PBU) and (dEi is PSU) Then (SC is MF7)

If (Ei is PSU) and (dEi is PBU) Then (SC is MF8) Q)
If (Ei is PBU) and (dEi is PBU) Then (SC is MF9)

N
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2.3. Development of fitness function

On start mode the master control generates current reference signal (I), this signal is used to guide
the Pl and IT2FC-GWO controls to ignite pole angle signal (a:). Next, this signal is used to fire PWM (12-
pulse firing control) for arms Y and D of inverter. Current error signal (difference between current effective
signal (le) and current reference, Ir) is used as the feedback signal for control signal. Calculation of error
signal is formulated in (2). The main rule of the controller is to minimize the current error signal during the
starting mode. Current effective is computed using (3). Figure 3 show the current effective response of 3-
phase HVDC inverter and current reference. The fitness function (Fr) is built follow the idea on [32] using (4).

Ei=lyp—1, @)
1

lopr = 3 Uaefr +1perr +1Icerr) (3)

Fry = fttft x (Ei)2dt 4)

Where Ei is the current error signal, la e, Ib_eff , Ic_erf are the current effective signal of phase A, B, C, and tis
time from t; to ts.
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3. If (Ei is NBU) and (dEi is NSU) then (SC is MF3) (1)
4. If (Eiis NSU) and (dEi is NSU) then (SC is MF4) (1)
S. If (Eiis ZEU) and (dEi is ZEU) then (SC is MFS) (1)
6. If (Eiis PSU) and (dEiis PSU) then (SC is MF6) (1
7_If (Eiis PBU) and (dEiis PSU) then (SC is MF7) (1
8. If (Eiis PSU) and (dEi is PBU) then (SC is MF8) (1)
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Figure 3. Built of fitness function for phase current ABC and reference current
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3. GREY WOLF OPTIMIZER (GWO) METHOD

A unique behavior of grey wolves pack (as predator) to hunt and search prey in natural wild is
named grey wolf optimizer (GWQO) model in [33]. This meta-heuristic population-based optimization has
good convergence ability toward the optima and has the ability to avoid the local optima stagnation. The
leadership and hierarchy procedures are very strong in social life of the wolf packs. This GWO has four
levels social hierarchy such as: a (alpha) for first level, B (beta) for second level, 3 (delta) for third level and
o (omega) for last level.

3.1. Social live and hunting in wild nature

The beta wolf is the best candidate to be the alpha, takes from other wolves and give it to the alpha
leader. Next, the third level of the grey wolves is beta wolves, these wolves dominate of the forth level. The
last level is named omega wolves, which are responsible for maintaining the safety and integrity in the wolf
pack. When the grey wolf found the candidate prey, they will reach by encircling the prey immediately.
Mathematical model to illustrate the stage is formulated by (5) and (6).

D = |C.X,, (iter) — X, (iter)| (5)
X,(iter + 1) = X, (iter) — A.D (6)

Where iter, (4 and (), Xpy and )?g are the current iteration, vector coefficient, prey and grey wolf position
vectors, respectively. Furthermore, the (6) and (7) are used to computed the vectors 4 and C.

A=2.a7—a @

C=27 8

The vector component a is set decrease from the value of 2 until 0. The 7, and 7, are random vectors
with range [0,1]. The social hierarchy of grey wolves in hunting a prey can be depicted using a 3-dimensional
prism as illustrated in Figure 4(a). Figure 4(b) depicts the updating position of respective wolves following
the position of target prey.

3.2. Hunt the prey mechanism

In hunting, alpha wolves lead coordination with beta wolves and delta wolves. Assuming that the
prey position is well known, the computation is achieved by obtaining the three best solutions namely alpha,
beta and delta. Next, the delta agents need to update their positions to get the best search results. This hunting
process is expressed in (9) and (10). The next position of the grey wolves is formulated in (11).

D, = |C. Xy — X,|; Dp = |Co. X — Xy |; Ds = |C1. X5 — Xy 9)
Xl = Xa - _1'561; Xz = Xﬁ _14_2.53, X3 = XS - 14_3.56 (10)
X, (iter +1) = § X, + X, + Xs) (11)

3.3. Attacking the prey or search for the prey

The attack session is conducted when a target is tired, exhausted and finally stops at a certain point.
When the position of wolves is less than 1 (JA| < 1), the predators are ready to force their prey. This situation
is illustrated in Figure 5(a). The predators get new positions (to seek the new prey) in hunting process. In
situation for the predators are spread out and the distance of respective predators is far away. Figure 5(b)
illustrates search for the prey situation in this scheme. The complete explanation of hunting mechanism is
given in [33].

The GWO for adjusting input-output parameters the inverter is built as: Population initialize, GWO
parameters, and maximum generation (iteration, iter). For the current generation is less than max generation,
the values of respective search agents are updated. The HVDC simulation is run on Simulink mode. The
fitness of search agents are computed and evaluated in this session. Moreover, the position of search agents,
best alpha score and their position are calculated. Ultimate, the score of best-alpha and their-position are
printed, the program is ended. Figures 6(a) and 6(b) depict the algorithm and quasi-code computer program
of GWO process.
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Figure 5. Decision mechanism on hunting session: (a) mode attacking and (b) mode searching

Initialize number of search agents,
maximum iterations (max_iter),
search boundaries, alpha, befa, delta
scores and positions
¥

Set number of search dimension,
initial iteration (iter=0)

fit : fitness function
spec: specified value

- : Yes
ifer < max_ifer
2
No
—>| For i =1: Number of search agents |
Run/call: HVDCHIT2F control in
Simulink model (program)
¥
Calculate fitness function (Eq. (8))
of each search agents
No_ | Discard
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¥ ]
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—{ For j =1: Number of search agents | scloL:‘]e allfd if;oasiltji(l)?l
¥
Update positions of search agents
including omega
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and it position for current iteration

(@)

%Grey wolf optimizer (GWO) pseudo code for inverter transient response
%improvement in HVDC transmission link

Initialize the grey wolf population Xi (i=1, 2, ..... 5:00)
Initialize the a, A and C
Calculate the fitness of each search agent
Xa = the best search agent (Xalpha)
XB = the second search agent (Xbeta)
X6 = the third search agent (Xdelta)
while (iter < maximum number of iteration)
for each search agent
Update the position of current search agent by Eq. (7)
Call HVDC equipped by IT2F-GWO control in Simulink model
end for
Update the a, A and C
Calculate the fitness function using Eq. (8) of all search agents
Update the Xa, XB and X6
iter = iter+ 1
end while

return Xa

(b)

Figure 6. GWO procedure to adjust the input-output parameters: (a) flow chart and (b) pseudo code for inverter
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4. RESULTS AND DISCUSSION

In this section, validation of the HVDC system equipped by proposed control was simulated in time
domain using MATLAB/Simulink model [34]. The simulation was tested on server computer Xeon E5-2673
V4, RAM 128 Gb, NVIDIA VGA GDDR 6 GB hardware. Integral time squared error (ITSE) and peak
overshoot (Mp) criteria are used to assess the performance of the proposed controller. Start-up parameters are
current reference (I) at 1.0; 1.1 pu; up-ramp time at 0.4 s; for Scenario A and Scenario B. The up-ramp rate

parameters are increased from 20 to 35 pu/s. Simulation results are illustrated in Figures 7-11. The results
also presented in Tables 1 and 2, respectively.

4.1. Parameter set-up of grey wolf optimizer (GWO)

In order to obtain the optimized regulation, the parameters of GWO were set: Search agent (Sa),
number of variables, lower and upper of the variables, and maximum of iteration (max_iter). The Sa was at 5,
10, 15, 20, 25 and 30. The upper bound of variables were taken at [1 1 15], and lower bound of variables [.01
.01 .01], for Kin, Kinz, and Koy, respectively. The max_iter was taken at 40 iterations. The convergence curve for
up-ramp rate 35 pu/s, at time .4 s and final value at 1.1 pu, is shown Figure 7. It is shown that at the search
agents: 5, the ITSE was slow to convergence at 24 iterations. By increasing the search agent, the convergence
was achieved at less iteration. At the search agent 30, the convergence was occurred at 4 iterations.

Table 1. The ITSE performance of IT2FC on 3-phase inverter at current reference 1.0 pu

Up- PI IT2FC-GWO
ramp la Ib Ic la Ib Ic
rate ITSE Mp ITSE Mp ITSE Mp ITSE Mp ITSE Mp ITSE Mp

(Um (x10%) (%) (x10%) (%)  (x10°) () (x10°%) (%) (x10°) (%)  (x10°) (%)
20 1.6530 6.7493 1.6519 6.8955 1.6632 6.9361 1.5087 3.8223 15197 3.4334 1.5299 3.9740
21 1.7624 75800 1.7541 7.4958 1.7643 7.5782 1.5957 3.8377 1.5820 3.7444 1.5936 4.0005
22 18945 89901 1.8772 8.8262 1.8907 8.9626 1.6630 41772 1.5740 45865 1.6884 4.6317
23 19937 9.4446  1.9809 9.3677 1.9833 9.0551 1.7785 5.1644 1.7549 52720 1.7779 5.1220
24 21057 10.1371 2.0881 9.9849 2.0962 9.8414 1.8648 5.6598 1.8395 54171 1.8623 5.6758
25 22172 10.7015 2.2033  10.4952 2.1967  10.2317 1.9540 6.4347 1.9334 5.6434 1.9526 6.4192
26 23225 114338 23131 11.2719 23275 11.6193 2.0558 6.9433 2.0305 6.9513 2.0589 7.3300
27 24191 11.9613 23979 11.6439 24194 12.2321 21325 7.4476 2.1196 7.3639 2.1349 7.4494
28 25123 125904 24963  12.4343 25022 12.2481 212324 8.0147 2.1937 8.0528 2.2070 7.7225
29 26281 13.1373 25967  13.2094 2.6162  13.0176 2.3343 8.5540 2.3023 8.6216 2.2916 8.4816
30 27302 13.8254 2.6989  13.9991 27028  13.5392 2.3809 8.6259 2.3588 8.5946 2.3698 8.4804
31 28278 141791 28117 143544 28047 13.9216 2.4632 9.0952 2.4635 9.0627 2.4503 8.7689
32 28949 142968 2.8951 147650 2.8713  14.3631 2.5507 9.4354 25382 9.3960 25273 9.1091
33 29819  14.6557 29781 151542 29697  14.8381 2.5930 9.3214 2.5803 9.3968 2.5817 9.1867
34 3.0861 15.6414 3.0731 154896 3.0771  15.7989 2.6488 9.8639 2.6457 9.6666 2.6477 9.5550
35 31789 16.0709 3.1748 159423 3.1579  16.2342 2.7204 9.9827 2.7088 9.8966  2.7038 9.5511

I I L I I I 1
3.106p |% Legend -
|9
T L L UL L Ll L) Sa: 5
! . mamamrm S3: 10
\ H .
R L LT T TR - H Sa: 15 .
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3.19p i time : 04s A
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1
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|
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'
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'
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'
\
'
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3.182f= 1 I — 1 —y I I
0 5 10 15 iteration (n) 20 25 30 35 40

Figure 7. GWO convergence curve for running in 40 iterations
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4.2. Scenario A

In this scenario, IT2FC is applied to control the HVDC system, and this system was evaluated on
transient response in time domain simulation. Figure 8 shows time domain of inverter transient responses of
the IT2FC compared to the PI controller for current reference (I;) at 1.0 pu and first step Up-ramp rate (Urr)
20 pu/s at starting time. The ITSE of PI controller was obtained at (1.6530; 1.6519 and 1.6632)x1073, for
phase A, B and C, respectively. Peak overshoot occurred at 6.7493; 6.8955 and 6.9361 % for phase A, B and
C, of PI controller. Next step, the Urr was increased to 21 pu/s, the ITSE increased also to (1.7624; 1.7541
and 1.7643)x1073, for phase A, B and C. When the Urr was increased again to 22 pu/s, the ITSE achieved at
(1.8945; 1.8772 and 1.8907)x1073, for phase A, B and C. Final step, the Urr at 35 pu/s, so the ITSE was
obtained at (3.1789; 3.1748 and 3.1579)x1073, for phase A, B and C, respectively. Peak overshoot in this
scheme occurred at 15.6414; 15.4896 and 15.7989 % for phase A, B and C, of Pl controller.

T T ]

Mp pi for lape Legend
1.06} b:1.0675pu(6.7493%)  eess—— oA
h:1.0690pu(6.8955%) s ol
Ic : 1.0694 pu (6.9351 %) Ibpi
3 CTTTTTTTTR
«««««« I
: .f;\\',_\ Mp prop for lase — e ]

G———=Mpprop l:1.0382 pu (3.8223 %) ———— 0
s I» : 1.0343 pu (3.4334 %)

Up- f t ref I
e+ 1.0397 pu (3.9740 %) p-ramp for current reference (/;)

rate : 20 pu/s
time : 04s
final-value: 1.0 pu

Y
=Y

/ : Iy Iy Iy s e
Mppi Peak overshoot for pi controller =
Mp prop: Peak overshoot for proposed controller

where
I, (effective current for phase A)

I, (effective current for phase B) -1
I (effective current for phase C)

1 1 1 -
time (s) 0.6 0.65 0.7

Figure 8. Improvement of inverter transient response for up-ramp rate at 20 pu/s

When the IT2FC was setup at the Urr 20 pu/s, the ITSE obtained at (1.5087; 1.5197 and
1.5299)x1073, for phase A, B and C. While, peak overshoot was at 3.8223; 3.4334 and 3.974 % for phase A,
B and C, of proposed controller. For the Urr was increased to 21 pu/s, the ITSE achieved at (1.5957; 1.582
and 1.5936)x1073, for phase A, B and C. For up-ramp rate increased again at 22 pu/s, the ITSE was at (1.663;
1.574 and 1.6884)x1073, for phase A, B and C. For final step, the Urr at 35 pu/s, the ITSE was obtained at
(2.7204; 2.7088 and 2.7038)x1073, for phase A, B and C, respectively. The peak overshoot for this scheme
was at 9.8639; 9.6666 and 9.555 % for phase A, B and C, of proposed controller. The improvement of
inverter transient response of proposed controller for the Urr 35 pu/s is illustrated in Figure 9. Based on the
simulation results in the Scenario A, it is shown that the proposed controller gives smaller ITSE and peak
overshoot values than the PI controller.

4.3. Scenario B

Next simulation, the proposed controller was tested on the current reference at 1.1 pu and Urr increased
from 20 until 35 pu/s, and listed in Table 2. Figure 10 shows the inverter transient response of proposed controller
compared to PI controller. Simulation results of the HVDC under these conditions are listed in Table 2.

In first step, the Urr at 20 pu/s, the ITSE value was at (1.8195; 1.8098 and 1.8245)x1073, for phase
A, B and C, of PI controller. Peak overshoot (Mp) was obtained at 4.9507; 4.9441 and 4.8078 % for phase A,
B and C, respectively. The Urr was increased to 21 pu/s in next step, the ITSE achieved at (1.9483; 1.9399
and 1.9478)x1073, for phase A, B and C. For final step at the Urr 35 pu/s, so the ITSE was obtained at
(3.699; 3.6953 and 3.6574)x1073, for phase A, B and C, respectively. The Mp was obtained at 12.7642;
12.7896 and 12.7747 % for phase A, B and C.
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Meanwhile, the IT2FC was tested on the Urr at 20 pu/s, ITSE performance was obtained at (1.6855;
1.692 and 1.7039)x102 for phase A, B and C. Peak overshoot was at 2.4247; 2.3295 and 2.1824 % for phase
A, B and C. Next, the Urr was increased to 21 pu/s and the ITSE was obtained at (1.7813; 1.7815 and
1.7709)x1073, for phase A, B and C. Finally, when the Urr was increased into 35 pu/s the ITSE achieved at
(3.2076; 3.1789 and 3.1691)x1073, for phase A, B and C. The peak overshoot for this session was at 9.2791;
9.238 and 9.0031 % for phase A, B and C, respectively. The transient response maintain for up-ramp rate 35
pu/s is shown in Figure 11. Based on the simulation results, it is shown that the proposed controller gives
smaller ITSE and Mp values than the PI controller.
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Figure 9. Inverter transient response at up-ramp rate 35 pu/s
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Figure 11. Maintain of inverter transient response for up-ramp rate 35 pu/s

Table 2. The proposed control performance for 3-phase inverter at the I, increased to 1.1 pu

Up- PI IT2FC-GWO
ramp la Ib Ic la Ib Ic
rate ITSE Mp ITSE Mp ITSE Mp ITSE Mp ITSE Mp ITSE Mp

(U (x10°%) (%) (x10°) (%) (x10°) (%) (x10°) (%) (x10°) (%)  (x10°) (%)
20 1.8195 4.9507 1.8098 49441 1.8245 4.8078 1.6855 2.4247 1.6920 2.3295 1.7039 2.1824
21 19483 6.0565 1.9399 6.0452 1.9478 55257 1.7813 2.6562 1.7815 2.6795 1.7709 2.5011
22 20854 6.6872 20755 6.7594 2.0929 6.7097 1.8582 2.9209 1.8619 2.7319 1.8878 3.3055
23 22204 7.4901 22057 8.0743 2.2158 7.9319 1.9783 3.4170 1.9630 3.7681 1.9857 3.8819
24 23659 86675 23437 8.6607 2.3487 8.7292 2.0834 4.0639 2.0586 42018 2.0765 4.0568
25 25029  9.2453  2.4828 9.0527 2.4803 9.4746 2.1954 47741 2.1698 46786 2.1910 4.6035
26 2.6359 9.9316  2.6305 9.8897 2.6253  10.1042 2.2938 5.0132 2.2773 5.2955 2.2788 5.0155
27 27614 10.6365 2.7543 10.3787 2.7554  10.7459 2.4032 55476 2.3844 5.6899 2.3973 5.0569
28 28841 11.0524 2.8803 11.0869 2.8834 11.6026 2.5207 6.3081 2.4963 6.1299 2.4961 6.6181
29 3.0537 124717 3.0352 12.3454 3.0492 12.7266 2.6142 6.9581 2.5925 6.8780 2.6089 6.9315
30 3.1769 129699 3.1607 129352 3.1712 13.1374 2.6998 7.3331 2.7008 7.2610 2.7252 7.6621
31 3.2811 12.8165 3.2630 12.7754 3.2634 12.8823 2.8455 8.0133 2.8226 7.9602 2.8222 7.9808
32 33765 12.8980 3.3623 12.6960 3.3442 12.7578 2.9311 8.1559 2.8994 8.3103 2.9222 8.2644
33 3.4889 12.9394 3.4757 12.8978 3.4635 12.8369 3.0085 8.4860 2.9887 8.6829 3.0000 8.5307
34 35938 127596 35774 12.8264 35597 12.8149 3.0893 8.5918 3.0695 8.7278 3.0753 8.7533
35 3.6990 12.7642 3.6953 12.7896 3.6574 12.7747 3.2076 9.2791 3.1789 9.2738 3.1691 9.0031

5. CONCLUSION

In this research the GWO algorithm applied to adjust the input-output parameter of IT2FC is
provided on inverter HVDC-link system to improve transient response at start-up period time. The IT2FC is
developed by two inputs and an output model. Five Gaussian type membership functions (MFs) are used to
map the crisp value on the respective inputs to the fuzzy value. Nine constant type MFs are implemented to
map the fuzzy rules based to crisp value of output. The ITSE scheme is implemented to assess the transient
response of the inverter HVDC. Scenario A: When the up-ramp rate (Urr) is given at 20 pu/s, the ITSE
achieved at (1.6530; 1.6519 and 1.6632)x10-3, for phase A, B, and C, of PI controller, respectively. Peak
overshoot occurred at 6.7493; 6.8955 and 6.9361 % for phase A, B, and C. When the Urr at 35 pu/s, the
ITSE obtained at (1.6530; 1.6519 and 1.6632)x1073, for phase A, B and C. Peak overshoot (Mp) achieved at
6.7493; 6.8955 and 6.9361 % for phase A, B and C. Scenario B: For the Urr is given at 20 pu/s, the ITSE
obtained at (1.8195; 1.8098 and 1.8245)x1073, for phase A, B and C, for Pl controller. The Mp is 4.9507,;
4.9441 and 4.8078 % for phase A, B and C. For the Urr increased to 35 pu/s, the ITSE is (3.2076; 3.1789 and
3.1691)x1073, for phase A, B and C. The Mp obtained at 9.2791; 0.238 and 9.0031 % for respective phase A,
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B and C. The IT2FC gives better results with smaller ITSE values for Scenarios A and B compared to Pl
controller. Also the Mp of the IT2FC is lower than the Mp of the traditional PI for all scenarios.
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