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ABSTRACT
This research study presents a comprehensive comparative analysis of two controllers, namely
the HHO-PI and PI, for regulating the DC link voltage of a Unified Power Flow Controller.The
objective was to assess the action of these controllers in terms of transient response, robustness,
power flow control, and power quality. The results show that the HHO-PI controller
outperforms the PI controller in terms of transient response, robustness, power flow control,
and power quality. The HHO-PI controller's hybrid harmony search optimization algorithm
enhances optimization capabilities, leading to improved performance in adapting to changing
operating conditions and maintaining a stable DC link voltage. It also achieves smoother
tracking of active and reactive power references, resulting in better power flow management
and increased system stability. The HHO-PI controller yields significantly lower Total
Harmonic Distortion (THD) values, indicating improved power quality. These findings
highlight the superiority of the HHO-PI controller for UPFC systems.
Keywords—UPFC system, HHO-PI, modular multilevel converter, etc.

L INTRODUCTION
Power quality issues, including harmonics and voltage stability, have become significant
concerns in modern smart grids due to the increasing penetration of nonlinear loads(Debnath
et al., 2015). Nonlinear loads, such as electronic devices and power electronic converters,
introduce harmonics into the power system, leading to undesirable effects such as increased
losses, reduced efficiency, and potential damage to equipment(Perez et al., 2021). Moreover,
voltage stability is crucial for the reliable operation of power systems and the quality of
electrical supply to consumers(Perez et al., 2021). In order to address these difficulties, we
need solutions that are both effective and efficient, and which can reduce the amount of current
source harmonics while keeping the voltage as stable as possible under a variety of loading
scenarios (Zeng & Xu, n.d.). Although filters have traditionally been used for harmonics
elimination, their high cost and limited dynamic performance make them impractical for
achieving desired results across a wide range of loading scenarios(4labool et al., 2021).
The UPFC is a flexible power electronic device that integrates both series and shunt converters,
enabling the precise control of power flow and voltage at the common coupling point (Thamizh
Thentral et al., 2021). To reduce source current harmonics, we employ the (DDSRF) theory, it
results in the generation of sinusoidal harmonics that have phases that are opposite to those of
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the load current. By injecting or absorbing reactive power at the PCC, the UPFC actively
compensates for the harmonics introduced by nonlinear loads, minimizing their impact on the
power system(Thentral et al., 2022). To ensure accurate and responsive control, a hysteresis
controller is employed to generate Pulse Width Modulation (PWM) pulses for the shunt and
series compensators once the DDSRF theory is applied(Kamal et al., 2022). This control
strategy allows for real-time adjustment of the UPFC parameters, enabling rapid and efficient
harmonic mitigation(Patel & Talari, 2021).
The key advantage of utilizing the DDSRF theory lies in its potential to achieve maximum
voltage stability while minimizing source current harmonics under diverse loading
circumstances(Meral & Celik, 2019). By injecting or absorbing reactive power at the common
coupling point (CCP), the UPFC can effectively improve the overall power quality and mitigate
the impact of nonlinear loads on the grid(4lexander Jeevanantham & Srinath, 2022). To
control the UPFC and implement the DDSRF theory, a hysteresis controller is employed to
generate pulse width modulation (PWM) pulses for the shunt and series compensators(He et
al., 2019). The DDSREF theory is also compared to the existing dq theory in terms of Total
Harmonic Distortion (THD) analysis to evaluate its effectiveness and performance(Heenkenda
etal., 2023).
Additionally, the capacitor DC link voltage, a critical parameter in the operation of the UPFC,
is regulated using a Proportional-Integral-Derivative (PID) controller(7ripathy et al., 2022).
To optimize the PID controller's gain parameters, the Harris Hawks Optimization (HHO)
technique is employed, ensuring efficient and stable voltage control in the system(Gupta,
2022). Through this research, the effectiveness and efficiency of the proposed UPFC system
with DDSRF theory will be demonstrated, focusing on voltage stability and source current
harmonics reduction(Xiu et al., 2021). By providing a comprehensive solution to power quality
problems in smart grids, this research contributes to the overall improvement of grid
performance and reliability in the face of increasingly complex and nonlinear
loads(Roknuzzaman et al., 2020).

II. BACKGROUND
Modular multi-level converters (MMCs), that are used to both greatly increase the voltage that
is produced quality and significantly lower the recommended voltage of switching devices,
have received a lot of attention in research throughout time.(Perez et al., 2021). These
converters have been the primary focus of their interest(Reddy et al., 2021).MMC is being
promoted as a superior alternative for variable speed drive systems, high-voltage DC gearbox
systems, and specialist power devices (Gade et al., 2021). Shunt converters and series
converters are not the same thing; They both consist of Submodules with a full-bridge or a half-
bridge, and operate in a different way(Zeng & Xu, n.d.). To reach an output voltage level equal
to (2 N + 1), Two N half-fridge submodules make up the shunt + series converter. (Choudhury
etal., 2021).

A. MMC (Modular Multilevel Converter)
figure. 1shows It comprises of three stages of units, with an arm reactor connecting each phase's

top and bottom bridges AC line#; (i = a, b, ¢). An L-shaped inductance and a resistor R

N4
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combined are analogous to the arm reactorx, where I;, L, and I .are the upper or lower
bridge phases' arm currents, respectively, and I, is the grid's ac current.
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Figure 1 MMC based Series converter

An individual block's potential difference is denoted by the symbol %, ; the The top and

bottom subblocks' dc capacitor voltages are represented by the symbols #,,, and U,
respectively. A shunt connection is made between the capacitor of each and every sub block
and the equivalent resistor R» so that the sub block may be simulated. If we assume that the

leading edge of the top bridges arm or the tip of the bottom bridges will meet at the
corresponding potential point, if we disregard the arm resistor, and if we put the potential into

U, (i=a,b, c), then its connections may be shown in Fig. 2. The lower arm's DC potential is
denoted by %, while the voltage between the bottom and upper arms is denoted by

uldsiandu2dsi respectively. During a switch cycle, the top and bottom arm blocks' respective

duty cycles are denoted by dpi and dm- respectively. The ac power is denoted by ;.
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Figure 2Connections between MMC's bridge, alternating, and direct currents
T and xT, are the During a switching cycle, the average values of the electric parameter x

ST, . T, is the switching cycle time? The upand down arm switching models the MMC may be

generated by using the KVL Law, and these models are shown below.

di 1
" piTs Z_(_ulAdT —|—d iNuvm TY_R I lT) (1)
d L o ’
du 1 “
—ls (g - ?
@ C nt R, ) ;
diyg, _ 1 ——
;”;TY B Z(MZAdsiTS s mT\) (3)
du n 1 T u
_ “smnls _ d L. — —smnls 4
g ¢t Ty ) @

n

Given the proportions of the capacitor voltage and the top & bottom bridging arm variables,

and assuming Ry = Ry =R, 4, = U, , we obtain by adding (1) and (2).

d;\;n - L(ussz + N(dnz d )usst Rs lsth) (5)
du,,, T Lomrs.
= Tsmls d _ d ) _ ZsmTs 6
1 ( lst ptTS) RC ( )

In the formula above, i; represents ;+i,, and U, represents U, +U,. The relationship may

> Usi

be found by adding the output voltages of the up and down arms in subblock.

Nd u, . =u, /2, —

pi"mTs

uoiTs (7)
Nd U = dc /2Ts _uoiTs (8)

ni “mTs

During the process of developing the model, without taking into account the reactive voltage

in arm, U, was found to be greater than N, . As aresult, according to formula (4), dpi and

dm- satisfied the requirements of formula (5).
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1
d, =50-d) ©)

1
=—(1-d. 10
d, =5(-d) (10)

di refers to each stage's equivalent output modulating cycle. In order to continue with the
parameter replacement in equations (3), The MMC system's usual switching cycle is
required.

Lt~ L Qi 4 Nd i, = R (11)
d 1 di— i

usst — _(_lisiTs _i_m) (12)
dt 2C 2 3 RC

It is feasible to determine the usual switching cycle for the MMC in the dq framework by using
Park's transformation.

Ldi,, R,- ol - Nu,,,.d
5 d\‘;T + Tlsde = usde + 2 lS‘ITS - l 27“ ‘ (13)
L diqus RS T oL . Nusst'dq
E dt 7 sqTs = uqus + 2 lquis‘ - 2 (14)
du 3 o . 7 . . 6usm s
6C.—E = = (d iy + d d, )Ts =iy = =22 (15)

B.Harris Hawks Optimization (HHO)

A Proportional-Integral-Derivative (PID) controller's gain parameters can be adjusted using the
HHO method. The PID controller is a widely used control algorithm in a wide range of
industries and applications. Its goal is to regulate the output of a system by altering the amount
of control effort according to the difference between what is wanted and the actual result.The
HHO algorithm was inspired by Harris hawk hunting behaviours, can be used as an
optimisation method to find the best gain parameter amounts for the PID controller By applying
the HHO algorithm, the search for the best set of PID gains is performed in the solution space,
where each candidate solution represents a unique combination of Gains that are proportional,
integral, or derivative.

Algorithm 2: The Procedure of HHO

1: Commence (N) search agents (yi;i&(1:N))
2:  While T isn’t reached yet

3: Estimate the fitness of the solutions

4: Find the global best solution (Y, )
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5: Asses the escaping energy (E) as in Eq. 6.

6: If(|E| >1) Then

7: Update the movement according to Eq. 7

8: Else

9: If([E]>0.5) and (jr|>0.5) Then

10: Update the location according to Eq. 8

11: Else If (E]>0.5)and (|r| <0.5) Then

12: Update the location according to Eq. 9 to Eq. 12
13: Else If (E|<0.5) and ([r|>0.5) Then

14: Update the location according to Eq. 13

15: Else

16: Update the location according to Eq. 14 to Eq. 16
17: EndIf

18:  EndIf

19:  Iterate step (6) for (N) search agents

20: EndWhile

21: Produce (y ;) as the global best solution

1. PROPOSED SYSTEM DESIGN
Shunt or series converters make up the two converters that make up the planned UPFC. A series
transformer connects the arrangement compensator to the line. The capacitor stores the DC
potential that was converted from AC potential by this converter. The shunt converter
transforms the DC potential that has been stored into alternating potential in three phases. The
possibility flows to the linear load through a transformer. The DDSRF theory employs the
voltage of the supply and current to produce the reference flow. hysteresis controller analyses
actual with reference voltages to produce a PWM signal. The shunt converter receives the
PWM signal. Essentially, a comparison is made between the reference voltage and the
measured potential, where the result is a PWM signal, which is maintained to the arrangement
converter. The PI controllers use an arrangement converter to keep the capacitor's DC potential
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constant. The UPFC design achieves potential & flow remuneration through the use of shunt
and series compensators. Opposing overtones are fed into the PCC by a shunt converter.

In this study, the Integral Time-weighted Absolute Error (ITAE) is employed as a performance
criterion to fine-tune the (PID) controller. The primary objective is to optimize the controller's
parameters in order to minimize the ITAE.

Objective Function:

Ts

ref actual
j ‘\flink “Vink (16)
0
Where,
Ts = Simulation time

Vi > Reference DC-link voltage
Viie = Actual DC-link voltage

Based on the ITAE calculation, an optimization algorithm is employed to adjust the parameters
(Kp and Kj). The goal is to minimize the ITAE, which indicates a better control system
performance. The Harris Hawks optimization (HHO) technique is used to regulate the PID
controller's gain parameters.The optimization algorithm iteratively adjusts the controller
parameters and evaluates the resulting ITAE until convergence or the desired performance is
achieved.

The adjusted PID controller settings are transmitted to the management system after the
optimisation procedure is finished. Various criteria are used to assess the control system's
performance, including tracking accuracy, stability, or response time. To evaluate the durability
of the adjusted controller under various operating situations, a sensitivity study may also be
used.

Overall, by utilizing the ITAE to tune the PID controller, this study aims to enhance the control
system's performance and achieve improved tracking of the desired response. The ITAE serves
as an objective criterion to guide the parameter optimization process, enabling the selection of
optimal PI controller settings for the specific control system under investigation.

A. Proposed DDSRF theory modelling for UPFC system
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Figure 3 DDSRF modelling of UPFC system

The theoretical DDSRF modelling for the suggested UPFC system. The components of the
three-phase current alternating potential are the positive, the negative, and zero sequence.

v cos(@r + ) cos(a)12+ ) cos(a)t2+ )
V, |=V, |cos(wt+e,) |+V,| cos(wt —?”+ @) |+V, | cos(wt +Tﬂ+ ?,) (17)
V. cos(awt + @,) ' '

cos(a)t+T+(p1) cos(a)t—T+¢2)

Where V., Vo, and Ve are phase alternating current voltages, Va, Vb, and Vcare both positive
and negative voltage sequences.

I/sa VaO Val I/aZ
Vom Vo (= Vo |F| Vin | T Va2 | (18)
Vel el Val Ve
The source of three-phase current is depicted as,
ISa IaO Ial Ia2
Ig=\1Ig |=| 1y [+| Ly |+]| 1 | (19)
1 1 I 1

Sc c0 cl c2

The perceived authority is denoted by
Ss=F+j0= VS1; (20)
The general equation for DDSRF theory is given as,

Ss012 =B +Sf012 (21)

The entire quantity of energy entering the grid is determined as 0, 1, and 2, which represent the
zero, favourable, and negative sequencing powers, respectively,
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Sior2 = Boi +Shon2 (22)
S1012 = Psou (t) +Qs012 (t) +B1012 (t) + Qho12 (t) (23)
P and Q are abbreviations that stand for the system's active and responsive powers,

respectively.
The input a three-phase voltage and fluxes are transformed using a Clark transformation to

variables having a value of 0.

p L1
2 2
vo-2e By
3 2 2
rr 1
2 2 2 |
p L1
2 2
200 3 B
lopo=7|0 — —— |1
3 2 2
rr 1
12 2 2
The parameters are estimated from above equation,
o
v, == 14
aff \/g 3 s
0 XY= _X7
L 2 2
o|! _% _%
Il ,=— 1,
©73, 5 |
L 2 2]

Variables are estimated from the positive & negative sequence elements,

, :V{coswwl)}n {coswwz)}

o sin(wt+¢,) sin (@t +,)

dql —

Vin =V —sin(art) cos(ax)

a{ees(ax) sm(m}
o o]
(

cos(¢) cos(p,) sin(g,) cos(2a)t)}

qulZVlLin(gol)}V{—sin(%) cos((pz)}Lin(M)
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~ cos(¢)
Vi = Vl[sin((pl)
~ cos(¢)
Vi = VzLin((pl)

|

o

—sin(2ax)

cos(2ar)

:|+V;2

cos(2ar)
—sin(2er)

+V

ql

The DDSRF theory reference signals are computed for UPFC as shown below,

lq2

3 i
B=SVa=VaVb]
ql

idl
id2
3 Iy

0, =P ZEI:I/dlI/qII/dZI/qZJ i

System Parameters

dl

i,

Comments Value
UPFC 100 MVA
Line L1 Double circuit, 230 KV, 65Km
Line L2 50 Km, 500KV
Line L3 50 Km, 500KV

Transformer banks T1

1000MVA, 500KV/230KV

Transformer banks T2

800MVA, 500KV/230KV

Voltage buses B1 and B4

500KV

Voltage buses B2, B3, and B5

230KV

Load at bus B5

500KV,15000MVA

Load at bus B3

500KV, 200M

Power plant 1

13.8KV, 1000MVA

Power plant 2

13.8KV, 1200MVA

In the MATLAB environment, the suggested converter's findings are validated. Monitoring the
capacitor's starting Vdc and determining the margin of error—the difference between the
measured and reference Vdc—are the tasks of the DC potential control system. This error
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serves as a source for the controller for PI, which calculates the real Vdc deviance. The actual
part of UPFC-drawn flows is referenced using the controller yield. The measured values are
compared to the two standard errors in a connected controller on the opposite side.
Consequently, PI controller monitors and maintains a constant capacitor potential.

RESULTS

The 500 kV distribution system's Universal Energy Flow Controller (UPFC), which manages
the power flow, is designed and tested using MATLAB SIMULINK 2021a. The UPFC sets the
current at bus B1 and the flow of active as well as reactive energy through bus B2. It is situated
at the left terminal of the 75 km line L2 adjacent to both of the 500 kV buses B 1 and B 2. Dual
GTO-based 100-MVA, three-level, 48-pulse translators make up the system. Buses B1 as well
as B2 are connected in series, and bus B1 is where the second one shunts. A DC bus lets the
shunt as well as serial adapters share power. The series converter can connect Line L2 in series
up to 10% of the standard lines-to-ground voltage, which is 28.87 kV.

For simulated DC link voltage of a UPFC, Simulation was used to compare how well the HHO-
PI and PI controls worked. simulation's findings, shown in Fig. 4 and Table 1, unequivocally
show that the HHO-PI controller works better than the PI controller. The HHO-PI controller
has increased transient responsiveness, resilience, and adaptability to various operating
situations. It also has improved optimisation capabilities. It successfully reduces overshoot and
settling time, improving voltage control and system performance as a whole. These results
show that the HHO-PI controller may be more effective than the conventional PI controller in
controlling the DC link voltage of a UPFC.

4
610 | ; | ; | ;

VDC
w

v P

N

]\

|

. . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time

Figure 4 simulation plot
Table 1 HHO-PI Controller

Parameter HHO PI
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Overshoot (%) 204.4% 243.45%
Settling time 0.1 0.1

Slew rate 6.120 (/us) 5.370 (/us)
Fall time 989.645 (/us) 1.107 (ms)
Raise time 986.237 (/us) 1.170 (ms)

The suggested HHO-PI controller, when compared to the standard PI controller, shows the
capacity to seamlessly achieve active and reactive power references in addition to its improved
performance in controlling the DC link voltage. The hybrid optimisation technique used by the
HHO-PI controller allows it to dynamically modify its settings and optimise its performance in
accordance with the supplied power references. The UPFC system's active and reactive power
flow can be more precisely and accurately controlled because to its flexibility. The
recommended controller as a result offers more reliable and slick monitoring of both reactive
and active power references, enhancing power flow control and system stability.
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Figure 7 Active power of Line 1 Figure 8 Reactive power of Line 1
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The suggested HHO-PI controller has a number of advantages over the traditional PI controller,
including greater service quality, superior performance in terms of DC link voltage
management, and establishing smooth active and reactive power references. The comparison
of Total Harmonic Distortion (THD) readings at the load side bus lends credence to this
conclusion. According to the findings, the PI controller's THD value is 1.37% and the HHO-
PI controller's is 0.88%. THD, a metric for waveform distortion, is used to evaluate the
reliability of electrical power. A power source that is cleaner and more reliable will have a
lower THD rating. It is obvious that the suggested controller offers higher-quality service since
the HHO-PI controller exhibits a much lower THD value than the PI controller. The HHO-PI
controller's improved power quality results in less voltage fluctuations, lower harmonic
distortions, and more stability at the load side bus. These elements help the power system run
more consistently and effectively, which improves the service quality overall. Therefore, based
on the measured THD values, it can be said that the HHO-PI controller outperforms the
traditional PI controller in terms of power quality.
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Conclusion:

Finally, this research study compares the performance of two controllers, HHO-PI and PI, in
order to manage the simulated DC link voltage of a (UPFC). findings unequivocally show that
the HHO-PI controller beats the PI controller in a number of key areas. The hybrid harmony
search optimisation method of the HHO-PI controller, for starters, gives it improved
optimisation capabilities. This enhances transient responsiveness and resilience, enabling the
controller to swiftly adjust to changing operating circumstances and maintain a steady DC link
voltage. In addition, the HHO-PI controller offers smoother monitoring of active and reactive
power references, offering more precise control of power flow within the UPFC system. By
doing this, system stability and better control of power flow are improved. Furthermore,
compared to the PI controller, the HHO-PI controller produces notably reduced Total Harmonic
Distortion (THD) values at the load sidebus. The lower THD number indicates better power
quality, with fewer harmonic distortions and voltage swings, leading to a greater level of
service. Overall, the study's findings demonstrate that the proposed HHO-PI controller works
better than the conventional PI controller in regards to controlling the quantity of reactive and
active electricity as well as the quality of power and regulating the DC connection's voltage.
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Because of its hybrid optimisation technique, the HHO-PI controller is a more effective and
economical controller for UPFC systems. It also tracks power references more smoothly and
has lower THD values. These findings support enhanced performance, stability, and power
quality in control techniques for power system applications. Additional optimisations may be
investigated, and the use of hybrid optimisation algorithms might be expanded as a result of
more in-depth study and development in this field, improving the regulation of power flow in
UPFC systems.
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