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PREFACE

This book covers key areas of engineering research. The contributions by the
authors include scour protection, downstream stilling basins, hydraulic jump, pre-
engineered buildings, dynamic loading, euro code model, seismic load, design
principles, floor plan, world cultural heritage, medium-voltage testbed, electrical
grid events, smart grid, total harmonic distortion, novel robotic fish, PVC gel
actuators, swimming mechanisms, robotic fish propulsion, pillar stability
assessment, rheological behaviour, interaction principle, dry turning, EN19 steel
material, sustainable manufacturing, energy efficiency, machining strategy,
multilevel inverter, E-T type inverter circuit, neutral point clamped, total harmonic
distortion. This book contains various materials suitable for students,
researchers, and academicians in the fields of engineering research.
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ABSTRACT

Electrical utilities have relied upon potential transformers (PTs) and current
transformers (CTs) for very accurate metering and to provide reliable signals for
protective relays. These devices measure phase voltages and currents and are
commissioned by electrical engineers. PTs/CTs can detect and react to various
electrical anomalies that could adversely affect electrical grid operations. Less
expensive alternative sensing technologies offer the possibility of wider
deployment, particularly in grids that employ distributed energy resources. In this
work, the performance of an advanced medium-voltage sensor is compared with
that of a reference PT and a CT and experimentally evaluated for different power
grid scenarios on an advanced outdoor power line sensor testbed at the U.S.
Department of Energy’s Oak Ridge National Laboratory. The sensor is based on
a capacitive divider for voltage monitoring and a Rogowski coil with an integrator
for current monitoring. This study simulated a power grid model based on a utility
circuit at the Riverside EPB of Chattanooga. The simulation circuit was created
with MATLAB/Simulink software and was integrated into an RT-LAB project to
run with the OP4510 real-time simulator at the OPLST. During the tests, the real-
time simulations were run for 40 s, and the signal to record the test event with the
power meter was set at 30 s for the event-trigger circuit. The advanced outdoor
power line sensor testbed has a real-time simulator that is used to generate
transient scenarios (e.g., electrical faults, capacitor bank operation, and service

2 Oak Ridge National Laboratory, Electrification and Energy Infrastructures Division, One Bethel Valley
Road, Oak Ridge, TN 37831, USA.

b Oak Ridge National Laboratory, Manufacturing Science Division, One Bethel Valley Road, Oak Ridge,
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restoration), while the analog signals are recorded by the same high-resolution
power meter. The behaviors of analog signals, harmonic components, total
harmonic distortion, and crest factors are assessed for this power line sensor and
compared with those of the reference PT/CT because of the absence
of testing standards for advanced outdoor power line sensors.
The results showed that this OPLS technology responded identically to the PT
and CT under all conditions.

Keywords: Sensors; monitoring and instrumentation; smart grid; simulation;
testbeds.

NOMENCLATURES
Abbreviations:

CTR : Current Transformer Ratio

CT/s : Current Transformer(s)

DECC : Distributed Energy Communications and controls
EPB : Electric Power Board

LL :Line to Line

LLG :Line to Line Ground

OPLS : Outdoor Power Line Sensor

ORNL : Oak Ridge National Laboratory

PT/s : Potential Transformer/s

RMS : Root Mean Square

SEL : Schweitzer Engineering Laboratories
SLG :Single Line to Ground

3LG : Three Lines to Ground

Symbols:
CFI : Crest Factor of the Current Signal (A/A)
CFICT : Line Current Crest Factor of the CT (A/A)

CFIOPLS :Line Current Crest Factor of the OPLS (A/A)
CFVPT : Phase Voltage Crest Factor of the PT (V/V)
CFVOPLS : Phase Voltage Crest Factor of the OPLS (V/V)

CFV : Crest Factor of the Voltage Signal (V/V)

CGCA : Current Gain of the Current Amplifier for the OP4510 Real-time
Simulator (V/A)

CGCT : Current Gain of the CT for the OP4510 Real-time Simulator
(Unitless)

CGG : Current Gain of the Simulated Medium-voltage Loop Circuit or
Power Grid for the OP4510 Real-time Simulator (V/A)

CGS : Current Gain of the OPLS for the OP4510 Real-time Simulator
(Unitless)

CSFS : Current Scaling Factor of the OPLS (A/V)

CSFM : Current Scaling Factor of the SEL-735 Power Meter (A/V)
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with Electrical Grid Events

: Current Scaling Factor of the Ultrastab 866 Precision Current
Transducer (A/V)

Current Transformer Ratio for the Simulated inverse time
Overcurrent Relay (unitless)
: Current Transfer Ratio of the Ultrastab 866 Precision Current
Transducer (unitless)
: Ratio of CT Connected between the Current Amplifier and Medium-
Voltage Aerial Cable Loop (unitless)
: CT Ratio Set in the SEL-735 Power Meter (unitless)
: Percentage Error of the Line Current Crest Factor (%)
: Percentage Error of the Phase Voltage Crest Factor (%)
: Percent Error of the Line Current Total Harmonic Distortion (%)
: Percentage Error of the Phase Voltage Total Harmonic Distortion
(%)
: Adjusted Voltage or Current Gains of the Simulated Grid and
PT/CT for the OP4510 Real-time Simulator (V/V or V/A or Unitless *)
*for the PT/CT, Using Equations (15) and (18)
: Adjusted Voltage or Current Gains of Amplifiers for the OP4510
Real-time Simulator (V/V or V/A)
: Selected Gain of the Current Amplifier (A/V)
: Calculated Voltage or Current Gains (V/V or V/A or unitless*) *for
PT/CT, Using Equations (15) and (18)
: Calculated Voltage or Current Gains of Amplifiers (V/V or V/A)
: Selected gain of the Voltage Amplifier (V/V)
: Line Current Magnitude of the Fundamental Signal (A)
2 Input Current (A)
: Line Current Magnitude of the nth Generic Harmonic Component
Signal (A)
: Individual Harmonic Component of the nth Generic Harmonic for
the Line Current Signal (%)
: Relay Current Pickup (A)
: Peak Value of the Current (A)
. Primary Current (A)
: RMS Value of the Current (A)
: Measured Phase B Voltage or Current Values that Were Collected
by Using the High-voltage/current Interfaces (V or A)
: Measured Phase A/B Voltage or Current that were Collected by
Using the Low-voltage Interface (V or A)
:Number of Turns of Primary Cable (Turns)
: Ratio of PT Connected between the Voltage Amplifier and Medium-
Voltage Aerial Cable Loop (unitless)
: PT Ratio set in the SEL-735 Power Meter (unitless)
: Simulated Phase Voltage or Current Values that were Measured
from the Voltage and Current Displays of the 20/34.5 kV Loop Circuit
(VorA)
: Time Dial Setting (s)
: Total Harmonic Distortion of the Line Current Signal (%)
: Line Current Total Harmonic Distortion of the CT (%)
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THDIOPLS : Line Current Total Harmonic Distortion of the OPLS (%)
THDVOPLS : Phase Voltage total Harmonic Distortion of the OPLS (%)

THDV : Total Harmonic Distortion of the Phase Voltage Signal (%)

THDVPT  : Phase Voltage total Harmonic Distortion of the PT (%)

TR . Relay Time (cycles)

2] : Phase Voltage Magnitude of the Fundamental Signal (V)

VGG : Voltage Gain of the Simulated Medium-voltage Loop Circuit or
Power Grid for the OP4510 Real-time Simulator (V/V)

VGVA : Voltage Gain of the Voltage Amplifier for the OP4510 Real-time
Simulator (V/V)

VGPT : Voltage Gain of the PT for the OP4510 Real-time Simulator
(Unitless)

VGS : Voltage Gain of the OPLS for the OP4510 Real-time Simulator
(unitless)

Vn : Phase Voltage Magnitude of the nth Generic Harmonic Component
signal (V)

Vn% : Individual Harmonic Component of the nth Generic Harmonic for

the Phase Voltage Signal (%)
Voutput : Output Voltage (V)

Vpeak : Peak Value of the Voltage Signal (V)

Vrms : RMS Value of the Voltage Signal (V)

VSFDP : Voltage Scaling Factor of the Model 4232 Volitage Differential
Probe (V/V)

VSFM : Voltage Scaling Factor of the SEL-735 Power Meter (V/V)

VSFS : Voltage Scaling Factor of the OPLS (V/V)

Zburden  : Burden External Resistor Impedance (W)

1. INTRODUCTION

In electrical engineering, the protective relay is a relay device designed to trip a
circuit breaker when a fault is detected, and has the ability to measure the power
system quantities through the internal logic of a microprocessor (Sheryar et al.,
2022; Shadfar et al., 2021). In electrical substations, protective relays (or power
meters) are metered via potential transformers (PTs) and current transformers
(CTs). These devices measure phase voltages and currents and are
commissioned by electrical engineers (Atwa, 2019). PTs/CTs can detect and
react to various electrical anomalies that could adversely affect electrical grid
operations. However, most protective relays have low sampling frequencies and
cannot detect high harmonic events, which may be related to incipient power
outages (Piesciorovsky & Karnowski, 2021). For protective relays and power
meters, the computational process that measures transient events with high-
frequency components at electrical faults must process the phase voltage and
current signals using small time steps (Piesciorovsky et al., 2023). The Nyquist
sampling theorem (Das, 2016) indicates that the sampling frequency of a signal
should be at least twice the highest frequency of the signal to avoid aliasing
(Das, 2016). Another aspect of measuring transformers built using magnetic iron
cores is that the performance of CTs can be affected by the magnetic saturation
errors caused by high current faults in the power grid (Hargrave et al., 2018;
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Altuve et al., 2013) yielding ratio, and phase-angle errors (IEEE, 2016),
especially during transient power grid events.

Moving towards a sustainable society implies constant improvement in the way
energy is supplied and consumed, with wider implementation of solar and wind
energy facilities in stand-alone or hybrid configurations (Torres & Petrakopoulou,
2022). The global use of solar and wind power has rapidly grown, accelerating in
recent years (Timmons et al., 2014). With the growth of solar and wind power
generation, the penetration of inverter-based distributed energy resources and
electronic solid-state switches to control microgrid systems has also increased
(Piesciorovsky et al., 2020). These devices could introduce high harmonic
components into microgrids, which can affect the power quality and grid reliability
(Hong & Zuercher-Martinson, n.d.). Consequently, using more accurate high-
speed sensors to measure and control the electrical power grids is crucial for
detecting these events (Piesciorovsky et al., 2023).

In electrical utility substations and laboratories, PT and CT test equipment has
been used by electrical engineers to assess traditional measurement
transformers for several decades (Sze, 1965; Souders, 1971). Today, PT and CT
test equipment involves microprocessor-based single-phase or three-phase turn
ratio testers that allow for assessing PTs/CTs (Vanguard Instruments, 2018;
OMICRON, n.d.). PT and CT test equipment analyzes the PT/CT by injecting
analog signals into the PT/CT and determining their equivalent circuit parameters
and performance. CT test equipment can determine different parameters such as
voltage excitation, ratio, polarity, phase angle, and winding resistance, and
perform insulation measurement (Vanguard Instruments Company Inc., 2020).
PT test equipment can determine several parameters such as current excitation,
ratio, polarity, power factor, and winding resistance, and perform insulation
measurements (Heuston, 2007). Generally, the research testbeds used for power
line sensors are set on indoor sites instead of outdoor sites. In such cases,
sensors are only tested in a room environment instead of under real-weather
conditions and gauge the magnitude and phase of voltage/current signals under
limited conditions (Parker & McCollough, 2011). Furthermore, these research
testbeds do not compare outdoor power line sensors (OPLSs) in real outdoor
environments at seasonal temperatures and solar radiation conditions
(Piesciorovsky et al., 2023). In addition, the absence of testing standards for the
advanced OPLSs in the market could be replaced by comparing their voltage and
current measurements from CTs/PTs in a testbed at the same time for different
electrical events.

Today’s voltage and current sensing solutions include optical sensors, air-core
coil-based sensors, resistive and capacitive dividers, and hybrid solutions that
have received interest for use in the digital electrical power grid (Rahmatian,
2011). Some electrical utilities have increasingly started to install these new
sensor technologies for experimental monitoring; the Electrical Power Board
(EPB) of Chattanooga installed optical power line sensors (26.6 kV phase-to-
neutral voltage) to measure the line currents and voltages at the 46 kV EPB
Chattanooga electrical substation (Piesciorovsky & Morales Rodriguez, 2022).
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Advanced sensor technologies have focused on simplifying the installation of the
sensors, improving the reliability of power delivery, enhancing the detection of
electrical faults, and observing transient events (Piesciorovsky et al., 2023).
However, it has yet to be determined whether these advanced power line
sensors can replace or supplement traditional PTs/CTs in electric distribution
systems for anomaly detection and/or transient events with high-frequency
components. Therefore, traditional PTs/CTs must be compared with advanced
voltage/current sensors to assess the ability of these new technologies to
respond to steady-state operation and transient events. Using the novel OPLS
testbed (OPLST) over a full range of operating conditions, this study compared
new power line sensors with iron-core PTs/CTs up to 20 kV line-to-ground or
34.5 kV line-to-line.

In this study, an OPLST with an Opal-RT OP4510 real-time simulator and
Schweitzer SEL-735 power meter was constructed at the Distributed Energy
Communications and Controls (DECC) laboratory, located at the main campus of
Oak Ridge National Laboratory (ORNL). This medium-voltage OPLST consisted
of an aluminum aerial cable that passed current through the equipment under
test while being floated to medium-voltage (Piesciorovsky et al., 2023). The
current and voltage were both driven by amplifiers that were driven by signals
from the simulator. The outdoor PTs/CTs together with advanced power line
sensors were connected along this aerial cable loop. The OPLST with a real-time
simulator and power meter allowed for testing conventional PT/CT and advanced
power line sensors under different electrical grid operation conditions such as
electrical faults, capacitor banks connection, and energy restoring services.

The main novelty of this testbed is based on assessing the current and voltage
measurement behavior of a new commercial power line sensor that did not have
testing procedures or standards; therefore, advanced power line sensors were
compared with the PT/CT measurement transformers that were commonly used
by electrical utilities and tested based on testing standards (Piesciorovsky et al.,
2023). Another important aspect is the possibility of comparing advanced OPLS
versus the PT/CT for different electrical grid events by observing their behavior
with a high-resolution power meter. Table 1 shows the novelties of the OPLST,
indicating types of tests and metering.

In the medium-voltage OPLST, the analog signals from the outdoor 20/34.5 kV
PT (ratio = 175V:1V, accuracy = 0.15Y) and CT (ratio = 400A/5A, accuracy =
0.15SB - 1.8) were measured and compared with those of the OPLS. The
OPLST with a real-time simulator and a high sampling frequency power meter
has the advantage that electrical grid transient event tests can be simulated and
performed as often as desired, instead of at an electrical substation site where
events only rarely occur (Piesciorovsky et al., 2023). Because the OPLST is
single-phase, the sequential playback of events is performed for each of the
phases (A, B, or C). In this OPLST, the analog signals from the real-time
simulator were amplified in two steps: first by the voltage/current amplifiers and
then by a PT/CT that injected the voltage and current signals to the aerial cable
loop.
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Table 1. Novelties of the advanced medium-voltage outdoor power line
sensor testbed

Methods Types Advanced Medium-Voltage Outdoor Power Line
Sensor Testbed

20/34.5kV  Tests » Comparison of OPLS vs. CT/PT

OPLST + Qutdoor testing in real weather conditions

with real- Metering  + Measurement of power grid test scenarios such
time as electrical faults (SLG, LLG, LL, 3LG), load
simulator feeder, and capacitor bank breaker operations.
and power » Measurement of voltage and current signals with
meter up to 512 samples/cycle.

» Measurement of total harmonic distortion for
voltage and current signals.
» Measurement of crest factor for voltage and
current signals.
OPLS: outdoor power line sensor, OPLST: outdoor power line sensor testbed, CT: current
transformer, PT: potential transformer, NA: not available, SLG: single line to ground, LLG:
line to line ground, LL: line to line, 3LG: three lines to ground.

2. METHODOLOGY

2.1 Individual Harmonic Component

The individual harmonic components for voltage and current signals are usually
plotted in frequency plots for harmonic analysis (Piesciorovsky et al., 2023). The
individual harmonic components for the voltage and current signals are defined
as the percentage at the nth generic harmonic component with respect to the
fundamental signal of 60 Hz. The individual harmonic components of the voltage
and current signals are calculated via Equations (1) and (2), respectively.

4
Vigs = (7’1‘) 100 % M

where Vi is the individual harmonic component of the nth generic harmonic for
the phase voltage signal in percent, Vi is the phase voltage magnitude of the nth
generic harmonic component signal in volts, and Vi is the phase voltage
magnitude of the fundamental signal in volts.

I
Ingy = (f) 100 % @

where I is the individual harmonic component of the nth generic harmonic for
the line current signal in percent, I is the line current magnitude of the nth
generic harmonic component signal in amps, and / is the line current magnitude
of the fundamental signal in amps.

2.2 Total Harmonic Distortion Factor

In this study, the total harmonic distortion for phase voltage and current signals
for different power grid scenarios were compared between the PT/CT and OPLS.
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In power grid systems, voltages and currents have harmonics with frequencies
that are integer multiples of the waveform’s fundamental frequency
(Piesciorovsky et al., 2023). For example, given a 60 Hz fundamental waveform,
the second, third, fourth, and fifth harmonic components occur at 120, 180, 240,
and 300 Hz, respectively. The total harmonic distortion is the degree to which a
waveform deviates from a pure sinusoid at its fundamental frequency (e.g., 60
Hz) and is calculated from the sum of all harmonic components of the voltage or
current waveform divided by the corresponding fundamental component. The
total harmonic distortion for the phase voltage and current signals can be
estimated using Equations (3) and (4), respectively.

m. VZ (3)
THD, = <%> 100 %
1

where THDv is total harmonic distortion of the phase voltage signal in percent, Vi
is the phase voltage magnitude of the nth generic harmonic component signal in
volts, V1 is the phase voltage magnitude of the fundamental signal in volts, and m
is the harmonic limit to perform the summation in the numerator.

NN 4)
THD, = ’;—‘ 100 %

1

where THD; is total harmonic distortion of the line current signal in percent, I is
the line current magnitude of the nth generic harmonic component signal in
amps, h is the line current magnitude of the fundamental signal in amps, and m
is the harmonic limit to perform the summation in the numerator.

2.3 Total Harmonic Distortion Factor

In this study, the crest factor for the voltage and current signals for different
power grid scenarios was compared for the PT/CT vs. the OPLS. The crest factor
is defined as the ratio between the peak amplitude value and its root mean
square (RMS) value (Piesciorovsky et al., 2023). The crest factor of a perfect
sinusoid is 1.414. The crest factor for the voltage and current signals can be
estimated using Equations (5) and (6), respectively.

Vpeak (5)

Vrms

CF, =

where CFv is the crest factor of the voltage signal in volts/volt, Vpeax is the peak
value of the voltage signal in volts, and Vims is the RMS value of the voltage
signal in volts.

Ipeak (6)

Irms

CFI =
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where CF;is the crest factor of the current signal in amps/amps, lpeax is the peak
value of the current in amps, and /s is the RMS value of the current in amps.

2.4 Percentage Errors of Total Harmonic Distortion and Crest Factor

In this study, the percentage errors for the total harmonic distortion and crest
factor of the measured phase voltage/current signals between the PT/CT and the
OPLS were calculated (Piesciorovsky et al., 2023). The percentage error for the
total harmonic distortion of the measured phase voltage/current can be estimated
by Equations (7) and (8), respectively.

THDyoprs — THDypr (7)

Eyrupy = THDypr %

where E«rHpv is the percentage error of the phase voltage total harmonic
distortion in percent, THDvor.s is the phase voltage total harmonic distortion of
the OPLS in percent, and THDvrr is the phase voltage total harmonic distortion
of the PT in percent.

THDioprs— THDicr (8)

Eyrupr = THD,er %

where ExtHpi is the percentage error of the line current total harmonic distortion
in percent, THDorLs is the line current total harmonic distortion of the OPLS in
percent, and THDict is the line current total harmonic distortion of the CT in
percent.

Consequently, the percentage error for the crest factor of the measured phase
voltage and current signals can be estimated by Equations (9) and (10),
respectively.

CFyopLs — CFypr
CFypr

E%CFV = ( )100 % (9)

where Excrv is the percentage error of the phase voltage crest factor in percent,

CFvorLs is the phase voltage crest factor of the OPLS in volts/volt, and CFver is

the phase voltage crest factor of the PT in volts/volt.

CFIOPLS - CFICT
CFICT

(10)

Eoyorr = ( )100 %

where Ewcrr is the percentage error of the line current crest factor in percent,
CFiorLs is the line current crest factor of the OPLS in amps/amps, and CFicr is
the line current crest factor of the CT in amps/amps.

3. MATERIALS

3.1 Diagram of Medium-Voltage Outdoor Power Line Sensor
Testbed

Fig. 1 shows a diagram of the medium-voltage OPLST. The area outside the
dashed line (Fig. 1a) shows the 20/34.5 kV aerial cable loop with the PTs/CTs
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and the OPLS. The area inside the dashed line (Fig. 1b) shows the equipment
installed in the rack unit (indoor), including an OP4510 real-time simulator, an
SEL-735 power meter, and current/voltage amplifiers (Piesciorovsky et al., 2023).
The OP4510 real-time simulator was connected to a host computer to run the
tests, and the SEL-735 power meter was connected to another computer to
collect the events after running the tests. The analog inputs of the OP4510 real-
time simulator were connected to the PT/CT and to the OPLS, and the analog
outputs were connected to the power meter and voltage/current amplifiers (Fig.
1b). The SEL-735 power meter was connected to the high-voltage/current
interface and to the low-voltage interface. Fig. 1b shows that by opening the
switch of the low-voltage interface, the high-current/voltage interface was
enabled, and it was used to adjust the gains of the amplifiers (CGca and VGva)
for the real-time simulator (Piesciorovsky et al., 2023). However, by closing the
switch of the low-voltage interface, the high-current/voltage interface was
disabled, and the low-voltage interface was used to adjust the gains of the
simulated medium-voltage loop circuit or power grid (CGgs, VGg) and PT/CT
(VGpr, CGcr) for the real-time simulator. As shown in Fig. 1b, the voltage (VGva,
VGea, VGpr, VGs) and current (CGca, CGa, CGcer, CGs) gains for analog outputs
were calculated to set the RT-LAB project in the OP4510 real-time simulator. The
gains to connect the SEL-735 power meter were calculated using the voltage
(750 V/V) and current (16.53 A/V) scaling factors of the low-voltage interface.
The gains to connect the voltage/current amplifiers were calculated using the
amplifier gains and PT/CT ratios that were wired between the amplifiers and the
medium-voltage aerial cable loop. From the low-voltage interface of the power
meter (Fig. 1b), phase A measured the voltage/current of the simulated medium-
voltage loop circuit or power grid, phase B measured the voltage/current of the
PT/CT, and phase C measured the voltage/current of the OPLS (Piesciorovsky et
al., 2023). To record the phase A, B, and C voltage/current signals during the
tests, the OP4510 real-time simulator generated a 16 VDC signal (Fig. 1b) that
allowed the recording of the test events inside the SEL-735 power meter.

3.2 Voltage and Current Gains for the Real-Time Simulator

In the medium-voltage OPLST, the OP4510 real-time simulator (Fig. 1b) was the
main interconnection used to adapt the voltage and current signals from all
devices. The voltage and current gains were calculated for the low-voltage
interface of the SEL-735 power meter and the voltage/current amplifiers. The
gains of the amplifiers, power grid, and PT/CT for the OP4510 real-time simulator
were calculated (Piesciorovsky et al., 2023). The voltage and current gains were
calculated and then adjusted using the OP4510 real-time simulator and SEL-735
power meter. Table 2 shows the voltage and current gains of the OP4510 real-
time simulator.

3.3 Calculation of Voltage and Current Gains for Amplifiers at the
Real-Time Simulator

The voltage and current amplifiers used in OPLST are the AE TECHRON Model
7228 (AE Techron, 2020). These linear amplifiers can be used as single units or
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connected in series or parallel to increase the voltage and current outputs,
respectively. Here, these amplifiers were used as single units by connecting one
as a voltage-to-current amplifier and another as a voltage amplifier
(Piesciorovsky et al., 2023). The manufacturer default voltage and current gains
of these amplifiers are 20 v/v and 5 A/V, respectively (AE Techron, 2020).
However, these gains were set by the gain control knob that can change the gain
from 0% to 100% (AE Techron, 2020). The voltage and current gains were set at
approximately 20 v/v and 0.11 A/V, respectively. The voltage (VGva) and current
(CGca) gains of the amplifiers for the OP4510 real-time simulator were calculated
by using Equations (11) and (12), respectively.

1 1 v (11)

VGy, = =0.00028571 %

Gra (PTRL 0¥ (175)

where the VGva is the voltage gain of the voltage amplifier for the OP4510 real-
time simulator in volts/volt, Gva is the selected gain of the voltage amplifier in
volts/volt, and PTR. is the ratio of PT connected between the voltage amplifier
and medium-voltage aerial cable loop.

1 B 1
Gea (CTR,) 4
L0117 (80)

(12)

14
CGep = = 0.11363636

where the CGeca is the current gain of the current amplifier for the OP4510 real-
time simulator in volts/amp, Gea is the selected gain of the current amplifier in
amps/volt, and CTR. is the ratio of CT connected between the current amplifier
and medium-voltage aerial cable loop.

ﬁwitch open: Adjust CG.,and VGy, - Switch close: Adjust CGg, VG, CGep, and VGpy
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Fig. 1. Diagram of testbed with 20/34.5 kV aerial cable loop (a)
and rack unit (b)
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Table 2. Voltage and current gains for the OP4510 real-time simulator

Gains (ID) Gain Interface Gain Area Gain Function Calculated Gains  Equation
Voltage gain of voltage amplifier 20/34.5 kV Grid To scale voltage signal from 0.00028571 (11)
(VGva) aerial cable simulation simulated power grid to voltage 0.00028492 *
loop amplifier and PT

Current gain of current amplifier To scale current signal from 0.11363636 (12)
(CGca) simulated power grid to current 0.11172054 *

amplifier and CT
Voltage gain of the simulated Low-voltage Grid To scale voltage signal from the 1/131250 1/130903 * (13)
grid (VGa) interface of simulation simulated power grid to SEL-735

SEL-735 power power meter 4

Current gain of the simulated meter To scale current signal from the 1/1322.4 1/1315.5* (14)
grid (CGa) simulated power grid to SEL-735

power meter 4
Voltage gain of the PT (VGrr1) PT/CT To scale voltage signal from the PT 0.13333333 (15)

to SEL-735 power meter 4 0.13383402 *
Current gain of the CT (CGcr) To scale current signal from the CT 0.30248033 (18)

to SEL-735 power meter 4 0.30130787 *
Voltage gain of the OPLS (VGs) Outdoor  To scale voltage signal from the 0.038095 (19)

power line OPLS to SEL-735 power meter 4

Current gain of the OPLS (CGs) sensor To scale current signal from the 2.520 (20)

(OPLS) OPLS to SEL-735 power meter 4

* Adjusted gains, * Connected to the low-voltage interface of the SEL-735 power meter.
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3.4 Calculation of Voltage and Current Gains for Power Meter at the
Real Time Simulator

In the OPLST (Fig. 1), the SEL-735 power meter measured the voltage and
current signals, and the OP4510 real-time simulator was the main interface
between the SEL-735 power meter and the testbed devices. Therefore, the
voltage/current gains for the OP4510 real-time simulator were calculated based
on Table 2 (Piesciorovsky et al., 2023). The voltage and current gains of the
simulated medium-voltage loop circuit or power grid for the OP4510 real-time
simulator were calculated by Equations (13) and (14), respectively.

1 1 1 14 (13)

= = = =7619 x 107°—
Ve VSFy (PTRy) 750% (175) 131250 6 0y

where the VGg is the voltage gain of the simulated medium-voltage loop circuit or
power grid for the OP4510 real-time simulator in volts/volt, VSFu is the voltage
scaling factor of the SEL-735 power meter in volts/volt, and PTRu is the PT ratio
set in the SEL-735 power meter.

1 1 1 v (14)

= = = =7.562x107%—
Clo CSFy (CTRy) 16.53‘71(80) 13224~ >0 0

where the CGg is the current gain of the simulated medium-voltage loop circuit or
power grid for the OP4510 real-time simulator in volts/amp, CSFu is the current
scaling factor of the SEL-735 power meter in amps/volt, and CTRu is the CT ratio
set in the SEL-735 power meter.

The voltage and current gains of the PT/CT for the OP4510 real-time simulator
were calculated to connect the PT/CT signals at the low-voltage interface of the
SEL-735 power meter. Therefore, a differential voltage probe and clamp current
sensor were used to collect the PT/CT signals with the OP4510 real-time
simulator (Fig. 1b) (Piesciorovsky et al., 2023). For the PT connected to the SEL-
735 power meter (Fig. 1b), the voltage signal was collected using a Model 4232
differential voltage probe (Probe Master, n.d.) that had a voltage scaling factor of
100 V/V. The voltage gain of the PT for the OP4510 real-time simulator is given
by Equation (15).

|4 1
VSFpp 1007 (15)
VGpr = = —— =0.13333333
VSFw 7507
14

where the VGer is the voltage gain of the PT for the OP4510 real-time simulator,
VSFor is the voltage scaling factor of the Model 4232 voltage differential probe in
volts/volt, and VSFu is the voltage scaling factor of the SEL-735 power meter in
volts/volt.
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For the CT connected to the SEL-735 power meter (Fig. 1b), the current signal
was collected with an Ultrastab 866 precision current transducer (Ultrastab, n.d.)
with a current transfer ratio of 1500:1, three turns of primary cable, and a burden
external resistor impedance of 100 Q. Fig. 2 shows the circuit of the Ultrastab
866 precision current transducer (Piesciorovsky et al., 2023).

linput X Nturns
v, = Ut TS o 7,
urden
G CTratio
Ultrastab 86€

XP Power 5 pin DBYF ¢ o
DINICONMECION o i it b o

Red | +15V 9)J] |

3l 5 | Output 6

1
Black® —15V 5
OO) 2 I G d )J)—Tj—l—
round 4 SE—
o4 } 1 | | Black
1 White L 7 )—J:z‘;

Optional shield to DB shell

linput _ CT ratio

1500
3 x100

CSF = = =5A/V
MIsEoiaRs Voutput ~ Nturns X Zburden

Fig. 2. Circuit of the Ultrastab 866 precision current transducer

From Fig. 2 and Equations (16) and (17), the current scaling factor of the
Ultrastab 866 precision current transducer (CSFusss) was determined to be 5 A/V.
(16)

Iinput (Nturns)
Voutput = <Tatio Zpurden

Iinput _ CT ratio 1500 é

Voutput B Nturns (Zburden) B 3 (100) B |4

(17

CSF ygee =

where Vouput is the output voltage in volts, linput is the input current in amps, Nums
is the number of turns of primary cable, CTrto is the current transfer ratio of the
Ultrastab 866 precision current transducer (1500:1), CSFuses is the current
scaling factor of the Ultrastab 866 precision current transducer in amps/volt, and
Zvurden is the burden external resistor impedance in ohms.

Because the CT was connected to the Ultrastab 866 precision current
transducer, the current gain of the CT for the OP4510 real-time simulator was
calculated using Equation (18).

A
CSFysges SV (18)
CGer = = = 0.30248033
CSFy 16.53%
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where the CGcr is the current gain of the CT for the OP4510 real-time simulator,
CSFusss is the current scaling factor of the Ultrastab 866 precision current
transducer in amps/volt, and CSFwm is the current scaling factor of the SEL-735
power meter in amps/volt.

The voltage and current gains of the OPLS for the OP4510 real-time simulator
were calculated using Equations (19) and (20), respectively (Piesciorovsky et al.,
2023). This calculation process required the voltage (5000 V/V) and current
(3333.3 A/V) scaling factors of the OPLS, voltage (750 V/V) and current (16.53
A/V) scaling factors of the SEL-735 power meter, and the PT (175:1) and CT
(80:1) ratios set in the SEL-735 power meter.

VSFs 5000% 0.038095 1
" VSFy (PTRy) 750% (175) o

where the VGs is the voltage gain of the OPLS for the OP4510 real-time
simulator, VSFs is the voltage scaling factor of the OPLS in volts/volt, VSFu is
the voltage scaling factor of the SEL-735 power meter in volts/volt, and PTRum is
the PT ratio set in the SEL-735 power meter.

A 20
CSFo 33333y (20)

~ CSFy (CTRw) 16534 (80)

CGg

where the CGs is the current gain of the OPLS for the OP4510 real-time
simulator, CSFs is the current scaling factor of the OPLS in amps/volt, CSFu is
the current scaling factor of the SEL-735 power meter in amps/volt, and CTRwu is
the CT ratio set in the SEL-735 power meter.
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and gains (c)
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Table 3. Adjustment of voltage and current gains for the OP4510 real-time simulator

Gains (ID) SEL-735 Power Meter Conditions

Connect Measure Phase

Interface (Device)
Voltage gain of voltage H VB * (PT) Up to match the PT/CT measurements (phase B voltage/current
amplifier (VGva) V simulated from the SEL-735 power meter with the high-voltage/current
Current gain of current H IB * (CT) interface) vs. the voltage/current simulated at the medium-voltage
amplifier (CGca) | simulated loop circuit (Fig. 3a).
Voltage gain of simulated grid H VB * (PT) Up to match the PT/CT measurements (phase B voltage/current
(VGa) L VA (Grid) from the SEL-735 power meter with the high-voltage/current
Current gain of simulated grid H IB* (CT) interface) vs. the simulated medium-voltage loop circuit
(CGe) L IA (Grid) measurements (phase A voltage/current from the SEL-735 power

meter with the low-voltage interface).

Voltage H VB * (PT) Up to match the PT/CT signal (phase B voltage/current from the
gain of PT (VGer) L VB (PT) SEL-735 power meter with the low-voltage interface) vs. the PT/CT
Current gain of CT (CGer) H IB* (CT) signal (phase B voltage/current from the SEL-735 power meter

L IB (CT) with the high-voltage/current interface).

H: high-current/voltage interface, L: low-voltage interface, PT: potential transformer, CT: current transformer, and * measurement used as main

reference in the adjustment of voltage/current gains
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3.5 Adjustment of Voltage and Current Gains

The calculated voltage and current gains for the OP4510 real-time simulator
were adjusted by creating an RT-LAB project that simulated a medium-voltage
loop circuit, as shown in Fig. 3.

This circuit was formed by a sinusoidal source and an impedance in series (Fig.
3a) that simulated the line-to-ground voltage of 19.9 kV and line current of 80 A.
The adjusting process of the gains for the OP4510 real-time simulator was based
on running a simulation test of the medium-voltage loop circuit and comparing
the measurements with those on the display of the SEL-735 power meter (Fig.
3b) (Piesciorovsky et al., 2023). The gains calculated using Equations (11)—(15)
and (18) were initially set in the model (Fig. 3c). Then, these values were
adjusted to match the conditions shown in Table 3.

The amplifier gains (VGva and CGca) for the OP4510 real-time simulator were
adjusted by using the measured the voltage/current from the PT/CT of phase B
at the high-voltage/current interface in the SEL-735 power meter as a reference
that represented the real voltage/current from the outdoor medium-voltage aerial
cable loop in the OPLST. These gains were adjusted using Equation (21).

M
G'apy = G'carc (S—H> 1)

GRID
where G'aps are the adjusted voltage and current gains of the amplifiers for the
OP4510 real-time simulator in volts/volt and volts/amp, respectively; G'ca.c are
the calculated voltage/current gains of the amplifiers from Equations (11) and
(12), respectively; My are the measured phase-B voltage and current values that
were collected by using the high-voltage/current interface in volts and amps; and
Sarip are the simulated phase voltage/current values that were measured from
the voltage and current displays of the 20/34.5 kV loop circuit in volts and amps,
respectively (Fig. 3a) (Piesciorovsky et al., 2023).

Additionally, the gains of the simulated grid (VGs and CGg) and PT/CT (VGer
and CGecr) for the OP4510 real-time simulator were adjusted by using the
measured voltage/current from the phase-B PT/CT at the high-voltage/current
interface in the SEL-735 power meter as a reference. These gains were adjusted
using Equation (22).

M

Gapy = Gearc (M_IZ) (22)
where Gaps are the adjusted voltage/current gains of the simulated grid (in
volts/volt and volts/amp, respectively) and PT/CT (unitless) for the OP4510 real-
time simulator; Gearc are the calculated voltage/current gains from Equations
(13)—(15); and (18); Mn are the measured phase B voltage/current that were
collected using the high-voltage/current interface in volts and amps, respectively;
and M. are the measured phase A or B voltage/current that were collected by
using the low-voltage interface in volts and amps, respectively, based on the
conditions in Table 3 (Piesciorovsky et al., 2023).
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In this gain adjustment process for the OP4510 real-time simulator, when the
low-voltage interface was connected at the SEL-735 power meter, the
measurements from the high-voltage/current interface were not available from
the SEL-735 power meter’s display (Piesciorovsky et al., 2023). Then, during the
simulation of the 20/34.5 kV loop circuit tests (Fig. 3a), the low-voltage interface
of the SEL-735 power meter was connected and disconnected to adjust the
voltage/current gains with Equations (21) and (22), based on the conditions
shown in Table 3.

3.6 Medium-Voltage Outdoor Power Line Sensor Testbed

The 20/34.5 kV OPLST (Figs. 4a,b) was located at the DECC laboratory at
ORNL. Fig. 4 shows the medium-voltage aerial cable loop, power line poles,
sensors (including others not mentioned in this report), control rack unit, and
computers. The PTs were ABB VOG-20B voltage transformers, with a ratio of
20,125 V/115 V, or a potential transformer ratio (PTR) of 175, and the CTs were
ABB KOR-20ER current transformers with a ratio of 400A:5A or with a current
transformer ratio (CTR) of 80. A mounting bracket (Fig. 4b) allowed for mounting
the OPLS and PTs/CTs. Inside the DECC lab, the rack unit (Fig. 4c) housed the
power meter, simulator, and amplifiers (Techron Model 7228). The OPLST
accurately reproduced the current and voltage waveforms under most conditions
but within limits because of the nature of the transformers operated under
reverse conditions. The current amplifier that fed the CT in the OPLST (Fig. 1)
could not generate currents greater than 80 A in the aerial cable single loop
circuit without introducing distortions caused by core nonlinearities. Thus, high
current faults could not be directly generated by the OPLST. Additionally, the PT
used to increase the voltage had an intrinsic resonance at roughly 1500 Hz,
which became evident during events with abrupt voltage changes by a ringing of
the applied voltage. The CT and PT used as reference sensors were extensively
tested during the commissioning of the OPLST and found to be very accurate to
beyond the 100" harmonic (Piesciorovsky et al., 2023).

In the rack unit, an advanced meter computer (Fig. 4d) was used to set the
power meter and to collect the transient events as COMTRADE files after
running the tests. In the power meter, phase A was configured to measure the
voltage/current of the simulated circuit or power grid, phase B measured the
voltage/current signals of the PT/CT, and phase C measured the voltage/current
signals of the OPLS (Piesciorovsky et al., 2023). Fig. 5a shows the rear side of
the power meter on the rack unit. In the power meter, the low-voltage interface
measured the voltage and current signals via a DB-25 connector that had a
voltage scaling factor of 750 v/v and a current scaling factor of 16.53 A/V. These
voltage and current scaling factors were used to integrate the signals from the
power grid simulation, PT/CT, and OPLS with the power meter through the
simulator using the Equations (13)—(15) and (18)—(20). In Fig. 5b, the “Event
Report Equations” setting for the power meter is shown (Piesciorovsky et al.,
2023). The power meter could save the voltage/current signal events as
COMTRADE files. The power meter was set using AcSELerator Quickset
software (version 7.1.4.0), and the event was triggered by the control input IN401
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that was controlled with a signal of 16 VDC (Pickup 15-30 VDC) that was
generated by the simulator. In the power meter, the waveform capture sample
rate was set to 512 samples per cycle, and the event length was set to 300
cycles to record the test events for 5 s (Piesciorovsky et al., 2023). The power
meter had a color touchscreen that facilitated observation of the sinusoidal and
phasor diagrams of voltage/current signals with 256 samples per cycle
(Schweitzer Engineering Laboratories Inc., n.d.). During the tests, the signals
could be supervised from the display of the power meter practically in real time.

34.5 kV aerial power single-line loop
(APSLL), power line poles (PLP)

Three position regular duty bracket Oscilloscopes (OSC), advanced
Host com(p sl (Hct) anih:cévanced (TPRDB), outdoor power line sensor meter (AM), input/output
et computes; VMG (OPLS), current transformer (CT), connectors (I0C), real time
potential transformer (PT), weather ~ simulator (RTS), voltage amplifier
condition sensor (WCS) (VA) and current amplifier (CA)

Fig. 4. Medium-voltage aerial cable loop (a), power line pole with sensors
(b), rack unit (c), and computers (d)

A e e S
Event Report Equations 1) Set the “IN401" control input

€A1 :muw““/ as the event report equation

2) Set 512 samples

ER2 Event Report Equation 2 per cycle

"
ER3 Event Repon Equaton 3 3) Set a length event of
300 cycles (5 seconds)

4) Set a pre-fault length
event of 10 cycles

5) Set the PRI
(primary) values

R ke g
Fig. 5. Power meter rear side (a) and event report settings (b)

4. EXPERIMENTAL MODEL

4.1 Single Line Diagram

This study simulated a power grid model based on a utility circuit at the Riverside

EPB of Chattanooga. The simulation circuit was created with MATLAB/Simulink
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software and was integrated into an RT-LAB project to run with the OP4510 real-
time simulator at the OPLST. Fig. 6 shows the single line diagram (Piesciorovsky
et al., 2023).

Riverside substatio i 3 i i ial circui
c:;r;os _‘; 2 :v g 12.47 kV Riverside - EPB of Chattanooga utility grid (Partial circuit)

@t

[Loap 27] [Loap 28]

Medium voltage
<. measurement
1 devices of
wiaymodd| oo norieady 020  eessdenueaes ~*  outdoor power
line sensor
testbed

overcurrent

Event tests
-Electrical faults (BCG - ABCG - BC) at PLS 28
-Electrical faults (BCG - ABCG - BC) at PLS 31
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-Close capacitor bank breakers

~Trip LOAD 26 feeder breaker

References
(O) utiity grid source [PLS] Power line section [LOAD] Load [[BK ] Breaker [CAP] Capacitor bank o relay [XFMR]
panels O- current -©- voltage \Fauu locations [PM] Power meter

[GPLS] Outdoor power line sensor

Fig. 6. Single line diagram of 12.47 kV Riverside utility grid partial circuit
(a), outdoor power line sensor location (b) and inverse-time overcurrent
relay site (c)

This network configuration is a radial power system (7.2 kV phase-to-ground
voltage) that is fed by a three-phase source with a Wye-grounded configuration
(Fig. 7a). At load 26 (Fig. 6b), the voltage and current were measured by the
OPLS and PT/CT at the load feeder (Piesciorovsky et al., 2023). The overcurrent
relay (Fig. 6¢) was located between power line sections 27 (PLS 27) and 28 (PLS
28) to clear the electrical faults along the power lines. This experimental model
performed various tests such as the line to line ground (LLG), line to line (LL),
and three-line to ground (3LG) electrical faults; capacitor bank operation; and
load 26 fuse switch events.

vwe et

v m\i;—_

]

subsgion
2120

. Inverse ime overcutent protectn ey
~®

tip—{tase] r-

Note 1: Set (51) relay with IEEE extremely inverse cuve, pug settng' o8 koss~

Tow-set of 200% ({Ipickep fisec] x 100 = [10A/5A] x 100 = 200%), time

dial muipler settng of 0.15 (TOM =TDS/ 7 =1.05/ 7= 0.15), current
transformer ratio of 40045 A, and frequency of 60 Hz

Note 2 : Because the
avadabe. Then the defaul capactances for Pl Models at 1km wue I!
for sections.

Note 3: Balanced koads were considered.

Note 4 Run the real ime smulations wih harware in the loop for 40 seconds.

Fig. 7. Three-line diagram of power grid circuit (a), relay breaker (b),
inverse-time overcurrent relay (c), fault block (d), capacitor banks (e), and
feeder switch (f)
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4.2 RT-LAB Project

Fig. 7 shows the three-line circuit in the RT-LAB project, including a relay breaker
(Fig. 7b), an inverse-time overcurrent relay (Fig. 7c), a fault block (Fig. 7d),
capacitor banks (Fig. 7e), and a feeder switch (Fig. 7f) (Piesciorovsky et al.,
2023). This power grid circuit included the utility source, power line sections,
feeder loads, breakers, and capacitor banks.

Power line sections were simulated with a three-phase t-section line block.
IntelliRupters were used in the EPB grid (Piesciorovsky et al., 2020); however, an
inverse-time overcurrent relay MATLAB/Simulink model (Tan, 2016) was used in
this study (Piesciorovsky et al., 2023). The ratio of the CTs for the relay’s breaker
was 400A:5A = 80. The inverse-time overcurrent relay model (Fig. 7c) was set
with a time dial setting of 1.05 s, current transformer ratio of 80, relay current
pickup of 10 amps, and IEEE extremely inverse curve as shown in Equation (23):

2.82 ) (23)
(Iprimary/ CTR/IP)2 -1

TDS
Tp=—-|01217+

where Tr is the relay time in cycles, TDS is the time dial setting in seconds,
lprimary is the primary current in amps, CTR is the current transformer ratio, and
is the relay current pickup in amps.

The inverse-time overcurrent relay allowed the opening of the breaker (Fig. 7b) at
the electrical fault currents. The grid simulation events were run to observe the
prefault, fault, and postfault states for each test. The simulated grid test events
included the effect of the electrical fault resistance, with the fault block (Fig. 7d)
set to an electrical fault resistance of 0.001 Q. The OPLST was given by a
medium-voltage aerial cable loop (Piesciorovsky et al., 2023). Therefore, before
running a test for the three-line diagram (Fig. 7), the A, B, and C phases to be
measured by the OPLS was selected from the phase-setting circuit (Fig. 8a) by
selecting 1, 2, or 3 for measuring the A, B, or C phase, respectively.

During the tests, the real-time simulations were run for 40 s, and the signal to
record the test event with the power meter was set at 30 s for the event-trigger
circuit (Fig. 8b) (Piesciorovsky et al., 2023). To record the test event with the
voltage/current signals before and after the transient events, the selected test
scenario was tripped at 31 s, and the other test scenarios were set at 50 s. As
shown in Fig. 8, the electrical fault block circuit (Fig. 8c) was set at 31 s, and the
capacitor bank (Fig. 8d) and feeder switch (Fig. 8e) circuits were set at 50 s to
run an electrical fault test by tripping the fault block (Fig. 7d) (Piesciorovsky et al.,
2023). The OpWrite File block (Fig. 8f) allowed the collection of test results as
MATLAB files. Additionally, the capacitor bank, relay breaker, and feeder switch
states were collected. Fig. 9 shows the interface circuits for the analog outputs
and inputs of the simulator based on Fig. 1b. The circuit for the event-trip output
signal for the power meter is shown in Fig. 9a. The interface circuit for the
voltage and current signals of the OPLS and PT/CT are shown in Fig. 9b. The
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analog outputs of the interface circuit for the gains of the simulator at the
voltage/current amplifiers, PT/CT, and OPLS are shown in Fig. 9c.

________________________________________ |mmmmmmmmmm———————
H Select the phase to be measured with the G&W power line sensor :
1

(Phase A=1, Phase B =2, Phase C =3)

1
i
[} 1
' 1
i ) — e Opire
1 ) |

WriteFile
1 O | ! s gow2s
| b M i \
| EEEE— — . !
| EEEE— = !

1
' Setthe fault block trip time @
1
1
1
1
1
1

!

1

(f

!
@—I;\aame FAULT_SIGNAL] |
1

1

1

SENSOR_CURRENTZ

CT_CURRENT

PT_VOLTAGE

-------------------------- i AT
Set the capacitor breaker trip time 1 Set the feeder switch trip time
(normally open) @ ! (normally close)
1 [0}
-0\ fooe] oo |
A '
L |

CAPACITOR CLOSE

®

FEEDER_TRIP

Fig. 8. Phase-setting circuit (a), event-trigger circuit (b), electrical fault
circuit (c), capacitor bank circuit (d), feeder switch circuit (e), and OpWrite
File block (f)
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Fig. 9. Event-trip output signal (a), OPLS and PT/CT input signals (b), and
amplifier/PT/CT and OPLS output signals (c)

4.3 Experimental Model Flowchart

The flowchart for the experimental model (Fig. 10a) is based on the (1) pretest
setting, (2) simulation and data collection, and (3) data plot and analysis. The
tests were recorded by the power meter at 30 s (Fig. 8b) and the start of the
simulations, and the recorded data for all tests included 300 cycles (5 s)
(Piesciorovsky et al., 2023). The data from the events were analyzed around the
time when the electrical faults happened (i.e., when the breakers of feeders and
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capacitor banks were operated). This process allowed the observation of the
behavior of the phase voltage/current signals (Fig. 10b,c) and harmonic analysis
(Fig. 10d,e) at transient events to compare the performance of the OPLS with
that of the PT/CT.
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Fig. 10. Flowchart (a) to run the tests with the outdoor power line sensor
versus CT/PT with the phase voltage (b) and current (c) signals, and
voltage (d) and current (e) harmonic components.

In the experimental model (Fig. 10a), initially, the event trigger circuit was set to
record the test events in the power meter at 30 s. Then, the type of the test event
was selected (electrical faults, capacitor bank, or feeder switch). If the electrical
fault tests were selected, then the fault block was placed on the power line
section 28, 31, or 34 (Fig. 6), and the AB (phase A and B), ABG (phase A and B
to ground), or ABCG (phases A, B, and C to ground) electrical faults were set on
the fault block (Fig. 7d) (Piesciorovsky et al., 2023). The fault block time was set
at 31 s (Fig. 8c) to generate the electrical fault, and the feeder switch and
capacitor time blocks (Fig. 8d,e) were set at 50 s to not trip these scenarios
during the simulation. If the capacitor bank test was selected, then the capacitor
breaker time was set at 31 s (Fig. 8d), and the electrical fault and feeder switch
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time blocks (Fig. 8c,e) were set at 50 s to not trip these scenarios at the tests.
Finally, if the feeder switch test was selected, then the feeder switch breaker time
was set at 31 s (Fig. 8e), and the electrical fault and capacitor bank switch time
blocks (Fig. 8c,d) were set at 50 s to not trip these scenarios at the tests
(Piesciorovsky et al., 2023).

As shown in Fig. 10a, once the electrical fault, capacitor bank, or feeder switch
time blocks were set, the A, B, or C phase to be measured in the simulated
power grid circuit (Fig. 7) was selected using the phase-setting circuit (Fig. 8a)
(Piesciorovsky et al., 2023). The real-time simulation tests were then run and
observed using the voltage/current scopes on the host computer; the test event
data were collected by the power meter to plot signals in the time domain (Fig.
10b,c) and their harmonic components in the frequency domain (Fig. 10d,e).

5. RESULTS AND DISCUSSION
5.1 Total Harmonic Distortion and Crest Factor

The numerical results of the tests given by the total harmonic distortion and crest
factor values for each voltage and current phase (A, B, and C) were collected in
a published report (Piesciorovsky et al., 2022). The measured total harmonic
distortion and crest factors for the voltage and current signals of the OPLS and
PT/CT were collected from the frequency plots and listed in Table 4
(Piesciorovsky et al., 2022). The tests were grouped by the power grid measured
phase (A, B, or C). The tests were named according to the load and type of event
(electrical faults and location, capacitor bank operation, or feeder switch). The
total harmonic distortion and crest factors for each event and for each voltage
and current phase A, B, and C are plotted in Figs. 11 and 12 (Piesciorovsky et
al., 2023).

These figures indicate reasonable agreement between the simulated signals, PT
and CT signals, and OPLS signals. In general, the observed THDy of the PT and
OPLS were in very good agreement, but for some events, they were substantially
higher than the measured simulation signals input to the voltage amplifier. This
effect is attributed to a resonance in the neighborhood of 1500 Hz for the
excitation PT in especially fast transients that was followed by both the reference
PT and the OPLS (Piesciorovsky et al., 2023). Such resonance was not
observed in the CT; however, the relative background noise of the OPLS was
substantially higher (Fig. 10c) because the OPLS had a current range that
extends to >20 kA, far exceeding the excitation levels of 20—30 A of the present
study. Consequently, the THD; and CF; of the OPLS were slightly higher than
those of the simulation and CT sensor currents. In Figs. 11 and 12, the measured
total harmonic distortion and crest factor values correspond to the first one-cycle
(~16.6 ms) transient event of the simulated tests. The total harmonic distortion of
the voltage and current signals for the OPLS varied from 11.59% to 276.51%
(Fig. 11a) and from 17.56% to 254.08% (Fig. 11b), respectively (Piesciorovsky et
al., 2023). The minimum and maximum total harmonic distortion corresponded to
the closed capacitor bank test and the BCG electrical fault test, respectively. In
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Fig. 11, total harmonic distortions (THDv or THD)) greater than 0% indicate that
the numerator is greater than the denominator in Equations (3) and (4). Then, the
contribution of the harmonic components with respect to the fundamental
frequency (60 Hz) are available in the measured signals (Piesciorovsky et al.,
2023). A pure signal based on the fundamental (60 Hz) with low harmonic

components resulted in measured total harmonic distortions (THDv or THD)) near
0%.

5.2 Total Harmonic Distortion and Crest Factor Percentage Errors

The total harmonic distortion and crest factor percentage errors of the test events
(electrical faults, capacitor bank operators, and load feeder switch) for the
measured phase A, B, and C voltage (Fig. 13a) and current (Fig. 13b) signals in
the power grid feeder were plotted, comparing the performance of the OPLS with
that of the PT/CT (Piesciorovsky et al., 2023). The percentage errors for the total
harmonic distortion and crest factor values correspond to the first one-cycle
(~16.6 ms) transient event of the simulated tests. The total harmonic distortion
and crest factor percentage errors were calculated using Equations (7)—(10).
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BANKS, Test 5 : LOAD 26_OPEN SWITCH_30T FUSE FEEDER

Fig. 11. Total harmonic distortion of phases A, B, and C voltage (a) and
current (b) signals for the simulated grid, PT/CT, and outdoor power line
sensor
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Fig. 12. Crest factor of phase A, B, and C voltage (a) and current (b) signals
for the simulated grid, PT/CT, and outdoor power line sensor.

To calculate the percentage errors, the signals from the PT/CT and the OPLS
power line sensor were considered as the expected and measured values,
respectively. In Fig. 13a, the pink bars are the total harmonic distortion (0.05% to
-1.49%) of the voltage signals, and the blue bars are the crest factor (1.08% to
-0.93%) percentage errors of the voltage signals (Piesciorovsky et al., 2023). In
Fig. 13b, the green bars are the total harmonic distortion (52.96% to —-4.40%)
percentage errors of the current signals, and the red bars represent the crest
factor (19.31% to —7.4%) percentage errors of the current signals.

5.3 Voltage and Current Signals from Test Events

In the electrical fault events, the phase voltage and current signals were
generated, and different transient events were consequently plotted. The test
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events (electrical faults, capacitor bank operation, and load feeder switch) were
run for phases A, B, and C. Because the test events were triggered at the same
time, the measured phase A, B, and C current and voltage signals were
generated at different angles based on a three-phase system definition (Vadari,
2020), which had a phase difference of 120 degrees (Piesciorovsky et al., 2023).
Figs. 14 and 15 show the voltage and current of phase A (a, d), B (b, €), and C
(c, f) for the outdoor power line sensor, PT/CT, and simulated power grid when
the capacitor banks were closed and when an ABCG electrical fault in the main
feeder was set, respectively.
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Fig. 13. Total harmonic distortion and crest factor percentage error of
phase A, B, and C for the voltage (a) and current (b) signals between the
OPLS and the PT/CT
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Table 4. Total harmonic distortion and crest factor of phases A, B, and C for the OPLS vs. the PT/CT

Phase ? Test Test Name 2¢ THD Factor of Voltage Crest Factor of Voltage
(Event) (THD Factor of Current) (Crest Factor of Current)
OPLS PT/CT Grid OPLS PT/CT Grid
A 1 LOAD 26_BCG FAULT_SECTION 124.46 124.40 122.91 2.60 2.60 257
(10,139) 28 (193.13) (159.57) (160.93) (3.86) (3.58) (3.70)
2 LOAD 26_ABCG 38.10 38.37) 38.82 (55.71) 1.99 2.00) 2.00
(10,140) FAULT_SECTION 34 (66.14) (53.78) (2.26) (2.02) (1.98)
3 LOAD 26_BC FAULT_SECTION  89.50 89.89 (84.70) 91.32(86.28) 2.47 2.48 2.51
(10,141) 31 (94.57) (2.76) (2.47) (2.44)
4 LOAD 26_CLOSE BREAKER_ALL 11.59 11.60 (11.48) 11.35(11.50) 1.42 1.42 1.40
(10,142)  CAP BANKS (17.56) (1.75) (1.51) (1.51)
5 LOAD 26_OPEN SWITCH_30T 161.95 162.61 162.43 3.18 3.21 3.14
(10,143) FUSE FEEDER (223.69) (178.03) (181.15) (4.13) (4.46) (4.56)
B 1 LOAD 26_BCG FAULT_SECTION 266.90 268.77 230.88 2.81 2.78 3.39
(10,145) 28 (247.35) (258.73) (245.45) (3.32) (3.07) (3.08)
2 LOAD 26_ABCG 169.91 170.47 138.02 3.06 3.04 3.62
(10,146)  FAULT_SECTION 34 (182.86) (175.81) (164.55) (2.94) (2.99) (2.97)
3 LOAD 26_BC FAULT_SECTION  87.07 87.62 (71.25) 71.08 (68.65) 2.07 2.05 2.28
(10,147) 31 (77.60) (2.37) (1.99) (1.98)
4 LOAD 26_CLOSE BREAKER_ALL 31.32 31.45 (26.39) 27.17 (26.68) 2.16 2.16 2.01
(10,148)  CAP BANKS (28.92) (2.07) (2.00) (2.00)
5 LOAD 26_OPEN SWITCH_30T 125.89 126.15 128.78 3.14 3.15 3.19
(10,149) FUSE FEEDER (127.49) (128.33) (128.79) (3.33) (3.09) (3.14)
C 1 LOAD 26_BCG FAULT_SECTION 276.51 280.70 243.53 3.37 3.37 4.06
(10,150) 28 (254.08) (230.95) (237.88) (3.42) (3.48) (3.53)
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Phase ? Test

Test Name b

THD Factor of Voltage

Crest Factor of Voltage

(Event) (THD Factor of Current) (Crest Factor of Current)
OPLS PT/CT Grid OPLS PT/CT Grid
2 LOAD 26_ABCG 98.14 98.90 (85.22) 88.44 (86.65) 2.22 2.23 2.37
(10,151)  FAULT_SECTION 34 (86.91) (2.78) (2.52) (2.47)
3 LOAD 26_BC FAULT_SECTION  58.69 58.89 (40.50) 39.24 (37.09) 2.29 2.28 2.45
(10,152) 31 (45.84) (3.09) (2.59) (2.62)
4 LOAD 26_CLOSE BREAKER_ALL 32.03 32.18 (27.64) 27.95 (27.42) 1.71 1.71 1.64
(10,153)  CAP BANKS (29.33) (1.93) (1.65) (1.68)
5 LOAD 26_OPEN SWITCH_30T 133.96 134.20 136.34 3.30 3.30 3.34
(10,154)  FUSE FEEDER (146.97) (134.90) (134.99) (3.60) (3.35) (3.40)

a A, B, or C phase of power grid feeder measured during the test. ® Test name (measured load _ type of event and location). ¢ The electrical fault,
capacitor bank, and feeder switch tests were based on events with a time length of 300 cycles (5 s) that were analyzed to the first one-cycle (~16.6 ms)
transient event from the simulated tests, the capacitor bank breakers were closed, and the 30 T fuse feeder switch was opened. OPLS: outdoor power
line sensor. PT: potential transformer. CT: current transformer.
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outdoor power line sensor, PT/CT, and simulated power grid at the load 26
feeder when the capacitor banks are closed
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Fig. 15. Voltage and current of phase A (a,d), B (b,e), and C (c,f) for the
outdoor power line sensor, PT/CT, and simulated power grid at load 26
feeder and ABCG electrical fault in power line section 34 (PLS 34)

In the capacitor bank operation tests (Events 10142, 10148, and 10153), the
voltage and current signals were observed by plotting the first one-cycle (~16.6
ms) transient event at the measured phases A, B, and C (Piesciorovsky et al.,
2023). These events represented the time when the capacitor banks along the
power line sections were closed in the simulated power grid (Fig. 6). The voltage
and current signals at the load feeder (Fig. 6b) were measured at the medium-
voltage OPLST. The measured voltage (Fig. 14a—c) and current (Fig. 14d-f)
signals for phases A, B, and C were compared for the OPLS vs. the PT/CT. In
Fig. 14, the blue, red, and green lines are the voltage/current signals for the
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OPLS, PT/CT, and simulated power grid, respectively (Piesciorovsky et al.,
2023). For the first one-cycle (~16.6 ms) transient event, the behaviors of the
voltage and current signals for the OPLS and PT/CT were similar for the same
measured phase.

In the ABCG electrical fault event tests (Events 10140, 10146, and 10151), the
voltage signals were plotted for the first one-cycle (~16.6 ms) transient event for
phase A, B, and C. These events represented the time when the electrical fault
happened at power line section 34 (PLS 34) in the simulated power grid (Fig. 6).
Then, the voltage and current signals at the load feeder (Fig. 6b) were generated
at the medium-voltage OPLST (Piesciorovsky et al., 2023). The effect of the
ABCG electrical fault at the power line produced the line currents and voltages
decreased on the load feeder (Fig. 15). The measured voltage (Fig. 15a—c) and
current (Fig. 15d—f) signals for phase A, B, and C were compared with the OPLS
vs. the PT/CT. In Fig. 15, the blue, red, and green lines are the voltage/current
signals for the OPLS, PT/CT, and simulated power grid, respectively. For the first
one-cycle (~16.6 ms) transient event, the behaviors of the voltage and current
signals for the OPLS and PT/CT were similar for the same measured phase. In
the first one-cycle (~16.6 ms) transient event, the voltage and current signals of
phase A had a sinusoidal form (Fig. 15a,d), whereas the voltage signals of
phases B and C had a distortion (Fig. 15b,c) that generated a ringing frequency
for the OPLS and PT (Piesciorovsky et al., 2023).

The capability of measuring current and voltage harmonics with power line
sensors is very important. When harmonics are presented in the main voltage or
line currents for permanent states (non-transient states), the power quality of the
electrical grid can decrease. Another effect of the harmonics is to increase the
current in transformers and the electrical grid with consequent rise in device
temperature and power losses (Piesciorovsky et al., 2023). For example, the
third harmonic causes a sharp increase in the zero-sequence current and
increases the current in the neutral conductors. A non-linear load connected to
the electrical grid draws a current that is not necessarily sinusoidal, and therefore
it generates harmonics. The voltage harmonics are mostly caused by current
harmonics. However, if the source impedance of the voltage source is small,
current harmonics will cause only small voltage harmonics. It is typically the case
that voltage harmonics are indeed small compared to current harmonics. In the
results, from Fig. 11a,b, the behavior of the total harmonic distortion for the
current and voltage signals had shown a similar behavior for the same phase and
event test, observing a similar conduct for the current and voltage signals
(Piesciorovsky et al., 2023).

In this study, the proposed methodology was implemented in an OPLS testbed
instead of a real grid. It is because electrical fault grid events are not likely to be
run by an electrical utility for safety concerns and possible infrastructure
damages in the electrical grid. In addition, the electrical grid events presented in
the experimental model could be run at any time, however, in a real electrical
grid, these events like capacitor bank operation, electrical faults and breaker
operations at a specific site could happen after weeks or months (Piesciorovsky
et al., 2023). The limitation of this testbed is based on the maximum current
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magnitude that could be generated during the event tests that will depend on the
number of current amplifiers to be connected in parallel, in most of the use case
scenarios the OPLS testbed was run for current magnitudes up to 40 amps
(Piesciorovsky et al., 2023).

An advantage of this methodology is that the testbed could be used for testing
other similar power line sensors. In this study, the OPLS was a Rogowski coil
(current sensor) and capacitive divider (voltage sensor) power line sensor that
has a current and voltage scaling factor of 3333.3 A/V and voltage 5000 V/V,
respectively. However, if the current and voltage scaling factors of the OPLS had
different numerical values, the voltage and current gains of the OPLS for the
OP4510 real-time simulator could be re-calculated by Equations (19) and (20).
Therefore, this methodology can show certain flexibility for comparing other
Rogowski coil/capacitive divider power line sensors with the traditional CT/PT
sensors (Piesciorovsky et al., 2023).

Advanced OPLSs like the Rogowski coil should be installed in the electrical
distribution grid (Why and where Rogowski coil current sensors are favorable,
2020). However, sensors’ metering, protection and control applications should be
studied in detail (Piesciorovsky et al., 2023). For example, based on the core
saturation curves of CTs, different CT types are used for metering and protection
applications (Hargrave et al., 2018; Altuve et al., 2013). In addition, while the
Rogowski coil (current sensor) could be used in protection applications, the
interface of analog signals must be considered to adapt the connection of
protective relays or meters (Why and where Rogowski coil current sensors are
favorable, 2020). While CTs require heavy gauge secondary wires for
interconnection to relays and other metering and control equipment, the
Rogowski coils may be connected to relays via twisted pair shielded cables with
connectors (Why and where Rogowski coil current sensors are favorable, 2020).
Another aspect is that some advanced sensors integrate the current (Rogowski
coil) and voltage (capacitive divider) measurements in the same OPLS device,
reducing the installation cost when both measurements are needed at the same
site (Piesciorovsky et al., 2023). Therefore, the Rogowski coil (current
sensor)/capacitive divider (voltage sensor) power line sensor can be installed for
a small fraction of the cost of conventional CT and PT.

In this study, the voltage swells and sags as specific test events were not
considered. However, based on the definition that voltage swells are the opposite
of voltage sags (dips) and they are defined as a momentary increase in the RMS
voltage of 10% or more above recommended voltage range for a period of 1/2
cycle to 1 min, according to the IEEE Std 1159-2009 (IEEE, 2019), these type of
test events could be performed in a future test plan to compare the Rogowski coil
(current sensor) and capacitive divider (voltage sensor) versus the CT (current
sensor)/PT (voltage sensor) in the OPLS testbed. Electrical utilities have used
PTs and CTs for several decades, and PTs and CTs have been tested using
procedures based on the IEEE Std C57-13 2016 (IEEE, 2016). However, new
OPLSs based on advanced technologies (voltage divider and Rogowski coil) do
not have testing procedures based on electrical apparatuses or instrument
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standards (Piesciorovsky et al., 2023). Therefore, the assessment of these
advanced OPLS is crucial. In this work, the comparison test procedure for the
OPLS vs. the PT/CT was an effective method to evaluate the performance of
these advanced technologies vs. iron core measurement transformers.

6. CONCLUSIONS

In this study, an advanced commercial medium-voltage power line voltage and
current sensor was tested alongside conventional magnetic-core PT and CT
under outside conditions. The tests consisted of various simulated steady-state
and transient conditions with an actual utility grid to compare the responses of
the new technology with those of accepted instrument transformers
(Piesciorovsky et al., 2023). A real-time simulator was used in conjunction with
amplifiers and transformers to excite the aerial loop, while a conventional power
meter recorded the responses of the simulation, PT and CT, and the OPLS
signals. The results showed that this OPLS technology responded identically to
the PT and CT under all conditions. The only difference noted is that the OPLS
current noise is greater than that of the instrument CT because of its much wider
range (>20 kA compared with ~1 kA for the CT).

The technology in OPLS is based on a capacitive divider for voltage monitoring
and a Rogowski coil with an integrator for current sensing. The capacitive divider
principle is well known for its ability to transmit higher harmonics and thus
respond well to fast transients, and the present results are consistent with this
principle (Piesciorovsky et al., 2023). The known issues include recalibration
during temperature swings and aging, as well as some sensitivity to stray electric
fields. These effects are minimized in PTs; however, PTs evince various
resonance effects at higher harmonics. The air-core Rogowski-coil technology
can be made linear at currents that saturate magnetic-core CTs and can have
excellent responses at high harmonics. However, it must be carefully shielded to
avoid stray electric-field effects. The response of this OPLS technology was
compared with that of the conventional instrument transformers for the scenarios
that were tested. These devices can be installed for a small fraction of the cost of
that of conventional CTs and PTs and should be considered for deployment of
additional sensors in distribution grids.
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ABSTRACT

The Complex of Hue Monuments (abbreviated as the Monuments), the first
UNESCO World Cultural Heritage site in Vietnam (UNESCO), is well-known for
its wealth of scientific materials for research. This paper begins by providing a
general introduction to the construction history and architectural typology of the
Hue Imperial Palaces (abbreviated as the Imperial Palaces), a key component of
the Monuments. These include the existing heritage buildings located within the
Hue Citadel and the Emperor Mausoleums of the Nguyen dynasty (1802—1945).

Next, this paper examines the floor plan design methods of the Imperial Palaces,
with particular focus on the Twin-Ridge Beam Buildings (abbreviated as Twin
Buildings), which are unique in ancient Asia. The name of this building type is
derived from its characteristic design, which consists of two or three buildings
connected and placed on the same platform. This construction style represents
the highest level of architectural achievement during the Nguyen dynasty.

Drawing mainly from historical documents of the Nguyen dynasty, surveys of
remaining heritage Twin Buildings, dimensional analysis, investigations into
traditional design methods, and interviews with master carpenters, the
proportions of the floor plans were analyzed and the primary architectural design
methods used were re-determined. Through this study, the units of
measurement, parametric factors, design principles, and design processes for
the floor plans of Twin Buildings have been clearly defined.

In addition, this study provides a comprehensive understanding of the principles
behind the floor plan design of the Twin Buildings in Hue imperial architecture. It
also offers valuable guidance for the precise restoration and reconstruction of the
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Monuments. Moreover, the findings published in this paper serve as a valuable
reference for researchers, graduate students, and architecture students,
contributing to academic education and scientific research.

Keywords: Design principle; floor plan; hue imperial palace; Nguyen dynasty;
Vietnam; world cultural heritage.

1. INTRODUCTION OF THE HUE IMPERIAL PALACES
1.1 Construction History and Modification

According to historical sources from the Nguyen dynasty (Cabinet of Nguyen
dynasty (1802-1945), although the construction of the Hue capital city began
during the early Gia Long period (1802-1820), it was initially carried out on a
small scale. This early phase mainly involved the construction of buildings for the
activities of the Nguyen cabinet, accommodations for the royal family, and a
portion of the imperial mausoleums located in the southwestern hilly area of the
Hue capital.

In Table 1, Emperor Minh Mang is the second emperor of the Nguyen dynasty,
during this period, construction activities expanded significantly. To gradually
complete the capital city and redesign the Citadel (Fig. 1), the Nguyen court
relocated 10 villages, dug a lake to fill the citadel walls, and diverted the flow of
two natural rivers (the Kim Long River and the Bach Yen River) to establish an
uninterrupted hydrological system within the Citadel (Cadiere 1924). Additionally,
a series of buildings, including palaces, temples, and pavilions inside the Imperial
City, as well as many other structures, were constructed.

Fig. 1. Drawing of Site-plan of the Hue Citadel (Historic document of the
Nguyen dynasty published under Duy Tan period, 1907-1916)
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Table 1. Chronology of the Nguyen’s emperors

No. = Lok SI,I“M LI % Period of Throne| Born and Dead Name of Royal Family
English Vi Chinese
1 |Gia Long Gia Long s 1802 - 1820 1762-1820  |Nguyén Phic Anh
2 |Minh Mang Minh Mang Wi 1820 - 1840 1791-1840  |Nguyén Phic Pam
3 |Thieu Tri Thiéu Tri e 1841 - 1847 1807 - 1847  |Nguyén Phiic Mién Tong
4 [Tu Duc Ty Duc 1847 - 1883 1829 - 1883 [Nguyén Phic Hong Nham
5 |Duc Duc Duc Birc A 1883 1853 - 1883 [Nguyén Phiic Ung Chén
6 |Hiep Hoa Hiép Hoa tihFn 1883 1847- 1883  |Nguyén Phiic Huong Dit
7 |Kien Phuc Kién Phic LR 1884 1869 - 1884  |Nguyén Phiic Ung Diing
8 |Ham Nghi Ham Nghi L 1884 - 1885 1871-1943  |Nguyén Phiic Ung Lich
9 |Dong Khanh  |[Pdong Khanh G538 1885 - 1889 1864 - 1889 |Nguyén Phiic Chanh Mong
10 [Thanh Thai Thanh Thai %S 1889 - 1907 1879 - 1954  |Nguyén Phiic Biru Lan
11 |Duy Tan Duy Tan (i 1907 - 1916 1900 - 1945  |Nguyén Phiic Vinh San
12 |Khai Dinh Khai Dinh ETE 1916 - 1925 1885- 1925  |Nguyén Phiic Biru Pao
13 |Bao Dai Bio Pai (LN 1925 - 1945 1913 - 1997 |[Nguyén Phiic Vinh Thuy

During the Thieu Tri period (1841-1847), the capital’s institutions and
architecture within the Citadel were largely completed. The main construction
activities at this time involved building additional necessary structures and
improving some residences inside the Imperial City.

From the Tu Duc period (1847-1883) to the Thanh Thai period (1889-1907), the
focus shifted to renovation, repairs, and maintenance of buildings and structures
that had been built earlier within the Citadel. Renovation and repair activities
were especially intensive during the Tu Duc period inside the Imperial City and
Forbidden City (square-enclosed walls inside the Imperial City). Beginning in the
Thanh Thai period, new construction materials from Europe—such as cement,
decorative printing bricks, and mirror glass—began to be imported into Vietnam.
These materials had a significant impact on architecture in the Hue capital.
Traditional mortar was gradually replaced by cement or used in combination with
it. Due to the introduction of these materials, construction techniques also
evolved, laying the foundation for changes in architectural styles and construction
practices in the later years of the Nguyen dynasty.

From the Thanh Thai period to the Dong Khanh period (1885-1889), due to
changing political and economic circumstances, there were few new construction
projects. On the contrary, many buildings were either destroyed or repurposed
for other uses, while the remainder saw only minor repairs and improvements.

From the Khai Dinh period (1916—-1925) onward, the architecture of the Nguyen
dynasty underwent a significant transformation. Reinforced concrete gradually
replaced traditional wood as the primary building material, allowing for the
construction of taller and more magnificent structures. Additionally, the Western
garden style began to appear within the Forbidden City. The architectural
decoration of this period combined both Eastern and Western motifs, a
characteristic feature of the architectural style developed during the Khai Dinh
period.
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The construction history of the Complex of Hue Monuments can be divided
into four stages as follows:

- First stage: From the Gia Long period to the Minh Mang period (1802—
1841), a period of planning and initial construction.

- Second stage: From the Thieu Tri period to the early part of the Tu Duc
period (1841-1865), a period of repair and renovation of earlier
constructions.

- Third stage: From the later part of the Tu Duc period to the Thanh Thai
period (1865-1907), a period of maintenance and reduction in scale.

- Fourth stage: From the Khai Dinh period to the end of the Bao Dai
period (1916—1945), a period of transformation in architectural style and
changes in construction techniques.

From the late 18" century to the early 19" century, most Southeast Asian
countries were colonized by European powers, but Vietham remained an
independent nation, maintaining a centralized, autocratic monarchical political
system, with the emperor at the center of this structure. Although there was some
influence from Western construction techniques in the design and construction of
military defensive fortifications (such as the Vauban-style fortresses), and some
Western materials were imported in the late 19™ century, the architectural form
and construction techniques of the Nguyen dynasty's palaces in Hue largely
preserved indigenous Vietnamese elements. These elements have created a
unique and distinctive identity for Vietnamese traditional architecture, which has
been preserved to this day.

In this study, the author aims to clarify the indigenous Vietnamese elements
through an analysis of the design methods of the floor plans of the Hue imperial
palaces. The emergence of Nguyen'’s imperial palaces in this historical context is
clear evidence of the fusion between traditional local conservatism and the global
trend of Westernization brought about by the colonial expansion of European
powers during the 18" and 19" centuries.

1.2 Types of the Imperial Palaces

1.2.1 Classification according to the categories recorded in historical
documents

According to the descriptions from the “Cong Bo” Ministry of Construction of the
Nguyen Dynasty Cabinet of Nguyen dynasty (1802-1945), the building categories
listed under each functional group include:

- “Cung Dien” imperial palace (‘& %), which refers to civil architecture
inside the Imperial City and the Citadel;

- “Dan Mieu” altar and shrine ($#J&), which refers to architecture used for
religious and spiritual purposes;

- “Hanh Cung” residence for travel inspection (17 ), which refers to
architecture in the Citadel or the provinces used for the Emperor’s travel
inspections;
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“Thanh Dai” military port (3%Z);

“Dinh Thu” edifice (&%), which refers to architecture in the Citadel or
the provinces used for government offices;

“Lang Tam” imperial mausoleum ([%42), which refers to the mausoleums
of the Nguyen imperial family.

The architectural hierarchy for each type of building includes:

“Dien” palace/temple (),
“Mieu” shrine (J&),
“Duong” halll (&),

“Vu” eave (JfiE),

“Lau” pavilion (),

“Cac” pavilion tower ([4),
“Vien” institute (B¢,
“Phong” chamber (55),
“Mon” gate (),

“Dinh” public hall (),
“Ta” floating pavilion (#t),
“Phu” residence (ff),
“Sanh” office building (##), depending on their function and/or their
symbolic importance.

Among these, the “Dien” palace/temple (%) and “Mieu” shrine (i) categories are
always the largest and highest in class, serving as the main architectural
structures of each imperial residence (Figs. 2-3).

Additionally, the “Dien” category (%) is divided into two different functional

types:

“Chinh Dien” main imperial palace (1), located inside the Hue
Imperial City or the Citadel;

“Tam Dien” mausoleum temple (%2 J#& ), located at the Imperial
Mausoleums, used for the worship of the emperors.

Furthermore, the “Mieu” category (/&) refers to the imperial shrines used for the
worship of the ancestors of the Nguyen royal family. These shrines are found in
sacred areas of the Imperial City and serve religious purposes over the Hue
ancient capital city.
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Fig. 2. Location of the targeted twin buildings in the Hue Imperial City

Fig. 3. Location of the twin buildings in Emperor Minh Mang’s mausoleum
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1.2.2 Classification according to the geometric layout and the architectural
typology

If classified based on geometric layout, the architecture of the Hue imperial
palaces was developed from three basic types: Type A (rectangular layout), Type
B (square layout), and Type C (octagonal layout). Among these, Type A is the
most common and can be applied to all categories (Fig. 4).

.

Type A

Al All | | ALl Al

........................
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O
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Fig. 4. Typological diagram of the Hue imperial architecture (developed
from Fig. 24, p. 546, “An Architectural Study on Hue Imperial City (1802-
1883) of the Nguyen Dynasty and Its Original Characteristics, Vietham”,

Civil Engineering and Architecture 12(1): 520-547, 2024, DOI:
10.13189/cea.2024.120138)
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When classifying the Imperial Palaces based on their appearance, the following
typical typologies can be identified: Single-ridge beam buildings (abbreviated as
Single Buildings), Twin-ridge beam buildings (abbreviated as Twin Buildings),
Pavilion tower buildings (abbreviated as Pavilion-Buildings), Storey main gates
(abbreviated as Storey Gates), and others. The remaining structures within the
Monuments fall into these main typologies, with the corresponding proportions
being 52%, 26%, 11%, and 11%, based on the total number of buildings
surveyed.

a) Single Buildings (Fig. 5): These are independent structures that either
complement the function of a main building or serve distinct purposes.
Each Single-Building typically comprises a wooden frame placed on a
square or rectangular elevated platform, covered by one or two layers of
roofing. The roofs are classified into two types: single-layered and
double-layered. Double-layered roofs signify higher importance and are
often found in significant areas or fulfilling special roles, whereas single-
layered roofs indicate a lower classification within the Imperial Palaces.

b) Twin Buildings (Fig. 6): These serve as the primary architectural
structures within each imperial residence. They are generally the largest
and belong to the highest classification. Twin Buildings consist of two or
three interconnected structures, often referred to as "Trung Thiem Diep
Oc", meaning two or three buildings connected on the same platform.
The front building is called “Tien Doanh” (i), while the back building
is called “Chinh Doanh” (1E#). In cases with three interconnected
buildings, the front structure is “Tien Doanh”, the middle one is “Chinh
Doanh”, and the rear building is “Hau Doanh” (#1#%). These buildings
are linked by a structure called “Thua Luu” (7 %), which features a
drainage system to channel rainwater to the sides.

c) Pavilion-Buildings (Fig. 7): These buildings generally feature two or
three floors and are situated in prominent areas of the residences. They
serve special functions, such as acting as symbols, monuments of
victory, or spiritual towers. The platforms are typically square or
rectangular, with the floors separated by wooden structures dividing the
roof into upper, middle, and lower sections. This unique architectural
style plays a significant role in defining the height and prominence of the
residences.

d) Storey Gates (Fig. 8): These gates, often rectangular in platform,
usually have two or three floors and serve as the main entrances to the
residences. They typically feature three central pathways, also known
as “Tam Quan”. This type of gate is a characteristic feature found in
almost all residences within the Monuments.

e) Other Structures: These include various types of buildings derived
from the four primary architectural styles mentioned above.

Among the above-mentioned categories, the Twin Buildings category stands out
as the largest in scale and represents the highest level of importance. These
structures are often used for Palaces, Temples, and Shrines and are typically
located on the central symmetrical axis of each significant residence within the
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Monuments. Consequently, this category has been chosen as the primary
subject of our study (Table 2).

Within the scope of this research, our focus is primarily on the floor plan, its
components, and functional uses, to unravel the spatial conception of the
architecture concerning its wooden framework. From the perspective of
architectural design methodology, we will conduct a series of dimensional
analyses to re-determine the original design methods employed.

T AR

Fig. 5. Ta Vu eave (Single-Building)  Fig. 6. Thai Hoa Dien palace (Twin-
Building)

Fig. 7. Hien Lam Cac pavilion Fig. 8. Ngo Mon main gate (Storey
(Pavilion-Building) Gate)

Table 2. List of the remaining twin-buildings of the monuments

Name of buildings Year of Sources

Ne English Chingse| P Losten Useth function Const. (Historic

1| Thai Hoa Dien AFIKE |Palace |Imperial Court Imperial conferent hall 1805 |9 51205-18, #.di1-5

2 |Can Chanh Dien Palace |Forbiddent City Cabinet working hall 1811 #451205-10, -06

3 |Can Thanh Dien Palace |F City Living of Emperor 1811 P 205-11, #ki1-06

4_|Dien Tho Chinh Dien |4 Palace |Dien Tho Residence | Living of Queen mother 1849 |9 61205-21

5 |Long An Dien W%t |Palace |Citadel Restting of Emperor 1845 [ #661208-23

6 |Trieu To Mieu LS Shrine |Thai Mieu Residence |W ing of the Founder 1814 B 51207-03, HH1208-06,

7 _|Thai To Mieu LI Shrine | Thai Micu of the Lords 1803 H£41207-04, 4 51208-06,

& |The To Mieu LS Shrine [The Mieu Residence 1821 WH]207-06, $H1208-11, #E.L51-09
9 |Phung Tien Micu 440 |Shrine |Phung Tien Residence spping i the Exmpcons 1814 [ HH1207-08, PHI208-14, FEdil-11

(available for female)

10 [Minh Thanh Dien W15%# | Temple [Thien Tho Mausoleum |Worshipping of Emperor Gia Long 1814 [#41216-07, 20

11 [Sung An Dien Temple [Hicu N Worshipping of Emperor Minh Mang | 1841 | #61216-10, 21

12 |Bieu Duc Dien ‘Temple [Xuong Mausoleum Worshipping of Emperor Thieu Tri 1847 |96 41216-13, 30

13 |Hoa Khiem Dien Temple |Khiem Mausoleum W of Emperor Tu Duc 1864 F#i

14 |Luong Khiem Dien Temple |[Khiem Mausoleum ‘Worshipping of the Queen mother 1864 | Fr
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2. MATERIALS AND METHODS
2.1 Survey Targeted Twin Buildings

Table 2 provides a list of Twin Buildings that were included in the measuring
survey. These consist of five main imperial palaces (abbreviated as the Palaces),
four imperial shrines (abbreviated as the Shrines) located within the Imperial City
and inside the Citadel, and five mausoleum temples (abbreviated as the
Temples) located at the Imperial Mausoleums.

Among the Palaces, Shrines, and Temples, the Can Thanh Dien Palace, Can
Chanh Dien Palace, Thai To Mieu Shrine, and Phung Tien Mieu Shrine have lost
their wooden structures and roofs, with only the ruins of their platforms remaining.
In contrast, the wooden structures and roofs of the other buildings are still intact.
This study collectively refers to these three categories—Palaces, Shrines, and
Temples—as the Twin Buildings and analyzes a total of 14 structures based on
the results of the measuring surveys.

2.2 Measuring Methods

We conducted both longitudinal and latitudinal transverse wooden-structure
measuring surveys on 10 buildings whose wooden structures still exist. For the
four buildings where only the platform remains, center-to-center measurements
of the remaining basement stones were analyzed.

Before reconstructing the original design procedure and method of floor plans
based on the actual measurements, it is essential to replicate the lines that serve
as design reference lines and/or the center lines of column rows, corresponding
to the central symmetric axes that are no longer visible on-site.

No significant traces of the cross ink-lines marking column rows have been found
on the existing ruin-platforms. However, by examining the column diameters
traced on the upper surfaces of the basement stones of these ruin-platforms and
drawing on experience—particularly from a case study of the ruin-platform of Can
Chanh Dien Palace (An et al., 2008) (Figs. 9—11)—it is possible to reconstruct the
design reference line system on the floor plan, known as "Luoi Cot" (grid of
column rows). This system has been confirmed and is referred to as appropriate
in the analysis presented in this study.

2.3 Units for Analyzing

Identifying the specific unit of measurement used in the construction of a building
is a crucial concern in restoration design. It was not uncommon for different
buildings to be constructed using different units of measurement, so determining
a "building-specific measure" for each structure is essential. In this study, we aim
to estimate platform-specific measurements primarily through an analysis of the
floor plans of buildings. Before proceeding, it is necessary to examine the
specific units of measurement used during the Nguyen dynasty.
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Fig. 9. Present status drawing of the ruin-platform of Dien Can Chanh
palace

Fig. 10. Ruin-platform of Can Chanh Fig. 11. Diameter traced on the
Dien palace basement stone (D3)

Several artifacts providing references to the official measurement units used in
the Nguyen dynasty are preserved in museums in Vietnam (Table 3, Fig. 12).
These references indicate that the official measurement units of the Nguyen
dynasty included various types designed for different applications. Among these,
the "Quan Moc Xich" ruler (B AJKR) and the "Lu Ban Xich" ruler (£-BEX) were
specifically used for building construction. These measurement systems were
based on either a decimal or an octal number system, though it seems unlikely
that the two systems were used separately for different aspects of building
design.

In addition, the historical documents have recorded that “BjEU& i — R =~
Cabinet of Nguyen dynasty (1802-1945), (means the height of platform equal 2.3
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units), the actual height of its platform is 985mm =+ 2.3 units = 428mm/unit (case
of Can Chanh Dien Palace); “# iz 5 —R” (means height of platform equal
2.0 units) (Cabinet of Nguyen dynasty (1802-1945), the actual height of its
platform is 765mm + 2.0 units = 382mm/unit (case of Trieu To Mieu Shrine).

Based on this information, we assume that during the early periods of the
Nguyen dynasty, a "Quan Moc Xich" ruler (abbreviated as the Large Ruler)
measured 424-428 mm per unit, and a "Lu Ban Xich" ruler (abbreviated as the
Small Ruler) measured 382—-384 mm per unit (Shin-Ichiro 1996).

Table 3. List and feature of the investigated Rulers

Name of Rulers mm mm

a2 English Vienamese Chinese | /Unit | ™" | /inch Displaying
1 |Chu Nguyen ruler Chu Nguyén Xich | J# 76X 559 s 70 |Hue Museum of Imperial Fine Art
2 |Chu Nguyen ruler Chu Nguyén Xich  |J# 582 286 | 10 | 28.6 [Ha Noi Historic Muscum
3 [Kinh Xich ruler Kinh Xich 40.2 [Hue Museum of Imperial Fine Art
4 [Phung Xich ruler Phang Xich 59.6 |Hue Museum of Imperial Fine Art
5 |Lo Ban Xich ruler L3 Ban Xich 38.2 |Ha Noi Historic Museum
5 37 |Ha Noi Historic Museum

6 |Lo Ban Xich ruler L& Ban Xich
i 40 |Ha Noi Historic Museum
40.2 |Ha Noi Historic Museum

40 Ha Noi Historic Muscum

7 |Bac Tuc Phung Xich ruler

Do Dien Xich ruler
9 |Quan Dien Xich ruler Quan Pién Xich

10 |Quan Phung Xich ruler Quan Phing Xich
Quan Phung Xich

63.6 |Ha Noi Historic Muscum
11 |Quan Phung Xich ruler 64.2 |Ha Noi Historic Museum
12 |Quan Moc Xich ruler

13 [Quan Moc Xich ruler Quan Méc Xich

42.6 [Ha Noi Historic Museum

42.2 |Ha Noi Historic Museum
14 |Quan Moc Xich ruler Quan Méc Xich 42.1 |Ha Noi Historic Museum
15 |Quan Moc Xich ruler Quan Mdce Xich 41.9 |Ha Noi Historic Museum
16 |Tay Xich ruler Tay Xich 100 |Ha Noi Historic Museum
17 |Nam xich ruler Nam Xich 40 Ha Noi Historic Muscum

Fig. 12. List and feature of the investigated rulers
3. STUDY RESULTS
3.1 The Twin Buildings Seen from Historical Documents
3.1.1 Description in the investigated historic documents

The historical documents of the Nguyen dynasty primarily focus on special or
important buildings, while others are only mentioned briefly. As the
aforementioned Twin Buildings represent paramount architectural structures
serving three key functions—the Palace, Shrine, and Temple—they are more
carefully described in historical records. However, these descriptions often lack
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sufficient detail for the analysis conducted in this study. Nevertheless, we must
rely on the historical information regarding the scale of the architecture to verify
and supplement the findings from our actual surveys.

Typically, historical records provide only basic details, such as the location of the
buildings, the year of construction and repairs, the height of the foundation, the
number of compartments and wings, and a brief mention of the type of wooden
frame and roof. Detailed information about the interior and architectural structure
of the Twin Buildings is absent, particularly concrete dimensions of compartments,
wings, and building heights.

It is possible that documenting interior details was considered taboo during the
Nguyen dynasty (Association of History of Nguyen dynasty (1802-1945), leading
historians to describe the buildings primarily from an external perspective.
Alternatively, technical documents detailing the architectural construction
techniques of the Nguyen dynasty may have existed but were lost or destroyed
during wars, natural disasters, or fires.

For example, the Tang Thu Lau Pavilion, located at the center of Ho Hoc Hai
Lake inside the Citadel, was designed to store books and administrative
documents of the Nguyen dynasty. However, this building was burned during the
Vietnam-France war (Chi, 1948) making it likely that many important records
were lost in the process.

3.1.2 Regarding twin-building architectural features and scale

In Table 4, we statistically filter information related to the building scale to analyze
the relationship between architectural features and the scale of the Twin
Buildings. This includes details about the number of compartments, wings, and
platform heights. Additionally, we conduct a comparative study of the information
recorded in historical documents against the actual measurement results of the
existing buildings (Fig. 13). This is done to verify the database and explore the
relationship between the type of Twin Buildings and their scale. The analytical
results allow us to make the following observations:

- Lack of proportional relationship: There appears to be no proportional
relationship between the building scale and the platform height. In some
cases, the platform height information is omitted altogether. For
example, the platform of the Can Thanh Dien Palace has the largest
ground area, but its platform height is only equal to that of the Can
Chanh Dien Palace, even though the ground area of the latter is only
approximately half that of the former. Similarly, the Thai To Mieu Shrine
has the largest number of compartments (in the ridge direction), yet its
platform height is among the lowest compared to the other buildings.

- Ground area vs. number of compartments and wings: The Thai To Mieu
Shrine has the largest total number of compartments and wings (in the
ridge direction), but its ground area is much smaller than that of the Can
Thanh Dien Palace. This discrepancy can be explained by the fact that
the Can Thanh Dien Palace has three ridge beams, whereas the Thai
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To Mieu Shrine has only twin ridge beams. Another observation is that
when the number of compartments and wings is the same, the ground
area can still differ, as seen in the cases of Minh Thanh Dien Temple
and Sung An Dien Temple. Conversely, the ground area is the same
when the number of compartments and wings is identical, such as in the
cases of The To Mieu Shrine and Phung Tien Mieu Shrine or Thai Hoa
Dien Palace and Can Chanh Dien Palace. These three scenarios occur
regardless of whether the buildings belong to the same or different
categories.

- Comparison between Palaces and Temples: The Can Thanh Dien
Palace, built during the Gia Long period (1811) as the residence of
Emperor Gia Long (and later used by succeeding emperors), has the
largest platform ground area, approximately 2,257mz2. In contrast, the
Minh Thanh Dien Temple, constructed in 1814 during the same period
as a temple to worship Emperor Gia Long’s soul, has the smallest
platform ground area, approximately 347m2—only about 1/6 of the Can
Thanh Dien Palace. Moreover, while historical documents indicate the
same number of compartments and wings for certain Palaces (e.g., Thai
Hoa Dien Palace and Can Chanh Dien Palace) and Temples (e.g., Minh
Thanh Dien Temple, Sung An Dien Temple, and Bieu Duc Dien Temple),
the dimensional scale of the Palace category is almost three times
larger than that of the Temple category (Table 4).

- Inaccuracy of historical descriptions: The architectural scales described
in historical documents do not accurately reflect the actual dimensions
of the buildings. These descriptions seem to provide only qualitative
distinctions between buildings, omitting quantitative architectural
dimensions. Why is there such a significant difference between the
actual dimensional scales of the Palace and Temple categories when
their scales are described similarly in historical records?

Based on the analysis presented below in Tables 5, 6, and 7, as well as the use
of the two types of rulers mentioned earlier, we propose that the first quantitative
factor influencing architectural scale during the Nguyen dynasty was
parameterized by the lengths of the Large Ruler and Small Ruler (referred to as
the 1st level of parametric, abbreviated as Parametric 1). It is plausible that the
Large Ruler was applied in the construction of Palaces and Shrines (in the
Imperial City), while the Small Ruler was used for Temples (in the Imperial
Mausoleums). Consequently, by simply adjusting the length of the ruler, the
entire dimensional scale (quantitative factors) of a building could be altered.

3.2 Characteristics of the Twin-Building Floor Plans

3.2.1 Components of the interior spatial

Based on literary references (An1802-1945), the parts of the floor plan will
be referred to as follows:

- “Chinh Trung Gian” (central compartment, iF [, hereafter A).
- “Thu Gian” (left/right compartment, 7=/45 %[, hereafter B).
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- “Noi Suong” (inter-wing, PNJfi, hereafter C).

- “Ngoai Suong” (outer wing, #}fi, hereafter D) in the ridge direction
(latitude).

- “Chinh Doanh Luong Tam” (big beam span of the main building, FAZ#
i[>, hereafter E).

- “Tien Doanh Luong Tam” (big beam span of the front building, BiTHEZ2Ls,
hereafter F).

- “Thua Luu” (drainage gutter span, 7k %5, hereafter G).

- “Tien Khuynh” (front diagonal beam span, BijfH, hereafter H).

- “Hau Khuynh” (back diagonal beam span, %1, hereafter H).

- “Tien Suong” (front wing span, Fiilf, hereafter I).

- “Hau Suong” (back wing span, #Jfi, hereafter 1) in the beam direction
(longitude).

- “Tien/Hau Quyet” (front/back corners, fii#% ik, hereafter K).

- “Ta/Huu Quyet” (left/right corners, /& 45k, hereafter K) at the four
outermost corners.

Additionally, according to the ridge direction, the interior space from the drainage
gutter span to the front side of the building is defined as the “Tien Doanh” (front
building, Ai#&, hereafter the Front Building). The space from the drainage gutter
span to the back side of the building is defined as the “Chinh Doanh” (main
building, TE4%, hereafter the Main Building).

Furthermore, the stairs made of natural stone, symmetrically attached at the
center and both the front-left and back-right sides of the floor plan, are shown in
Fig. 14.

Table 4. Relationship between the types and scale of the twin buildings

Scale of Building Seale of Building
(Historic (Site observation) -
= urees
No.| Nameof buildings | Types Height of Lenght of Spans [ Length of Area of ;
Compartments | Wings | Platform .»Nf"s'::: (Unit) Platform (mm) |  Platform (Historic documents)
(Unity Ridge | Beam | Ridge | Beam (mm2)
Front building 7 Ridge 9 T
a oa 1 Palace 2 - 97. 6 3,29 30,829 33. 3. 2 | W HH205-18, # &
1 [Thai Hoa Dien Palace |yt iding & P e 074 | 686 | 43,298 [ 30,829 | 1334,834,042 | 1
2 |Can Chanh Dien Palace Froot building 7 2 32 Ridge9 97.1 72.0 43,014 | 32,400 | 1,393,653.600 |#£1205-10, H.:1-06
Main building 5 Beam 7
Front building 9 S
3 |Can Thanh Dien Palace |Main building 7 2 32 . 1220 | 947 | 53.880 | 41.876 | 2,256,655,764 | #4201, #L51-06
2 Beam 9
Back building 9
o g5 dge 9
4 [Dien Tho Chinh Dien oy o0t Ul g 3 ja |Rldse? 792 | 455 | 34,932 | 24325 | 849720900 |%E4205.21
Main building 3
5 |Long An Dien P ront bulldlag 7. X 32 814 | S84 | 35616 | 28026 | 998174016 |%@i208-23
Aain building 5
Front building 5 - N . e = e
6 [Trieu To Mieu s Shrine 2.0 57.8 | 558 |23.073 [ 22,576 | 520896048 |#1207-03, $14208-06, #eiti1-10
Main building 3
Fi 1di 15
7 |Thai To Mieu Shrine [Front building 2 L5 1639 | 609 | 71,062 [ 27,390 | 1,946.388,180 [W1207-04, H5f#1208-06, i:iti1-08
Main building 13
8 |The To Micu Shring. |1 o0 SHldIng LU 5 3.6 1239 | 61.0 [ 54,613 | 27,692 | 1,512,343.196 |#434207-06, WfH208-11, HEit51-09
Main building 9
9 |Phung Tien Mieu Shrine |Front building 111~ 5 s 1218 | 60.5 | 53,080 [ 29,053 | 1,542,133.240 |9£1207-08, H{5208-14, HEati1-11
Main building 9
10 |Minh Thanh Dien Temple M X X 474 423 19,661 17,626 346,544,786 | W 121607, 20
11 |Sung An Dien Temple /< X 57.9 | sas | 23485 [ 2209 | 518995015 [#@i216-10,21
12 |Bicu Duc Dien Temple X X 58.0 540 23,516 | 21,831 513,377,796 |%#1216-13, 30
13 |Hoa Khiem Dien Temple X X 75.6 536 30,182 | 21,734 655,975,588 |#W
14 |Luong Khiem Dien Temple X X X 55.8 492 22,656 | 20,045 454,139,520 W@

Note: Miss information in historical documents (X)
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Fig. 13. Architectural drawings of the typical twin-building (case of the
Sung An Dien temple)
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Fig. 14. Spatial arrangement on the floor-plan of the twin buildings
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3.3 Symmetrical Axes and Column Rows

Accordingly, the concepts of central, left and right, front and back, as expressed
on the floor plan, determine the spatial components of the floor plan arranged
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according to the symmetrical axes designed in both the latitudinal and
longitudinal directions. The above-displayed Fig. 14 shows the features and
location of the longitudinal center symmetrical axis (I), which plays an important
role not only in constructional techniques but also in spiritual symbolism. Thus,
the central compartment, which contains the longitudinal center symmetrical axis,
is usually designed as the largest span (as discussed below). The most
treasured items of the dynasty, such as the throne and the emperor’s altar, must
be placed in this central compartment.

Additionally, the latitudinal symmetrical axes of the Front Building (II) and the
Main Building (ll) are essential for the arrangement of latitudinal column rows, as
well as for the assembly of the other component timbers. The column rows are
drawn parallel, following the symmetrical axes, and are set symmetrically
according to them.

Specifically, in Fig. 15, line 5 represents the first left longitudinal column row,
while line 4 represents the first right longitudinal column row, and so on.
Additionally, lines B and line C represent the first front and first back latitudinal
column rows of the Front Building, while lines E and F represent the first front
and first back latitudinal column rows of the Main Building. Lines D and G
represent the second front and second back latitudinal column rows of the Main
Building.

Continuing, the positions E5 and E4 will be the front first-left and front first-right
big columns, while F5 and F4 will be the back first-left and back first-right big
columns of the Main Building. Similarly, B5 and B4 will be the front first-left and
front first-right big columns, and C5 and C4 will be the back first-left and back
first-right big columns of the Front Building, and so on.
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_-: e e e e e e G @ Fourth-right longitudinal column row
P | 1 ¥ —— &\
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Fig. 15. Axes and column rows of the twin buildings shown on the floor-
plan
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3.4 Analyzing the Twin Building Floor Plans Design Methods
3.4.1 Dimensional analysis

We first analyzed the estimated construction measurements of each Twin
Building for reference. Actual measurements were converted to units according
to the existing measurement units of the Nguyen dynasty, as mentioned above.
These were also calculated based on measurement values described in literary
sources. To assess the validity of the estimated construction measures, we
compared the actual measurements of all column spans and platform lengths
with restoration values derived from the estimated construction measures. The
maximum margin of error was 88 mm, the minimum margin of error was 0 mm,
and the average difference was approximately 25 mm (Table 5). Therefore, the
estimated construction measures were generally proven to be highly valid.

The aforementioned literary references of the Nguyen dynasty do not contain
information on the unit measurements of the platforms of the architecture nor the
unit measurements of the height of the large columns in some of the Twin
Buildings. However, based on these sources, the central compartment in the
ridge direction (referred to as A) is officially called “Chan Tam” (#&.0), and the
main span of the main building in the beam direction (referred to as E) is called
“Luong Tam” (%.0»). It can be reasonably concluded that A and/or E serve as
dimensional origins of the architecture. Therefore, they have official names that
express special concepts, as recorded in the historical documents of the Nguyen
dynasty (An et al. 2009). The major findings of our analysis are presented below.

a) Column span is largest in the Central compartment
In both the ridge direction and beam direction, the column span is
largest in the central span (span 4-5, mentioned as A) and the main
span (span E-F, mentioned as E). The span becomes smaller toward
the outer sides. In the Palaces and Shrines, the largest column span is
around 12 to 13 units (using the Large Ruler), while in the Temples, it is
around 10 units (using the Small Ruler). Other column spans were likely
designed based on this standard, with each span being established to a
tenth of a unit based on the decimal number system. For example,
adjacent compartments have spans of +1 units, 0.9 units, 0.1 units,
and so on (Table 6). This system, which is based on addition and/or
subtraction rather than proportion, is called the “Gia-Giam” method in
the traditional technique of Hue, and there are skilled master carpenters
who possess this traditional method.

b) Three types of mutual relationships among Column spans
According to the master carpenters who possess the aforementioned
traditional skills, the mutual relationship between columns is based on
three default principles (Fig. 16):

- First principle: “Khep Chuong” — This means the spans between all
large columns are the same. This can be observed in the dimensional
relationships: span 4-5 = span E-F, and span 5-6 = span B-C.

- Second principle: “Con Lon Me” — This means the spans between
subsequent pairs of columns decrease relative to the initially
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established spans. This can be observed in the dimensional
relationships: span 4-5 > span 5-6 > span 6-7 > span 7-8; span E-F >
span B-C; span D-E > span C-D.

Third principle: “Bat Van” — This means the spans between corner
columns are the same. This can be observed in the dimensional
relationships: span D-E = span 6-7; span A-B = span 7-8.

Central span (A) in the ridge direction is established first

In general, for Twin Buildings, the central span in the ridge direction
(span 4-5) was likely established first, using either the Large Ruler or
the Small Ruler. The actual measurement of this span ranged from 9
units to 13 units. Each Twin-Building has a different span, possibly
because a specific measurement value that holds particular significance
to the size, function, and position of the building was established first.
Deciding on the span of columns in the ridge direction is crucial to the
building's elevation structure. Since there is normally no column
inclination, the length of the horizontal ridge-direction element becomes
the span in the beam direction, with adjustments and changes made
accordingly. On the other hand, establishing the span in the ridge
direction first is likely easier to do arbitrarily, particularly because the
central span (A) is often the first to be set, aided by its repetitiveness.
The spans in the ridge direction help set the scale and expression of the
entire architecture, while the spans in the beam direction are more
closely related to technical factors (Table 6).

The Next spans (B) in the ridge direction are smaller than the
Central span (A)

The next spans (referred to as B), or those on the outer sides of A, are
clearly designed to be smaller than A, as shown in the second principle.
In each case, B is smaller than A by a range of 0.4 units to 1 unit.
Interestingly, in terms of actual values, the measurement of B is a
fraction of A in the Can Thanh Dien Palace, Can Chanh Dien Palace,
and Thai Hoa Dien Palace, all of which are located along the center
symmetric axis of the Imperial City. In contrast, B is a whole number of
10 units in the Thai To Mieu Shrine, The To Mieu Shrine, Phung Tien
Mieu Shrine, and Dien Tho Chinh Dien Palace, which are located along
other sub-parallel axes. Additionally, it is also a whole number in all the
buildings within the Imperial Mausoleums complex: B = 8 units in the
Minh Thanh Dien Temple and B = 9 units in the other four temples. It
seems that the column span was consciously determined based on the
location and function of the buildings.

Main spans in the beam direction (E, F) and Inward column
inclinations

The relationship between A and E is interrelated in one of three ways:
(i) E = A (center-to-center measurement between column bases);
(i) A= E + 2e + 2f (both inward inclinations of columns in span E and
span F, or span B-C);

(i) E=A £ 0.1 unit.

The relationship between E and B is such that the span E (center-to-
center measurement between column bases, or center-to-center
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measurement of the beams) is equal to either E=B, E=B - 1 unit, or E
=B £ 0.1 unit. The span F is equal to either F = B or within the range of
F = E - 0.4 units to 1 unit. Only in the case of the Dien Tho Chinh Dien
Palace is F = E - 1.7 units (Tables 6-8).

Table 5. Dimensional analysis of the total spans of the Twin Buildings

Ridge direction/Latitude (mm) Beam ongitude (mm)
No. Name of buildings | mm/Unit Length of total Spans Length of Platform Length of total Spans Length of Platform
Measure | Restored | Error | Measure | Restored | Error | Measure | Restored | Error | Measure | Restored | Error

Thai Hoa Dien palace 427 41635 41590 45 43285 43298 3 29249 29292 43 30832 30829 3
Can Chanh Dien palace 428 41585 41559 26 42988 43014 26 30823 30816 7 3239 32400 4
(Can Thanh Dien palace 426 52408 52355 33 53944 53889 55 40370 40342 28 41904 41876 28
Dien Tho Chinh Dien palace| 426 33707 337139 32 34894 34932 38 23188 23217 29 24360 24325 35
Long An Dien palace 424 34568 34514 34 35663 35616 7 24778 24762 16 28024 28026 2
Phung Tien Mieu shrine 426 51880 51887 7 53069 53080 n 25761 25773 12 29063 29053 10
Thai To Mieu shrine 44 69473 69494 21 71039 71062 23 25734 25822 88 271317 27390 73
The To Micu shrine 428 52990 53029 39 54596 54613 7 26104 26108 4 27680 27692 2
Trieu Tor Mieu shrine 382 2113 22080 33 23085 23073 2 21257 21316 59 22570 22576 6
Minh Thanh Dien temple 384 18259 18202 57 19721 19661 60 16214 16243 29 17626 17626 0
11 [Sung An Dien temple 384 9 23489 23485 4 20938 20983 45 22065 22099 34
12 (Bieu Duc Dien temple 383 3 23541 23516 25 20683 20682 1 21820 21831 1
13 {Hoa Khiem Dien temple 384 5 30183 30182 1 20579 20582 3 21737 21734 3
[ 14 |Luong Khiem Dien temple 384 24 22654 22656 2 18822 18893 71 20019 20045 26

@ b
Second principle
(b<a/b=a")

First principle
(a=b)

Third principle
(c=d)

Fig. 16. Three basic principles applied for the Platform

Table 6. Dimensional analysis of column spans on the ridge direction
(latitude) of the Twin Buildings

No.|  Nameof buikings | Rit| Risht | Right | Right | Right | Right | Right | Right  Cental | Left | Lef | Left | Let | Left | Left | Lef | Lef | Total
@ |® [® | ® | ® 66 Q/|®|66 6|66 /D /U

1 |Thai To Mieu shrine 8.30 | 8.30 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.70 | 10.00 [ 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 8.30 | 8.30 [163.90

2 [The To Mieu shrine 830 | 830 1000 | 1000 | 10.00 | 10.00| 10.70 | 1000 | 10.00 | 10.00 | 10.00 830 | 830 [123.90

3 |Phung Tien Micu shrine 7.70 | 8.00 10.00 | 10.00 | 10.00 [ 10.00 | 10.40 | 10.00 | 10.00 | 10.00 | 10.00 8.00 | 7.70 (121.80

4 |Dien Tho Chinh Dien palace | 6.40 | 8.20 10.00 | 10.00| 10.00 | 10.00 | 10.00 8.20 | 640 [79.20

5 |Long An Dien palace 7.30 | 9.00 9.50 | 9.50 10.80 | 950 | 9.50 9.00 | 7.30 [81.40

6 |Trieu To Mieu shrine 6.90 | 7.70 9.30 10.00 | 9.30 7.70 | 6.90 [57.80

7 |Can Thanh Dien palace 8.80 [ 11.60 11.60 [ 1160 | 1160 1250 [ 1160 [ 1160 11.60 11.60 | 880 [122.90

8 [Thai Hoa Dien palace 850 | 9.10 1230 | 1230| 13.00 | 1230 [ 1230 9.10 | 8.50 | 97.40
| 9 |Can Chanh Dien palace 830 [ 1130 1140 | 11.40] 1230 | 1140 | 11.40 1130 | 830 |97.10
10 [Minh Thanh Dien temple 5.10 | 6.10 8.00 9.00 8.00 6.10 | 510 [47.40
11 [Sung An Dien temple 7.00 | 8.00 9.00 9.90 9.00 8.00 | 7.00 [57.90
12 |Bieu Duc Dien temple 7.00 | 8.00 9.00 | 10.00 | 9.00 800 | 7.00 [58.00
13 [Hoa Khiem Dien temple 7.00 | 7.80 9.00 | 9.00 10.00 9.00 | 9.00 7.80 | 7.00 [75.60
14_{Luong Khiem Dien temple 6.40 | 7.50 9.00 10.00 | 9.00 7.50 | 6.40 |55.80

57




Engineering Research: Perspectives on Recent Advances Vol. 5
Analyzing Design Principles of Floor Plan of Hue Imperial Palaces, Vietnam

Table 7. Dimensional analysis on the beam direction (longitude) of the twin

buildings
No.|  Nameorbutaimgs | T | SO LIS TS | | o [ [ S| o
1 Thai To Mieu shrine 8.20 10.40 7.10 8.30 10.40 8.30 8.20 60.90
2 |The To Mieu shrine 8.30 10.30 7.10 8.30 10.40 8.30 8.30 61.00
3 Phung Tien Mieu shrine 7.60 11.70 7.00 8.10 10.40 8.10 7.60 60.50
4 Dien Tho Chinh Dien palace 6.40 8.60 6.20 8.20 10.50 8.20 6.40 54.50
5 |Long An Dien palace 7.30 9.30 6.20 9.00 10.30 9.00 7.30 58.40
6 |Trieu To Mieu shrine 6.80 9.60 6.80 7.80 10.20 7.80 6.80 55.80
7 |Can Thanh Dien palace (*) 8.80 11.90 8.60 11.60 12.90 11.60 8.60 11.90 8.80 94.70
8 |Thai Hoa Dien palace 8.60 11.80 8.20 9.10 13.00 9.30 8.60 68.60
| 9 |Can Chanh Dicn palace 8.30 11.70 8.40 11.30 12.70 11.30 8.30 72.00
10 |Minh Thanh Dien temple 5.00 7.10 4.80 6.10 8.20 6.10 5.00 42.30
11 |Sung An Dien temple 7.00 8.70 6.50 8.00 9.30 8.00 7.00 54.50
12 |Bieu Duc Dien temple 7.00 8.40 6.60 8.00 9.00 8.00 7.00 54.00
13 |Hoa Khiem Dien temple 6.90 8.50 6.60 7.90 8.90 7.90 6.90 53.60
14 |Luong Khiem Dien temple 6.40 7.60 5.60 7.60 8.00 7.60 6.40 49.20
f) Span of Wings (C, D, and H)
Span C (span 6-7) can be discussed about A or B. If considered about A, it
falls within the range of C = A - 0.9 units to A - 2.4 units. In the case of the
Thai Hoa Dien Palace, the span reduction is significantly larger: it is 3.9
units shorter in the ridge direction (C = A - 3.9 units) and 3.7 units shorter
in the beam direction (G = A - 3.7 units). If considered B, the span of C
ranges from C = B - 1 unit to B - 1.9 units.
Span H (span D-E) should theoretically be similar to C (span 6-7), as per
the above-mentioned third principle (location corresponding to the corner
of the hip-and-gable roof). However, in reality, H is 0.1 unit longer than C.
This adjustment was likely made to account for the inclination of the
columns in the beam direction. Therefore, span H was probably
determined by considering column inclination, using span C in the ridge
direction as a reference.
Span D (span 7-8) in the ridge direction is based on span C and is equal
to span I. In some cases, D equals C or is slightly shorter. Depending on
the type of Twin-Building, span D tends to be:
(i) 0.3 to 0.8 units shorter (in Shrines);
(i) 0.6 to 3 units shorter (in Palaces), or
(i) 0.8 to 1.1 units shorter (in Temples).
The span of | in the beam direction is approximately 0.1 unit shorter or
longer than span D and was likely established similarly to the relationship
between C and H (Tables 6-8).
d) Span of the Drainage gutter (G)

A relationship exists between span G and span H when analyzing the
distance between the top of the columns in the drainage gutter (span C-D),
the centers of medium columns in the main building, and the intersection
point where the center of the large columns in the front building meets the
centerline of the beams. This distance equals span H minus a certain unit
or fraction of a unit. It appears that the span of G was arbitrarily
determined on the condition that it be smaller than span H. Adjustments
were likely made to ensure that the buildings corresponded to the overall
layout plan of their respective structures (Tables 8, 9).
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Table 8. Analyzing the interrelation between column spans in the ridge
direction and the beam direction (1)

i Span of |_Ridge dircction _[Beam directio Different in length

o. | Name of buildings w | ® | © ® | |an|so|eo| e
1. |Thai To Miewshring Ih::(':m 1070 | 11000 | &30 .40 1(')/.440 (),950 0707 120 (0’>fo) (()ﬁm

2 [The To Mieu shrine B:;“':m 10.70 | 10.00 | 8.30 :3:; :3‘:3 ?)Zg 070 | 1.70 Logo |

3 |Phung Tien Mieu shrine B;“'o"m 10.40 | 10.00 | 8.00 "ﬁ A 1X7 5 of"o 040 | 200 | 04—0) “.,7 o /( (li'l.gl_
4 [Dicn Tho Chinh Dicn palacq 5% | 426 [T 1000 | 1000 | 820 [P LLI0] 000 | 150 :gg AT Tass
5 |Long An Dien palace 17;:: 424 n::‘:“ 1080 | 950 | 9.00 :323 0.50 (‘g;g: 3;:’, (I’ gg :(3,::
6 [Trieu To Micu shrine ;:’r 382 B;“’:m 10.00 | 930 | 7.70 ﬁ;;:) 1.60 zgg;_ ?)0‘% gf"‘; 3.23
7 [Can Thanh Dien patace | 'O | 426 =T 1250 | 1160 [ 11.60 [0 0.00 ﬁ :
8 [Thai Hoa Dien palace ol I el e O e 320 %

9 |Can Chanh Dien palace R | 428 BOT:;’m 12.30 | 11.40 : 0.10 ﬁ

10 [Minh Thanh Dien temple | 45 | 384 |10 900 | 500 | 610 [E10 190 OBt 0

11 [Sung An Dien temple Zf"l'r 384 n;“"':m 9.90 | 9.00 | 800 g?g 1.00 (‘(’)O‘E gig g fg

12 |Bieu Duc Dien temple ;:‘l'r 383 BL“‘:K“ 10.00 | 9.00 | 8.00 z;g 1.00 3;3 o

13 |Hoa Khiem Dien temple ;:'I'r 384 (51— 1000 | 9.00 | 780 (0 120 030 323 TR

14 |Luong Khien Dien temple : S ":::m 10.00 | 9.00 | 7.50 l:gg ;:ig i:;‘)g 100 | 150 ::2 :fg g:;g ¥

Table 9. Analyzing the interrelation between column spans in the ridge
direction and the beam direction (2)

= S P R Ridge direction Beam direction
Strects. columns | (A) | (B) | (© | (D) | @ | W [(a-0) (€-G) | (D-1)
I |Thai To Mieu shrine '(" panb a2 H('n““':m 1070 | 1000 | 830 | 830 | % |50 x'ﬁu 240 516
2 [The To Mieu shrine :‘ :"’r 428 Bl‘,;“'(',’m 1070 | 1000 | 830 | 830 | 7.50 ::g 240 :: ::g
3 |Phung Tien Micu shrine gun | a6 IO 1040 [ 1000 | 8oo | 770 | 3w 1 240 ) -
4 |Dien Tho Chinh Dien palace :;:"'r 426 B:“"(',’m 10.00 | 1000 | 820 | 640 | 6.60 : ;3 :: :: 1.80 :: ",:: ‘: (::,"
5 [Long An Dien palace :;:: 424 u.l,::m 1080 | 9.50 | 9.00 | 7.30 | 6.40 ;"): ; ig 1.80 ((‘,"‘}:) :: :;g
6 [Trieu To Mieu shrine ;::: 382 B:;“’Zm 1000 | 930 | 770 | 690 | 7.10 3 ;3 2 :g 230 (‘:)‘;(",) z(;g
7 [Can Thanh Dien palace '::“:‘ 426 BZ;‘::m 1250 | 1160 | 1160 [ 880 [ 3 | ‘Xm ;:o 0.90 offn o
8 [Thai Hon Dien palace s | = {1300 | 1230 | 910 | 850 | 840 [0 12801 500 [ 320 | 060 [0 OO
90| Gan Crmnit Diees paiace wom | 428 [T 1230 [ o [ n3o | w30 | m |5 H L E 1 100 [ 010 | 300 T
10 [Minh Thanh Dien temple : e m::::m 900 | 800 | 610 | 510 | 530 g‘l": :’}g 290 | 190 | 1.00 3’)(“ x:’:: :: : ,
11 [Sung An Dien temple 2 S| s DI“"“:m 990 | 900 | 800 | 7.00 | 690 :"‘ x 190 | 100 | 1.00 '»i 33:; ::(') >
12 |Bieu Duc Dien temple ;:‘l’r 383 Dl“:",’m 1000 | 900 | 800 | 7.00 | 7.00 210 ;" 200 | 100 | 1.00 ")' ‘(‘:“:(‘:’ ::'" 2
13 |Hoa Khiem Dien temple ;:“’r 384 u::::m 1000 | 900 | 7.80 | 7.00 | 6.90 7 i ;: 220 | 1.20 | 080 (’) ‘(gfgi 3: 2
14 |Luong Khien Dien temple z :‘l’r 384 WT"‘"(',’"’ 1000 | 9.00 | 7.50 | 640 | 5.80 | :: 250 | 150 | 110 ‘; :2 fg: 2:

3.4.2 Categories of the twin-building floor plans

The above analysis results can be categorized into the following three
types of Twin Buildings (Fig. 17):

(1) Type A “10-Unit Twin Building”: These Twin Buildings have spans of
E = B = 10 units (as measured with the Large Ruler). They include:
- Thai To Mieu Shrine
- The To Mieu Shrine
- Phung Tien Mieu Shrine
- Dien Tho Chinh Dien Palace
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(2) Type B “12-Unit Twin Building”: These Twin Buildings have spans of
E = A= 1210 13 units (as measured with the Large Ruler). They include:
- Thai Hoa Dien Palace
- Can Chanh Dien Palace
- Can Thanh Dien Palace

These buildings can be further classified as "Big Palaces." Positioned
along the principal symmetric axis of the Imperial City, these Twin
Buildings hold primary importance and were likely designed on a larger
scale to reflect their significance.

(3) Type C “Mausoleum Twin Building”: These Twin Buildings are
temples located within the complexes of Imperial Mausoleums. The
spans in the ridge direction have actual measurements of A = 10 units
(as measured with the Small Ruler), and span B is always a subtraction
of span A.

(4) “Relocated Twin Buildings”: This category is not based on design
methods but rather on the circumstances of relocation or reconstruction.
The spans in both the ridge and beam directions, as well as other
measurements, may have been altered during this process. For
example:

- Long An Dien Palace
- Thai Hoa Dien Palace

Both are relocated palaces, and some of their dimensions appear inconsistent
with others of their type (Tables 6-7, Fig. 17).

3.5 Assuming the Design Methods of the Twin Building Floor Plans
Based on Analyzing Results

As mentioned above, the categories of Twin Buildings—comprising Palaces,
Shrines, and Temples—are defined based on the historical hierarchy of buildings.
This classification suggests a meaningful framework for analyzing and re-
determining the design principles applied to the floor plans of the targeted Twin
Buildings in this study.

Logically, span A is considered the primary dimensional origin from which other
dimensions are derived. In combination with the findings outlined in section 3.3, it
can be assumed that A represents the second quantitative factor that was
parameterized (referred to as Parametric 2) in the architectural design principles
of the Nguyen dynasty. By altering the dimension of A, the entire column grid of
the building changes simultaneously. The qualitative factors of the buildings,
therefore, dictate the unit size and dimension of A, along with its relationships
with other spans.

The results of the dimensional analysis reveal that spans in the ridge direction
(latitude) are often expressed using specific proportions or "magical numbers,"
which establish the aesthetic scale of the architecture. In contrast, spans in the
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beam direction (longitude) vary and appear to be more closely related to
technical considerations, such as column inclinations to reduce load pressure
and enhance aesthetic harmony.

10 units Twin-Building 12 units Twin-Building [ e

Twin-Buikling

Twin-Building

slelus
‘Thai Hoa Dien palace

[T Lery
Can Chanh Dicn palace

i [T
i TrieuToMieushrine §

Dien Tha Chinh Dien palace Can Thanh Dien palace

Fig. 17. Categorization of the targeted twin-building floor plan

Additionally, the spans of sub-compartments (B) appear to follow consistent rules.
In Shrines and Temples, B often adheres to a whole number unit, and the floor
plan design reflects the functional importance of sanctuaries. This distinction is
evident in the Twin Buildings of the Imperial City, where the Large Ruler was
used, symbolizing the "Yang" (life). In contrast, the Twin Buildings within the
Imperial Mausoleums employed a Small Ruler, representing the "Yin" (afterlife).
An exception is the Trieu To Mieu shrine, which, although a Shrine, was uniquely
constructed like a Temple using the Small Ruler for "Yin."

In the Twin Buildings located on the center-symmetric axis of the Imperial City,
the measurement of span B is typically a fraction of A. In contrast, for Twin
Buildings situated on the left/right parallel symmetric axes, B is often a whole
number, such as 10 units. Similarly, within the Imperial Mausoleums, B is derived
by subtracting from A (ranging from 0.9 to 1 unit). These patterns suggest that
column spans were consciously designed based on the location and function of
the Twin Buildings (Table 6).

Fig. 17 summarizes the typological categorization of Twin Building Floor Plans
based on these analyses. The ground area does not necessarily correlate with
the importance of the building but rather depends on its function and location.
The blend of similarities and differences in design principles reflects either the
evolution of construction techniques over time or the movement and
reconstruction of certain buildings.
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The emergence of parametric factors in architectural design principles indicates a
high degree of modularization and formalization, demonstrating the advanced
mathematical and logical approach to construction during the Nguyen dynasty.
Parametric adjustments in architectural dimensions ensured stylistic consistency,
simplified the design process, and minimized construction time and costs. To
explore this further, we hypothesize below about the design methods for Twin-
Building floor plans, focusing on their significance within the Imperial Palaces.

4. DISCUSSION
4.1 Re-determined Design Methods of the Twin-Building Floor Plans

Accordingly, column spans that are central to the floor plan design (Fig. 18)
include: A (span 4-5), B (span 5-6), E (span E-F), and F (span B-C). In terms of
mutual relationships, the general trend reveals the following:

A =E > B =F in the Palaces (square-shaped central spans).
A > E =B = F in the Shrines and Temples (rectangular-shaped central
spans).

Based on this trend, it appears that two primary methods of floor plan design can
be identified and re-evaluated as follows.
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Fig. 18. Explained drawing on the relationship among the spans

4.2 The Proposed Design Method applied for the Big Palaces Floor
Plan

In this method, either span A or span E is established first. In principle, they are
identical in dimension. The established span represents the measurement
between the tops of the columns or the intersection points of the big column
centerlines and the big beam centerline of the main building. At the column bases,
the width of the column inclinations is taken into account.
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Next, span B is determined by subtracting a specific unit or fraction of a unit from
A, and span F is set to be approximately equal to B. Span C is derived from B,
and D is derived from C. Lastly, span G (drainage gutter) and span | are
sequentially set to match D according to the third principle (Figs. 19a, 19b, 19c,
19d).

This design method is specifically applied to the Big Palaces located on the
central symmetrical axis of the Imperial City, including the Thai Hoa Dien Palace,
Can Chanh Dien Palace, and Can Thanh Dien Palace, which were among the
earliest buildings constructed during the Gia Long period. These palaces served
as working and living quarters for successive Emperors. Consequently, the ideal
design method for these structures is more highly parameterized, and
constructional regulations are more rigorous and strictly enforced compared to
others.

Fig. 19a. Relationship between A Fig. 19b. Relationship between A or
and E (dimetional origin) E and B

i A
(Parametrict
f \

Fig. 19c. Relationship between B Fig. 19d. Relationship between B
and F and the others
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4.3 The proposed Design Method applied for the Shrines Floor Plan
and the Temples Floor Plan

In this method, span A is established first, followed by span B, which is set to be
smaller than A. Next, span E (measured at the top of the column) is set to be
approximately equal to B. From this point, the method diverges from that of the
Big Palaces. Span F is established based on E; span C is determined based on
B, and span D is derived from C. Finally, spans G and | are assigned the same
measurement based on D, following the third principle (Figs. 20a, 20b, 20c, 20d).
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Fig. 20c. Relationship between E
and F

Fig. 20d. Relationship between B
and the others

This designing method is primarily applied to the Twin Buildings located on the
left/right parallel axes of the Imperial City, which belong to the category of “10
Units Twin Buildings.” These include the Thai To Mieu Shrine, The To Mieu
Shrine, Phung Tien Mieu Shrine, and Dien Tho Chinh Dien Palace. Additionally,
this method is also applied to the Twin Buildings situated along the main central
axis of the Imperial Mausoleum complex, which belongs to the category of
“Mausoleum Twin Buildings.” These include Minh Thanh Dien Temple, Sung An
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Dien Temple, Bieu Duc Dien Temple, Hoa Khiem Dien Temple, and Luong Khiem
Dien Temple.

In the case of Dien Tho Chinh Dien Palace, although it was built as the Queen
Mother's palace, it is located on the right-side parallel axis. Therefore, it may
have been influenced by the regulations applied to buildings on the parallel axes,
categorizing it as one of the “10 Units Twin Buildings.”

In the case of Long An Dien Palace, which was originally a resting palace for
Emperor Thieu Tri, but it was relocated and rebuilt at its current location (outside
the Imperial City) during the Khai Dinh period (Cadiere, 1933). As a result, some
changes may have been made during its reconstruction.

For Trieu To Mieu Shrine, although it was constructed as a shrine on the left-side
parallel axis of the Imperial City, it may have been regarded as a temple and
influenced by the regulations for the category of “Mausoleum Twin Buildings.”
Consequently, the Small Ruler was likely applied in its design, aligning its
dimensional scale with that of the Temples.

4.4 Characteristics and Practicality of the Design Methods

Based on the analysis presented above, the floor plan design methods of Twin
Buildings under the Nguyen dynasty can be hypothesized as follows:

(1) Establishment of dimensional origins
The design process likely began with the determination of the primary
dimensional origins, particularly span A, which served as the
foundational parameter (Parametric 2). This span set the structural grid
for the entire building and influenced the dimensions of other spans. By
selecting a specific dimension for A, the overall proportions and spatial
organization of the floor plan were established.

(2) Parametric design principles
The parametric approach enabled the adaptation of spans and grid
patterns to suit the building's function and location. Spans in the ridge
direction were adjusted according to "magical numbers," emphasizing
aesthetic harmony, while spans in the beam direction were tailored to
accommodate structural and technical requirements, such as reducing
column inclination and balancing load distribution.

(3) Hierarchical design based on function and symbolism
The dimensions of A and related spans were determined by the
building's symbolic and functional significance. For example, Yang-
oriented structures (e.g., Palaces in the Imperial City) were designed
using the Large Ruler, emphasizing life and grandeur, and Yin-oriented
structures (e.g., Temples in the Mausoleums) employed the Small Ruler,
signifying the afterlife and solemnity.

(4) Sub-compartment adjustments
Spans B and others were adjusted relative to A to achieve harmonious
proportions. For the Twin Buildings located on the center-symmetric axis,

65



Engineering Research: Perspectives on Recent Advances Vol. 5
Analyzing Design Principles of Floor Plan of Hue Imperial Palaces, Vietnam

B was a fraction of A, while in other buildings, B followed whole-unit
measurements based on the function and position of the structure.

(5) Modularization and Formalization
The modularity of these designs allowed for consistent architectural
styles across different periods. By using formulaic relationships and
parametric adjustments, the Nguyen dynasty achieved a balance
between uniformity and flexibility. This approach minimized construction
time and costs while maintaining the distinctiveness of each building
type.

(6) Adaptability to rebuilding and relocation
The design method also accounted for circumstances such as
relocation or reconstruction. Adjustments to spans and other dimensions
were made to accommodate new contexts while retaining the original
design principles.

In summary, the design methods of Twin Building Floor Plans were grounded in a
sophisticated interplay of parametric logic, aesthetic principles, and symbolic
considerations. These methods not only reflect the advanced architectural
techniques of the Nguyen dynasty but also illustrate their emphasis on balancing
functionality, symbolism, and construction efficiency.

5. CONCLUSION

As a result of conducting a comparative analysis of the relevant Twin Buildings
and a chronological observation, it was found that the Twin Buildings in
architecture can be categorized into three types based on their floor-plan
regulation: “10-unit Twin Buildings,” “12-unit Twin Buildings,” and “Mausoleum
Twin Buildings.” Each type corresponds to a specific function and the axis on
which they are located. Two design methods for the floor plan have been
confirmed: one applied to the big palaces used for the work and residence of the
succeeding emperors, which were situated along the central symmetric axis of
the Imperial City, and another applied to shrines and temples used for worship,
which were located along the left/right parallel axes of the Imperial City or the
central axis of the Imperial Mausoleum complex.

While the Twin Buildings in the Imperial City were designed according to the
Large Ruler, associated with the “Yang,” the Twin Buildings in the Imperial
Mausoleums were designed according to the Small Ruler, associated with the
“Yin.” As a result, they vary in size, but both embody the philosophy that "life and
the afterlife run in the same way,” a common belief in traditional Viethamese
society.

The principle of spatial symmetry, applied along both the latitudinal and
longitudinal axes in the floor plans of the Twin Buildings, is a key characteristic of
the site planning principles of the Hue Imperial City and Hue Citadel. This
highlights the consistency in architectural thinking and the governing principles of
the Nguyen dynasty from the early 19th century to the mid-20th century in
Vietnam.
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The concept of parametrization has been skillfully incorporated into architectural
design methodology since the early Nguyen dynasty, contributing to the
uniqueness of the entire complex of monuments. The first quantitative factor in
architectural design was parameterized as the length of the rulers (Parametric 1).
The second was applied to the actual dimensions of the central-origin spans
(Parametric 2). Any change in either or both of these parameters would result in
corresponding changes in the two-dimensional scale (2D) of the floor plan. This
demonstrates an impressive mathematical approach created during the early
period of the Nguyen dynasty. These considerations contribute to an
understanding of how the balance between qualitative and quantitative
consciousness in architectural design played a role in creating a new
methodology, one that influenced social modernization and industrialization.
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ABSTRACT

In the downstream part of the weir, especially in the stilling basin, there is a
hydraulic jump phenomenon caused by the change in flow from supercritical flow
to subcritical flow. The hydraulic jump in the stilling basin of the weir causes
bottom scouring, especially in the unprotected downstream part of the weir. This
can result in significant damage to the overall structure of the weir. So that this
downstream part requires protection to overcome scouring. Therefore, to
overcome this problem, a laboratory study is needed on scouring and its
mitigation in the downstream part of the weir.

This research was conducted at the Hydraulics Laboratory of the Surakarta River
Research Center using a recirculation channel. The dimensions of the
recirculation channel are: length = 24 m; width = 0.49 m; and height = 0.60 m.
The basic material of the recirculation channel is fine sand (sieve diameter = 2
mm) with a thickness of 0.20 m layered along the channel. The channel slope is
0.004, and it is assumed that there is no sediment load in the upstream part of
the weir. This study uses a USBR (United States Bureau of Reclamation) type
weir model consisting of USBR-I, USBR-Il, USBR-IIl, and USBR-IV types. The
model is placed approximately + 9.0 m from the upstream with the aim of not
being affected by wave ripples from the Inlet. The experiment was conducted
using 4 variations of running discharge and 3 variations of running protection.
The results showed that the maximum scour depends on the flow velocity, shear
velocity, and flow height downstream of the stilling basin. In addition, the
maximum scour is also affected by the Reynolds number and gravity (as the
Froude number). These parameters are significantly interdependent.
Furthermore, there is a significant reduction in scour downstream of the stilling
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basin protected by Rip-rap (RR) 4 Lmax, RR %2 Lmax, and RR Lmax. In addition,
protection using rip-rap length Lmax or loose gravel can protect scour with the
smallest scour depth. However, scour still occurs downstream of the stilling basin
even though there is protection along Lmax.

Scouring depth reduction (Ym Reduction) on Rip-rap installation = Lmax RR with
the largest reduction is USBR-IV type 92.94%, and the smallest is USBR-II
type 81.21%. While the largest reduction in Scouring Length (Lm Reduction)
is USBR-IV type 75.55%, and the smallest is USBR-I type 47.32%. So overall,
the maximum Scouring Depth reduction (Ym Reduction) occurs in USBR-IV
type, and the smallest in USBR-II type. While the maximum Scouring Length
reduction (Lm Reduction) occurs in USBR-IV type, and the smallest in USBR-I

type.

Keywords: Hydraulic jump; scour depth; scour protection; rip-rap; loose gravel.
1. INTRODUCTION

The increase in water level due to the dam causes a difference in energy height
(head) between the upstream and downstream parts of the dam, therefore the
flow flowing on the sloping dam surface is in a supercritical state while the flow
conditions in the downstream part are in a subcritical state. The change in flow
from supercritical to subcritical causes a hydraulic jump (Raju, 1986). The result
of the hydraulic jump often causes waves or eddies that can cause erosion of the
channel bed, especially the unprotected downstream part (Kironoto, 2020). The
occurrence of a water jump in the downstream part of the dam can reduce the
flow energy. Therefore, a retention pond is needed that can protect the river bed.
Several stilling basin models have been introduced by the United States Bureau
of Reclamation (USBR) which have been tested for construction to facilitate
research. This USBR type consists of USBR-I type with Froude number <2.5,
USBR-II with Froude number >3, USBR-III with Froude number >4.5, and USBR-
IV with Froude number between 2.5-4.5 (Mays, 1999; Djunur, 2022). Although
using USBR type retention ponds that can absorb energy, in reality erosion still
occurs at the bottom of the channel downstream of the retention pond
(Abdurrosyid, 2005), this can cause damage to the structure. Therefore,
laboratory research is needed on erosion and its control/protection downstream
of the stilling basin.

This study will examine the scour downstream of the USBR type dam stilling
basin and its mitigation by using stone mattresses/gabions (riprap) tied with wire
mesh. The use of gabions is the cheapest and most practical when applied in the
field, so it is used as a protection model in this study. In detail, the specific
objectives of this study are to determine the optimal length of the protection
structure installed downstream of the stilling basin, to determine the scour pattern
that occurs downstream of the stilling basin without protection and with
protection, and to determine the function of variables that affect local scour
downstream of the USBR type stilling basin.
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There are several similar studies that have been conducted on the phenomenon
of scour in the downstream part of the dam's stilling basin, but until now studies
on scour protection in the downstream part of the dam's stilling basin have not
been widely studied. As with several scientists who have studied the scour
process in the downstream part of the dam mentioned in (Breusers & Raudkivi,
1991), including: Schoklitsch (1932), Eggenberger (1944), Muller (1944), Ghetti
and Zanovello (1954), Li (1955), Hartung (1957), Shalash (1982), Breusers
(1966), Raudkivi (1967), Kotoulas (1967), Dietz (1969), Catakli et al (1973).
Meanwhile, in Hoffmans and Verhejj (2021), it is mentioned among others:
Mosonyi and Schoppmann (1968), Van der Meulen and Vinje (1977), Popova
(1999), Buchko (1986), Blazejemski (1991). All of these studies have not
examined scour protection downstream of the stilling basin. These studies are
limited to observing the scour depth downstream of the weir, the geometric
shape of the scour hole, the effect of the stilling basin on scour reduction. USBR
(1955), (Chow, 1995) studied the effect of the stilling basin on energy damping
that can reduce scour, Novak (1955, in (Breusers & Raudkivi, 1991)) reported the
results of his observations on the use of a stilling basin that is long enough for a
hydraulic jump can reduce scour by 45% to 65% when compared to not using a
stilling basin. Kumar et al (1982) studied scour downstream of the weir (Kumar et
al., 1982). Farhoudi and Smith (1985) studied the local scour profile downstream
of the hydraulic jump (Farhoudi & Smith, 1985). Mohammed and McCorquodale
(1992) studied scour downstream of the apron of the sluice gate (Mohamed &
McCorquodale, 1992). Hoffmans and Pilarczyk (1995) studied local scour
downstream of hydraulic structures that were given an apron or protective layer
in the hydraulic jump area (Hoffmans & Pilarczyk, 1995). Peterka (1964, in Mays
1999, in Van Rijn, 1984) studied the size of rocks in coarse artificial riprap in the
form of warts. Mista Castelino, et.al (2021) conducted a study on scour protection
in the downstream of the spillway stilling basin of the Dam using Antifer block
protection. Various protection strategies were tested to assess the effects of
different placement methods and packing densities on the stability of the Antifer
block protection layer. The experimental findings revealed that regular placement
is more stable than irregular placement with the same packing density (Castelino
et al., 2021). Abdurrosyid (2005) studied scour downstream of the USBR-III type
stilling basin without studying its scour protection (Abdurrosyid, 2005). Monica
Moroni, et.al.,2022, examined and analyzed the results of physical and numerical
models, it is clear that the stilling basin is too small and therefore insufficient to
manage the energy content of the fluid output to the river, with a significant
impact on the downstream riverbed which is easily eroded in terms of scour
depth (Moroni et al., 2022). Djunur (2022) conducted a study on scour in the
downstream of the USBR Il type Stilling Basin using 3 different dimensional
baffle block models providing three different discharge variations in four flow
simulations. Based on the results of the analysis and planning of the baffle block,
the effectiveness in protecting the spillway scour downstream was obtained,
namely the baffle block dimensions of 1: 1, 1: 3 and 1: 5. The three baffle block
models were used to determine changes in channel cross-section, scour
patterns, scour volume and flow parameters that occurred downstream of the
spillway. The results of the study showed that the reduction in scouring depth
without baffle block was 32.80%, baffle block 1:1 was 43.24%, baffle block 1:3
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was 10.01% and baffle block 1:5 was 47.77% (Djunur, 2022). Cahya, E.N., et.al,
2024, conducted a study on the dam spillway, this study aims to determine the
hydraulic flow in the side spillway system and downstream scour due to flood
discharge using a physics model test in the laboratory with a scale of 1:60. The
model is used to measure hydraulic parameters in the form of speed, depth, and
pressure, at discharges Q100, Q1000, and QPMF. The results of the analysis
show the behavior of hydraulic flow, especially in the phenomenon of water flow
energy damping in the calming pool (energy damper) and scour at the bottom of
the downstream river (Cahya et al., 2024).

This study is a study of scour protection downstream of the USBR type weir
stilling basin, including: USBR-I, SBR-II, USBR-IIl, USBR-IV, namely by installing
riprap or a woven wire stone gabion mattress in the downstream part of the
stilling basin.

2. RESEARCH METHOD

The research was conducted at the Hydraulics Laboratory of the River Center
(PUSLITBANG) Surakarta Water Resources, using a sediment-recirculating
flume measuring 0.48 m wide and 20 m long, with the position of The USBR weir
model is placed at a distance of £ 9 m from the upstream (tank) so that it is not
disturbed by the flow waves as seen in Fig. 1.

Flume
Out put In put
USBR Il Tank

Gﬁ Flow direction ”

Pump House

—< STORAGE

k4

Fig. 1. Recirculating flume
Weir models with round type fountains and USBR type stilling basin/ponds
include USBR-I, USBR-II, USBR-IIl, USBR-IV with dimensions according to Figs.
2, 3, 4 and 5. Meanwhile, the protection model is in the form of rip-rap with
woven wire, as in Fig. 6.

USBR-I Model: Lj=71,52cm; P =20,0cm; Xm=27,65cm; B=48,0cm
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Panjang Mercu (Xm) Panjang kolam olakan (Lj)
Fig. 2. USBR-I type weir and stilling basin
USBR-II Model: Lj=57,10cm; P =20,0cm; Xm=27,65cm; B=48,0cm

Panjang Mercu (Xm) Panjang kolam olakan (Lj)
Fig. 3. USBR-II type weir and stilling basin
USBR-IIl Model: Lj=38,41cm; P=20,0cm; Xm=27,65cm; B=48,0cm
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Fig. 4. Weir and stilling basin types USBR-III
USBR-IV Model: Lj=56,30cm; P =20,0cm; Xm=27,65cm; B=48,0cm
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Panjang Mercu (Xm) Panjang kolam olakan (Lj)

Fig. 5. Weir and processing pond types USBR-IV

Fig. 6. Rip-rap woven wire

This research was conducted with 54 runs with two stages of measurement, the
first stage 18 runs and the second stage 36 runs, namely the first stage is
Running to determine the variables that affect the depth of scour (such as flow
velocity, friction velocity, flow depth, scour depth, Froude number and Reynolds
number), this was done without using scour protection with 4 variations of
discharge, namely 10.9 I/s, 20.6 I/s, 26.7 I/s, 28.8 I/s; the second stage is
Running control/protection against scour with the largest discharge (28.8 I/s) with
research variations including: measuring the depth of scour against
gabions/Riprap from stone arrangements woven with wire downstream as far as
Y Lmax, 2 Lmax, and Lmax; Lmax = maximum length of scour. All of them are done
for each type of USBR.

The measurement of the scour depth was carried out at 18 observation positions
as shown in Fig. 7.
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Fig. 7. Scour observation points on flume
3. RESULTS AND DISCUSSION

3.1 Scour Protection Study Downstream of Stilling Basin Type
USBR-I

3.1.1 Scour protection study downstream of stilling basin type USBR-I
without protection

This study was conducted without using protection downstream of the dam in
flow conditions where sediment transport/live-bed scour (LBS) occurred.
Observations of equilibrium scour depth were carried out for 240 minutes, but
when it reached 190 minutes, equilibrium had occurred. The relationship
between scour depth and time that occurred during the observation showed a
non-linear function relationship, this can be seen in Fig. 8.
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Fig. 8. Graph of scour depth against time at the position of 18 observation
points in the live-bed scour condition for Q = 28.8 It/sec, USBR-I type
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In the figure, there is a tendency from the position of point A downstream near
the stilling basin to the position of point R downstream far from the stilling basin,
indicating that the depth of scour becomes shallower towards the far downstream
of the stilling basin, and ultimately sediment deposition occurs after the position
of point R. The graph shows the maximum depth of the most maximum (deepest)
scour, namely the depth of scour that occurs at the position of point D.

According to observations during the scouring process downstream of the stilling
basin, scouring occurs starting downstream near the stilling basin and then
continues to develop along the flow until it reaches a certain length. Scouring
continues to form a scour hole which tends to become shallower towards the far
downstream of the stilling pond. Meanwhile, in the downstream part of the scour
hole, sediment deposition occurs. This deposition continues to develop until it is
finally eroded back downstream, finally collecting, and the sediment increases
downstream and gets longer with time. As shown in Figs. 9 and 10. This also
applies to stilling basin of USBR-II, USBR-IIl, and USBR-1V types.

Flow Direction -

00

150,00 200.00

50,00

Fig. 9. Scour surface contour downstream of stilling basin without
protection under live-bed scour conditions, Q = 28.8 It/sec, USBR-I type

The relationship between the comparison of maximum scour depth and flow
depth with the Froude number can be expressed in a logarithmic equation,
namely:

Y
2| = 20,9684 Ln Fr- 01441 oo (1)
Y,
U,
with Fr= | ——— , where
gY,'
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U3’ = flow velocity downstream of the stilling basin after scouring, Y3’ = flow
depth downstream of the stilling basin after scouring. Y3 = flow depth
downstream of the stilling basin, Yme = maximum equilibrium scouring depth.
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Fig. 10. Three-dimensional image of the scour surface contour downstream
of the stilling basin without protection under live-bed scour conditions for
Q = 28.8 It/sec, USBR-I type

With a correlation number of R = 0.9628, there is a relatively very strong
relationship between the Froude number and the maximum equilibrium scouring
depth.

The relationship between the ratio of maximum scouring depth and maximum
scouring length with the Reynolds number can be expressed in a logarithmic
equation, namely:

Y
—== = 0,07111In Re = 0,6581  oeeceeeeeeceeeeeeeetete e enae e 2)

m.e

'R
with Re = ( 3 J , where R = hydraulic radius, = kinematic viscosity of the
v

flow. U3’ = flow velocity downstream of the stilling basin after scouring occurs.

With a correlation number of R = 0.8689, there is a relatively close relationship
between the Reynolds number and the maximum equilibrium scouring depth and
the maximum scouring length. From the graph, it can be concluded that the
greater the Reynolds number, the greater the comparison between the maximum
equilibrium scouring depth and the flow depth.
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3.1.2 Scour study downstream of stilling basin with protection for USBR-I
type

a. Rip-rap protection one-quarter of the maximum scour length (1/4 Lmax)

The maximum scour length (Lmaks) without protection for a discharge of 28.8 It/s
is 190 cm and the maximum scour depth is 16.1 cm. For the first scour protection
study using a quarter of the maximum scour length (1/4 Lmaks), running was
carried out three times with the same discharge of 28.8 It/s and observation for
120 minutes because changes in scour depth were seen to be small and
approaching stability. The final running results showed that there was scour
around the downstream of the rip-rap, namely with an average scour depth of 8.1
cm and an average scour length of 160.5 cm. The shape of the scour can be
seen in a three-dimensional image, as shown in Fig. 11. From the rip-rap
protection study of a quarter of the maximum scour length, there was still large
scour downstream of the protection.
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Fig. 11. Three-dimensional contour of the scour surface downstream of rip-
rap protection a quarter of the maximum scour length at Live-Bed Scour
Conditions for Q = 28.8 It/sec, USBR-I type

b. Rip-rap protection half the maximum scour length

In this study, using 2Lmax protection from a discharge of 28.8 lt/sec, running
was carried out three times with the same discharge of 28.8 It/sec and
observation for 120 minutes because it was seen approaching stability.

The final running results showed that there was still scour around the
downstream of the rip-rap, namely with an average scour depth of 3.1 cm and an
average scour length of 140.2 cm. The shape of the scour can be seen in a
three-dimensional image, as shown in Figure.
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Fig. 12. Three-dimensional contour of the scour surface downstream of rip-
rap protection half the maximum scour length at Live-Bed Scour Condition
for Q = 28.8 It/sec, USBR-I type

From the research, it can be seen that there is still minor erosion downstream of
the protection, thus it is necessary to carry out maximum protection from the
maximum erosion length.

c. Rip-rap protection throughout maximum scouring

In this study, rip-rap protection was used along the maximum scour (Lmaks) of a
discharge of 28.8 I/s. Three runs were carried out with the same discharge of
28.8 I/s and observations for 120 minutes because small changes in scour depth
were seen and approaching stability.

The final results of the running show that there is still visible scour around the
downstream of the rip-rap, namely with an average scour depth of 2.1 cm and a
scour length of 100.1 cm. The shape of the scour can be seen in the three-
dimensional contour image, as shown in Fig. 13.

The comparison between the maximum scouring depth of the rip-rap protection
balance and before protection with time can be seen in the graph in Fig. 14.

From the image above, it can be seen that the maximum scouring depth without
protection occurs at a very large scouring rate with a longer time to reach
equilibrium compared to using rip-rap or loose rock protection. The scouring
reduction value can be seen in Table 1.
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Fig. 13. Three-dimensional contour of the scour surface downstream of rip-
rap protection maximum scour length at Live-Bed Scour Condition for Q =
28.8 It/sec, USBR-I type
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Fig. 14. Maximum Scour Depth Graph Before protection and with protection
in live-bed scour conditions for Q = 28.8 It/sec, USBR-I type

Table 1. Scour reduction value of USBR-I type

Notation Non Protection RR RR RR

Lm YaLm 12 Lm Lm
Ym 16,1 cm 8,1 cm 3,1cm 2,1cm
Lm 190,0 cm 160,5cm 140,2 cm 100,1 cm
Y m-reduction 49,69% 80,75°/o 86,96%
Lm-reduction 1 5,53% 26,21 %o 47,32%
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3.2 Scour Study Downstream of Stilling Basin USBR-Il Type

3.2.1 Scour study downstream of stilling basin without protection for
USBR-II type

Measurement of scour depth downstream of the stilling basin was carried out at
18 observation positions. In the measurement, the maximum scour depth
occurred at position G, as shown in Fig. 15. The maximum scour depth occurred
at point G. The relationship between the ratio of maximum scour depth and flow
depth with the Froude number is expressed by the following equation.

m.e

Y '

3

= —-1,1992-0,870 Ln F,

The relationship between the two parameters has a correlation number of R =
0.6628. This shows the level of relationship between the two parameters is close.
While the correlation value has a negative value indicating the relationship is in
the opposite direction, meaning that if one parameter increases then the other
parameter decreases, and vice versa.
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Fig. 15. Scour depth graph against timeat 18 observation positions under
live-bed scour conditions for Q = 28.8 It/sec, USBR-II type

The relationship between the comparison of maximum scouring depth and
maximum scouring length with the Reynolds number can be expressed by the
following equation.

81



Engineering Research: Perspectives on Recent Advances Vol. 5
Optimizing Scour Protection in Downstream Stilling Basins: Insights from USBR-Type Weirs

m.e

= 0,229 — 0,01611In Re

m.e

The relationship between the two parameters has a correlation figure of R =
0.7367, which still shows a close relationship.

3.2.2 Scour study in downstream stilling basin with protection for USBR-II
type

a. Rip-rap protection one quarter of the maximum scour length

The maximum scour length for a discharge of 28.8 It/s is 245 cm and the scour
depth is 16.5 cm. For the first scour protection study using %4 Lmaks, three runs
were carried out with the same discharge of 28.8 It/s and observations for 120

minutes because changes in scour depth were seen to be small and approaching
stability.

The final results of the running show that there is visible scour around the
downstream of the riprap, namely with an average scour depth of 8.5 cm and a
scour length of 170.1 cm. The scour shape is seen in a three-dimensional
contour image, as shown in Fig. 16.
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Fig. 16. Three-dimensional contour of the scour surface downstream of the
riprap protection a quarter of the maximum scour length under live-bed
scour conditions for Q = 28.8 It/s, USBR-II type

b. Rip-rap protection half the maximum scour length

In this study, using 2 Lmax protection from the maximum scouring length from a
discharge of 28.8 It/sec, running was carried out three times with the same
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discharge of 28.8 It/sec and observation for 120 minutes because changes in
scouring depth were seen to be small and approaching stability.

The final results of the running show that there is still visible scour around the
downstream of the riprap, namely with an average scour depth of 6.1 cm and a
scour length of 140.2 cm. The shape of the scour can be seen in the three-
dimensional contour image, as shown in Fig. 17.
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Fig. 17. Three-dimensional contour of the scour surface downstream of the
riprap protection half the maximum scour length under live-bed scour
conditions for Q = 28.8 It/s, USBR-II type

c. Rip-rap protection throughout maximum scouring

In this study, using protection with a protection length equal to the maximum
scour length (Lmaks) without protection with a discharge of 28.8 It/sec, which is
245 cm, running was carried out three times with the same discharge of 28.8
lt/sec and observation for 120 minutes, because changes in scour depth were
seen small and approaching stability.

The final running results showed that there was small scour around the
downstream of the protection, namely with an average scour depth of 3.1 cm and
an average scour length of 75.2 cm. The shape of the scour can be seen in the
three-dimensional contour image, as shown in Fig. 18.

From the research of rip-rap protection with maximum scour length, it can be
seen that there is still scour, although small, downstream of the protection.
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Fig. 18. Three-dimensional contour of the scour surface downstream of
Rip-rap protection with maximum scour length under live-bed scour
conditions for Q = 28.8 It/s, USBR-II type

Flow direction

The comparison between the maximum scour depth of the riprap protection
balance with before protection with time can be seen in the graph of Fig. 19.
From the figure, it can be seen that the protected scour depth is much shallower
when compared to without protection, this indicates a reduction in scour. The
reduction value for each rip-rap variation can be seen in Table 2 below.

Table 2. Scour reduction value of USBR-II type

Notation Non Protection RR RR RR

Lm YaLm 2 Lm Lm
Ym 16,5 cm 8,5¢cm 6,1 cm 3,1 cm
Lm 245,0 cm 170,1 cm 140,2 cm 75,2 cm
Ym—reduction 48,48% 63,03°/o 81 ,21 %
Lm-reduction 30,57% 42,78°/o 69,31 %

3.3 Scouring Study Downstream of Stilling Basin Type USBR-III

3.3.1 Scouring Study Downstream of Stilling Basin Without Protection for
USBR-Ill Type

Measurement of scour depth downstream of the stilling basin was carried out at
18 observation positions. In the measurement, the maximum scour depth
occurred at position E, as shown in Fig. 20. The figure shows a tendency from
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position A upstream to position R downstream of the flow, indicating that the
scour depth is getting shallower towards the downstream, and ultimately
sediment deposition occurs downstream of the flow. The maximum scour depth
occurs at point E.

-10
; -12

minute

—e—RR 1/4 Lmax —a— RR 1/2 Lmax
—&— RR Lmax —>¢— Lmax

Fig. 19. Graph of maximum scour depth before protection and with
protection in live-bed scour conditions for Q = 28.8 It/sec, USBR-II type

The relationship between the comparison of the maximum scour depth and flow
depth with the Froud number has a correlation number of R = 0.6233. This shows
that the level of the relationship is close. The relationship can be expressed in
the following equation.

Y
( = ] =3,6509 Fr—0,5616 ..ccvvveeeieieeee e (5)
Y,
The relationship between the comparison of maximum scouring depth and
maximum scouring length with the Reynolds number has a correlation number of
R = 0.9041, this still shows a very close relationship, this relationship can be
shown by the following equation.

Yoe 0,0264€ 0 R e 6)

me
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3.3.2 Scour study downstream of stilling basin with protection for USBR-III
type

a. Rip-rap protection one quarter of the maximum scour length

The maximum scour length for a discharge of 28.8 It/s is 230 cm and the
maximum scour depth is 12.4 cm. For the first scour protection study using '
Lmaks, three runs were carried out with the same discharge of 28.8 It/s and
observations for 120 minutes because small changes in scour depth and
approaching stability have been seen.
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Fig. 20. Scour depth graph against time at 18 observation positions under
live-bed scour conditions for Q = 28.8 It/sec, USBR-III type

The final running results showed that there was scour around the downstream of
the rip-rap, namely with an average scour depth of 4.1 cm and an average scour
length of 185.2 cm. The shape of the scour can be seen in the three-dimensional
contour image, as shown in Fig. 21 below. From the rip-rap protection study, a
quarter of the maximum scour length showed that there was small scour
downstream of the protection.

b. Rip-rap protection half the maximum scouring length

In this study using 2 Lmax protection from the maximum scour length, running
was carried out three times with the same discharge of 28.8 It/sec and
observation for 120 minutes because changes in scour depth were seen and
approaching stability.

The final running results showed that there was still scour around the
downstream of the rip-rap, namely with an average scour depth of 3.1 cm and an
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average scour length of 145.2 cm. The shape of the scour can be seen in the
three-dimensional contour image, as shown in Fig. 22 below.

Flow direction

Fig. 21. Three-dimensional contour of the scour surface downstream of rip-
rap protection a quarter of the maximum scour length at Live-Bed Scour
Conditions for Q = 28.8 It/sec, USBR-IIl type

Flow direction

Fig. 22. Three-dimensional contour of Scour Surface Downstream Rip-rap
Protection half-length of maximum scour in Live-Bed Scour Condition for Q
= 28.8 It/sec, USBR-IIl type
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From the research with rip-rap protection of rocks tied with wire with a length of
half the maximum scouring length, it was seen that minor scouring still occurred
downstream of the protection, thus it was necessary to carry out maximum
protection from the maximum scouring length.

c. Rip-rap protection throughout maximum scouring

In this study, rip-rap protection was used with the same protection length as the
maximum scouring length without protection (Lmaks) with a discharge of 28.8
lt/sec, running was carried out three times with the same discharge of 28.8 It/sec
and observation for 120 minutes, because changes in the depth of scouring were
seen small and approaching stability.

The final running results showed that there was small scouring around the
downstream of the protection, namely with an average scouring depth of 1.6 cm
and an average scouring length of 75.1 cm. The shape of the scouring can be
seen in the three-dimensional contour image, as shown in Fig. 23 below.

Fig. 23. Three-dimensional contour of the scour surface downstream of
loose rock protection with maximum scour length in Live-Bed Scour
Condition for Q = 28.8 It/sec, USBR-IIl type

From the research of rip-rap protection with maximum scouring length, it can be
seen that there is small scouring downstream of the protection. The comparison
between the maximum scouring depth of the rip-rap protection balance with
before protection with time can be seen in the graph of Fig. 24 below.

From the image above, it can be seen that the protected scouring depth is much
shallower when compared to without protection, this indicates a reduction in
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scouring. The reduction value for each rip-rap variation can be seen in Table 3
below.

AN — No

Protect

—=m~ RipRap
¥ L max
\ Rip Rap
-8 \ Y: L max
Rip Rap
10

- \ L max
-12 +

0 50 100 150 200

Yme
(o2}

T (minute)

Fig. 24. Maximum Scour Depth Graph Before Protection and with protection
in live-bed scour conditions for Q = 28.8 It/sec

Table 3. Scour reduction value of USBR-IIl type

Notation Non Protection RR RR RR

Lm YaLm 2 Lm Lm
Ym 12,4 cm 4,1 cm 3,1 cm 1,6 cm
Lm 230,0 cm 185,2cm 145,2 cm 75,1 cm
Y m-reduction 66,94% 75,00% 87,09%
Lm-reduction 19,48% 36,87% 67,35%

3.4 Scour Study Downstream of Stilling Basin USBR-IV Type

3.4.1 Scour study downstream of stilling basin without protection for
USBR-IV type

Measurement of scour depth downstream of the stilling basin was carried out at
18 observation positions. In the measurement, the maximum scour depth
occurred at position I, as shown in Fig. 25. The figure shows a tendency from
position A upstream to position R downstream of the flow, indicating that the
scour depth is getting shallower towards the downstream, and eventually
sediment deposition occurs downstream of the flow. The maximum scour depth
occurs at position point 1.
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Fig. 25. Graph of scour depth against time at 18 observation positions
under live-bed scour conditions for Q = 28.8 It/sec, USBR-IV type

The relationship between the comparison of maximum scour depth and flow
depth with the Froude number has a correlation number of R = 0.6249. This
shows the level of relationship between the two parameters is close. The
relationship can be expressed in the following equation.

Y
[YLJ =0,4481In Fr+ 14872 oot (7)

3

The relationship between the comparison of maximum scouring depth and
maximum scouring length with the Reynolds number has a correlation number of
R = 0.7794, this still shows a close relationship, this relationship can be shown by
the following equation. In this case, why is the equation still connected to the
Reynolds number? Because this is important in relation to temperature changes
that affect fluid viscosity.

Y
(LL] =-0,02021n Re+ 0.2817  woooeoeeeeeeeeceeeeee e (8)

m.e

3.4.2 Scour study downstream of stilling basin with protection for USBR-IV
type

a. Rip-rap protection one quarter of the maximum scour length

The maximum scour length for a discharge of 28.8 It/s is 218 cm and the
maximum scour depth is 17 cm. For the first scour protection study using
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Lmaks, three runs were carried out with the same discharge of 28.8 It/s and
observations for 120 minutes because changes in scour depth were seen to be
small and approaching stability.

The final result of running shows that there is visible scouring around the
downstream of the rip-rap, namely with an average scouring depth of 5.5 cm and
an average scouring length of 105.1 cm. The shape of the scouring can be seen
in the three-dimensional contour image as shown in Fig. 26 below.
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Fig. 26. Three-dimensional contour of Scour Surface Downstream Rip-rap
Protection a quarter of the maximum scour length in Live-Bed Scour
Conditions for Q = 28.8 It/sec, USBR-IV type

b. Rip-rap protection half the maximum scouring length

In this study using half protection of the maximum scour length (1/2 Lmaks),
running was carried out three times with the same discharge of 28.8 It/sec and
observation for 120 minutes because changes in scour depth were seen small
and approaching stability.

The final running results showed that there was still scour around the
downstream of the rip-rap, namely with an average scour depth of 3.1 cm and an
average scour length of 94.2 cm. The shape of the scour can be seen in the
three-dimensional contour image as shown in Fig. 27 below.

From the research with rip-rap protection of rocks tied with wire with a length of
half the maximum scouring length, it was seen that minor scouring still occurred
downstream of the protection, thus it was necessary to carry out maximum
protection from the maximum scouring length.

c. Protection with Rip-rap along maximum erosion
In this study, rip-rap protection was used with the same protection length as the

maximum scouring length without protection (Lmaks) with a discharge of 28.8
lt/sec, running was carried out three times with the same discharge of 28.8 It/sec
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Condition for Q

and observation for 120 minutes, because changes in the depth of scouring were

seen small and approaching stability.

Fig. 27. Three-dimensional contour of Scour Surface Downstream Rip-rap
Protection half length of maximum scour in Live-Bed Scour Condition for Q

The final running results showed that there was small scouring around the

downstream of the rip-rap protection, namely with an average scouring depth of

1.2 cm and an average scouring length of 53.3 cm. The shape of the scouring
can be seen in the two-dimensional and three-dimensional contour images, as

shown in Fig. 28.

From the study of rip-rap protection with a maximum scouring length, there was

small scouring downstream of the protection. The comparison between the
maximum scouring depth of the rip-rap protection balance and before protection

with time can be seen in the graph in Fig. 29.

Fig. 28. Three-dimensional contour of the scour surface downstream of

loose rock protection with maximum scour length in Live-Bed Scour
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Fig. 29. Maximum Scour Depth Graph Before protection and with protection
in live-bed scour conditions for Q = 28.8 It/sec, USBR-IV

From Fig. 29 above, it can be seen that the maximum erosion depth without
protection occurs at a very high erosion rate with a longer time to reach
equilibrium compared to using rip-rap protection.

Table 4. Scour reduction value of USBR-IV type

Notation Non Protection RR RR RR

Lm Va Lm 2 Lm Lm
Ym 17,0cm 5,5¢cm 3,1 cm 1,2cm
Lm 218,0 cm 105,1 cm 94,2 cm 53,3 cm
Y m-reduction 67,65°/o 81 ,76°/o 92,94%
Lm-reduction 51 ,79°/o 56,79°/o 75,55%

Judging from the reduction value of several scour controls downstream of the
stilling basin with rip-rap (1/2 Lmaks), rip-rap (1/4 Lmaks), rip-rap along Lmaks,
both for stilling basin types USBR-I, USBR-Il, USBR-IIl and USBR-IV, it is
concluded that rip-rap along Lmaks (maximum scour length without protection) is
able to control scour with the smallest scour depth or the smallest scour length,
this can be seen from the greater reduction value compared to the others. This is
because the water flow is dampened by the rip-rap installed along Lmaks so that
when it reaches the downstream the water flow is stable and has little effect on
scour downstream of the rip-rap. However, even though it has been protected
along the scour hole, scour still occurs.
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4. CONCLUSION

Based on the results of the research and discussion, the following conclusions
can be drawn:

1.

Live-bed flow occurs when the flow depth (hQ) is smaller than its critical
depth (hc), this is indicated by the movement of sediment grains so that
the flow appears cloudy. While the flow depth above hc is clear-water flow
in the form of clear water flow and there is no sediment movement.

From the study of the scour depth downstream of the stilling pond without
protection for all types of USBR, there are relationships including:

A close relationship between the maximum scour depth (Yme) and the flow
depth downstream of the stilling pond (Y3 ') with the Froude number,
where the smaller the Froude number, the greater the maximum scour
depth compared to the flow depth (Yme / Y3 ).

A close relationship between the scour depth (Yme) and the maximum
scour length (Lme) with the Reynolds number, where the greater the
Reynolds number, the greater the maximum scour depth compared to the
maximum scour length (Yme / Lme).

Based on observations of scour protection downstream of the stilling basin
for all types of USBR at a discharge of 28.8 It/sec, it can be concluded
that:

a). Observation results for the USBR-I type stilling basin, with the presence of
scour protection, there is a reduction in scour for

Rip-rap 4 Lmaks, namely: 46.69% for scour depth and 15.53% for scour length.
Rip-rap 2 Lmaks, namely: 80.75% for scour depth and 26.21% for scour length.
Rip-rap Lmaks, namely: 86.96% for scour depth and 47.32% for scour length.

b). For the USBR-II type of stilling basin, with the presence of scour protection,
there is a reduction in scour for

Rip-rap 4 Lmaks, namely: 48.48% for scour depth and 30.57% for scour length.
Rip-rap 2 Lmaks, namely: 63.03% for scour depth and 42.78% for scour length.
Rip-rap Lmaks, namely: 81.21% for scour depth and 69.31% for scour length.

c). For the USBR-III type of stilling basin, with the presence of scour protection,
there is a reduction in scour for

Rip-rap 4 Lmaks, namely: 66.94% for scour depth and 19.48% for scour length.
Rip-rap 2 Lmaks is: 75.0% for scour depth and 36.87% for scour length.
Rip-rap Lmaks is: 87.09% for scour depth and 67.35% for scour length.

d). For USBR-IV type stilling basin, with the presence of scour protection, there is
a reduction in scour for
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Rip-rap 4 Lmaks, namely: 67.65% for scour depth and 51.79% for scour length.
Rip-rap 2 Lmaks is: 81.76% for scour depth and 56.79% for scour length.
Rip-rap Lmaks is: 92.94% for scour depth and 75.55% for scour length.

4. Based on observations of several protections/scouring controls
downstream of the stilling basin with riprap (2 Lmaks), riprap (4 Lmaks),
riprap (Lmaks), it was concluded that the riprap arrangement along Lmaks
(maximum scour length without protection) was able to control scour with
the smallest scour depth. However, when viewed from the scour process,
that the scour hole along Lmaks even though it was closed with full
protection, scour still occurred and the scour hole downstream even
though it was small.

5. So overall the maximum Scouring Depth reduction (Ym Reduction) occurs
in USBR-1V type, and the smallest in USBR-II type. While the maximum
Scouring Length reduction (Lm Reduction) occurs in USBR-IV type, and
the smallest in USBR-I type.
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ABSTRACT

Steel has been used as a construction material for a very long time. Most steel
structures are used for low-rise, single-story industrial buildings. Steel is
preferred for these buildings due to its higher strength-to-weight ratio compared
to reinforced concrete (RCC), and because it allows for larger, unobstructed
internal spaces with long clear spans between columns. Pre-engineered
buildings (PEBs) represent a modern approach to structural steel utilization,
optimizing design for economical structural integrity. Structural members are
designed and fabricated in a controlled factory environment to produce optimal
sections by varying member thickness along their length according to bending
moment requirements. The PEB concept utilizes the amount of steel required
and produces the most optimum sections based on the bending moment
requirement. The actual model of the PEB structure of the car showroom was
created in STAAD Pro software. This research paper analyzes and designs a
two-story (G+1) PEB car showroom using STAAD.Pro, in accordance with British
Standards (BS 5950-1:2000) and Euro codes (EC3 EN-1993-1), including wind
and seismic analysis. To achieve this, two models of the car showroom were
created in STAAD.Pro: a British Standard (BS) model and a Euro code (EC)
model. The BS model used tapered frame sections, while the EC model used
universal standard section frames. Both models were analyzed under dead load,
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live load, wind load, and seismic load. Wind and seismic loads, being critical
dynamic loads, were analyzed to assess structural stability against lateral forces.
The analysis and design results for both models were within allowable limits for
ultimate and serviceability limit states, as the internal stresses in all members
satisfied the unity check ratio requirements for both design codes. Dynamic
analysis suggests that the EC model exhibits higher seismic resistance
compared to the BS model, as the maximum displacement in the X-direction was
8.83 mm for the EC model and 10.5 mm for the BS model. The total structural
weight was 1125.431 kN for the BS model and 1214.315 kN for the EC model,
making the EC model 7.9% heavier. Furthermore, the total weight of all portal
frames was 457.26 kN for the BS model and 574.725 kN for the EC model,
indicating that the tapered frame sections in the BS model reduced steel usage
by 25.7%. Therefore, the BS model proved more economical compared to the
Euro code model. In order to determine the most cost-effective method of
designing the PEB car showroom using British standard and Euro code, it is
crucial to compare the design results of the two models and identify the structure
that would be durable and economical in terms of material used.

Keywords: Pre-engineered buildings (PEB); STAAD pro; industrial structures;
dynamic loading; tapered sections.

1. INTRODUCTION
1.1 Pre-engineered Building Design

With time, there have been great improvements in the technological
advancements, which contributed tremendously to improve the standards of
living with the invention of new products and utilities. One such example of
structural revolution is Pre-Engineered Buildings (PEBs). PEBs make use of a
set stock of raw materials which have been verified over time to fulfill an
extensive range of structural and aesthetic design conditions. Pre-engineered
buildings are nothing but steel buildings in which excess steel is avoided by
tapering the sections as per the bending moment’s requirement. Steel is an eco-
friendly material since it does not have any negative effect on the environment,
this makes steel structures more sustainable as compared to other construction
types (Sah et al., 2023). Steel has been used as a construction material for a
very long time. The famous Eiffel Tower is one among the oldest steel structures
made in 1889, and it has been a symbolic landmark for Paris, and it has stood for
over 129 years. Despite the fact that steel buildings are not known for high-rise
structures, but instead, the majority of steel structures are low-rise with single
storey mainly used for industrial purposes. Pre-engineered building (PEB) is a
modern concept of utilizing steel structures and optimizing the design by ensuring
the economical integrity of the structure (Firoz et al., 2012). The basis of the PEB
concept lies in providing the section at a location only according to the
requirement at that spot (Zende et al., 2013). Oman is a well-developed country
and its economy mainly depends on exporting petroleum products, but as the
country is facing economic crisis due to depletion of crude oil reserve, the country
tends to divert its economic vision toward boosting the business sector
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(Balamuralikrishnan & Mohammedali, 2019). This only means that more
industries and factories are required to manufacture local products and to export
them in order to stabilize the economy of the country. This encourages
construction of a Pre-engineered building in the country for both small and large-
scale industries.

Pre-engineered building concept is getting famous rapidly not only in Oman but
all around the world due to the increasing demand of industrial-oriented buildings
that require long clear span with column-free space, which can provide easy
access and mobility within the building. In addition to that, the PEB concept gives
economical structural sections by reducing excess steel usage and optimizing
the required steel as per the bending moment requirement, which has a major
advantage over the traditional steel structures where unnecessary wastage of
steel is done resulting in an increase of material cost and making the construction
uneconomical. Pre-engineered building (PEB) offers a lot of advantages over
conventional steel building (CSB) construction. Some of the main advantages
that are offered by PEB, which are reduction in time, reduced cost of
construction, light weight foundation, easy future expansion flexibility, ability for
long span column free space, single source responsibility, and higher resistance
to earthquakes. The materials used in conventional steel building consume more
cost, so to overcome this, “PEB structures” are needed to reduce the cost of the
project. In order to reduce the self-weight of conventional steel buildings, PEB
can be used. Generally, PEB can reduce up to 35% of self-weight when
compared to conventional steel buildings (Balamuralikrishnan & Mohammedali,
2019).

Steel structures are preferred for industrial buildings due to a higher strength to
weight ratio than RCC structures. Pre-engineered building (PEB) is a steel
structure in which the structural members and components are fully designed
and fabricated in the factory and transported to the site in knock-down condition.
Normally it requires 6 to 8 weeks for the fabrication process and delivery of all the
structural components to the site. The PEB concept utilizes the amount of steel
required and produces the most optimum sections based on the bending moment
requirement. Hence, the section depth varies throughout the length following the
bending moment diagram (Thorat & Patil, 2017). In order to achieve the above
member configuration, thin steel plates are tapered and combined to give the I-
section desired. Since all the design and fabrication is done at the factory under
controlled environment, the components are of high quality and precision. PEB
design concept offers greater advantage over conventional steel structures (CSB)
with roof truss configuration for low-rise single-storey structures. PEB also fulfils
the need and demand of long span column free area by eliminating or minimizing
interior columns and walls, which is the utmost requirement of almost all
industrial buildings. Moreover, PEB is much economical in terms of cost and time
of construction, which is a major advantage over the CSB concept. The
advancement in technology has introduced computerized software that makes
analysis and designing of PEB structures very simple and easy
(Balamuralikrishnan & Mohammedali, 2019).
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STAAD Pro is an advanced structural analysis and design software, which is the
most popular software used all over the world for analysing and designing of
different types of structures. It supports almost all the designing codes, and can
design concrete, steel and timber structures. It provides a user-friendly interface
and visualization of the 3D structural model of the building. It is one of the easiest
software available for modeling, analyzing and designing of different types of
structures. PEB is significantly advantageous over Conventional Steel Building
(CSB) structure since it offers less cost and time of construction, it has the ability
to span long distance giving column free span, easy flexibility for future
expansion, low maintenance cost, single source responsibility and also has
higher resistance to moisture, fire, adverse weather condition and earthquake
which makes it more durable and safe (Balamuralikrishnan & Mohammedali,
2019).

The results obtained by the authors concluded that the 3D PEB model weighs
43.77 tons and the CSB model weights 74.08 tons, i.e. PEB weighs 35% lesser
than CSB as per IS 800-2007 (Lande & Kucheriya, 2015). The only disadvantage
of PEB structure is that they have poor thermal and fire resistance and is
vulnerable towards corrosion (Dubey & Sahare, 2016). PEB structures can be
easily designed by using advanced software like STAAD Pro by following simple
procedures and by using different country building codes. It was also concluded
that PEB are more advantageous over CSB in terms of cost effectiveness, quality
control, simplicity in erection and speed of construction (Meera, 2013).

The deflection of the two structures was studied under dynamic loading from the
results obtained and it was concluded by the author that the PEB model with
bracing provides more stability against seismic loading and the deflection of the
structure is less when compared to the PEB structure without bracing, therefore
PEB offers higher earthquake resistance when braced. PEB frames were more
stable under wind loading as compared to CSB frames. Moreover, the weight of
PEB frame was 27% lesser as compared to the weight of CSB frame (Patil,
2017). PEB structure over conventional steel structures in details by considering
the cost, time and material requirements (Katkar & Phadtare, 2018). The design
aspects of Indian standard are higher as compared to the American standards
and mention the main criteria as listed below, which has caused the weight of the
structure to be more when designed using IS 800-2007 as compared to
MBMA/AISC design code (Kiran et al., 2014). The deflection of the PEB frames
is more as compared to the conventional structure, making the structure more
flexible and withstand seismic loading (Kolate & Kewate, 2015).

The existence of a pre-cast concrete industry is numerous, successfully executed
construction project, its uses not disputed and it is the proof that the
manufacturing and production technology is practical and cost effective. The
growing requirements of architectural design at building construction raise the
progress of stable and constant development of the industries as this is a new
technology (Stania & Patra, 2017). The adoptability of PEB in the place of
Conventional Steel Building (CSB) design concept resulted in many advantages,
including economy and easier fabrication (Mythili, 2017). Presently, large column
free area is the utmost requirement for any type of industry and with the advent of
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computer software, it is now easily possible (Balamuralikrishnan &
Mohammedali, 2019). With the improvement in technology, computer software
have contributed immensely to the enhancement of the quality of life through new
research (Dharmalingam & Silambarasan, 2017). "Pre-engineered steel
buildings" are those that are totally invented within the industrial plant once
planning, shipped to site in CKD (completely knocked down) condition; and all
parts are assembled and erected at a site with nut-bolts, thereby reducing the
time of completion. Pre—engineered means that, typically speaking, is any part of
a structure that's factory-made first off to its arrival on the building site (Thorat &
Patil, 2017). Cold formed steel section over hot rolled section as purlin is almost
lighter than 32 % (Goswami & Shende, 2018). PEB structures are lighter
structures. As PEB is 30 % lighter than CSB structures (Mehendale & Gupta,
2016). PEB steel frames are not only the most economical solution due to lesser
weight of construction but also have shown better performance compared to CSB
frames (Saleem & Qureshi, 2018). The concept of pre-engineering construction
provides systems of steel buildings that are predesigned and prefabricated
(Balamuralikrishnan & Mohammedali, 2019). As the name suggests, this concept
involves preliminary engineering of structural elements, using a predetermined
register of building materials and manufacturing technologies that can skillfully
meet a wide range of structural and aesthetic design requirements. The basis of
the PEB concept is to provide a site only in accordance with the requirement at
that location (Ingole & Changhode, 2022). A pre-engineered steel building (PEB)
has now become one of the most efficient and simplified building types in the
steel construction industry. PEB has found a wide application in the Indian civil
industry. Use of tapered members for columns and rafters is one of the basic
properties of PEB. Use of web-tapered members increases the efficiency of the
PEB (Gawade & Waghe, 2018).

2. EXPERIMENTAL INVESTIGATIONS
2.1 Detailed Methodology

Carry out intense research on PEB structures and understand the design
concepts by carrying out sufficient literature review. Collect Journals, and other
research related materials that can aid in the literature review. Prepare the model
on STAAD Pro and carry out the analysis and design of the PEB structure by
applying dead load, live load, wind load and seismic load conditions in
accordance to both British Standard (BS 5950-1:2000) (BSI, 2000) and
Eurocodes (EC3 EN-1993- 1) (EN 1993-1-3, 2005) and interpret and compare
the output results (Balamuralikrishnan & Mohammedali, 2019).

2.2 Proposed Plan and Cross-Sectional Elevation Drawings of the
PEB Car Showroom

The first step of the project was to prepare a simple plan and cross-sectional
elevation of the PEB car showroom before modeling the structure in the
STAAD Pro. A simple plan was created in AutoCAD as shown in Fig. 1
(Balamuralikrishnan & Mohammedali, 2019). From the plan it can be seen that the
spacing between the frames (bay spacing) is 5.0 m and the columns are located at
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a distance of 7.5 m to support the mezzanine floor above it and in the front open
area the columns are spaced by 15.0 m. The mezzanine floor has an extension at
the centre. The side view elevation of the PEB car showroom shows the spacing of
5.0 m between the frames. The elevation view also shows the eave height of 8.0
m and the mezzanine floor level at 4.0 m (Fig. 2) (Balamuralikrishnan &
Mohammedali, 2019).

2.3 Actual Model of the PEB Car Showroom

The actual model of the PEB structure of the car showroom was created in
STAAD Pro software. Since the aim of the project is to analyse and design the
PEB car showroom using both British Standards and Eurocode, and to compare
between the two codes to obtain the most economical design. It is decided to
prepare the same model of the PEB structure for both cases in order to get the
most economical design in terms of material required for each model as per the
building code requirements (Balamuralikrishnan & Mohammedali, 2019). The car
showroom is modeled to have 2 storeys such that it has a ground floor and a
mezzanine floor at 4.0 m above the ground level. The specifications of the model
frame spacing = 5 m, number of bays = 10, total length = 50 m, width of frame =
45 m, eave height = 8 m were created on the STAAD Pro software.
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Fig. 1. Plan of the proposed PEB car showroom structure
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Fig. 2. Side view elevation of the car showroom structure
2.4 Member Properties for British Standard Model

Different member properties were assigned to the PEB car showroom model as
per the British standard design. These properties are such as tapered portal
frame members, standard universal beam and column sections for mezzanine
floor, purlin members and bracing members. Tapered portal frame members:
Tapered members are customized members that are created and defined by user
specifications in STAAD Pro (Balamuralikrishnan & Mohammedali, 2019).

The tapered sections are provided by utilizing the amount of steel required as per
the bending moment requirements. The tapered members are created in such a
way that the depth of the member gradually varies along the length of the
member. Tapered section reduces the steel material used as well as the weight of
the structure. In this model, the tapered sections were assigned to the rafter beam
members and the column members of the portal frames as shown in Fig. 3
(Balamuralikrishnan & Mohammedali, 2019).

2.4.1 Standard universal sections for mezzanine floor

The standard section of beams and columns were used for supporting the
mezzanine floor in the structure. The beams are arranged in secondary and main
beam arrangement to transfer the floor loads to the columns and eventually to
the foundation. In STAAD Pro the British standard sections are available in the
inbuilt section database. The spacing between the main beams is 5.0 m and the
spacing between the secondary beams is 1.5 m. The length of secondary beams
is 5.0 m and the length of the main beams is 7.5 m. The standard section size of
the beam and column used are shown in Fig. 4 (Balamuralikrishnan &
Mohammedali, 2019).

2.4.2 Bracing and purlin members

The bracing and purlin members are provided in order to increase the resistance
of the structure against wind load. The purlins are arranged at a spacing of
1.5 m over the entire span of the rafter as shown in Fig. 3 (Balamuralikrishnan
& Mohammedali, 2019). For purlin members, a British cold formed Z -
section (200ZLML625x20) was selected from the inbuilt section database
in STAAD Pro. The section 200ZLML625x20 has an overall depth of
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Fig. 3. Tapered sections for the front gable frame
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200 mm, width of 62.5 mm, thickness of 2 mm and lip of 20 mm. For the bracing
members, tie rods of 35 mm diameter were used for column bracing and roof
bracing members. But since there is no built-in property for tie rod in STAAD
Pro, hence specified the bracing members as a solid pipe of 35 mm diameter.
The bracing members are assigned to act as tension members only. The
arrangement of the column bracing and roof bracing is shown in Fig. 5
(Balamuralikrishnan & Mohammedali, 2019).

Secondary beams
(UB 254 x 146 x 31)

Main beams
(UB 305 x 165 x 54)

Tapered Column
sections

Purlin members

Z-200 x 62.5 x 20
( ) Column Bracing

(RD 35)
Fig. 5. Arrangement of the bracing & purlin members in the structure

2.5 Member Properties for Euro Code Model

The member properties assigned to the Euro code model are very similar to the
member properties that were assigned in the British Standard model, except for
the tapered sections for the portal frames. In STAAD Pro, the design of a steel
structure with customized tapered section properties is not supported and hence
the design of the PEB car showroom using Euro code (EN 1993-1-3:2005) could
not be implemented. Hence, the portal frame was assigned with universal
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standard sections instead of using tapered sections for the PEB portal frames.
Therefore, the member properties assigned to the Euro code model consist of
standard universal beam and column sections for the portal frames and the
mezzanine floor, purlin members and bracing members. The purlin and bracing
member properties are the same as the British Standard model, except for the
bracing members, 25 mm diameter tie rods are used instead of 35 mm diameter
(Balamuralikrishnan & Mohammedali, 2019).

Rafter beams
Rafier beams (UB 356 x 171 x 45)
(UB 356 % 171 x 45)

_b____———'\(\
\/’ \/

Portal frame columns

Portal frame columns
(UC 203 x 203 x 71) (UC 203 x 203 x 71)

Fig. 6. Typical portal frame showing the member properties for Euro code
model

Rafier beams Rafier beams
(UB 356 x 171 x 45) (UB356 x 171 = 45)

Gable framefpeams
(UB 254 x 14b x 37)

\a2=1T"1 I~/

Gable frame columns Gable frame columns
(UC 203 x 203 x 113) (UC 203 x 203 x 113)

Fig. 7. Member properties for the gable frame in Euro code model
2.5.1 Standard universal sections for the portal frame

Euro code does not support customized tapered section design in STAAD Pro, and
therefore we have adopted standard sections that are available in the inbuilt
section database in STAAD Pro. In the Euro code model, the rafter beams
member properties are assigned uniformly throughout the length of the rafter by
considering the average standard section size from the British standard model of
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the tapered sections. This was the only possible way by which the design of the
PEB car showroom could be implemented as per EN-1993-1-3:2005 in STAAD
Pro. In Euro code model, all the portal frames were assigned the same member
properties as shown in Fig. 6, except for the gable frame, different member
section sizes were used as shown in Fig. 7 (Balamuralikrishnan & Mohammedali,
2019).

2.6 Load Cases Consideration for Analysis

The most important thing to consider after assigning the property of the members
correctly to the PEB structure is to assign the load cases appropriately. Load
cases are very important and require special attention since all the analysis and
design result depends on the loading condition. In this project, | will be
considering dead load, live load, wind load and seismic load. The load cases are
considered based on BS EN 1991-1: 2002 (BSI, 2000, Balamuralikrishnan &
Mohammedali, 2019).

2.6.1 Dead load

The dead loads that are applied on the structure include the self-weight of all the
structural members, the dead load on the interior and exterior rafters due to the
purlins and the galvanized steel roofing sheets placed above it and the dead load
on the mezzanine floor due to the concrete deck slab and floor finishes. The self-
weight is assigned by a factor of -1 in STAAD Pro (Balamuralikrishnan &
Mohammedali, 2019).

2.6.2 Imposed load

The live load is applied to the structure at the roof level and the mezzanine floor
level in the structure. At the roof level, the live load on the rafter is mainly due to
serviceability access and maintenance consideration only, and the live load on
the mezzanine floor is mainly due to the vehicular loading (European-Union,
2002) (BSI, 2000).

Imposed load on the rafters: At the roof level, the live load is applied over the
rafters in accordance with Eurocode (EN-1991-1-1:2002, Table 1 (BSI, 2000,
Balamuralikrishnan & Mohammedali, 2019).

Table 1. Loads

Sl. Euro code (EN-1991-1-1:2002) BS EN 1991-1-4:2005
No. Imposed load on Imposed load on  Wind load
the roof the mezzanine
floor
1. Range of 0.0 kN/m? Range of 1.5 to Basic wind speed of 35
to 1.0 kN/m? 2.5 kN/m? m/s under extreme

weather conditions
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It is stated that, for roofs (of category H) with no accessibility except for nominal
maintenance, repair and serviceability access, the imposed load on the roof can be
selected within the range of 0.0 kN/m? to 1.0 kN/m?2. Therefore, in our case the
minimum variable load on the roof for only service accessibility is taken as 0.6
kKN/m2,

Imposed load on the Mezzanine floor: Since this is a car showroom, the main
variable load will be due to the vehicles. According to Eurocode (EN-1991-1-
1:2000, Table 1 (BSI, 2000)) the vehicle having the weight of < 30 kN (Category
F), the imposed load due to the vehicle may be selected within the range of 1.5 to
2.5 kN/m2. Therefore, in that regard the imposed load of 2.5 kN/m? was applied
as floor load on the mezzanine floor (Balamuralikrishnan & Mohammedali, 2019).

2.6.3 Wind load

The wind load that would be considered for both codes will have a basic wind
speed of 35 m/s under extreme weather conditions. The wind load is calculated
in accordance with Eurocode (BS EN 1991-1-4:2005) (BSI, 2000, EN 1993-1-3,
2005, Balamuralikrishnan & Mohammedali, 2019).

Total length of the building, b = 50 m, Spacing between the frames, s = 5 m,
Width of the portal frames, d = 45 m, Apex height (max) of the structure, h = 10
m, Eave height of the structure, h’ =8 m

Slope of the rafter, a = 5°

Basic wind velocity, (Vb); (EN 1991-1-4, § 4.2, Eq 4.1 (BSI, 2000, EN 1993-1-3,
2005)) Directional factor, Cgir = 1.0

Seasonal factor, Csegson = 1.0

Fundamental value of the basic wind velocity, vro = 35 m/s
Basic wind Velocity, vp = Cdi. Cseason - vb,0

vh = 1.0 x 1.0 x 35 = 35 m/s

Where by:

Cdir = is the directional factor and its recommended value is taken as 1.0

Cseason = is the seasonal factors and its recommended value is taken as 1.0
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vp,0 = is the fundamental value of the basic wind velocity and is taken as 35 m/s
Basic velocity pressure, (gb); (EN 1991-1-4, § 4.5, Eq 4.10 (BSI, 2000, EN 1993-
1-3, 2005))

Density of air, pair = 1.25 kg/m?®

. . 1
Basic velocity pressure, q, =3 X pair X v2

1
4p =5 X 1.25 x 352 = 765.63 N/m”

Peak velocity pressure, qp (z); The peak wind pressure is given by the formula;
(EN 1991-1-4, § 4.5, Eq 4.8 (BSI, 2000, EN 1993-1-3, 2005))

9p@2) = [1 + 7lv(z)] “1/2 pair * Vi(z)2
Ap(z) = 1778.5 N/Il’l2 = 1.78kN/m2

External Wind pressure coefficients in this calculation only the internal portal
frame is considered for calculating the wind load on the PEB structure. For
obtaining the wind load on the exterior frames, it can be taken half of the load
that is acting on the interior portal frame.

The external wind pressure acting on the external surfaces can be calculated
using;

We = qp. (ze). Cpe (EN 1991-1-4,§ 5.2, Eq 5.1 (BSI, 2000, EN 1993-1-3, 2005))
The wind load calculations are shown in Fig. 8 and Table 2 (Balamuralikrishnan &

Mohammedali, 2019). Assigning the wind load to STAAD model as shown in Fig.
9 (Balamuralikrishnan & Mohammedali, 2019).

~4.0m— 16.0 —"
A ‘ B(-1.0) g
(1.4) g

-——7.5m 7.5m —7.5m—==—75m —==—75m —==—75m =~

Fig. 8. Wind load distribution on the columns of the end frames
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Table 2. Wind load calculation on the columns of the end frame

Column Zone Coefficient Width (m) s  Wind load (kN/m)
cp,net = qp(2) ) (cpnet x s)
C1 A -1.4 3.75 -9.35
-1.4 0.25
Cc2 A+B -13.53
-1.0 7.25
C3 B -1.0 7.50 -13.35
-1.0 1.25
C4 B+C -10.00
-0.7 6.25
C5 C -0.7 7.50 -9.35
C6 C -0.7 7.50 -9.35
Cc7 C -0.7 3.75 -4.67

Fig. 9. Wind load assigned to the structure

2.7 Seismic Load

Seismic load is also assigned to the structure to study the behavior of the PEB
structure under dynamic loading condition. The seismic load is applied to the
structure by considering the time history analysis method by using the El-Centro
earthquake data of time versus acceleration. The El-Centro data of time against
the acceleration were fed in STAAD Pro by selecting the input file of those data
while creating the seismic load parameter on the STAAD Pro. The EI-Centro data
provided a running time of 57 seconds for the seismic load acceleration. The time
interval was set to 0.02 seconds in order to obtain the breakdown results of the
deflection at every 0.02 seconds interval over the complete running time of 57
seconds. The damping parameter was taken as 0.05 and 10 cut-off mode shapes
were selected. The seismic load was applied in lateral X-direction (Fig. 10)
(Balamuralikrishnan & Mohammedali, 2019).
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Fig. 10. Seismic load assigned to the structure

2.8 Load Combinations

After assigning the above four load cases to the structure, different load
combinations were created in order to apply the safety factor for the structure.

Below are the load combinations in accordance with the British standard and the
Eurocode.

Load combination as per British Load combination as per
Standard: Eurocode:

e 14DL+161IL ¢ 1.35DL+15IL

e 1.4DL+1.4WL ¢« 1.0DL+1.5WL

e 1.2DL+1.2IL£1.2WL « DL+0.3IL+EQ

e 1.4DL+1.4EQ « DL+ EQ

e 12DL+1.2IL+1.2EQ

Based on BS steel take off is presented in Table 3 (Balamuralikrishnan &
Mohammedali, 2019).

Table 3. Quantity of steel taken off as calculated by STAAD Pro for BS5950

Section member Property name Weight (kN) % by weight
(x 102 kg)

PEB Portal frames Tapered 457.260 40.63

Main beams UB 305x165x54 174.411 15.50

Secondary beams UB 254 x146x31 300.399 26.69

Columns UC 203x203x100 74.146 6.59

Bracings (35mm tie rod) RD 35 34.406 3.06

Z-Purlin section 200ZLML625x20  84.809 7.53
1125.431 100%

Based on EC steel take off is presented in Table 4 (Balamuralikrishnan & Mohammedali,

2019)
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Table 4. Quantity of steel taken off as calculated by STAAD Pro for

Eurocode
Section member Property Weight (kN) % by weight
name (x 102 kg)
Portal frames rafter UB 218.746 18.01
beams 356x171x45
uc 69.061 5.69
203x203x113
Portal frame columns
ucC 259.724 21.39
230x203x71
Gable frame beams uB 27.194 2.24
254x146x37
Mezzanine Main UB 184.044 15.15
beams 356x171x57
Mezzanine Secondary  UB 300.399 24.74
beams 254 x146x31
Mezzanine Columns ucC 52.778 4.35
230x203x71
Bracings (25 mm tie RD25 17.560 1.45
rod)
Z-Purlin section 200ZLML625x  84.809 6.98
20
1214.315 100%

The total weight of the portal frames alone in the structure is equal to: Total weight
of the portal frames = 218.746 + 69.061 + 259.724 + 27.194 = 574.725 kN

Percentage by weight of the portal frame = 874725 x 100 = 47.33%

1214.315

2.9 Comparison between the Output Designh Results Obtained from
British Standard and Euro code

In this section, the main differences and similarities were outlined between the
designed output results of the two structures. All the output results were carefully
studied and interpreted for both design codes. In order to determine the most
cost-effective method of designing the PEB car showroom using British standard
and Euro code, we have to compare the design results of the two models and
identify the structure that would be durable and economical in terms of material
used. These comparisons are outlined and discussed below (Balamuralikrishnan
& Mohammedali, 2019).

e  British standard model (BS 5950:2000) of the car showroom structure was
designed having tapered portal frame sections while the Euro code model
(EN 1993-1-1: 2005) of the car showroom structure was designed with
universal standard beam & column sections for the portal frames of the
structure.
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e The design parameters that were assigned to the structure based on British
standard and Euro code are shown in Table 3 (Balamuralikrishnan &
Mohammedali, 2019). The grade and yield strength of the steel were applied
as S275 and 275 N/mm? respectively for both design codes. But the ultimate
tensile strength for Euro code was selected as 500 N/mm? and for British code
as 460 N/mm?.

e The bracing members for the British model were changed from RD 25 to RD
35 in order to resist failure due to seismic loading, while for the Euro code
model the bracing members with RD 25 properties were sufficient to
withstand the seismic load, and hence they were not changed.

e The dynamic results for the maximum variation in displacement, velocity and
acceleration against time of all the rafter nodes taken as an average are
presented in Table 5 (Balamuralikrishnan & Mohammedali, 2019).

Table 5. Results obtained from dynamic analysis of both structures

Parameter BS 5950:2000 EN 1993-1-1:2005
Displacement Vs time 10.5 mm 8.83 mm

Velocity Vs time 56.7 mm/sec 46.9 mm/sec
Acceleration Vs time 0.518 mm/sec ? 0.472 mm/sec 2

e From Table 5, it is clearly seen that all the parameter results for Euro code
are lower than those for British Standard. This is mainly due to the load
combinations created for the codes. But in both cases the results are within
the allowable limit.

e The total weight of the structure designed based on British code is 1125.431
kN and the total weight of the structure designed based on Euro code is
1214.315 kN. The weight of the Euro code model is 7.9% higher than the
British standard model.

e The total weight of all the tapered portal frames in British standard model is
457.260 kN and the total weight of all the standard section portal frames in
Euro code is 574.725 kN. The amount of steel used for standard sections for
all the portal frames in Euro code model is 25.7% more than the amount of
steel that was used for all tapered frame sections in the British standard
model.

e Therefore, this implies that using a tapered section has utilized almost 25.7%
of steel which eventually reduces the cost of material and cost of
construction (Balamuralikrishnan & Mohammedali, 2019).

3. CONCLUSIONS

Based on the results of analysis and design using the two design codes, the
following conclusions are drawn.

e The peak wind pressure was calculated as 1.78 kN/m? by using a basic wind

speed of 35 m/s based on BS EN 1991-1-4:2005 and seismic analysis was
done by time history method using EI-Centro data (time vs. acceleration).
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e Asper BS 5950:2000 code analysis, tapered section design was successfully
carried out and EN 1993-1-1:2005 code analysis tapered section was not
supported by STAAD Pro V8i software.

e The dynamic analysis results obtained for Euro code (EC) are lower than the
British Standard (BS). For instance, the maximum displacement with time in
X-direction for Euro code is 8.83 mm and for British standard is 10.5 mm.

e  For resisting the seismic loading condition, 25 mm tie rod bracing members
were sufficient for Euro code design, but for British code, 25 mm tie rod failed
due to seismic loading and hence they were replaced by 35 mm tie rod
bracing members.

e The total weight of the structure for BS model and EC model is 1125.431 kN
and 1214.315 kN respectively. This makes EC model 7.9% heavier than BS
model (Balamuralikrishnan & Mohammedali, 2019).

e The tapered frames contribute to 40.63% of the total weight in the BS model

e The average standard section frames contribute to 47.23% of the total weight
in the EC model.

e The total weight of all the portal frames for BS model and EC model is 457.26
kN and 574.725 kN respectively. This makes tapered frame sections to
utilize and reduce the amount of steel by 25.7%.

e All the member results such as deflection, bending moment, shear force and
stresses are within the allowable limits for ultimate and serviceability limit
state since the internal stresses in all the members satisfy the unity check ratio
requirements for both design codes.

e The foundation of the structure was designed based on the BS model since
it has proved to be an economical model as compared to the EC model in
terms of the weight of the materials used (Balamuralikrishnan &
Mohammedali, 2019).
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ABSTRACT

The room-and-pillar mining method is a prevalent technique for extracting rock
salt, potash, and magnesium salt deposits. This method creates a network of
rooms (excavated areas) and pillars (supporting columns), requiring careful
optimization of their dimensions and the surrounding rock mass properties for
each unique geological setting. Because pillars bear the highest loads, their
dimensions are typically the primary focus of the design process, influencing the
dimensions of the rooms and other system components. Specifically, for deep
salt mining using square pillars, optimizing the system involves four key steps:
(1) determining the in situ stress state (the stress field in the undisturbed rock
mass); (2) analyzing the secondary stress distribution within the pillars, both
qualitatively and quantitatively (how the stress changes after excavation); (3)
assessing the load-bearing capacity of the pillars (how much weight they can
support); and (4) determining the appropriate pillar dimensions (size and shape).
Several analytical and numerical approaches can be used to address these
challenges. These include: limit equilibrium methods, which consider the effective
stress in the pillars; continuum mechanics, which uses analytical models to
evaluate stress and deformation in pillars and floors; and numerical methods,
such as finite element analysis, often validated with laboratory and field
measurements. A proposed methodology, based on the principle of pillar-room-
salt mass interaction, offers an analytical approach to determining the stability of
deep, dry rock salt mining operations. This method calculates the secondary
stress and deformation within the pillars, accounting for salt's time-dependent
deformation (rheological behavior), changes in pillar geometry during extraction,
and the specific extraction method employed. This analytical approach can be
adapted for use in other mining applications that utilize the room-and-pillar
method.
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1. INTRODUCTION

Initially, research focused on the stability of conventional salt and potash mining,
where extraction was primarily conducted using rooms and safety pillars. More
recently (over the past two decades), specialists and researchers have shown
considerable interest in creating underground storage cavities for petroleum
products, in particular, and other substances, using solution mining techniques in
salt formations. Extensive ongoing research also explores the potential of salt as
a host rock for radioactive waste disposal. Several theories, summarized in
Table 1, currently exist regarding the formation of salt structures. Generally, a
diapiric structure is defined as a geological process where a sequence of strata
originally located at greater depths within the Earth's crust intrudes into, or
appears to intrude into, overlying strata at shallower depths.

A more detailed understanding of halokinetic structures has been achieved
through drilling and seismic surveys, enabling structural interpretations.
The development of a numerical conceptual framework has paralleled the growth
of rheology and its application to salt formations, facilitated by advanced
geomechanical testing in both laboratory and in situ settings. The volume of
these tests increased gradually between 1960 and 1970, then accelerated due to
objectives related to deep drilling (including the understanding and exploitation of
deep structures, as well as nuclear testing) and the underground storage of oil,
gas, compressed air, and radioactive waste in salt cavities. The oil crises of the
1970s and subsequent years have transformed underground storage of natural
and industrial hydrocarbons into a strategic priority, particularly for developed
nations heavily reliant on these resources (Aptukov & Volegov, 2020; Berest,
2007; Georgescu et al., 2005; Toderas & losif, 2023).

At first glance, salt behavior—whether elastic or viscous—fundamentally
depends on two mechanical parameters intrinsic to the salt's geomechanical
properties: the elastic limit under shear (1) and viscosity (n). The elastic limit
under shear (MPa or daN/cm?) represents a threshold stress state within the salt
mass, beyond which flow begins. Viscosity (daN/cm-s) quantifies the salt's flow
capacity once the elastic limit under shear is exceeded. Compared to other rock
types, salt exhibits lower values for both parameters, and these values decrease
significantly with increasing depth and, consequently, temperature. For instance,
increasing the depth of a deposit from 300 m to 3000 m (a common range in
boreholes) can result in a tenfold decrease in viscosity and a fourfold decrease in
the elastic limit under shear. In essence, the key parameters governing the
formation of halokinetic structures are the elastic limit under shear (1), viscosity
(n), and differential pressure (Ap).
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Table 1. The main theories referring to the mechanism of salt migration

Designation’ theory

Authors

Brief characterization of theory

Isostatic theory

Harbourt (1910, 1913)

Explains salt lifting on tectonically fractures lines due to its plasticity at high
pressures and of specific weight smaller than this one of overlying rocks that
press it.

Autoplastical tectonic
theory

Lachman R. (1911)

The upward pushing of salt is the result of existing force in its own mass and
consists of an upward molecular movement. The salt, due to its moisture,
dissolves in the maximum pressure areas and by recrystallization, because
salty water, is deposited in the areas of minimum pressure, phenomenon
called ,autoplastic displacement”.

Redistribution’ theory

Belusov (1911)

Consider that initially the salt was deposited in the higher areas, after which,
through vertical movements, due to three forces, namely: primary (differential
- vertical, antigravity); secondary (tangential, centrifugal) and tertiary (vertical)
the salt has begun to vaulted, to be oblated and expelled under a high
pressure in neighboring salt field.

Vertical compression’
theory

Tagheev (1943), Harbort, Arrhenius
Beischlog, Seidl

The salt should be able to move vertically under the action of the oscillatory
movements of foundation, and due to the influence of fold forces.

Halotectonic halokinetic
theory

Trusheim (1957, 1960)

Consider the formation of domes salt as a result of the optimal difference
between the density of deposits from roof and of salt. In the context of this
theory Woidt (1980), Jackson and Talbot (1989) present six mechanisms of
kalokinetic

The theory of diapirism

Posepny (1871); Mrazec (1906)
Barton (1925); Kusaghin (1962)
Harbort (1910); Hettleton (1934)
Dumitrescu (1958); Gussow, Tanher,
Williams (1968); Ticleanu (1974)

Diapirism is considered to be a product of unequal action of tangential forces
on a complexity of layers, namely the layers on depths were stronger
puckered, while the superficial, free and uncovered ones are slightly or no
touched by folding.
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To understand the formation of diapiric and other halokinetic structures, it is
important to note that at depths approaching 13 km, where temperatures reach at
least 300°C, rock salt—a dense material at the surface—undergoes a
fundamental transformation, behaving more like a liquid with a density of 1.56 x
10* N/m3. In this state, its reduced density and viscosity render it unstable relative
to the surrounding rocks. Consequently, the salt migrates, deforms the overlying
strata, and eventually pierces through them, continuing its ascent until a dynamic
equilibrium is established. Salt masses exhibiting this "flow" behavior under
deep, high-temperature conditions gradually lose fluidity as they ascend toward
the surface and eventually become immobile upon contact with cooler
surrounding rocks. This explains the diminished or arrested flow observed in
some diapirs that reach the surface. However, these salt masses never achieve
complete stasis; the uplift process continues over extended periods, albeit at a
barely perceptible rate. This viscous-plastic flow phenomenon is driven by the
action of internal and external forces that exceed the elastic limit under shear
(the network forces within the salt mass), specifically when the condition is
achieved:

- For diapir:

A 217t 1
>_
P R

- For the other forms of salt deposits:

21 )
Ap > kil

g

Therefore, the salt flow, namely the viscous — plastic displacement of salt occurs
only if for a certain thickness and depth of the salt the minimum differential
pressure conditions are achieved. At a high stress state or very high depths, the
salt is mobilized at a thickness as small as possible. An example of this is the
valley diapir anticlines from the valley areas of the Transylvanian basin. In these
anticlines, the salt has been piled up by its expulsion from hilly areas with a high
lithostatic stress state. The intensity of the diapir process is proportional to the

ratio (Ap is the pressure difference (stress); g represents the thickness

of the salt bed; /is the distance on the horizontal).

In the central Transylvanian Basin, for example, the salt mass within the large
domes failed to penetrate the overlying sediment due to the attenuation, at these
depths, of the differential pressure (or differential stress state) imposed by the
topography. This dual mechanical behavior—elastic at shallower depths and
viscous (flowing) at greater depths—is intrinsically linked to changes in the ionic
network energy of the salt crystal. Under internal and external loads at the
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surface, which tend to deform the salt body, the rock salt responds with the
strength conferred by its high network energy; the electrovalent bonds between
chlorine and sodium ions are strong. As long as the network energy is not
exceeded by the complex forces applied to the salt body, it responds elastically,
and salt flow does not occur. Increasing the load beyond the strength afforded by
the network energy, specifically when the elastic limit in shear is exceeded,
initiates viscous (plastic) flow of the salt mass. Practically, the foregoing
considerations demonstrate the significant value of borehole tomography and
direct in situ measurements of physical and mechanical parameters using
mechanical and/or geophysical methods. Following the same line of reasoning,
one of the most effective ways to calibrate the calculation parameters used in the
eventual design of future boreholes traversing deep salt formations would be to
reopen some old boreholes penetrating the deep salt to measure the time-
dependent variation of the initial diameter of the casing strings installed during
drilling.

Regarding these situations, American research is of particular interest. This
research includes underground hydrocarbon storage in cavities created by
solution mining within salt massifs, as well as deep drilling into thick salt horizons
for "ecological" or non-polluting nuclear experiments. Salt is considered an ideal
medium for these applications due to its self-sealing properties at depth and its
superior shielding capabilities against explosive radiation and radioactive waste
generated from nuclear fuel after detonation. These American studies have
corroborated the viscous behavior of salt at depth, providing new information and
data on salt tectonics. Analyses of physical and mathematical models, correlated
with repeated geophysical well logging over periods of hours, days, and weeks,
have revealed time-dependent changes in the mechanical behavior of the salt
surrounding the borehole, specifically within the walls of the solution-mined
cavities.

2. GENERAL INFORMATION AND STATEMENT OF THE PROBLEM

Within the specific geomechanical context of salt massifs in operating salt mines,
where the goals are maximizing the extraction coefficient and enabling intensive
mechanization of the production process, two exploitation methods have become
prevalent: the small chamber and rectangular pillar method, and the small
chamber and square pillar method. While the former is generally preferred at
depths up to approximately 300 m, the latter is employed globally, even at depths
of 1000 m, as exemplified by the Valkenroda salt mine in Germany.

Macroscopically, the initially homogeneous structure, under the action of
horizontal tectonic forces, became heterogeneous, in the sense that plastic and
ruptural deformations of the initial cubic crystals occurred. Within the rock mass,
the dark gray components, which determine the variegated appearance, have
dimensions ranging between 5 mm and 18 mm. Brecciform fragments were
distinguished, in which the angular, submillimeter to maximum 2 mm components
are cemented with a saline-argillaceous-bituminous binder of gray-black color.
These brecciform fragments, due to the mobility of the salt in the folding phases
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under the action of horizontal tectonic forces, underwent an orientation in the
direction of maximum intensity of the deforming pressures. As a result of this
phenomenon, at the scale of the sample, it can be observed that the initial,
massive, unoriented texture has become partially oriented. In turn, the brecciform
fragments, which in most cases are elongated, are embedded in a relatively
equigranular mass, composed of deformed crystals of pure halite, whose
dimensions do not exceed 3 mm.

Some peculiarities of the rock salt from the Praid salt mine, identified through
macroscopic analysis, are confirmed and amplified by microstereoscopic
analysis. In this regard, the syntectonic transformations of the salt are well
observed through the following conclusive details:

=  Fibrous habitus: Due to its plasticity, approximately 40% of the initial cubic
crystals have acquired a fibrous habitus.

=  QOrientation of fibrous components: These fibrous components are, in most
cases, oriented in the direction of maximum folding pressures.

= Multiple deformation phases: It is probable, and not excluded, that after a
maximum phase of diapir anticline formation, there may have been
another phase of relaxation through which the fibrous crystals were
oriented obliquely and less perpendicular to the aforementioned direction.

= Concordance with breccia fragments: The orientation of the fibrous
crystals corresponds to the orientation of the saline-argillaceous-
bituminous breccia fragments, described in the macroscopic analysis.

= Argillaceous-bituminous  substance: @ The  argillaceous-bituminous
substance in the salt composition does not affect its quality in any way,
since, from the microstereoscopic analysis, it is found that it is bound, in
the form of a film, therefore physically, to the components of the breccia
fragments.

= Microfolding: The fibrous halite crystals, in some cases, exhibit microfolds,
often concordant with the macrofolds in the Praid salt mine.

»  Specific formations: Due to the processes mentioned above, some figures,
such as stalactites and stalagmites, pointed toe, atoll, etc., are
encountered in the configuration of the analyzed samples.

= Laminated salt: The laminated salt, due to the pressure created during the
formation of the diapir, reached the fibrous habitus. It presents itself as a
microcrystalline salt cementing the fibrous crystals, intimately associated
with the argillaceous minerals that appear in Fig. 1.a in a brownish color.

= Microgeodes: In the coarsely crystallized salt, microgeodes with an
intimate mixture of finely crystallized salt and argillaceous minerals are
distinguished (Fig. 1.b).

= Phenocrysts and macrocrystals: The presence of partially laminated-
fibrous halite phenocrysts (Fig. 1.c), as well as partially fibrous, partially
fragmented and recrystallized halite macrocrystals with microcrystalline
salt (the microcrystalline salt resulted from subsequent dissolution) (Fig.
1.d), was highlighted.

= Association of microcrystalline salt and argillaceous minerals: The
microcrystalline salt is intimately associated with argillaceous minerals in
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the interspaces between the coarsely crystallized halite crystals (Fig. 1.e).
The largely developed halite crystals appear partially laminated (fibrous),
partially dissolved, having an uneven - irregular contour (Fig. 1.f).

Fig. 1. Microstereoscopic analysis of the salt revealed: (a) microcrystalline
cementing salt associated with argillaceous minerals; (b) intimate mixture
of finely crystallized salt and argillaceous minerals; (c) partially laminated-
fibrous halite phenocrysts; (d) partially fibrous halite macrocrystals;
(e) microcrystalline halite intimately bound with argillaceous minerals;
(f) largely developed salt crystals with an uneven contour

In conclusion, the salt structure is crystalline heterogeneous; the texture is

massive unoriented, then subsequently partially oriented; the microstructure:
massive - crystalline fibrous; the microtexture: oriented concordant with the
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orientation of the saline-argillaceous-bituminous breccia fragments; the
composition: sodium chloride, argillaceous minerals, and bituminous substances;
the genetic type: sedimentary rock of chemical precipitation; from a qualitative
point of view, it is a good salt. In the massif, the Praid-type salt appears in
ribboned form (Fig. 2).

Fig. 2. Salt banding at the +50 m level

At the Praid Salt Mine, the rectangular pillars are 12 m high, corresponding to the
+286 m, +266 m, and +246 m horizons. The layout grid of the chambers and
pillars has 30 m sides. The chamber width varies between 14 m and 16 m. In
multi-level exploitation areas, the pillar side varies between 14 m and 17 m, with
dimensions determined by calculations based on limit equilibrium theory. The
inter-horizon slab thickness is 8 m. Extraction coefficients range from 30% to
40%. It is important to note that near the surface, voids exist due to previous
mining activities (Toderas & losif, 2023). These voids, resulting from salt
extraction, have altered the pre-existing natural stress state within the massif.
Their cross-sections decrease over time due to deformation of the support
elements (roof, floor, and pillars), a phenomenon confirmed by long-term
(decades) in situ observations. Visual observations and measurements have
revealed the instability of the chamber-pillar system. Deformation and instability
manifest as fissures and cracks (up to 10 cm or more in width and of significant
length), inter-chamber cracks, large detachments of fragments (from npillar
corners and sides), and even roof falls, occasional floor heave, and floor bending
with increasing deformation rates (Fig. 3). Most of these phenomena (fissures,
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cracks, and exfoliation) occur at the pillar corners and floor-pillar junctions due to
stress concentrations. Some fissures appear and propagate after blasting.
Fissure opening generally occurs in a stepwise or uniform manner, as confirmed
by observations of installed monitoring devices. These phenomena also result
from the time-dependent deformation of the pillars (Toderas & losif, 2023).

Fig. 3. Instability phenomena observed underground at the Praid Salt Mine:
(a) cracking of a rectangular pillar corner; (b) cracking of a marginal pillar;
(c) pillar exfoliation; (d) rounding of a rectangular pillar corner along the
stratification plane
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Unexploited zones between field pillars induce shear phenomena and uneven
pillar settlement, leading to significant stress variations within the mining areas.
These time-dependent phenomena contribute to the overall instability of the
multi-level room-and-pillar system, including the first level of the Telegdy mining
area at the Praid salt mine. The time-dependent evolution of instability
phenomena, coupled with increasing deformation and settlement rates, will
eventually result in the rupture or shearing of floor slabs and the destruction of
pillars.

The correct dimensioning of rooms and pillars (including safety pillars) is of
paramount importance, not only for exploitation safety and the stability of the
entire underground structure, including the protection and rational exploitation of
the deposit, but especially for the stability and protection of the surface, requiring
measures to prevent surface ground movements (Georgescu et al., 2005;
Toderas & losif, 2023; Toderas & Danciu, 2017). Ensuring the long-term stability
of underground voids created by salt extraction necessitates complex studies to
accurately understand the geomechanical characteristics (Aptukov & Volegov,
2020; Aubertin et al., 1999), the micro- and macro-scale behavior of the salt and
surrounding rocks (Belohlavek & Behr, 1999; Konstantinova & Aptukov, 2013;
Qingfa et al., 2020). Of particular importance is the study of dilatancy and,
especially, the incorporation of the time factor to establish the rheological
characteristics and parameters (Toderas & losif, 2023), which allow for assessing
the long-term stability of underground structures during and after the exploitation
period (Popp et al., 2002; Spiers, 1989; Stamatiu, 1962; Thorel & Ghoreychi,
1993). Given that salt deposit exploitation currently occurs primarily at depth,
often with considerable thicknesses, salt extraction is conducted across multiple
levels with a coaxial arrangement of rooms, ensuring that the pillars between
them are vertically aligned, allowing lithostatic pressure and stresses to be
transmitted coaxially (Toderas, 2022; Todorescu & Toderas, 1996). In the
horizontal plane, pillars (protection pillars) are left between rooms. Vertically,
floors are necessary, both to define the room height and, crucially, to enhance
safety during exploitation and pillar stability. The thickness of a floor between two
rooms is determined by the extraction method: ascending (rarely used) or
descending (common practice). Pillars bear the static loads imposed by the
weight of the deposits themselves and the overlying rocks, preventing them from
collapsing into the mined voids and preventing displacements that would cause
surface settlements and subsidence. Therefore, proper pillar sizing is crucial.
Determining optimal dimensions is a complex problem that involves considering
several factors, including: the geological and petrographic characterization of the
salt; its mode of formation; the micro- and macro-scale characteristics of the salt;
the presence of fluid inclusions and pores; the physical and mechanical
characteristics of the rock salt; its deformation behavior and dilatancy; and,
importantly, the time factor through rheological characteristics, which play a
crucial role in assessing the long-term stability of the underground structure
(Georgescu et al., 2005; Minkley & Menzel, 1996; Singh et al., 2018; Yahya et
al., 2000).
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Regarding safety and stability, safety pillars must meet both strength and
deformation requirements. Given the elastic and plastic deformation limits of rock
salt (the pillar material), determined through laboratory testing, pillar integrity can
be assessed by periodically measuring deformations or through analytical
calculations based on various established hypotheses. If measured deformations
remain within the elastic or small plastic deformation limits, the pillars are
considered sufficiently safe and stable (Toderas & losif, 2023; Toderas & Danciu,
2017). Conversely, there is a risk of fissures, fractures, or cracks developing,
potentially leading to partial or total pillar collapse. For Romanian rock salt,
laboratory tests have established the elastic and plastic deformation limits at 10
MPa (Stamatiu, 1962; Todorescu & Toderas, 1996), with a mean value of 2.5
MPa. If the salt within a pillar is in the plastic deformation regime, the time factor,
as previously mentioned, becomes crucial, as it drives deformation development
even under constant external loads. This leads to the creep phenomenon in rock
salt (McClain & Bradshaw, 1967; Wagner & Blaha, 2015; Majeed et al., 2023;
Feng et al., 2020; Qin et al., 2020), which the author has been investigating in
the laboratory since 1992. These studies, conducted on various salt types, have
shown that samples loaded beyond the elastic limit (Toderas & losif, 2023;
Toderas & Danciu, 2017) and into the plastic deformation regime exhibit time-
dependent deformation increases (Toderas, 2022; Todorescu & Toderas, 1996;
Toderas, 2020). This deformation variation is often accompanied by salt

dilatancy. Laboratory test data on Romanian rock salt have demonstrated its
dilatant behavior under load (Fig. 4).
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Sample no.3 - Dilatancy curve
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Sample no.8 - Dilatancy curve
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Fig. 4. Dilatancy curves for the rock salt from Praid (according to Toderas,
2005)

Penkova's studies also noted this dilatant character of salt, concluding that during
rapid triaxial tests on rock salt, transverse deformations can exceed axial
deformations, indicating a pronounced dilatancy phenomenon. Stavrogin (1967),
as presented by Todorescu in (1982), described the same dilatancy in rock salt.
Stavrogin showed that prismatic specimens (15x15x30 cm) under a load of
0.7corc (Where orc is the uniaxial compressive breaking strength) exhibited a 17%
volume increase over 800 x 24 hours. Studies have indicated that for Romanian
rock salt, the maximum depth for safe room-and-pillar exploitation is 1,000 m.
Beyond this depth, the risks and technical and safety challenges increase
significantly, making solution mining with the creation of caverns, from which

brine is then extracted to the surface, the recommended approach (Toderas &
losif, 2023).
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3. INTERACTION PRINCIPLE IN THE ASSESSMENT OF PILLARS’
SECONDARY STRESS - DEFORMATION STATE

Because the rooms and pillars method form a unique spatial system of dry
exploitation of salt, from the point of view of stability and reliability, it is obvious
that an effective correlation between the geometrical parameters of its system
and the surrounding massif is required (Aptukov & Volegov, 2020; Georgescu et
al., 2005; Toderas & losif, 2023). Generally, for each given situation (level, salt
mine), the dimensioning of the most requested element in the system is looked
at, and depending on its geometric elements, the other parameters of the system
are established (McClain & Bradshaw, 1967; Wagner & Blaha, 2015; Majeed et
al., 2023; Toderas, 2020; Todorescu, 1982; Balthasar & Haupt, 1987). Currently,
the analytical way to assess the stability and reliability of the exploitation system
of salt by means of a dry method is limited to the use of calculation methods
based on the "limit equilibrium theory". These methods, precisely because of the
principle on which they are based, present a number of disadvantages, among
which we recall: leading to an enlargement of the pillars and floors of a salt
mine's first horizon; limiting the depth of exploitation by excessively increasing
the size of pillars to the detriment of the rooms, resulting in a significant reduction
in the salt extraction coefficient; failing to account for salt behaviour variations in
correlation with the increase of exploitation depth and stresses in pillars; all
computing relationships do not take into account the implications of the loading
time, namely the rheological behaviour of salt (the long existence of salt and the
changes that occur in the strength characteristics during the salt exploitation
period) etc. (Toderas & losif, 2023). In relation to the formulated underlines, it is
believed that pillar dimensioning is a susceptible problem that requires
corrections, improvements, and even the development of new and more efficient
methods to facilitate the safe expansion of exploitation salt in depth. By virtue of
the role of the pillars as elements of the rock salt exploitation method, they can
be assimilated as a natural support system. As the pillars have a role as
elements of the salt exploitation method, they can be assimilated as a natural
support system. However, such a support system must be studied in the context
of two conditions: 1) the amount of useful mineral substance (rock salt) stored in
the pillar is minimum (obtaining a maximum coefficient of extraction); and 2) to
assume and accomplish the role of ensuring the overall stability of a room, level,
and implicitly of a salt mine. We believe that such an objective can be achieved
on the basis of the principle of the interaction mechanism, that is, the communion
of rock deformations around an underground excavation and the mounted
support system. The evaluation of such a compound effect can be done by
superimposing the rock deformation curve and the support system curve (Fig. 5)
(Toderas & losif, 2023).

The point of intersection of the two characteristic curves simultaneously
expresses the magnitude of the loads and support deformation that characterize
the stability state of the rock-support system (Toderas & losif, 2023; Toderas &
Danciu, 2017; Thorel & Ghoreychi, 1993). Such a principle, which has been used
successfully in the design of underground artificial supports (wood, metal,
concrete, etc.) (Toderas, 2020; Seryakov, 2020; Todorescu & Gaiducov, 1996—
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2001), can also be applied in the case of natural supports and also for the
situation of salt exploitation by rooms and pillars. The possibility of its application
is also facilitated by the advantages that numerical analysis methods provide
today. As a result, the method that we proposed consists of establishing: 1) the
relaxation curve of salt, namely the deformation behaviour of salt on the contour
of excavation (room—floor) following the load that acts on the exploitation system;
and 2) the relaxation curve developed by the pillar, with the role of natural
support as a result of the loads acting on the pillar. The analytical and graphical
intersection of the equations of the two curves leads us to the equilibrium
condition of the exploitation system. The proposed method was applied to the
Praid Salt Mine (Romania), where, in fact, both observations and in situ
measurements of the secondary stress and deformation state in square-shaped
pillars, as well as experimental research in the laboratory by modelling (Toderas,
2022; Todorescu & Toderas, 1996; Toderas, 2020), were realized. It was
considered that the part of salt to be left in the pillar (Fig. 6) (Toderas & losif,
2023) is subjected to a stress state even before the pillar is contoured, namely
the natural stress state, which is well defined by its normal components oz, oy,
and ox, which, in the context of elastic deformation behaviour, are determined by
the known relationships:
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Fig. 5. Principle of the interaction mechanism: | — relaxation curve; Il —

supports reaction curves (p — load on the support; u — displacement; AB —
domain of elastic behaviour; BD — domain of inelastic behaviour; 01 -

elastic displacement; 02 - rock displacement until the support is setting;

23 - common displacement of rock and support; B — equilibrium point of
the system in the elastic domain; C — the equilibrium point of the system in
the inelastic domain; B’ si C’ - pressure values on the support (natural and

artificial respectively)
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Where: ya - the apparent specific weight of salt; u - Poisson’s coefficient; & — the
active pressure coefficient given by Poisson’s coefficient:

1
pillar reaction |
I
el

Fig. 6. Cross-section through the small-rooms and square pillars
exploitation system (Lc — the width of the room; L, — the width of the pillar;
hp — the height of the pillar)

Once the beginning of pillar contouring occurs, stress concentrations occur
(Seryakov, 2020) and lead to the occurrence of the secondary stress state

materialized in the salt part of the pillar through the normal components: GZS ;

Gj and O'j . Such a secondary stress state, through its components, undergoes
changes with the beginning of the pillar contour in the sense that the lateral
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S . .
stresses af and o, decrease and tend to zero; at the same time, the vertical

respectively axial components increase, precisely because of the support
function that the pillar begins to develop. These two sources of change in the
equilibrium of the exploitation system (the natural state and the secondary stress
state) act simultaneously in the way we have shown.

The principle of interaction was used to evaluate the stability of the proposed
room-pillar system, respecting the following conditions: the coordinate system is
the one shown in Fig. 2; the pillar has a role of support; the axis of the pillar is
parallel to one of the main normal components of the natural stress state, namely
at oz; the axial load of the pillar generates a uniform distribution of the axial
stress (a fact confirmed by the in situ measurements (Toderas & losif, 2023;
Toderas & Danciu, 2017; Toderas, 2022; Toderas, 2020)); the maximum load

gives the main axial component of the secondary stress state O'ZS . Once the

pillar is realised, the normal components of the secondary stress state in the z, y,
and x directions change according to the relations:

AO‘ZS =0, — GZS (5)
AO'j =0, — o"f (6)
Ao’ =0 -0 (7)

At the end of the achievement of the pillar, the secondary stress state becomes:
o’ #0 and Gf =0’ =0 (8)

In the context of plane deformation conditions, according to (Seryakov, 2020), it
can be written that:

AO'f =,u[AGf+AJf] 9)
When we combine the relationships (5), (8), and (9), we get:
N S
Aot =ulo,-Ac) ] (10)

The axial load of a pillar is a consequence of its axial deformation. For a zero
deformation of the pillar (namely, before any deformation occurs, at t = 0), in the
conditions of a linear, homogeneous, and isotropic elastic medium, it follows that
(Toderas & losif, 2023):
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el =¢ (11)

z z

Where: ¢, and gf are the normal components of deformation in the z direction

due to the natural stress state (namely, the state of stress existing before the
pillar execution) and the secondary stress state after the achievement of the pillar
but before any deformation occurs:

512%[51_ﬂ(01+5yﬂ (12)
o = [ot (ol 4] 13)

According to the expressions (12), (13) and the relations (7) — (10), the condition
(11) becomes:

Y=0.-Ac’ (14)

(o
Considering the fact that:

Ac? LG (15)

~_1—/U x

Finally, the expression of the preloading normal component of the secondary
stress state after the axial direction of the pillar results in being:

G,SZO'Z—LO'X (16)
z 1—

Which, as will be shown below, is a constant term in the equation of the
characteristic reaction curve developed by the pillar as a natural support
(Toderas & losif, 2023).

In order to establish the salt relaxation curve, the cross-section was considered
for a pillar located between the two rooms, as presented in Fig. 2. Geometrically,
the situation taken into study was characterised as: small rooms and square
pillars exploitation system, with the width of the rooms Lc = 16 m, the width of the
pillar Lp = 14 m, and the height of the pillar hp = 8 m. However, it was considered,
as we have in fact mentioned, that the conditions of plane deformation and the
salt from the pillar and around the pillar are characterised by the following values
of the geomechanical properties involved in the computations: the apparent
specific weight of the salt ya = 2.1 x 104 N/m3; the elasticity modulus E = 950
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MPa; and the coefficient of Poisson’s y = 0.26. To obtain the relaxation curves
for different depths (from 100 m to 1,000 m), it was necessary to determine the
secondary stress state and the secondary displacement state that affect the
pillars until failure. These were obtained by an analytical method using the finite
element method (Toderas & losif, 2023; Toderas & Danciu, 2017; Todorescu &
Toderas, 1996), and the values obtained for a depth equal to 100 m at Praid Salt
Mine (Romania) have been verified by the obtained data from the
measurements. The ranges of variation of the axial component of the secondary
stress state and the corresponding displacements obtained for different depth
ranges are shown in Table 2.

Table 2. Values of axial load and displacements

Depth range Value of axial component of secondary Displacements

H, m stress state that acts on the pillar, MPa v, cm
0-200 1.64 0.945
0.795 0.713
0.375 0.489
200 - 400 8.4 4.25
6.16 2.62
3.54 1.28
400 - 600 12.6 26.82
11.5 1.8456
9.45 0.7325
600 - 800 16.8 9.0012
14.9 1.897
13.65 1.275
800 - 1000 21.00 16.25
19.4 3.0016
17.85 1.655
Noting: 0'; ; Gfp and O'fp the main normal components of the secondary

stress state after the pillar begins to be loaded, then:

s _ s s

AO'ZP =0, -0, (17)
Aafp = O'j —O'fp (18)
Ac, =0 -0, (19)

Where: AO'ZSP ; Aafp and AO'fp are the increases of the main components of
the stress state resulting from the axial load of the pillar.
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While maintaining the same boundary conditions as in equations (6) and (17), the
shortening v of the pillar at its half height (at h/2) due only to the axial stress is:

y=—= (20)

Where: Agzsp is the change of the axial deformation in the pillar due to the action
of the axial load and which, based on the boundary conditions, has the value:

Ao’ (21)

Where E is the elasticity modulus of salt from pillar.

Based on the relationships (18) and (19), the following expression was obtained:

2F
Aot =22V (22)

zp h(l—/f)

Substituting the equations (16) and (22) in (17), the axial component of the stress
state in the pillar was obtained:

2F
o, =0 — # o_— 4 (23.a)

h(l—,uz)

Or:
2Ev
h(l—yz)

Actually, this equation represents the reaction curve developed by the pillar,
considered to have the role of natural support.

o), =(1-¢") o, - (23.)

4. RESULTS AND DISCUSSION

Table 3 shows the reaction equations developed by pillars at various depths in
the Praid salt mine situation. In Fig. 7, the intersection of these curves is shown
graphically.

The intersection of the two types of curves (salt relaxation and reaction
developed by the pillar) led me to obtain the axial stress value in the pillar and
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offered the possibility to assess its stability and exploitation system stability too
(Toderas & losif, 2023). The stability of the pillar is conditioned by the value of
the deformation obvious on the abscissa and the value of the load to which it is
exposed, a value that is represented on the ordinate (Toderas & Danciu, 2017;
Toderas, 2022; Todorescu & Toderas, 1996; Yahya et al., 2000). From the
analysis of the obtained data, it is found that, with the increase in depth, the
stability conditions of the exploitation system change; these changes are made
by the coordinates of the intersection points of the pairs of curves (Toderas &
losif, 2023).

Table 3. Salt relaxation and pillar reaction equations

Depth range, H, m Equations of salt Equations of pillar reaction
relaxation curves curves
0-200 c=-1.7458 v + o’ =43.932y—-4x107'°
4.06395 »
200 - 400 c=-1.9799v + 8559 55 —30.778v+107"
zp
400 - 600 c=-1.8666Vv+12.773 55 _30.166v
zp
600 - 800 c=-1.8928 v + 17.098 O.fp =26.098v
800 - 1000 c=-1.3136v + 21.428 O.Sp =38.11v
45
4 y =-1,7458x + 4,06395
@ ] R2 = 0,9996
(2]
e 35
’ /
3
| H=0-200m
2.5 /
2

0.2 0.4 0.6 0.8

displacement
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Fig. 7. Intersection of relaxation curve and reaction curve of pillar: for H

from 200 m to 400 m = 800 m to 1000 m

Analysing the degree of stress on the pillar, it was found that the stress threshold
of 0.3 is exceeded at a depth of 600 m. As a result, it was considered necessary
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to analyse the interval of 600-1000 m in the context of the increase in the height
of the pillar to highlight whether in this area the pillars with dimensions of Lp = 14
m and hp = 8 m, respectively, and hp = 10 m and Lc = 16 m are stable or not. As a
result, for the depth intervals specified in Table 2, the situation where the height
of the pillars increased from 8 m to 10 m was also analysed.

The question of heterogeneity that confers a difference in pillar load can be
approached in the manner of the presented method. Interesting conclusions lead
us to the graphical analysis, which means that in the case of rock salt, as in the
case of rock with pronounced plastic behaviour, the characteristic curve of salt
deformation approaches the shape and value of a line (Toderas & losif, 2023).
To a known extent, the interaction has opened and continues to maintain
consciousness and clear the assessment possibility of directing the factors that
determine the interaction phenomenon. The correlation of the same equations
presented in Table 2 shows that the degree of pillar load, corresponding to the
load threshold of 0.3 admitted by the rheological research (Toderas & Danciu,
2017; Todorescu & Toderas, 1996; Todorescu, 1986), is exceeded starting with
the depth of 600 m. For exploitation in depths below 600 m, we consider that
changes to the dimensions of the exploitation system are necessary, namely: in
the range of 600 m to 800 m, the dimensions of the pillars should be Lp = 14.5 m
and hp = 8 m, and in the range of 800 m to 1,000 m depth, the dimensions should
belp=15m,Lc=15m, and hp =8 m.

The use of this method based on the principle of interaction can be performed by
means of an algorithm that can be expanded not only for any situation (Fig. 8)
encountered in the Romanian salt mines but also for the ore exploitation
situations where the exploitation method with rooms and pillars is applied
(Toderas & losif, 2023). The findings and their implications should be discussed
in the broadest possible context. Future research directions may also be
highlighted.

The exploitation technology that is applied has an influence on the stability and,
therefore, implicitly, on the secondary stress-deformation state of the elements of
the room-and-pillar exploitation system (Jianhua & Kuangdi, 2023; Toderas,
2024). The technology used is the classic one: using the explosives' dislocation
energy, which affects the bearing capacity of the pillars and floors by inducing,
following the blasting of an artificial microcrack zone in these elements, the
amplification of pre-existing natural microcracks at a depth of about 0.5 m at the
pillars and 0.9 m at the floors. With the current exploitation technology, it is
possible to go to a depth of 600 m, in which case the load on the pillars cer would
be about 30 MPa, the load degree A = 0.31, and the extraction coefficient Ce =
26 %. However, by changing the shape of the pillars (the special type shape with
a rounded contact between the pillar and the floor) and applying a cutting
technology with a drilling machine with a point attack or some saws with a long
arm of about 4.5 m and cutting possibilities in the vertical plane, namely, a non-
destructive technology that allows the creation of vaulted chambers or with
rounded corners, over 800 m. For exploitation depths between 200 and 600 m,
the variation of the effective loads (of the components of the secondary stress
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state) that return as a load confirms what was stated previously that the pillars
will maintain their stability (Toderas & losif, 2023; Zhou et al., 2021; Pan et al,,
2022).

Initial axial stress (equal to each pillar carried out)

G; =constant,i=1,2,....n

!

The average displacement for each step of achieving the pillar.
Is computed by using any numerical analysis method of stresses

!

Calculation of axial stress using the displacements v, and the equation of the

reaction curve developed by pillar Gip_ =constant,i=1,2.3, ....1n

!

< admitted tolerance, 1=1,2.3,...n
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Fig. 8. The proposed computing algorithm

Along with the increase in the exploitation depth, the degree of stress on the
room-pillar exploitation system also increases, and at the same time, the
deformation process intensifies. The average strain rate increases, the breaking
strain value decreases, and the stability time decreases. A modification of the
extraction technology is also required in order to improve even more significantly
the stability conditions of the chamber-pillar system below the depth of 600 m
and above 800 m.

In the calculations of salt massif stability (Jianhua & Kuangdi, 2023; Toderas,
2024), its essential features must be evaluated, namely the rheological
properties, its nonlinear character of behaviour o - ¢ and the dilatancy
phenomenon under the action of shear stress. In the case where the state
equation (namely, the behaviour equation) doesn’t describe the three stages of
creep, then to be able to resolve the stability problem, first the stress—
deformation state must be established, and then the long-term strength condition
is imposed. As a long-term strength condition, the criterion that satisfactorily
characterises the strength of salt under an instantaneous load can be (Zhou et
al.,, 2021; Pan et al., 2022). In the condition of the salt's strength, the long-term
strength value will be introduced instead of the instantaneous characteristics
(t=0).
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Fig. 9. Stages of stability analysis of an underground structure

The magnitude of the rheological deformations of rock salt raises the question of
the predominant role of the rheological characteristics of this material in the study
of the stability of underground structures. In the vicinity of underground
excavations and in saliferous geological formations (domes, strata), the field of
stress develops very slowly over time, which allows it to approach the state of
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evolution through creep. To assess the stability of underground structures made
of salt massif, first understand salt behaviour at both the micro- and macro-
structural scales; microscopic analyses allow the identification of neo-formation
minerals. For a better understanding of the rheological behaviour of salt and for a
complete analysis of the stability of an underground structure achieved in salt in
its exploitation by solid way, the following scheme was proposed (Fig. 9); this
scheme shows the main stages of study that must be respected or taken into
account in such an analysis.

5. CONCLUSIONS

The analytical method for evaluating the stability of dry salt mining systems
traditionally relies on calculation procedures grounded in the "limit equilibrium
theory." These procedures often lead to an over-dimensioning of support
elements, such as pillars and floors. This over-dimensioning can restrict the
exploitation depth due to the need for excessively large pillars, which in turn
reduces the size of extraction chambers. Consequently, this approach
substantially decreases the extraction ratio and can introduce other operational
disadvantages.

In contrast, the proposed method supersedes the concept of limit equilibrium-
based dimensioning. It introduces the assimilation of pillars as natural supports
and applies the principle of the interaction mechanism between the pillar, room,
and salt mass. This approach, grounded in the analysis of the secondary stress-
strain state within the pillars, allows for a more accurate evaluation of the
exploitation system's stability and enables exploitation at depths exceeding 800
meters. The method explicitly considers the rheological behavior of the salt, the
time-dependent deformation of the pillars, and potential advancements in
extraction technology.

The proposed methodology offers the possibility of an analysis of the
unfavourable non-uniformity of the pillar geometry (not the same dimensions),
the unfavourable implications of their non-coaxiality, and the pillar asymmetry
over the main axis of the mining field. At the same time, it offers the possibility of
assessing the stress state in pillars, meaning that, if in the design, a symmetry is
not maintained in relation to the centre axis of the mine, then the central pillars
may act on an identical stress state that differs from the one on the marginal
pillars - a problem that can be solved by expanding this method.

This method, based on the principle of interaction, through the algorithm
proposed for any situation in the salt mines in Romania, can be extended and
used in the case of the exploitation of ore deposits when using the method of
exploitation with rooms and pillars.
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ABSTRACT

Bionic robot fish possess the capability to transform the way the world
underutilizes underwater environments. Distinct from the other biomimetic robots
using conventional motor systems, MIT Robotuna, a biomimetic robot fish that
exhibited unprecedented efficiency in power consumption and operation, was
pioneered in the field of bionic robotics. The study aims at developing a circular
soft robot with SMA actuators, operated utilizing a newly developed control
strategy encompassing PID alongside Kalman filtering in addition to visual servo.
Here, a bionic robot fish structure, that can swim underwater, has been designed.
The active compact body is powered by eight sets of symmetric PVC gel
actuators with a caudal fin. The robot's 200 mm-long, fish structure design
incorporates a 55.52 angle to optimize the fish dynamics movement. It's a fast
and smooth operation and can swim. The robot can swim fast and quietly by
using the right positions and the appropriate actuators on the PVC gel actuators.
The successful deployment and implementation of such bionic robot fish display
the potential of soft robotics to develop agile and versatile underwater vehicles.
This design entails a unique architecture that enables the robot to move safely
and unobtrusively at the same time, which makes it suitable equipment for
different exploration and surveillance missions in the water with speed and silent
operation as the foremost concern.

Keywords: Biomimetic robotics; structural design; PVC gel actuators; swimming
mechanisms.
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1. INTRODUCTION

Bionic robotic fish represent a new type of autonomous underwater vehicle that
integrates hydrodynamics, machinery, electronics, control, and computer
technologies. Currently, autonomous underwater vehicles are primarily utilized
for various applications, including marine observation, underwater pipeline
inspection, environmental protection, and rescue operations (Ma et al,
2023). The latest research (Raj & Thakur, 2016; Xie et al., 2021) has shown that
bionic robot fish possess the capability to transform the way the world
underutilizes underwater environments. Being distinct from the other biomimetic
robotics that were powered by a building and conventional motor drives of the
systems (Duraisamy et al., 2019), MIT Robotuna, a biomimetic robot fish that
exhibited unprecedented efficiency in power consumption and operation, was
pioneered in the field of bionic robotics (Triantafyllou & Triantafyllou, 1995). The
first tuna-mimetic robot, RoboTuna, was built at MIT. Later, the vorticity control
unmanned undersea vehicle was developed based on RoboTuna, with some
improvements and additional capabilities, such as obstacle avoidance and the
use of up-down motion (Mitin et al., 2022). Through the detailed observation of
tuna moving, Robotuna’s propulsion system employs one or more motors to
make the robot fish oscillate in water, and it is then that this robot can be
launched anywhere it is desired. By the means of cleverly reproducible
movements of the live fish, those robots would bring a special juice to underwater
exploration and research all over the globe (Ruyhan et al., 2024).

This study embraces new designs for lo-liquid locomotion machines inherited
from structural compliance to achieve thrust. A compliant mechanism model with
high performance similar to that of real fish locomotion is proposed, which is later
analyzed by another model through the next stage of development (Ruyhan et
al., 2024). Humans create just about everything, but most inventions are inspired
by the way nature is made. It is this awareness that leads to the development of
soft robotics. As opposed to hard robots, soft robots imitate natural systems;
these are flexible and complex, thus optimal for solving underwater tasks. This
essay looks at recent progress in this area through (Youssef et al., 2022; Zhong
et al., 2017). This motor control is driven by a silicone rubber flexible fishtail that
swings continuously, which was like a real fishtail. In addition to the research
team at MIT, they have utilized the hydraulically controlled robotic fish for a new
kind of novel underwater technology (Ruyhan et al., 2024). The driving gear
pump, which is controlled by an electrical motor and is responsible for the
regulation of the fluid pressure and creating an alternating bending and
oscillating of the fish’s tail, is powering the device (Katzschmann et al., 2018).
This world-changing machine may just provide a much deeper level of
understanding about water worlds and take research to a more advanced level
than before. Strong materials such as IPMC, DE, and SMA are introduced in the
soft robotics fish creation for improved flexibility and efficacy (Ruyhan et al.,
2024). An IPMC-based EAP is one of the most common materials used in
manufacturing robot fish as the hydrophilic nature and low voltage of this material
are the two foremost reasons (Chen, 2017).
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The bionic robot fish was created by a group of researchers, taking the lionfish as
their guide, and also an inspiration. The robot, resembling fish, is powered by the
most recent DE actuators, therefore making it fun with the flapping movement
(Ruyhan et al., 2024). Such a remarkable journey was achieved in the Mariana
Trench that the invented technology lasted 45 minutes, suggesting the advent of
new possibilities for ocean research with some scientific applications. (Li et al.,
2021; Le et al., 2012) created a domestic bionic cuttlefish controlled with SMA
that can suddenly swim on its own. but these resources are more suitable for
little robotic fish than for medium-sized or big robots (Gao et al., 2014). This
paper presents a new bionic robot fishtail structure that has multi degrees of
freedom skeleton structure and stacked soft PVC gel actuators which can
simulate fish muscle movements. Analyzing the mechanics and the frequencies
of the fishtail and it responded optimally at 1 to the amplitude of swing. Still, the
generator component causes the reporter to hear 5 Hz underwater due to
resonance (Ruyhan et al., 2024). Like Flappy, the prototype was tested for water
movement and proven to be operational, which will go a long way in creating a
practical bionic fish design. S Sixtus concluded that contraction strain increased
with changing load or voltage, and reached the frequency that the natural fish
swims and they thus have potential in bionic usages of PVC gel actuators (Dong
et al.,, 2022). For this lightweight structure, the optimized designs validate the
efficacy of topology optimization in creating lightweight, high-performance
lightweight components, highlighting its importance in future design
Advancements (Ruyhan & Melon, 2024). The study aims at developing a circular
soft robot with SMA actuators, operated utilizing a newly developed control
strategy encompassing PID alongside Kalman filtering in addition to visual servo
(Ruyhan et al., 2024). Potential MATLAB simulations and experiments have
shown some outcome, however, the issues of recognizing objects and forms and
measuring of distances still remained a daunting task for future work with
reinforcement learning by gait control (Lyu, 2022). This work describes the
fabrication and characterization of the freshly developed ampicillin-selective
electrodes based on Mn (lll) TPPI ionophore in PVC and sol-gel matrices. These
electrodes, when coupled to pharmaceutical analysis they depict a similar
precision as that of HPLC, however, they are easier to use, expensive reagents
are minimized, and are cheaper when used with the SIA system (Zarate et al.,
2011).

2. STRUCTURE DESIGN OF ROBOTICS FISH
2.1 Oscillating Mechanism Proposed for Robotic Fish Propulsion

This mechanism, which is simply voltage applied, is an actuator or single-layer
PVC gel with contraction-displacement motion as shown in (Fig. 1) (Ruyhan et
al., 2024). Voltage application will simply push up the gel to the anodes to create
the displacement. Instead of traditionally, we use 2 closely placed actuators
linked together by a lever arm for more effective execution of the principle.
Coupling actuators exploit the synchronization principle to make mechanical
motion take place in a desired fashion (Dong et al., 2022). It provides the ability
to carry out controllable alterations in the tail direction or any other appendages
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required in the animatronic system and hence achieve the desired movements
(Ruyhan et al., 2024). PVC gel actuators in this oscillating mechanism were used
in this reciprocating motion, as they have the advantage of being able to perform
more efficiently, flexibly, and easily controllable. For instance, the simplicity and
robustness of the design make it applicable to many kinds of robot assemblies,
chiefly in underwater constructions where traditional actuators may fail to work.
Supposing this oscillating model is implemented into robotics, it may contribute
greatly to progress in robotics, and provide a successful route to the
development of more agile and flexible robotic platforms by providing an efficient
approach for both control and movement within robots (Ruyhan et al., 2024).

® Proton

Anode ()  PVC gel Cathode (+) @ Electron
Displacement

-

Discharging Chargingl

Fig. 1. PVC gel actuator schematic with contraction deformation
(Dong et al., 2022)

2.2 Active Fishtail Design Utilizing PVC Gel Actuators for Oscillation

This paper elaborates the synthesis and use of dibutyl adipate (DBA) as the
plasticizer within PVC gel concerning its employment in the motion structure of a
bionic robot fish (Ruyhan et al., 2024). It starts with the preparation of PVC gel
that requires dissolving of PVC powder and DBA in Tetrahydrofuran (THF). This
mixture advantageously utilizes DBA, where it was observed to increase the
dielectric constant, which is crucial in the actuation of the robot fish using the
PVC gel. For the preparation of the gel, the reaction medium used shall be a
THF-DBA system, where THF is the main solvent and DBA acts as the cross-
linking agent. One amount of the PVC powder is added slowly to this mixture and
it is then heated for a few minutes to form a viscous gel (Ruyhan et al., 2024).
The crucial step involves mixing PVC and DBA in a 4:1 ratio, followed by stirring
the resulting suspension for 24 more hours at 40°C, during which the PVC
powder dissolves completely. This all helps to produce a distinct PVC solution, a
crucial part of the motor function of the robot fish. The construction of the robot
fish can be described as consisting of several stages: first, two plastic covers are
put together; second, PVC gel is prepared and injected into the body of the fish;
third, a moving mechanism is installed. After the assembly is done, the company
then powers the PVC gel actuators by electricity, and this allows the movement
of the robot fish. The engagement of these actuators is of high importance, as it
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is through it that converting electrical energy into mechanical energy is enabled,
thus making the fish move (Ruyhan et al., 2024).

Thus, the paper focuses on the fact that DBA is helpful to refine specific
characteristics of the formed PVC gel, including the dielectric properties, which
are critical to actuation. With regards to dielectric properties, which determine the
response of the material to an electric stimulus, directly impacts the speed and
functionality of the robot fish. By optimizing these properties, it guarantees that
the DBA-enhanced PVC gel maximizes the capacities of the actuators as
expected (Ruyhan et al., 2024). Moreover, the paper describes the importance of
the actual mixing process that has been described in more detail above. The
inclusion of PVC powder in a gradual process and the stirring at the given
temperature are important mechanisms in making the gel proportional and
efficient. The 24 h stirring for the samples at 40°C is critical to dissolving the PVC
to the occurrence of a clear solution that is also uniform. Such homogeneity is
crucial to the performance of the actuators, as it ensures that they provide
optimal performance in distinct settings (Ruyhan et al., 2024).

The assembly process is also stressed, as in the end, for creating the robot fish,
the clear PVC solution gains some components to compose the base of its
motion. To allow for this, the assembly of the process is very precise to make
sure that the actuators are in the right places and can function correctly once a
flow of electricity is passed through them (Ruyhan et al.,, 2024). These
components are the essential elements that show how a robot fish should work
and how well it will function when used in the intended application (Dong et al.,
2022; Li et al., 2019).

The soft actuator is a PVC gel. It produces linear displacement. It's contracting
under DC voltage, returning to its original shape without voltage, with the
contraction rate increasing with voltage until saturation. A novel swinging
mechanism using PVC gel actuators has been proposed to simulate the
contraction of fish muscles for bends in their tail. The mechanism is composed of
joints, PVC gel actuators, hinges, and press buttons (Fig. 2) (Ruyhan et al.,
2024). The two PVC gel actuators are placed at the joint where they rotate to
enable bidirectional motion. In this manner, the actuators which are used to give
the driving signals in turns create the swinging motion; the swing angle is in
direct relation with the voltage. Thus, this mechanism copies the path of fish
movements to improve the power and direction in the water environment (Fig. 3)
(Ruyhan et al., 2024).

Actuators are to be positioned at junctions between joints. Precompression
plates must be spread during assembly (Ruyhan et al., 2024). The two actuators’
driving signals are adjusted to be oscillating. The stored charge in the right
actuator will produce the joint rotation through the right-handed screw sense with
the clockwise precompression torque generation. It results in the swing angle
proportional to the voltage. When the operation actuator on the left is set in
place, so does the show. The main function of this act is based on the timing
control of the two parallel signals, which produce the two waveforms, either the
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charging or the reverse-waveform signals by the switching action. Perpetual right
and left-hand side twisting movements are easily possible with either regular or
alternating actuator operation. Units connected in series (Fig. 4) create a parallel-
series system, except signals are passed from left to right and from right to left
(Ruyhan et al., 2024).

Fig. 2. PVC gel actuator assembly

Fig. 3. Two PVC gel actuators were employed

The bionic robot fish design involves placing actuators at the junctions between
joints, with precompression plates spread during assembly (Fig. 4), titled “The
oscillating mechanism utilizes two PVC gel actuators for controlled movement,”
includes two different subfigures, labeled as Fig. 4(a) and Fig. 4(b) for clarity
(Ruyhan et al., 2024).

Fig. 4(a): lllustrates the configuration where the two actuators are positioned,
showing how the driving signals are adjusted to oscillate. The stored charge in
the right actuator generates joint rotation through the right-handed screw sense
with a clockwise precompression torque, resulting in a swing angle proportional
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to the voltage. This subfigure highlights the specific arrangement and activation
of the right-side actuator (Ruyhan et al., 2024).

Fig. 4. The oscillating mechanism utilizes two PVC gel actuators for
controlled movement.

Fig. 4(b): depicts the operation when the left-side actuator is activated. The same
principles apply, with the left actuator producing the necessary movements
through its oscillating driving signals. This results in left-hand side twisting
movements, mirroring the function of the right actuator shown in (Fig. 4(a))
(Ruyhan et al., 2024). The main function of these actuators is based on the
timing control of the two parallel signals, producing ongoing waveforms through
switching actions that alternate between charging and reverse-waveform signals.
This setup allows for continuous right and left-hand twisting movements with
either regular or alternating actuator operation. When units are connected in
series, as shown in the combined representation of (Fig. 4(a) and Fig. 4(b)), they
create a parallel-series system (Ruyhan et al., 2024). In this system, signals are
passed Bidirectionally from left to right and right to left, enabling synchronized
and efficient movement of the bionic robot fish.

2.3 Model of a Robotic Fish Utilizing Soft Actuators for Propulsion

The proposed “swinging” mechanism we are talking about here, uses two PVC
pills to move the base for rotation at an angle of 55.52°. The system is based on
new standards, it's fast and streamlined, therefore it’s significantly better than the
mechanisms which resemble the movements of fish. Just like the majority of
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them, it has something unique to offer the industry, namely the low friction
torque. The associated machinery will be running flawlessly and performing its
functions at optimum (Ruyhan et al., 2024).

This mechanism of other fish systems is quite simple and therefore it can be
intuitively managed and preferred. This appeals not only to recreational divers
but also to those who seek practical benefits when using it. This actuation
mechanism features the use of PVC gel as a key feature. Among these actuators
is the component that pushes the upper and lower bodies to generate wave-like
movements. PVC gel actuators are praised for their flexibility, fast reaction time,
and longer duration, which reveals that this type of actuator is best for dynamic
systems. In this case, the application of these actuators isn’t just about making
the mechanism function better but also adding versatility to its designs (Fig. 5)
(Ruyhan et al., 2024).

Fig. 5. Active fishtail functionality

This performance of the system with a 55.52° dangling precision is a proud
victory in the engineering sphere. This accuracy in movement offers new
solutions to a variety of processes in different fields, like robotics or automation in
production. Beyond that fast working mechanism, this tool also enables a faster
working process for assigned tasks that are precise and precise. It, therefore,
applies to jobs that require instant work. The difference that this mechanism
presents is contrary to the popular approach of fish-shaped systems (Fig. 6)
(Ruyhan et al., 2024).

Whereas the majority of underwater technologies connect its movement and
swimming patterns with those of fish, this system moves in a unique, one-way
manner (Ruyhan et al., 2024). The intention here is to effect a break away from a
norm in an endeavor to devise a mechanism that incorporates efficiency as well
as distinction as its mode of operation. This stabilizing method is not only
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technically feasible but also very affordable to implement. This is made possible
by the system’s ability to tap into the potential energy of the wind and its inherent
low friction; this translates to an inexpensive cost of electricity. One of the
components in a system of the world will be the feature of energy efficiency that
is more and more encouraged so that it has a great financial value for the
operation (Fig. 7) (Ruyhan et al., 2024).

Fig. 6. Depicts the precise rotation of the left side of the active body by
55.52°

Fig. 7. Depicts the precise rotation of the Right side of the active body by
55.52°

This is due to the cost-effectiveness of the technology, which often makes it
feasible for use in a wide range of applications, and probably in situations where
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energy savings is an important goal. Finally, | can say that mechanical
assembling that has been accomplished using two PVC gel actuators precisely
reminds

me of a huge growth in technical creativity. Its dual-helix shape, turn-over-time is
faster than the conventional up-and-down structure, and working efficacy, which
is user-friendly, make it different from the conventional systems (Fig. 8) (Ruyhan
et al., 2024).

Fig. 8. Back left side view

Fig. 9. Back right side view

The usage of PVC has boosted its performance and capabilities to adapt to
diverse applications (Ruyhan et al., 2024). The accuracy of revolving motion is
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what drives the versatility of such an operation, and the economy of use is what
makes it practical in real-world scenarios. The mechanism of oscillation signifies
by its example how a brilliantly conceived system of a dynamic nature could bring
together effectiveness, practicality, and economy with ease. This economic
aspect is a practical choice for different application areas accentuating its
usefulness, especially in those cases where minimizing operating costs is the
chief priority (Ruyhan et al., 2024). To draw the curtain, however, the Bilyeley
manufacture of two PVC gel actuators that stands for engineering brilliance is the
highest level. This is not only a characteristic of the MBring system but also a
special feature of the design of the MBring system, which has won over other
fish-like systems using its ease of rotation and fast working efficiency. Using PVC
gel actuators is its key feature for proper working and adapting. High accuracy of
rotation enables multiple practical application fields, and low cost is one more
factor of making it handy for transportation. It is the gyratory mechanism that has
emerged as the inventive line in the world of dynamic systems due to the
harmony of efficacy, accuracy, and economy (Fig. 9) (Ruyhan et al., 2024).

2.4 Robotic Fish Design and Structure

The working model bio-inspired robots of the design unit are based on
parameters like body size (distribution of body size) and also on swimming
patterns (pattern of undulation) (Ruyhan et al., 2024). For such bio-mimicry, the
proportions of the robots are looked at and are designed as per the proportions
of their natural models (Scaradozzi et al., 2017). The design of this robotic fish
was made in such a way that it imitates the swimming action of fish that belong to
sub-carangiform swimmers and hence ensures its resemblance with the biotic
ones (Fig. 10) (Ruyhan et al., 2024). In this distribution, predators having sub-
carangiform swimmer proportions, with undulations covering about half the total
length, have the dominant executor role.

Fig. 10. Design of robotic fish
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The fish’s body was divided into four parts along the length of the fish and (Table
1) (Ruyhan et al., 2024). Streamlining of the hull design is made by design
engineers to decrease drag area and hence enhance propulsion efficiency (Fig.
11) (Ruyhan et al., 2024). Twin pectoral fins are installed to increase stability and
prevent unwanted flipping. Pushing forward of the tail being a determining
motive, is carried out by eight pieces of PVC gel actuators, which are located
symmetrically to cater for the balance. Actuators (Fig. 9) which have a green
cuboid shape will be strategically sized for the simultaneous activities of force
output and fish streamline appearance (Ruyhan et al., 2024). Adding on, the
caudal fin design, which was inspired by the real world emarginated fin of sub-
carangiform swimmers, therefore, the model is known globally for its biomimicry.
In summary, the design of the robot fish model is focused on efficiency in terms
of swimming that sub-carangiform swimmers can achieve while combining the
stability and flexibility for movement underwater.

\J 1 ./

Fig. 11. 2D Design of robotic fish

Table 1. Showcases robot fish size data

Length of the item Summary of Characteristics
Total length specified 615 mm

Active body length 200 mm

Peduncle length 35 mm

Caudal fin length 115 mm

3. CIRCUIT BOARD DESIGN OVERVIEW

The tail of a real fish is designed with a two-mode control system that provides
an independent pattern generator (Ruyhan et al.,, 2024). MPU shows PWM
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outputs via its ports. Such signals are specified with two shapes: one whose
signal is the reversal of the other. Such a technique provides the possibility of
patterned fish-tail motion, which means it can happen in time and space
simultaneously. The circuit board provides the robots’ oscillation and swimming,
synchronizing the PWM (pulse width modulation) signals with implicit waves. This
design allows us to make the fishtail perform those convert swimming
movements that can easily be similar to the moves made by the natural live fish.
Furthermore, the ranking-control design of the system provides an additional
advantage by contributing to the device’s variability in its maneuvers, hence
enabling it to mimic these with accuracy and speed (Ruyhan et al., 2024). As a
whole, it is the circuit board design in place that has efficiently upgraded the
functionality of the robotic fish as it is now capable of swimming automatically in
an original position in water environments. Circuit design provides the fishtail with
fine motion control by applying two-millennium mode layout with carefully chosen
distances between the shafts. The next heavy input signal within the actuator is
contraction, where the swinging of the fishtail takes place into one side or the
other. On the opposite side, the low-energy coil turns on when there is a high-
level switching state, and the signal flows into a fishtail pushing it to the other
side of the platform too. Through this switch response, the action of the fishtail
becomes synchronized with the metalion’s swim (Ruyhan et al., 2024).

These features can be used in the code by the users to set and display
frequency and speed for the actuators, which will help to drive the oscillations
properly and the fish motion, while being precise, as well. In different situations
for different tasks, users can tune these factors to present the fish behavior that
corresponds to their swimming behavior. Apart from that, the design of robot fish
circuit boards by physicochemical principles ensures that they are properly and
profitably used in waters, through which they operate without any complication
(Ruyhan et al., 2024).

4. THE ASSEMBLY PROCESS OF THE ROBOT FISH

The robot fish assembly, in general-purpose terms, comprises several important
steps that build up the functional and working robot fish. First of all, there will be
a set of items used for the assembly of the system, for example, body frame,
propulsion system, control systems, and any other extra features like sensors or
cameras (Fig. 12) (Ruyhan et al., 2024). Generally, constructing the body frame
is the first step of the assembly process, as it is the spinal cord of the robot fish.
This frame is usually constructed of plastics, or other synthetic materials, which
are light, but at the same time strong enough to deal with water while making a
unit buoyant and stable.

So-called actuators are placed in certain areas of the body frame to imitate the
movement of a real fish’s tail, then, allow the robot fish to propel itself through the
water. Besides, since other features or add-ons such as cameras that enable
underwater visioning to avoid obstacles are still being assembled during
manufacturing, they are put in the robot fish as well. These processes are done
systematically with controls between components to give them the desired
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operation. Assembling the man-made fish is the most complicated stage of this
project, which includes putting the small pieces of the robot fish together to build
a submarine robot (Ruyhan et al., 2024).

Fig. 12 lllustrates the assembly process of the robotic fish

5. ADVANTAGES OF THE DESIGNED ROBOT FISH

The designed robot fish, utilizing PVC gel actuators in its oscillating mechanism,
offers several distinct advantages compared to other types of robots: The
designed robot fish, utilizing PVC gel actuators in its oscillating mechanism,
offers several distinct advantages compared to other types of robots:

1.

Bio-Inspired Design: It also resembles the real movements and flexibility
of fish using biomimicking technology, which has a bionic fishtail and
numerous soft structures. This planar technique reduces the complexity of
the robot movements and makes it easier to maneuver the robot in
underwater as opposed to the normal bulky type robots (Ruyhan et al.,
2024).

Soft Actuators: The freedom and flexibility offered by the use of the PVC
gel actuators is particularly helpful in enhancing the mobility of the robot
fish in underwater terrains with numerous bends and twists. Soft actuators
are useful in application scenarios where there is a likelihood of operations
with fragile marine organisms or structures, thus reducing the probability
of the operations harming the organisms or structures (Ruyhan et al.,
2024).

Efficiency in Propulsion: PVC gel actuators also make the oscillating
mechanism move and create efficient propulsion. The actuators’ capacity
to create back and forth vibrations and focused motion enhances the
maneuverability of the robot fish and the energy efficiency of the
locomotion; in some respects, they are likely to be more effective than
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popular rigid propellers in terms of adaptability and rates of speed
(Ruyhan et al., 2024).

4. Reduced Weight and Size: This is particularly important considering that
other conventional underwater robots might use more heavy metal and
larger mechanical parts than the robot fish with PVC gel actuators,
although this is sheer speculation. This reduction in weight and size can
be highly beneficial since it enhances maneuverability and ease of
deployment in underwater military applications such as exploration and
surveillance (Ruyhan et al., 2024).

5. Quiet Operation: Soft actuators in general create less acoustic noise in
comparison to conventional rigid actuators, which is sometimes an
advantage in low visibility underwater operations. Lower noise levels
mean that there is little interference with the activities of water dwelling
animals and the robot fish is then well suited for spying or data collection
assignments (Ruyhan et al., 2024).

6. Adaptability and Versatility: Soft robotic design HERE is superior to rigid
design as it adapts easily to several underwater tasks and challenges. The
concept of the robot fish shows that it can be maneuvered through small
channels, can interact softly with objects in the marine environment, and
perform tasks that require accurate, sensitive movements, which can be
seen as valuable for various tasks in the marine environment.

The therapeutic outcomes of the designed robot fish are attributed to the soft bio-
inspired approach to the robot’s body, the optimization of the propulsion system,
integration of compact and lightweight structures, low-noise modus operandi, and
versatility in adjusting to various marine environments. These characteristics
make it suitable for operations in underwater search, monitoring and studying
environments where the use of arbitrary strong robotic structures can be a
challenge (Ruyhan et al., 2024).

6. CONCLUSION

Finally, a robot fish prototype of size 200 mm was exclusively designed for
demonstration. lts body is driven by eight skeletal actuators of PVC gel, an action
that forces the caudal fin to act (Ruyhan et al., 2024). As a whole, each set has
matching elements, resulting in a total of 16 actuators integrated into the fish’s
skeleton. The structural design angle of 55.52° was chosen to optimize the fish’s
movement dynamics. By taking advantage of the precise engineering and rich
design, the robotic fish successfully proved it is fast and efficient. The arm and
wing structures of the robotic fish are actively synchronized through the
placement and synchronization of the PVC gel actuators to help generate
propulsion efficiently just like fish while swimming underwater (Ruyhan et al.,
2024). The adoption of soft actuators, e.g., the use of PVC gel actuator, comes in
handy as the actuator is flexible and highly responsive. This is required in
simulation swimming to produce the natural movements. Both the right and the
left actuators are arranged in a symmetric manner to make the lines of
movement uniform and in sequence, being the secret to efficient robot fish
movement. Additionally, the mechanical structures of Robo Fish are designed to

162



Engineering Research: Perspectives on Recent Advances Vol. 5
Design, Development and Operation of a Novel Robotic Fish Using PVC Gel Actuators

allow them to work with speed and accuracy. The optimized angle of 55.52°
constant velocity allows quick movements that are penalized with instability and
go out of control. It will be impossible for the robot fish to operate with high-speed
swimming through the water and task completion, but with this design feature,
they can move swiftly and efficiently (Ruyhan et al., 2024). Finally, it can be
noted that the successful deployment and implementation of such bionic robot
fish display the talents that soft robotics are endowed with to develop agile and
versatile underwater vehicles. Instead of the current bionic robot fish, successive
models are likely to merge the innovative design principles with advanced
materials, and the actuators. Consequently, the next iterations may even further
enhance their performances and capabilities, and ultimately open up new
applications for underwater robotics (Ruyhan et al., 2024).
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ABSTRACT

The thrust of cost-cutting, in manufacturing enterprises recently, had been
focused on energy efficiency and quality improvement consideration, largely, as
an effort to respond to environmental apprehensions regarding legislation,
standardisation and market growth. In steel material mechanical cutting, on the
lathe machine, the convergence adequacy of the cost-quality-time matrix
effectually is contingent upon the supreme choice combination of the set cutting
parameters. This experimental investigation examined, the minimisation of
energy consumption and enhancement of the generated component surface
quality, by optimising the applied machining parameter settings, as a means of
fostering sustainability in the dry cutting of EN19 material by turning on the
conventional lathe. Optimising mechanical machining operating parameters
points to a significant challenge confronting the machine shops industry as they
endeavour to realise reduced electrical energy consumption and improved
component surface finish quality, generated from their businesses. The study
aimed to reconnoiter and establish the association of the machining process
strategy factors with the consequence of minimum energy consumption and
surface smoothness quality, of the components, as the machining input factors
were adjusted from minimum to the highest level of setting respectively.
Taguchi's Full Factorial investigational strategy was employed in organising the
empirical machining experiments. Analysis of variance (ANOVA) and the main
effects plot (MEP) signal-to-noise ratio optimising computation were utilised, in
the study, to determine the impact of the variable input-cutting process factors on
the dependent parameters — surface roughness and energy use. Optimum,
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minimum energy consumption and good surface roughness generating,
machining conditions were determined. Results of the all-encompassing
experimental investigation yielded optimum cutting conditions of, respectively,
energy consumption minimisation (100 m/min cutting speed, 0.1 mm/rev feed
rate and 0° rake angle) and surface smoothness quality (100 m/min cutting
speed, 0.4 mm/rev feed rate and 0° rake angle). Validation experiments
corroborated the results findings of the developed model within 4.7% variability.

Keywords: Machining; energy efficiency; ANOVA; sustainable manufacturing;
machining strategy.

1. INTRODUCTION

Mechanical machining constitutes the solitary most applied subtractive
manufacturing method, whereby an amount of excess material is taken off in
layer-by-layer succession, by the action of the cutting tool edge, on the
component workpiece periphery.

Machining is mainly employed as a finishing operation intended to produce
excellent component geometry accuracy with decent cost-effectiveness and
efficiency (Pimenov et al., 2022). Mechanical finish machining is also employed
as a components processing methodology intent on enhancing productivity and
quality improvement, particularly surface finish (Huang et al., 2023), a visual
macroscopic attribute by which customers easily determine the acceptability, or
lack thereof, of new components after manufacture. Energy consumption is the
main concern of the manufacturing industries (Batouta et al., 2023). Machining is
one of the most fundamental energy-consuming manufacturing operations which
is broadly used in the production of discrete products such as components made
of EN19 alloy steel (Tayisepi et al., 2024). Surface roughness, of machined
components, has a huge influence on finishing costs and the perceived quality of
machined products, notably as considered from a sustainability point of view.

Energy expenditure constitutes one major, among the several vital, factors which
have a significant impact towards the determination of the economy and
environmental encumbrance of a manufacturing operations process (Haddouche
& llinca, 2022). The manufacturing sector, of which subtractive machining
processes constitute a significant portion, accounts for the consumption of about
a third of the total global account of energy generated. The machining industrial
enterprises represent an identified energy consumption reduction potential of 18—
26%, in the total energy consumption mix, if more prudent energy expenditure
mechanisms are implemented (Pimenov et al., 2022). Yet machining consumes
significant energy during manufacturing operations. Concern, about energy
resource use efficiency as well as sustainability, has escalated in recent years,
and environmental apprehensions have led to the recent proliferation of
legislated laws, regulations and guidelines, by nation-state governments across
the world, directed at the environmental sustainability focus of manufacturing
enterprises. Aggregating this with the ever-escalating asking price of electrical
energy combined with the intensifying large-scale competition versus the
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snowballing energy demand (Mickovic & Wouters, 2020), by consumers, for
more efficient and cheaper products has placed tremendous pressure on
manufacturing enterprises to radically improve machining energy use efficiency
and surface quality generation capabilities, in order to magnify the
competitiveness and profitability of the business. Mechanical machining
manufacturing operations, and energy use efficiency need to be carefully
planned. The subtractive manufacturing operation parameters which foster
process optimality need to be appropriately forecasted (Fose et al., 2024), during
the cutting planning stage. Hence, analysis and understanding of machining
systems and optimisation of the machining parameters - for energy use at the
process level and surface quality generation - before the actual cutting begins,
has become very important in the metal machining business.

Sustainability generally relates to the feasibility of continuing with a defined
pattern of behaviour for an indefinite duration of existence, (Rodriguez-Espindola
et al., 2022; World Commission on Environment and Development, 1987). The
role played by manufacturing is indispensable within the global economy
operation. Machining constitutes one of the oldest major industrial manufacturing
processes and is also regarded as the most widely used manufacturing
technology for shaping a variety of components (Jamwal et al., 2021). It is an
extremely important application operation which allows the creation of complex-
shaped items for many purposes, especially, in the manufacture of discrete
mechanical industrial workpieces and components such as EN19 cylindrical
components required for the rail and the automobile industries. Estimates project
that 15% of the value of all mechanical components manufactured, globally,
comes from machining operations (Sarikaya et al., 2022; Tayisepi et al., 2024).
Machining allows the forming of intricate-shaped items and the generation of
desired surface finish quality of precision components. In the same vein,
machining involves a number of sustainability factors and has potentially
significant environmental impacts noting that as a manufacturing process, it
involves controlled application of energy to convert raw materials into finished
goods.

EN19, also known as 708M40 709M40 / AISI 4140 is a high utility quality
medium-carbon alloy steel (Sinha & Mukhopadhyay, 2023) applied in the
manufacturing of multiple-profiled cylindrical components for machine tools,
motor vehicle components and rail locomotive components among others
purposes. It is a high-strength, high-utility engineering material commonly used
for high load-bearing application components, manufactured for the automotive,
oil and gas industries for making gears, multiple-profiled cylindrical shafts, high-
tensile strength studs and bolts, rifle barrels, propeller shaft joints, pins, breech
mechanisms for small arm parts, induction hardened track pins, spindles and
rods, inter alia parts. It is a material which possesses high tensile strength, good
ductility, good wear and shock resistance and is characterized as a difficult-to-
machine material, which can also be cut to highly precise dimensional tolerances
(Tayisepi et al., 2024). Its application properties can be further enhanced by
post machining operations such as heat treatment e.g. induction hardening.
Mechanical machining of EN19 material components is widely used in
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manufacturing industries and represents a significant demand for energy
(Tayisepi et al., 2023)

Energy consumption rate and surface roughness present two essential
machinability performance evaluation metrics considered and which require close
attention, by the machining-based manufacturing industries (Tayisepi et al.,
2024). The importance of these factors is amplified by the need for the machining
industries, of EN19 material, to manufacture low-cost and high-quality
components in short periods of time during which production rate and material
removal rate are significant considerations (Yadav & Shrivastava, 2021).

Sustaining the quality consistency, of machined components, during turning
operation is a key challenge faced by the discrete cylindrical EN19 parts
machining businesses (Krishna, 2023), especially, when this has to be realised
energy efficiently (Tayisepi et al., 2024). Thus, it is vital to optimise, for the quality
of surface roughness and the energy use rate, the cutting process. The
machining parameter optimisation is vital in causing minimisation of the EN19
components manufacturing cost with the achievement of appropriate surface
roughness.

Earlier research findings, on the machining of Ti6Al4V, established that higher
machining rates and material removal rates are associated with lower energy use
(Oosthuizen et al., 2013). Whilst the findings by Tayisepi et al., (2016), on the
same material, established that the component surface quality deteriorates as
the cutting speed and feed rate increase. In this highly competitive global
business environment, infested with constraining challenges, fulfilling the
prerequisites of elevated productivity, achieving sustainably good surface quality,
of the machined EN 19 components, cost-effectively and energy efficiently, whilst
also preserving resources of the machining process, forms a difficult-to-balance
matrix (Tayisepi et al., 2024). These features have become measurement
metrics of the quality superiority in machining manufactured components lately.

Published literature exists on the optimisation and machinability improvement of
other materials using varied sustainability-oriented cutting strategies. For
example, Duflou, et al., (2012) and Dawood, (2016) discussed different
techniques and strategies for the sustainable machining manufacturing of,
particularly, titanium alloys. Special reference was made to the selection of
optimum cutting conditions intent on minimising energy use, implementation of
advanced lubrication and/or cooling techniques and the application of advanced
hybrid cutting strategies, and cutting tool geometry optimisation and these factors
have material effect on the machining process (Tayisepi et al., 2024). Gupta and
Laubscher, (2016) wrote on the schemes which augment the improvement of
titanium alloy machining sustainability which, among others include: the adoption
of hybrid machining methods, use of advanced cooling and lubrication strategies,
optimising machining parameters and selection of appropriate tool material and
geometries. They delineated key drivers which buttress the realisation of the
sustainable machining of titanium alloys which include - attaining resource
efficiency through minimising tool failure, ensuring lower power and energy
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consumption, reduction of consumption of cutting fluids and water, reduction of
waste, part quality improvement and minimisation of environmental pollution
(Tayisepi et al., 2024). Not much literature, however, is published on the optimum
and sustainable machining of EN19 steel materials, particularly with respect to
the machining planning stage determination of suitable cutting parameters for
minimising energy use and generation of good quality surface on the workpiece
exterior from the lathe turning process.

Surface roughness, a surface integrity component, is a vital quality feature of
machined EN 19 material components. Surface roughness, attributable,
influences the mechanical and physical performance characteristics of machined
components, as the post-machining functionality of processed parts is essentially
influenced by the surface finish quality produced during the cutting process (Liao
et al., 2021; Tayisepi et al., 2024). According to Abellan-Nebot, et al., (Abellan-
Nebot et al., 2024) the effectiveness metrics of a machining process, among
other factors, can be read through improved component surface quality and
energy use efficiency. Therefore, the selection of a suitable cutting parameter
combination, which prompts energy use conservation, presents an appropriate
strategy to adopt - during machining - in order for the cutting to be sustainable
(Tayisepi et al., 2024).

This research, presents the results of the innovative application of the Taguchi
statistical tools, in an experimental study of the cutting parameter optimisation
process, for energy-efficient machining and improved surface quality generation,
during the outside turning of EN19 material (Tayisepi et al., 2024). The intention
of the study is to aid the machining industry of EN 19 material by establishing the
optimum cutting parameters for obtaining the good surface quality desired at
minimum energy use during the process planning of the cutting operation. This
information is anticipated to help aid the machining industry in improving their
process planning of steel-cutting operations.

1.1 Analysis of Variance (ANOVA) and Signal-to-Noise (S/N) Ratio

In a design of experiments research plan the Analysis of Variance (ANOVA) is
used to test the significance of the influence of input process parameters, from a
series of experimental results, on the response parameters. ANOVA
determination can be used to test the significant differences between means,
with the variance being used to determine whether the means are different.
Analysis of variance tests the hypothesis that the means of two or more
populations are equal, wherein, the null hypothesis postulates that all population
means (factor levels) are equal whilst the alternative hypothesis states that at
least one is different (Tayisepi et al., 2024). The importance of one or more
factors is assessed by comparing the response variable means at different factor
levels (Yilmaz et al., 2023). Vital significant process variables which impact and
control the process, out of the many parameters, are used to develop the
mathematical model required to represent the process. ANOVA tests can be one-
way or two-way. One-way ANOVA tests the quality of population means when
classification is by one variable (factor) which usually has three or more levels
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(Tayisepi et al., 2024). The level represents the treatment applied. Examination
of differences among means using multiple comparisons is possible with the one-
way procedure. A one-way ANOVA with two levels is equivalent to a t-test
(Mishra et al., 2019). When the classification of treatment of the population
means is by two variables (factors) then a two-way ANOVA is used to perform
the quality testing (Atia et al., 2022). In a two-way ANOVA, the data must be
balanced, i.e. all cells must have the same number of observations and the
factors must be fixed (Mishra et al., 2019). The input factors in this study were
cutting speed, tool rake angle and feed rate, in the 95% confidence interval
(Tayisepi et al., 2024). Thus, significant factors will have a p-value of 0.05 or less
in the tested range.

Signal-to-noise (S/N) ratio — expresses the ratio of the mean (signal) to the
standard deviation (noise). This is the statistical measure of performance used to
select the best control levels that best survive the noise factors with minimum
variation effect on the process outcome (Tayisepi et al., 2024). Control factors
which reduce the inconsistency in the process are established through a
measure of robustness which is attained through minimising the effect of the
uncontrolled (noise) factors. Noise factors cannot be controlled during
processing, but during the planning (Pathan et al., 2022). Higher S/N ratio values
pinpoint control factor settings that minimise the effects of the noise factors. The
S/N ratio measures how the response varies relative to the target or nominal
value under different noise conditions (Tayisepi et al., 2024). Generally, the three
categories of performance characteristics used to analyse the S/N ratio are
nominal-is-best, larger-the-better and smaller-the-better (Zafari et al., 2023).
Whereas there are several different possible S/N ratios the main standard ones
which were also considered for this research were (Rajpure et al., 2017): (a)
Biggest-is-Best quality characteristic given by equation Eq1, thus:

1 1
SNp = 10log [~ g;ly—lz] (1)

Where y: is the value of the i" quality characteristic and n is the number of
experiment tests.

The nominal is best characteristic equation is presented in Eq 2
- y?
SNy = 10log [3_2] (2)

The characteristic given by, equation (3), is the smallest is the best factor of
quality.

SNs = 10log [~ 37 ¥7| (3)

S/N ratio data analysis should determine the best optimum setting of the
operating parameters (cutting speed, tool rake angle and feed rate) in order to
attain the desired machined component quality at minimum energy expenditure
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and desired surface quality (Tayisepi et al., 2024). The optimum operating
conditions are obtained by selecting the parameters that give the maximum
values of the S/N ratio. This is done by using the main effects plots of the S/N
ratios (Tayisepi, 2017). In this study, the quality of performance is maximised by
minimising the surface roughness and (energy use) requirement of the machining
process. Thus the smallest is best characteristic is used.

2. METHODOLOGY, MATERIALS AND EQUIPMENT

Multi-level full factorial design was utilised as the experiment planning scheme.
The aim of the experimental investigation was to analyse and understand the
trends of the relationship of the variable input mechanical cutting process
parameters (cutting speed, feed rate and cutting tool rake angle) with the
response factors, being the energy consumption minimisation and surface
texture quality improvement, of machined EN19 components. Furthermore, the
study, aimed to establish optimum variable cutting parameters which yield
minimum energy use and improved surface texture quality during the outside
turning of cylindrical EN19 components.

2.1 The Experimental Equipment

Fig. 1. Cazeneuve 360 HB-X precision lathe machine

Turning experiments were carried out using the Cazeneuve 360 HB Precision
Lathe machine, shown in Fig. 1 (Tayisepi et al., 2024). The lathe machine
features include the following: maximum spindle speed of 3000 rpm from least
value of 50 rpm; maximum swing of 200 mm; maximum power of the main motor,
5.15 kW and spindle bore of 40 mm. The equipment used in the experimental
study and the experimental set-up configuration schematic arrangement are
shown in Fig. 2 (Tayisepi et al., 2024).
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2.2 The Experiment Specimens Materials

The EN19 alloy specimen material was supplied in tensile condition as a solid
round bar (& = 40 mm x 150 mm long). The experimental work piece's chemical
and mechanical properties - as provided on the material certificate - are,
respectively, shown in Table 1 and Table 2 (Tayisepi et al., 2024).

Power meter clamps at m/c
headstock back, energy input

Output
Off-line data

Surface roughness

Power/Energy

On-line data

Key: @ - phase rﬁ/c - machine
Fig. 2. The machining process experimental setup.

Table 1. Chemical Composition of the specimen material (weight %)

Element Mn Si C Cr P Ni S Mo
Composition%  0.86 0.220 0.414 1.3 0.016 0.031 0.014 0.32

Table 2. Mechanical properties of the specimen material

Condition Tensile Yield Mpa Elongation % Izod Hardness
Mpa impact Brinell
T 940 680 13 54 280

2.3 Experiment Design and Procedure

A total set of 48 experiment runs - constituted of combinations of 3 factors - were
carried out. The experimental procedure involved, respectively, varying cutting
speed in four levels, four levels of variation of feed rate and three levels of
variation of the cutting tool rake angle, whilst the depth of cut was kept constant
and the cooling mode was dry machining. The cutting conditions are shown in
Table 3 (Tayisepi et al., 2024).
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Table 3. Machining parameters and conditions of the turning experiments

Parameter Condition Units
Cutting Speed (vc) 100, 150, 200 and 250 M/min.
Feed/rev (fn) 0.1 = 0.4 in 0.1 mm steps Mm/rev
Tool Rake angle 0°, 5° and 10° Degrees
Depth of Cut (DoC) 0.5 constant mm

Coolant Dry machining.

File Edit Data Calc Stat Graph View Help Assistant Predictive Analytics Module Additional Tools

=8 Basic Statistics b
Regression b
i ANOVA 3
Nenigator DOE 13 Screening b
Control Charts » Factorial » [ Create Factorial Design..
Quality Tools 3 Response Surface b
Reliability/Survival 4 Mixture »
Predictive Analytics 4 Taguchi »
Multivariate 3
Time Series b
Tables »
Nonparametrics 4
Equivalence Tests 13
Power and Sample Size 4
Type of Design
" 2-level factorial (default generators) (2 to 15 factors)
 2-level factorial (specify generators) (2 to 15 factors)

(" 2-level split-plot (hard-to-change factors) (2 to 7 factors)
" Plackett-Burman design (2 to 47 factors)
(2to 15 factors)

Number of factors: 3 v Display Available Designs...
Designs... Factors...
Options... Results...

OK Cancel

Open Ctrl+0

(® General full factorial design

Help

Create Factorial Design: Factors X

Factor | MName  Type | Levels Level Values

A Cutting spe| Numer\cj 4 100 150 200 250

B |Feed rate, Humeric ~| 4 0.1 0.2 0.3 04

c  |Rake Angle Humeric =]

5 10

Help

Fig. 3. Full factorial design of experiment planning in Minitab
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The experiment variable input parameters planning, on the Minitab platform,
proceeded as shown in the indicated steps in Fig. 3 (Tayisepi et al., 2024).

The output is the tabulation of the experiment iteration plan which was utilized in
executing the experiment process indicating the factor combination levels. These
factor combinations are indicated in the summary presentation of the experiment
results in Table 4 (Tayisepi et al., 2024).

The focus of this research study was the energy transformation stage at the
machining process level and the surface roughness trends of the machined
component. Electrical energy is supplied to the lathe machine, and is converted
into mechanical energy (kinetic) which is used to separate the material during
cutting at the different cutting speeds and feed rates using coated solid carbide
tipped tools with 3 levels of rake angle. Some of the energy is used to power the
machine's functional unit modules (as constant power) as well as to supply
lubrication and cooling at the cutting tool-workpiece interface (Tayisepi et al.,
2024). At the process level, during cutting, the kinetic energy is transformed into
various energy outputs. A coated carbide-tipped tool mounted in a Sandvik tool
holder (DCLNL 2525 M12) was used for the external diameter turning of EN19
solid material round billet specimens under dry machining conditions. The cutting
conditions were varied during the experimental process with cutting speed, vc =
100 - 250 m/min in steps of 50 m/min, feed rate, f» = 0.1 - 0.4 mm/rev in steps of
0.1 mm/rev and rake angle, a = 0°, 5° and 10°. A constant depth of cut of 0.5 mm
was utilised. In order to conform with the ISO Standard 3685-1977 (E), for single-
point turning tools, a wear criterion of Vs =300 um (Oosthuizen et al., 2013) was
used for all the machining experiments. Surface roughness (Ra) was measured
using a T500 Hommel surface roughness tester. An average of 3 surface
roughness measurements at 3 different spots on the machined shaft was
recorded (Tayisepi et al., 2024).

The power requirements of a machining production operation can be obtained by
measuring the power input to the machine tool drive during a cutting operation
and then subtracting the idle (tare) power (Tayisepi, 2017). The energy expended
by a machining process may be estimated by direct measurement - wherein the
current, voltage and power factor, during machining, are directly measured. This
approach, although expensive and requires close monitoring, produces accurate
data on the exact power consumed (Tayisepi et al., 2024). Deriving from the
analysis of this base data, prediction and optimisation models of energy
consumption and surface roughness can be developed. Otherwise, the power
can be measured indirectly by estimating it from the forces and velocities data
(Pimenov et al., 2022). In this study, the direct energy measurement method was
used. Power measurements were carried out using the Digital Lutron 3 Phase
Power Analyser DW- 6092 (Tayisepi et al., 2024).

In this experimental study, the Average surface (Ra) value - which is one of the
most important machinability criteria - was measured by using Mitutoyo’s Surftest
surface roughness tester within a sampling length of 2.5 mm. Ra expresses the
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average deviation of a surface from the mean height (Basha et al., 2022). It is a
measure of the irregularities on the surface and is one of the characteristics of
the surface texture, besides waviness and lay (Tayisepi et al., 2024).

3. RESULTS AND DISCUSSIONS

The experimental study results, show information on the outcome of the
combination of variable input factors on the output response parameters.
Analysis of variance (ANOVA) was applied to provide robust and detailed
statistical analysis on the comparative influence dominance of the respective
input parameters on the dependent outcomes. Results of the experimental
investigation are laid out under the main sections — results presentation,
optimisation and then discussion and analysis.

3.1 Results Presentation

Table 4 presents the summary of the experiment results. Ensuing is the
presentation of the rest of the experiment study results in detail.

3.1.1 Trending of response factors with independent parameters

Fig. 4 presents the graphical results plot of the dependent factors — surface
roughness, cutting power and energy use, under the effect of changed cutting
speed. Fig. 4 (a) shows decreasing surface roughness, whilst cutting power
increases in Fig. 4(b) and energy use decreases, as the cutting speed
respectively is increased.

The graphical plot, of the experiment results, presented in Fig. 5 shows the
increase in surface roughness (Fig. 5a), increase in cutting power (Fig. 5b) and
the decrease in energy consumption (Fig. 5¢), as the feed rate input factor is
correspondingly increased.

Results presented graphically, in Fig. 6 (a) hardly show a decrease and then a
minimum increase in surface roughness as the tool rake angle is increased in the
range from zero to ten degrees. Cutting power also marginally increases in
response to incremental variation of feed rate within the same cutting parameter
range, as shown in Fig. (b). In Fig. 6 (c), graphical results show energy use
decreasing as the tool rake angle increases.

3.2 Results Presentation — ANOVA and MEP Optimisation

The analysis of variance (ANOVA), of surface roughness, results are presented
in Table 5. The ANOVA results show that the three variable input parameters —
feed rate, rake angle and cutting speed have a positive effect on the measured
response parameter, surface roughness — Ra (Tayisepi et al., 2024). The three
input parameters have a significant influence on surface roughness.
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Table 4. Summary of the experiment results

lteration Cutting Feed Rake Surface Av Cutting lteration Cutting Feed Rake Surface Av Cutting
Number speed, vc rate, fn angle roughness Power Energy Number speed, vc rate, fn angle roughness Power Energy
(m/min) (mm/rev) degrees Ra (um) (kw) (Joules) (m/min) (mm/rev) degrees Ra (pm) (kw) (Joules)

1 100 0.2 5 10.00 0.31 144.36 25 100 0.1 10 11.60 0.23 299.36
2 100 0.1 5 13.70 0.12 317.16 26 150 0.4 0 20.00 1.10 86.00

3 200 0.2 0 10.00 0.80 108.68 27 200 0.4 0 16.67 1.26 67.12
4 100 0.4 0 15.00 0.83 146.52 28 200 0.2 5 10.00 0.86 115.44
5 100 0.4 5 15.00 0.64 100.41 29 100 0.3 10 15.00 0.58 112.73
6 250 0.3 0 10.00 0.88 75.83 30 150 0.3 5 12.33 0.94 99.31

7 150 0.3 10 12.33 0.90 101.16 31 250 0.2 10 10.00 1.20 117.79
8 150 0.1 10 10.00 0.03 260.23 32 200 0.3 5 16.67 0.82 102.29
9 100 0.3 0 23.00 0.15 169.98 33 250 0.3 10 20.00 1.39 83.07
10 200 0.4 10 17.00 1.80 79.44 34 150 0.2 10 11.67 0.66 139.21
11 150 0.1 0 13.00 0.24 304.46 35 200 0.4 5 15.00 1.50 72.34
12 100 0.1 0 15.00 0.42 347.18 36 200 0.1 5 10.50 0.52 232.02
13 250 0.4 5 13.33 1.52 58.90 37 200 0.3 0 10.00 1.01 104.19
14 250 0.4 10 10.00 1.90 68.08 38 250 0.3 5 15.00 1.35 83.58
15 250 0.1 10 8.50 0.28 165.75 39 100 0.4 10 20.00 0.79 89.70
16 250 0.2 0 10.00 0.83 105.44 40 250 0.4 0 15.00 1.61 66.61
17 150 0.2 5 5.00 0.39 120.48 41 100 0.2 10 12.00 0.47 149.84
18 150 0.4 10 15.00 0.77 94.35 42 100 0.3 5 11.67 0.41 99.30
19 100 0.2 0 10.00 0.39 242.54 43 200 0.1 0 11.60 0.48 258.15
20 150 0.3 0 12.33 0.08 71.96 44 250 0.1 0 10.00 0.77 193.41
21 250 0.1 5 9.20 0.67 179.99 45 250 0.2 5 12.33 0.85 110.55
22 200 0.1 10 9.60 0.45 188.55 46 150 0.4 5 15.00 0.78 77.34
23 150 0.1 5 12.50 0.52 295.41 47 200 0.3 10 15.00 1.19 94.55
24 200 0.2 10 15.00 0.79 145.60 48 150 0.2 0 15.00 0.59 121.44
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Table 5. Analysis of variance for surface roughness, Ra

Source DF SS MS F P
Cutting speed, vc 3 55.74 18.58 1.58 0.0209
Feed rate, fn 3 215.68 71.89 6.12 0.0025
Rake angle 2 21.94 10.97 0.93 0.0402
Error 39 458.23 11.75 - -
Total 47 751.59 - - -

The signal-to-noise ratios main effects plot results for surface roughness are
presented in Fig. 7. The plot was premised on the surface quality characteristic of
equation Eq 3 which is the smallest and is the best. The Taguchi analysis of
surface roughness, resulting from the main effects plots of the signal-to-noise
ratio, shows that the optimum cutting parameter combination returning optimum
surface roughness response is 100 m/minute cutting speed, 0.4 mm/rev and O-
degree rake angle (Tayisepi et al., 2024).

The mathematical model explaining the relationship of surface roughness, Ra,
with the variable input parameters was approximated from regression analysis,
and the result is presented in equation 4:

Ra =12.31 - 0.01732 Cutting speed, vc + 17.06 Feed rate, fr - 0.068 Rake
angle 4)

The model summary for surface roughness is presented in Table 6 and the
residual plot histogram and normal probability plot, given in Fig. 8, show most of
the data points around the mean line which shows near normal distribution
(Tayisepi et al., 2024). This confirms the effective representativeness of the data
being sculpted by the model.

The ANOVA, at 95% confidence level, results of average power show that the
three variable cutting parameters — cutting speed, feed rate and rake angle — had
a significant positive influence on average machining power given that their p-
values are less than the threshold value of 0.05 (Tayisepi et al., 2024). Thus, the
input factors have a significant influence on the response parameter, average
machining power. It is apparent, however, that the effect of rake angle (at a p-
value of 0.273) is less influential, on the response parameter than that of both
cutting speed and feed rate whose p-value both is 0.000.

Table 6. Surface roughness regression model summary

S R-sq R-sq(adj)
3.42775 39.03% 26.53%
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Table 7. ANOVA for average power

Source DF SS MS F P
Cutting speed, vc 3 3.5970 1.19900 24.03 0.000
Feed rate, fn 3 4.2771 1.42570 28.57 0.000
Rake angle 2 0.1340 0.06699 1.34 0.273
Error 39 1.9461 0.04990 - -
Total 47 9.9542 - - -

The Taguchi analysis of the average machining power - main effects plot for the
signal-to-noise ratios of average machining power - results presented in Fig. 9,
shows that power use optimisation is achievable by operating at a cutting speed
of 250 m/min, feed rate of 0.4 mm/rev and rake angle of 10 degrees (Tayisepi et
al., 2024). Thus, efficient operation improvement would need that feed rate to be
addressed first before cutting speed and rake angle is respectively successfully
addressed.

TMP MEP Response
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Fig. 9. Signal-to-noise ratio main effect plot for average power

The mathematical relationship of the input variables (cutting speed, feed rate and
cutting tool rake angle) to the response parameter (average cutting power) is
expressed in the regression equation in Eg5. The strong representativeness of
the data by the fitted regression line is indicated by the coefficient of
determination (r?) of 80.45% shown in the model summary of the average
machining power (Table 8) confirm the strong representativeness of the fitted
regression model by the data (Tayisepi et al., 2024).
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Av Power = -0.794 + 0.004813vc + 2.624f, + 0.01249 Rake angle (5)

Table 8. Average power regression model summary

S R-sq R-sq(adj)

0.223384 80.45% 76.44%

Further confirmation and validation of the regression model as an authentic
representation, of the data considered, is presented in the residual plot of the
average machining power model (Fig. 10) in which more than 80% of the points
are shown to be about the mean line in the normal probability plot and appearing
to be in near normal distribution in the histogram (Tayisepi et al., 2024).
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Fig. 10. Residual plots of the average cutting power

Machining energy was also one of the response parameters assessed.
Machining energy was determined from considering the applied power and the
time length taken to execute a machining operation. The machining energy
analysis of variance result is presented in Table 9 (Tayisepi et al., 2024). The
machining energy ANOVA result trend is similar to the average cutting power
result where all the input variable cutting parameters (cutting speed and feed
rate) have a positive influence on the response parameter, machining energy
whilst the cutting tool rake angle is insignificantly influential on the response
parameter (Tayisepi et al., 2024). The ANOVA p-values, of the first two input
parameters, were less than 0.05, showing that the influence of cutting speed and
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feed rate, on the response parameter, is more dominant than cutting tool rake
angle with a p-value of 0.142 whilst the former both have p-values of 0.000.

Table 9. Analysis of VARIANCE FOR MACHINING ENERGY

Source DF SS MS F P
Cutting speed, Vc 3 36965 12321.8 16.57 0.000
Feed rate, fn 3 211472 70490.6 94.81 0.000
Rake angle 2 3057 1528.6 2.06 0.142
Error 39 28997 743.5 - -
Total 47 280491 - - -

The numerical relationship of the input variables (cutting speed, feed rate and
cutting tool rake angle) to the response parameter (machining energy) is
expressed in the regression model in Eq6. The robust representativeness of the
data by the fitted regression line is signposted by the coefficient of determination
(r?) of 72.59% shown in the model summary of the machining energy (Table 10)
confirming the strong representativeness of the fitted regression model by the
data.

Energy =373.4 - 0.4889 Cutting speed, V. - 544.0 Feed rate, fn - 1.75
Rake angle (6)

Table 10. Machining energy use model summary

S R-sq R-sq (adj) R-sq (pred)

38.3257 76.96% 75.39% 72.59%

The Taguchi analysis, main effects plot of the S/N ratio of the machining energy,
results are presented in Fig. 11 (Tayisepi et al., 2024). The results show that
the optimum cutting energy is attainable by setting the input variables at the
following conditions: cutting speed at 100 m/min, feed rate at 0.1 mm/rev and
rake angle at 0 degrees.

Additional corroboration and authentication of the regression model as a reliable
representation, of the data considered, is presented in the residual plot of the
machining energy model (Fig. 11) in which more than 90% of the normal
probability plot points are shown closely hugging the mean diagonal line and
seeming to be in near normal distribution in the histogram.

3.3 Results Discussion and Analysis

As presented in Fig. 4(a), it is apparent that surface roughness tended to
decrease as the cutting speed increased. This phenomenon is attributable to the
circumstance in which material tends to quickly thermal soften and is easily
sheared off the parent material, in the cutting tool and workpiece interface zone,
as the cutting tool rapidly advances during the cutting.
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Fig. 12. Machining energy residual plots
The increase in surface roughness as well as the increase in power (Fig. 5), as

feed rate increased, is attributable to the increase in mechanical load in the
cutting zone thereby leading to the coarsening of surface texture quality. In Fig.
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5(c), energy use decreases - as the feed rate increases - due to improved cutting
performance in the increased feed rate thereby leading to high volumes of
material removal in minimum time.

The results analysis of Table 5 ANOVA results p-values of 0.0209 for cutting
speed, 0.0025 for feed rate and 0.0402 for rake angle show that all the factors
have a significant influence on surface roughness as they are all less than 0.05.
The order of factor significance on the response parameter - surface roughness -
shows that feed rate, followed by cutting speed and lastly rake angle, are in that
order dominant parameters respectively influencing the surface roughness.

3.4 Optimum Conditions and Confirmation Experiments Summary

According to Senthilkumar, et al. (2025), the final phase in an
experimental investigation is the conduction of verification tests in an effort to
substantiate the authenticity of the established optimum parameters. Thus, in this
research, the determined optimum variable input parameter settings promoting
good quality surface roughness, and cutting energy consumption were
accordingly set, on the machine tool as the operating parameters. The response
outcomes, of surface texture roughness, cutting power and machining energy
consumption, were measured. Then the results were compared with the
experimental model results in order to determine the extent of the significance of
and/or variability acceptability of the comparable results between the model
prediction and the physical machining outcomes. The optimum and validation
results summary for this research are presented in Table 11 cluster (Tayisepi et
al., 2024).

Table 11. Optimum and validation experiment results in cluster

(a) Surface roughness

Model predicted input variable Response parameter Variation
parameters optimum %
Cutting Feed rate Rake angle Model Experiment
speed optimum Optimum
100 m/min 0.4 mm/rev_0degrees 17.42 uym 15.95 ym 8.4

(b) Average cutting power

Model predicted input variable Response parameter Variation
parameters optimum %
Cutting Feed rate Rake angle Model Experiment
speed optimum Optimum
250 m/min_ 0.4 mm/rev__ 10 degrees 1.46 kW 1.52 kW 4.11
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(c¢) Machining energy

Model predicted input variable Response parameter Variation
parameters optimum %
Cutting Feed rate Rake Model Experiment
speed angle optimum Optimum
100 m/min 0.1 mm/rev 0 degrees 232 J 243 J 4.7

4. CONCLUSIONS

The study employed the full factorial design of experiments to plan the empirical
machining tests in the process of optimising cutting parameters intent on
minimising energy consumption and achieving minimum surface roughness.
ANOVA was utilised to establish the most dominating variable input cutting
parameter which impact on the response parameters. The S/N ratio has been
used to establish the optimum process parameters which enhance energy use
minimisation whilst simultaneously achieving good surface quality (Tayisepi et
al., 2024). Research results were analysed and conclusions were reached that
feed rate is the most dominant factor, followed by cutting speed whilst cutting tool
rake angle had limited effect, in influencing surface roughness, energy use and
power utilisation. Optimum cutting conditions were respectively determined for
producing desirable minimum surface roughness at minimum energy and power
use. Regression models were generated for the three response parameters as
functions of the variable input parameters. Optimum minimum energy
consumption and surface roughness generating machining conditions were
determined as follows; energy use minimisation is realised at setting 100 m/min
cutting speed, 0.1 mm/rev feed rate and 0° rake angle; whilst surface
smoothness quality would be best at 100 m/min cutting speed, 0.4 mm/rev feed
rate and 0° rake angle. Validation experiments corroborated the results findings
of the developed model within 4.7% average variability.

Future work entails the development of an adaptive control system for the
automatic management of the determined optimum machining strategy.
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ABSTRACT

Modern-day switching has made inverters into complex circuitry with multiple
levels. The overall power ratings of the inverters are improved by individual small
powered devices. The unique structure of a multilevel inverter (MLI) synthesizes
higher voltage levels with lower harmonics, without using transformers or series-
connected synchronized switching devices. Multilevel inverters are a good choice
for medium and low power applications. Multilevel inverters have found a wide
place in the market for their good power quality output. This paper proposes a
new Envelope with T type Novel Multilevel inverter with unequal sources and
reduced switch count. The working principle of the circuit is explained. Firing
angle calculations are done using a simple looping technique and later Genetic
Algorithm is used to obtain optimum firing angles using the Selective Harmonic
Elimination technique and improve the THD of the output voltage. Comparison is
made between different types of inverters. The proposed E-T Type inverter circuit
uses less number of semiconductor switches compared to previous circuits.
Hence, it is concluded that the proposed inverter can be used for speed control
of drives.

Keywords: Multilevel inverter; THD; SHE; GA.
1. INTRODUCTION

Inverters are used in applications, including air conditioning, uninterruptible
power supply (UPS), high-voltage DC power (HVDC) transmission lines, electric
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cars, battery storage, and solar panels. Inverters are categorized as square-wave
inverters, sinusoidal two-level pulse width modulation (PWM) inverters, and
multilevel inverters (Balal et al., 2022; Nandhini & Sivaprakasam, 2023).
However, modern-day switching has made Inverters into complex circuitry with
multiple levels. The overall power ratings of the inverters are improved by
individual small powered devices. The unique structure of a multilevel inverter
(MLI) synthesizes higher voltage levels with lower harmonics, without using
transformers or series-connected synchronized switching devices. The basic
principle behind MLI is that it consists of one or more DC sources and an array of
low-rated power semiconductor switches for generating an output voltage with a
stepped voltage waveform to achieve higher power levels. The main objective of
MLI is to synthesize an approximate sine wave of voltage with various steps by
using the appropriate switching signal of the power electronic switches with the
help of different direct current voltage sources such as batteries,
supercapacitors, fuel cells, solar panels, etc. (Choudhury et al., 2021). There are
mainly three types of Multilevel inverters (MLI), namely, Neutral point clamped
(NPC), Capacitor clamped and Cascaded Multilevel inverters. Neutral point
clamped MLI uses voltage clamping diodes. High rated capacitors are connected
in series with a neutral point in the middle of the line. Voltage levels are achieved
by clamping diodes getting connected to the sources through a selected number
of switches for every level (Deepak & Sumathi, 2019). In Flying capacitor
clamped MLLI, capacitors hold the voltages at the desired values. This type of MLI
has a number of redundant switching states for the same number of levels.
Cascaded MLI uses a cascaded full bridge inverter with separate but equal rating
DC sources in a modular setup to create a stepped output voltage waveform (Lai
& Peng, 1996).

Cascaded Multilevel inverters (CMLI) are the most preferred choice among other
topologies like neutral point clamped, and capacitor clamped because of their
ease in control of switching, quality of output and achieving higher levels by
cascading (Deepak & Sumathi, 2019). It is difficult to achieve more than four
levels in one-quarter of the wave with Capacitor clamped or Neutral point-
clamped multilevel inverter since the control becomes complicated (Deepak et
al., 2013).

A major advantage of CMLI is that, compared to diode-clamped and flying
capacitor inverters, CMLI requires the least number of components to achieve
the same or more voltage levels (Deepak & Sumathi, 2019). Soft switching can
be easily implemented to reduce switching losses and device stresses.
Cascaded MLI are used as static VAR compensators and reactive power
compensators and used in variable speed drives. Also, Cascaded MLI can be
used for high voltage and high current output. Since the devices can be switched
at a lower frequency, the CMLI will have higher efficiency. There is no problem
with electromagnetic Interference (Mamatha & Venkatesh, 2017). Continuous
improvement has led to a new circuit known as an envelope type multi-level
inverter (Deepak & Sumathi, 2019). An envelope-type MLI with 4 sources and 8
switches is explained in (Samadaei et al., 2016).
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In this paper, a new type of Multilevel inverter is proposed. This inverter uses
only 11 switches and 6 sources to obtain 27 level output voltage. Initially, firing
angles are calculated for uniformly stepped output. An optimization technique, a
genetic algorithm is used to calculate the optimum firing angle for the least THD
in the output (Deepak & Sumathi, 2019). Simulation is done in MATLAB and
results with THDs are tabulated.

Fig. 1 shows the conventional cascaded multilevel inverter where 2 equal DC
voltage sources and 8 switches give a 5 level output (Lai & Peng, 1996). In this
method, it was shown that by using different combinations of switching
sequences, it is possible to connect or disconnect a source to the load and hence
achieve a multilevel output. This circuit was modified with unequal sources and a
half bridge as in (Deepak et al., 2013). It is observed that the devices in H-bridge
will undergo more stress compared to switches in each half bridge (Deepak &
Sumathi, 2019). The uneven stress distribution is observed in the switches since
equal numbers of switches are not ON all the time, Conventional multilevel
inverters have evolved into symmetrical or asymmetrical combinational circuits.
They are continuously being upgraded into different topologies in order to
achieve more output voltage levels and reduced switch count. Fig. 2 shows an
Envelope-type multilevel inverter (Samadaei et al., 2016) which gives 13 levels
with 8 switches and 4 sources (Deepak & Sumathi, 2019). It can also be seen
that only three switches are ON at any level, hence the stress distribution is also

uniform.
854} | S?_";'}

Vd(.;:CI A
S8 Sﬁ{"}

4
34 Sz-l.’.'}

Fig. 1. Conventional multilevel inverter (Lai & Peng, 1996)
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Fig. 2. Envelope type Multilevel inverter (Samadaei et al., 2016)
2. PROPOSED MULTILEVEL INVERTER

An improvement in the number of levels can be obtained by adding intermediate
levels with a ‘T’ circuit to the existing ‘E’ type as shown in Fig. 3a (Deepak &
Sumathi, 2019). This topology is proposed as E-T type inverter. The proposed
inverter is divided into two parts, one is a regular Envelope Type as in (Samadaei
et al., 2016) and the second is the ‘T’ type to create intermediate levels with 2
sources and 3 switches. This inverter synthesizes 27 levels with only 11 switches
and 6 unequal sources (Deepak & Sumathi, 2019). One advantage of this
inverter is that only four switches are ON for any level. This implies, that at any
given time, equal numbers of switches are ON, hence the stress on every switch
will remain equal. Fig. 3b shows the working of the circuit for the third step.

The proposed MLI generates 27 levels at 50 Hz as shown in Fig. 4. Table 1
shows the status of switches and output levels. The selected sources include two
24V sources, two 48V sources, and two 96V sources (Deepak & Sumathi, 2019).
A peak value of 312V at 50Hz can be achieved with different combinations of
switches. Status 1 means the switch is in ON condition and status 0 means the
switch is in OFF condition.

The waveform in Fig. 4 is considered and an FFT analysis is done in MATLAB. In
Fig. 5 the FFT window and THD analysis of the proposed novel E-T type MLI are
shown (Deepak & Sumathi, 2019). The proposed E-T multilevel inverter was
found to have a Total Harmonic Distortion (THD) of 15.22% for a single-phase
output, which is quite unacceptable in today’s context. An attempt is made to
reduce the THD by optimizing the firing angles for the Proposed E-T type Inverter
by using the Selective Harmonic technique.
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Fig. 3b. Working of E-T multilevel inverter for third step
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Fig. 4. 27 Level output of proposed E-T type Inverter

Table 1. Status of switches and output levels

SILNo. S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 V

1 0 0 0 O 0 0 0 0 0 0 0 0

2 1 o 1 0 1 0 0 0 1 0 0 24

3 1 0 0 O 0 1 1 0 0 1 0 48

4 1 0 0 O 0 1 1 0 1 0 0 72

5 1 0 0 O 0 0 1 1 0 1 0 96

6 1 0 0 O 0 0 1 1 1 0 0 120
7 1 0 0 O 1 0 1 0 0 1 0 144
8 1 0 0 O 1 0 1 0 1 0 0 168
9 1 o o0 1 0 1 0 0 0 1 0 192
10 1 0o 0 1 0 1 0 0 1 0 0 216
11 1 0o 0 1 0 0 0 1 0 1 0 240
12 1 0o o0 1 0 0 0 1 1 0 0 264
13 1 0o o0 1 1 0 0 0 0 1 0 288
14 1 0o 0 1 1 0 0 0 1 0 0 312
15 0 1 0 1 0 1 0 0 0 0 1 -24
16 0 1 0 O 1 0 1 0 0 1 0 -48
17 0 1 0 O 1 0 1 0 0 0 1 -72
18 0 1 0 O 0 0 1 1 0 1 0 -96
19 0 1 0 O 0 0 1 1 0 0 1 -120
20 0 1 0 O 0 1 1 0 0 1 0 -144
21 0 1 0 O 0 1 1 0 0 0 1 -168
22 0 1 1 0 1 0 0 0 0 1 0 -192
23 0 1 1 0 1 0 0 0 0 0 1 -216
24 0 1 1 0 0 0 0 1 0 1 0 -240
25 0 1 10 0 0 0 1 0 0 1 -264
26 0 1 1 0 0 1 0 0 0 1 0 -288
27 0 1 1 0 0 1 0 0 0 0 1 -312
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Fig. 5. FFT of the proposed MLI with equal step output
3. METHODOLOGY

Fourier series for any waveform is given by

fr@®) = —+ Zk O(alcos[ ] + bysi [znTktD

As the waveform is symmetrical, even harmonics are zero. f,(t) , is available for
odd values of k, the equation can be further simplified as

2mkt )

fe(®) = o (besin [
Where by, is
K = 1 Ty sin(ea;)

Modulation index

_ \4
T (anvgo)/m
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Where

n is the number of levels
V is the desired fundamental voltage
Vdc is the value of individual voltage source

Selective Harmonic Elimination (SHE) technique is used to lower the odd
harmonics, by selecting the suitable values of firing angles from a1 to a13 to
satisfy equation (2) and equation (3).

13M = cos(ay) + cos(a,) + cos(az) + cos(ay) + cos(as) + cos(ag) +

cos(a;) + cos(ag) + cos(ag) + cos(ayq) + cos(ayq) + cos(oy,) + cos(ay3)

0 = cos(Ka;) + cos(Ka,) + cos(Kag) + cos(Kay,) + cos(Kasg) + cos(Kag) +
cos(Ka;) + cos(Kag) + cos(Kag) + cos(Kayq) + cos(Kay;) + cos(Kay,) +
cos(Kay3)

ForK =357.........27  ——————— )

A <A <a3<a,<as<ag<a; <ag<ag<ayy<ap < <a;z<
90° i )

(J ?17:3,5..%21&1((505"“02))

X7Zy cos (ax)

THD = ——— (4

A MATLAB program is written to create a number of feasible firing angles to
reduce the THD. These firing angles are arrays al to a13 corresponding to 13
firing angles. Since the obtained waveform is of quarter wave symmetry and all
the firing angles are within 90 degrees, we can check for the feasible angles
using simple if loops.

The program is divided into two parts to calculate the firing angle. The first part is
by looping method where an initial set of firing angles are generated and the
second part is the Genetic Algorithm function ga() available in MATLAB to
optimize the firing angles obtained in the first part (Deepak & Sumathi, 2019).

In the Looping method, 13 arrays corresponding to the required 13 firing angles
are created. Each array is a matrix of size 10X1. Using linspace() function in
MATLAB, arrays of 10 equally spaced values are created. The range of values
can be decided because, between 0 and 90 degrees, 13 angles are to be
created. 90/13 is approximately 7 degrees (Deepak & Sumathi, 2019). Thus the
range can vary between 10% of 7 degrees to 90% of 7 degrees. The advantage
of this method is number of equally spaced values can be changed as well as
percentage of variation of angle can be changed according to user choice,
convenience and available time for convergence. Overlapping of angles can be
avoided so that the number of steps can be maintained at the desired 27 levels
(Deepak & Sumathi, 2019).
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After the arrays of firing angles are created, one value from each array is
considered and if loops in the program having conditional statements as in
equation 2 is verified. If the condition is true, then it calculates the fundamental
output voltage. If the condition is not true, it considers the next set of firing angles
and repeats the procedure. The combination of firing angles corresponding to the
highest value of fundamental voltage is selected as the most feasible firing angle
(Deepak & Sumathi, 2019). Using Microsoft Excel the next set of angles from 90
degrees to 360 degrees are calculated and converted to corresponding time
domain. It is placed in the simulink file with the circuit to calculate the THD of the
wave.

It was observed that the values corresponding to the highest Modulation Index
did not give the least THD. Thus the combinations of firing angles are so chosen
to give least THD with a reasonable Modulation Index (Deepak & Sumathi,
2019).

These feasible firing angles become the initial solution for the Genetic Algorithm
ga() available in MATLAB. Choosing the proper initial firing angles will lead to
better and faster solutions in Genetic Algorithm (Deepak & Sumathi, 2019).

A MATLAB program is written to calculate the firing angles for the switches. The
program is divided into two parts to calculate the firing angle. The first part is by
Looping method where an initial set of 13 firing angles as arrays are generated
and the second part is the Genetic Algorithm function ga() available in MATLAB
to optimize the firing angles obtained in the first part.

The combinations of firing angles are so chosen to give the least THD with a
reasonable Modulation Index.

These feasible firing angles become the initial solution for the Genetic Algorithm
ga() available in MATLAB. Choosing the proper initial firing angles will lead to
better and faster solutions in Genetic Algorithm (Deepak & Sumathi, 2019).

3.1 Algorithm for MATLAB Program: LOOPING METHOD

e Create an array of firing angles for a1 to a13

e Using if loop, search for the combinations of firing angles that give the
highest value in equation 1 and satisfy equation 2 for all values of K
(Deepak & Sumathi, 2019)

e Calculate the THD for different firing angles using MATLAB FFT tool

e Output the result as an array of most suitable array of firing angles that
satisfies the eqaution (1) to (3) with least THD

3.2 Steps for Genetic Algorithm ga() Function in MATLAB
e Use the results of MATLAB program by looping method as the initial

guess for the array of angles
e  Number of variables = 13, since 13 firing angles are required
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Fitness Function is implemented for THD expression as in equation (4)
Variables A, B equalities and inequalities of ga() are left as empty arrays.
Inequalities of variable C in ga() is set as equation (3)

Equalities of C in ga() is set as equation (2)

Lower bound and Upper bound values in ga() for the angles are carefully
set to so that there are no stray values and GA converges faster.

Table 2 shows the practical values chosen for batteries and load. These values
are set in MATLAB software to evaluate the overall performance of the inverter
(Deepak & Sumathi, 2019).

Table 2. Practical values considered for batteries, switches and load as
parameters for simulation

Sl. No Device Parameters
Battery

1 V11 and V12 24V

2 V21 and Va2 48V

3 V31 and Va2 96V
MOSFET - R6012JNJ

4 Voltage rating 600V
5 Current rating 12A

6 Power rating 160W
7 FET on state Resistance 0.39Q
8 Internal Diode Inductance OH

9 Internal Diode Resistance 1.11Q
10 Diode forward voltage 0.7V
11 Snubber resistance Rs 10°Q
12 Snubber capacitance Cs Infinity
LOAD- resistance

13 Voltage 300V
14 Wattage 900W
15 Resistance 100 Q

4. MATLAB SIMULATION

MATLAB-Simulink is used for simulation. MOSFET - R6012JNJ has the
characteristics of fast switching and is easily available. MATLAB simulation
circuit is shown in Fig. 6 for the proposed E-T type Multilevel inverter (Deepak &
Sumathi, 2019). Practical values of sources, switches and load are considered as
shown in Table 3. The gating signals are generated in the subsystem using a
constant value generator with zeros and ones corresponding to the switch state.
The subsystem is connected to a multiport switch along with a repeating
sequence generator. The inputs to the repeating sequence generator are the
firing angles converted to time scale for 54 output values corresponding to 2ms
(Deepak & Sumathi, 2019).
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Aorbags Msurrr

Fig. 6. Proposed E-T type Inverter in MATLAB
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5. RESULTS

MATLAB simulation for programmed firing angles is shown in Fig. 7 and its THD
is shown in Fig. 8 (Deepak & Sumathi, 2019). It is observed that there is an
improvement in the THD of the output compared to equal step output. To further
improve the THD, SHE is used by adopting Genetic Algorithm, and the 27 level
output waveform is shown in Fig. 9, and its THD is calculated and shown in the
FFT window of MATLAB as in Fig. 10 (Deepak & Sumathi, 2019).

Loop Wthod Votage wave

300 - | I | I ! -
200
g 100
)
8 0
o
>-100
200
-300
| | | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

signal

Fig. 7. 27 level output E-T type MLI using looping method
d si Iz 2.5 cycles. FFT wind (in red): 2 cycles

AVAVA

o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s}

201

Signal mag.
o

FFT analysis

Fundamental (50Hz) = 265.6 , THD= 11.67%
T T T T T T T

T T

Mag (% of Fundamental)
o
T
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Fig. 8. FFT of the E-T type MLI with looping method
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Optimum Firing angles and THD obtained are as shown in Table 3. It is observed
that all the firing angles are optimized and THD is improved in every stage
(Deepak & Sumathi, 2019).

Table 3. Optimized firing angles

Matlab Programs
Equal step method Looping Method GA optimization

Angle in Degrees Angle in Degrees Angle in Degrees

al 3.461516 4.497708 3.598167
a2 10.38541 11.76853 3.632544
a3 17.3077 18.68984 10.55959
a4 24.23079 25.61688 17.4809
a5 31.15382 30.34377 24.40222
a6 38.07691 32.88197 31.32926
a7 45 39.80901 38.25057
a8 51.92762 46.73033 45.17189
a9 58.84618 53.65164 52.0932
al0 65.76921 60.22918 59.02024
ali 72.6923 67.5 65.94156
al2 79.61539 74.42131 72.86287
al3 86.53848 84.45951 86.67685
THD (%) 15.22 11.63 7.63

MATLAB simulation for Selective Harmonic Elimination using Genetic Algorithm.

27 Level Output with firing angles calculated from Nested Loop
/W M
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (5)

200

100

Volatge (V)

Fig. 9. 27 level output E-T type MLI with GA
Results of all the three types of waveforms are shown in Table 4 (Deepak &

Sumathi, 2019). It is observed that as the THD is reduced and the Fundamental
voltage peak is also improved.
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Fig. 10. FFT of the E-T type MLI with GA

Table 4. Comparison of THDs in different techniques

Frequency (Hz) Fundamental Voltage (Volts) THD (%)

Equal Step 50 242.7 15.22
Looping Method 50 265.6 11.63
GA 50 272.7 7.63

6. CONCLUSION

The proposed E-T type inverter is compared with conventional and E type
inverter. It is observed that with an additional auxiliary circuit, intermediate levels
can be generated which increases the number of voltage levels. Hence the
number of voltage levels is double the E type inverter (Samadaei et al., 2016).
Table 5 shows the comparison of different multilevel inverters (Deepak &
Sumathi, 2019). It is seen that the proposed E-T type MLI uses the least number
of switches and sources to generate a higher number of voltage levels.
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Table 5. Comparison of Proposed E-T type Multilevel inverter with various

inverters
Type of circuit Number of DC  Number of Number of output
Sources Switches voltage levels
Conventional MLI 13 52 27
Envelope Type 8 16 25
Proposed E-T Type 6 11 27

It can be concluded that the proposed E-T Type inverter circuit uses less number
of semiconductor switches compared to previous circuits. The stress on each
switch is equal at all levels (Deepak & Sumathi, 2019). The optimum firing angles
were calculated for the inverter switches to apply the selective harmonic
elimination technique. In this method, the number of voltage levels has increased
the THD values have comparatively improved. MATLAB program for Looping
method creates a number of feasible firing angles. The solution from the Looping
method can be used as initial guess values in the Genetic Algorithm which helps
it to converge faster (Deepak & Sumathi, 2019). Though the Selective Harmonic
Elimination technique is used, the significant harmonics like third and fifth may
not be completely zero, since large numbers of variables are involved. The triplen
harmonics (those which are multiples of 3) will further be reduced in a three
phase network. The proposed E-T type inverter can be used to synthesize three
phase waveform also and can be used to control the speed of a 3 phase
induction motor.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)

Author(s) hereby declare that NO generative Al technologies such as Large
Language Models (ChatGPT, COPILOT, etc) and text-to-image generators have
been used during the writing or editing of this manuscript.

COMPETING INTERESTS
Authors have declared that no competing interests exist.
REFERENCES

Balal, A., Dinkhah, S., Shahabi, F., Herrera, M., & Chuang, Y. L. (2022). A review
on multilevel inverter topologies. Emerging Science Journal, 6(1), 185—
200.

Choudhury, S., Bajaj, M., Dash, T., Kamel, S., & Jurado, F. (2021). Multilevel
inverter: A survey on classical and advanced topologies, control schemes,
applications to power system and future prospects. Energies, 14(18),
5778.

Deepak, R., & Sumathi, S. (2019). THD analysis of novel envelope with a T-type
(E-T) multilevel inverter with reduced number of switches. International
Journal of Recent Technology and Engineering, 8(3), 194—199.

206



Engineering Research: Perspectives on Recent Advances Vol. 5
THD Inspection of a Novel Envelop with a T Type (E-T) Multilevel Inverter with Reduced Switch Count

Deepak, R., Lakshmikantha, B. R., Manjunatha, Y. R., Kasturi, V. S., & Sarkar, L.
(2013). Novel multilevel inverter with reduced number of switches and
batteries. IEEE Conference, CCUBE 2013.

Lai, J.-S., & Peng, F. Z. (1996). Multilevel converters—a new breed of power
converters. IEEE Transactions on Industry Applications, 32, 509-517.

Mamatha, P., & Venkatesh, C. (2017). Performance improved multilevel inverter
with selective harmonic elimination. 2017 International Conference on
Recent Trends in Electrical, Electronics and Computing Technologies.

Nandhini, E., & Sivaprakasam, A. (2023). Sinusoidal PWM vs SVPWM for NPC
multilevel inverter with proportional control-based neutral point voltage
controller for induction motor drive. Journal of Engineering Research and
Reports, 25(2), 39-47.

Samadaei, E., Gholamian, S. A., Sheikholeslami, A., & Adabi, J. (2016). An
envelope type (E-type) module: Asymmetric multilevel inverters with
reduced components. IEEE Transactions on Industrial Electronics, 63(11),
7128-7136.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.

© Copyright (2025): Author(s). The licensee is the publisher (BP International).

DISCLAIMER
This chapter is an extended version of the article published by the same author(s) in the following journal.
International Journal of Recent Technology and Engineering, 8(3), 2019. DOI: 10.35940/ijrte.C3927.098319

Peer-Review History:

This chapter was reviewed by following the Advanced Open Peer Review policy. This chapter was thoroughly checked to
prevent plagiarism. As per editorial policy, a minimum of two peer-reviewers reviewed the manuscript. After review and
revision of the manuscript, the Book Editor approved the manuscript for final publication. Peer review comments,
comments of the editor(s), etc. are available here: https:/peerreviewarchive.com/review-history/4562

207


https://peerreviewarchive.com/review-history/4562

London Kolkata Tarakeswar

India: Guest House Road, Street no - 1/6, Hooghly, West Bengal, India (Reg. Address),

Diamond Heritage Building, 16, Strand Road, Kolkata, 700001 West Bengal, India (Corporate Address),
Tele: +91 7439016438 | +91 9748770553, Email: director@bookpi.org,

(Headquarters)

UK: 27 Old Gloucester Street London WC1N 3AX, UK,
Fax: +44 20-3031-1429, Email: director@bookpi.org,
(Branch office)



	00000. Engineering Research Perspectives on Recent Advances Vol. 5 - Copy.pdf (p.1)
	0000. Volume Front Sample.pdf (p.2-9)
	000. ABOUT THE EDITOR.pdf (p.10)
	00. Engineering Research Perspectives on Recent Advances Vol. 5 - Preface.pdf (p.11)
	01. Piesciorovsky_2024_BPR_4054.pdf (p.12-48)
	02. Le_2024_BPR_3713.pdf (p.49-79)
	03. Abdurrosyid_2025_BPR_4261.pdf (p.80-108)
	04. Balamuralikrishnan_2025_BPR_4521.pdf (p.109-128)
	05. TODERAȘ_2025_BPR_4534.pdf (p.129-158)
	06. Ruyhan_2025_BPR_4531.pdf (p.159-176)
	07. Tayisepi_2024_BPR_2645.pdf (p.177-202)
	08. Deepak_2025_BPR_4562.pdf (p.203-218)
	End Page (New).pdf (p.219)

