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This research presents an inter-
leaved bi-directional non-invert-
ing buck-boost converter designed 
for public electric vehicle battery 
swapping stations (BSS). This study 
solves the critical problem of BSS 
vulnerability to main power outages, 
which threatens their operational 
reliability. The developed solution is 
a device that not only performs effi-
cient charging but also functions as 
an emergency power source, utiliz-
ing power from connected batteries 
during a grid failure. The method
ology incorporates an interleaved 
topology and a multi-stage constant 
current (MSCC) charging method 
controlled by a fuzzy logic control-
ler (FLC). Experimental results show 
the interleaved operation success
fully increased power capacity up 
to 1.1 kW, achieving an average effi-
ciency of 93.44%. A distinctive fea-
ture of the result is the reduction of 
the output current ripple by 47.7% 
down to 0.92%. This is explained by 
the ripple-cancellation effect inher-
ent to the interleaved design, which 
is a key feature for preserving long-
term battery health. Furthermore, 
the MSCC method achieved a 13.7% 
reduction in execution time com-
pared to the conventional constant 
current-constant voltage (CC-CV) 
method, with a total charging dura-
tion of 66.8 minutes. This validated 
prototype successfully demonstrated 
a seamless and automatic emergen-
cy mode transition during a power 
failure, directly answering the BSS 
reliability challenge. The prototype 
also confirmed its bidirectional func-
tionality and seamless mode transi-
tion from standard charging to emer-
gency power supply mode. The scope 
of this research provides a practi-
cal and high-performance integrated 
solution for BSS, effectively address-
ing vulnerability issues by improving 
reliability and charging time effi-
ciency, ensuring continuous service
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1. Introduction

The massive and global trend of electric vehicle adoption 
requires supporting infrastructure, such as charging stations. 

However, conventional charging has the disadvantage of long 
charging times [1, 2]. This has led to solutions like public elec-
tric vehicle battery swapping stations (BSS) [3]. These stations 
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let users swap their empty batteries for full ones. This makes 
electric vehicles able to travel farther. This system provides 
an alternative to charging electric vehicle batteries. It is espe
cially useful for electric motorcycles, the aim is to improve 
user time efficiency.

Trust in infrastructure is contingent on the operational 
reliability of the infrastructure itself [4]. Battery swapping 
stations can be powered by the grid or by integrating new 
renewable energy sources [5, 6]. Nonetheless, there is a pos-
sibility that both of these primary power sources could en-
counter temporary interruptions or even total loss of power. 
This is a critical weakness in the BSS network. Ideally, battery 
swapping stations should always be supplied with primary 
power sources so that fully charged batteries can be provided 
for customers to swap. Occurrence of an outage or blackout 
at the primary power source of a battery swapping station 
would result in the station’s inability to provide fully charged 
batteries to customers. This would undoubtedly prove to be 
exceedingly disadvantageous to customers, particularly with 
regard to the amount of time it would entail. 

The development of electric vehicle charging infrastruc-
ture has driven intensive research into efficient and flexible 
power converter topologies. Among the various technologies 
available, bidirectional DC-DC converters have established 
themselves as key components, demonstrated to facilitate bi-
directional power flow between vehicles and the power grid. 
The use of this architecture has been validated in various 
studies; optimization of fast charging architecture using fuzzy 
logic control has been focused on to improve performance [7]. 
Meanwhile, a technique for improving the transition of 
operating mode in bidirectional converters has also been 
presented, which underlines the importance of operational 
smoothness in such systems [8].

Specifically, the non-inverting buck-boost converter to-
pology has been analyzed as a compact and effective solution 
for applications requiring the ability to step up and step down 
voltage without reversing polarity. The application of this 
topology has been demonstrated for fuel cell applications, 
proving its flexibility in managing different power sources [9]. 
Furthermore, the design of this converter has been specifical-
ly analyzed and simulated for battery charging applications, 
confirming its suitability for use in power charging sys-
tems [10]. Support for the fundamental role of this topology 
is reinforced by a comprehensive review that positions ad-
vanced DC-DC converters as the core of fast charging systems 
integrated with battery storage [11]. Additionally, an efficient 
non-inverting buck-boost converter design with enhanced 
step-up/down capability has been specifically presented, 
proving that this topology continues to be the subject of active 
innovation to achieve higher performance [12].

Therefore, studies that are devoted to enhancing the op-
erational reliability and addressing the vulnerabilities of BSS 
infrastructure are of significant scientific relevance.

2. Literature review and problem statement

Trust in an infrastructure is highly dependent on its oper-
ational reliability, an aspect emphasized in a review of mobile 
charging station technology [4]. However, it has been shown 
that the majority of existing research has not specifically ad-
dressed the challenge of operational vulnerability in BSS due 
to power outages from the main source. Adaptive charging 
strategies and optimal sizes for BSS have been discussed, but 

solutions to maintain service continuity in the event of a total 
failure of the power source have not been directly provided [3].

The reason for this is likely because the main focus of 
research tends to be on the integration of alternative energy 
sources. For example, there have been studies focusing on the 
implementation of renewable energy-based charging stations 
to increase energy independence [5]. Similarly, an open-source 
hardware platform for power electronics that supports renew-
able power generation and energy storage has also been pre-
sented [6]. Although these approaches are valuable, renewable 
energy sources themselves are still vulnerable to interruptions 
or intermittency, so they do not completely eliminate the risk of 
power loss. Thus, a significant research gap lies in the lack of in-
tegrated system designs specifically designed as solutions to the 
vulnerability of BSS in order to improve reliability and resilience 
to disruptions in primary resources. This issue has not been 
widely discussed because most studies have focused more on 
improving the performance, efficiency, and stability of charging, 
rather than on the internal system resilience of the BSS itself.

One way to overcome the difficulties that have been identi-
fied is to develop an integrated system that combines superior 
hardware topology, efficient charging methods, and intelligent 
control systems. From a hardware perspective, one of the main 
challenges is to suppress output current ripple. The importance 
of this variable is emphasized in an analysis that specifically 
shows how current ripple in DC-DC chargers can negatively 
impact the health and lifespan of Li-Ion batteries [13]. The rel-
evance of this issue in modern systems is also demonstrated in 
the development of the rotating phase shedding technique for 
interleaved converters to mitigate the thermal effects caused by 
current ripple during fast charging [14]. Given the importance of 
suppressing current ripple, an effective approach is to implement 
an interleaved topology [15]. The control model and digital im-
plementation of a three-phase interleaved converter have been 
demonstrated for electric vehicles, confirming its suitability for 
high-power applications [15]. The relevance of this topology is 
also demonstrated in the context of renewable energy systems, 
where a three-phase interleaved boost converter design has 
proven effective for energy storage systems in photovoltaic (PV) 
applications [16]. Other topologies such as the cascaded bidirec-
tional buck-boost converter have also been analyzed for battery 
charging applications, demonstrating the validity of its bidirec-
tional operation [17]. In addition, a multiphase interleaved con-
verter based on a cascaded non-inverting buck-boost topology 
has been specifically developed, which has proven successful 
in reducing the number of switching components [18]. In fact, 
the combination of an interleaved buck converter topology with 
fuzzy logic control has been proven to function as a precise 
current regulator for Lithium-ion battery charging applica-
tions [19]. However, these studies focus on improving converter 
performance for general electric vehicle applications and have 
not explicitly applied them in the context of emergency power 
supply systems designed to improve BSS resilience.

Furthermore, to overcome the long charging time weak-
ness of the conventional CC-CV method, a new approach is 
needed. The inefficiency of the standard CC-CV method is 
primarily attributed in practical literature to its prolonged 
constant voltage (CV) phase, where the charging current 
tapers off slowly, thus significantly extending the total time 
required to reach full capacity [20]. Following this, specific 
academic studies have also focused on its improvement; for ex-
ample, a multi-step profile that modifies the standard CC-CV 
process has been proposed specifically to shorten the overall 
charging duration [21]. Building upon these foundations, the 
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Multi-Stage constant current (MSCC) charging method can be 
adopted. This approach has proven its reputation for shorten-
ing charging duration, as emphasized in the context of BSS [3]. 
The characteristics of the MSCC process, which visually shows 
the stages of current decline, have been used in advanced 
battery models for estimating the State of Charge, confirming 
the validity of the charging profile [22]. The MSCC method for  
Li-Ion batteries was first introduced in fundamental research 
that proved its feasibility as a faster alternative [23]. Fur-
thermore, an optimal charging pattern for high-performance 
MSCC methods has been presented, confirming that this ap-
proach is not only faster but can also be further optimized for 
maximum efficiency [24]. In fact, the application of state-flow-
based control in the MSCC method has also been proven effec-
tive for battery chargers in two-wheeled electric vehicles [25]. 
However, the focus of these studies was limited to optimizing 
the charging process itself and did not integrate the MSCC 
method into a two-way hardware system capable of switching 
functions to supply power during emergencies.

To manage this complex and non-linear system, a modern 
control approach is required. A fuzzy logic controller (FLC) can 
be an appropriate solution, as it fundamentally works based on 
"IF-THEN" linguistic rules rather than precise mathematical 
models, as described in the basic literature on FLC [26]. The 
practical advantages of this approach have been proven in var-
ious applications; for example, a critical review has confirmed 
that FLC is superior to conventional PI controllers in the max-
imum power point tracking (MPPT) in photovoltaic systems, 
especially under varying irradiation conditions [27]. In fact, 
type-2 FLC has been applied to accelerate conventional CC-CV 
charging methods, demonstrating its success in significantly 
reducing charging duration compared to PI controllers [28]. 
Furthermore, FLC has been successfully applied as a battery 
charge-discharge controller in microgrid applications, prov-
ing its capability in effectively regulating bidirectional power 
flow [29]. Moreover, an investigation presents a balanced 
performance comparison, where FLC (specifically the Sugeno 
type) shows the most superior stability and voltage ripple, even 
though the PID controller is able to provide a faster rise time 
with a comparable overshoot level [30]. However, current FLC 
applications have not specifically addressed its application for 
precisely controlling the multi-stage constant current (MSCC) 
charging method, where stable transitions between charging 
stages are crucial for battery efficiency and health in an inte-
grated system for BSS reliability.

Based on the above description, all of these points indicate 
that although each technological component, such as bidi-
rectional converters, interleaved topologies, MSCC charging 
methods, and fuzzy logic controllers, has been extensively 
researched in its respective context, there is a clear gap in the 
literature. Studies on strategies for BSS have indeed been con-
ducted, but integrated solutions for resilience against primary 
power source disturbances remain an unresolved issue. Thus, 
it can be concluded that there is no integrated DC-DC con-
verter system design that combines fuzzy-controlled MSCC 
charging methods to support total charging time efficiency in 
BSS applications, while also supporting solutions to the prob-
lem of vulnerability in the station’s primary power source. 
Therefore, it is considered necessary to conduct a study on 
the development of an enhanced non-inverting buck-boost 
bi-directional converter with interleaving techniques to sup-
press charging current ripple in order to maintain long-term 
battery health, specifically designed to improve the reliability 
and resilience of electric vehicle BSS.

3. The aim and objectives of the study

The aim of this study is to develop an interleaved bi-di-
rectional non-inverting buck-boost converter integrated with 
sensors and FLC embedded control as MSCC control, thereby 
creating a device to address the vulnerabilities of battery 
swapping stations as described in the previous chapter. This 
development enables a battery swapping station to continue 
providing charged batteries to users even during temporary 
power outages or blackouts by switching the power source 
to batteries connected to the battery swapping station as an 
emergency power source to charge several batteries. 

To achieve this aim, the following objectives were accom-
plished:

– to verify the hardware performance of the interleaved 
bi-directional converter, ensuring increased power capacity 
and a reduction in output current ripple;

– to implement and evaluate the fuzzy logic controller (FLC) 
algorithm for the multi-stage constant current (MSCC) charging 
method to achieve charging time efficiency;

– to test the integrated system functionality to validate its 
bi-directional operational capability and seamless transition 
to emergency mode.

4. Materials and methods

The object of this study is an integrated system consisting 
of an interleaved bidirectional DC-DC converter, sensors, and 
a microcontroller. The main hypothesis of the study is the in-
tegration of this system is designed to produce low current rip-
ple, adaptive control response at each constant current stage, 
and, most importantly, the ability to switch power sources 
when the main power source is detected to be experiencing 
interference. The overall architecture and flow of interaction 
between these components are illustrated visually in the block 
diagram presented in Fig. 1:

1. Hardware design.
The diagram shows that this device uses an interleaved 

bi-directional non-inverting buck-boost converter topology, 
which allows the converter to operate in two directions, both 
in voltage reduction mode and voltage increase mode, with 
the same converter polarity at each input and output. In ad-
dition, with the interleaved topology, the converter can have 
lower output current ripple, which is a safety requirement for 
charging lithium-ion batteries.

To support the converter control on this device, two cur-
rent sensors and two voltage sensors are required, with one 
sensor located on the input side and one on the output side 
of the device. The current and voltage sensors provide data to 
the STM32 microcontroller, which acts as a data processor and 
controls the converter through a gate driver by sending PWM 
signals obtained from the sensor data processing results. This 
system also includes a relay as a circuit breaker when the de-
vice is operating as a charger or as a power supply. This load 
capacity plan describes the loads that will be used in system 
testing, including 72V 20Ah Li-ion battery pack, battery volt-
age range 63V-83V, charging current = 20 × 0.2 = 4 A.

The converter design planning was carried out using the 
calculations described in Chapter 2. There are two types of 
calculations for planning the converter in this system, namely 
the converter calculations in buck mode and boost mode.  
Referring to the formula described above, the converter design 
planning is calculated as follows.
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From the results of the two modes above, it can be 
concluded that the inductor value used in this converter is 
greater than or equal to 35 μH, which is the highest value 
from the two calculations. As for the capacitor value, the 
maximum minimum value is 47 μF, so the capacitor used in 
this converter is greater than the maximum minimum value. 
For the values of the Rg(on), Rg(off), Ferrite bead, RCDCL, and 
RCSN components, refer to the recommendations in the data 
sheet, namely [31]:

Rg(on) = 20 Ω; Rg(off) = 50 Ω;

Ferrite bead = 270 Ω, 100 MHz;

RCDCL = 5 Ω, 10 nF; RCSN = 15 Ω, 68 pF.

Minimum microcontroller system design planning is im-
portant as the center of the system that processes data and con-
trols the operation of the entire system. The STM32G441KBT6 
microcontroller was chosen because it has a computing speed 
of up to 170 MHz, making it suitable for PWM signal genera-
tors that require high data execution. The input-output (I/O) 
used in this microcontroller consists of 4 ADCs for sensor read-
ings and 4 timers for PWM. In addition, the STM32G441KBT6 
has excellent communication capabilities through various pro-
tocols such as UART, SPI, I2C, and CAN, allowing this micro-
controller to connect to external devices or additional modules 
to expand system functionality. With 128 kB of flash memory 
and 192 kB of RAM, this microcontroller is capable of storing 
and processing complex programs and sensor data efficiently. 
Another advantage is the DMA (direct memory access) feature, 
which speeds up data transfer between peripherals without 
burdening the CPU, allowing the system to work more respon-
sively, especially in applications that require real-time sensor 
data acquisition and precise output control [32].

The voltage sensor design in this system is designed for 
a maximum measurable voltage of 120 V and a maximum 
Vsense of 250 mV. Therefore, the voltage divider resistor value 
is calculated as follows

250 2
1 2 3

120�mV� � �V�
� �

�
R

R R R
.

Therefore, R1 = 1.1 MΩ, R2 = 3.3 kΩ, R3 = 1.1 MΩ.

The current sensor design in this system is designed for  
a maximum measurable current of 30A and a maximum 
Vsense of 250 mV. Therefore, the shunt resistor value is calcu-
lated as follows

250 mV = Rshunt × 30 A.

Therefore, Rshunt = 8 mΩ.
In this study, a relay was created due to the unavailability 

of relays on the market with the required specifications, thus 
necessitating the creation of a solid state relay (SSR) using two 
MOSFETs and two DS-SD diodes. In addition to breaking the 
circuit, this relay also acts as a regulator of the desired current 
direction. In the design of this relay, MOSFETs from inchange 
semiconductor with the manufacturer code 2SK2753 were 
used. These MOSFETs have specifications of 120 V 50 A, mak-
ing them suitable for use in this study. Meanwhile, the diodes 
used as MOSFET support components are from SMC Diode 
Solution with the manufacturer code 60CPQ150. These diodes 
have specifications of 150 V 60 A, making them suitable for 
use in this study. To make it a relay, an optocoupler is needed 
as a MOSFET drive component, so an optocoupler with the 
manufacturer code TLP512 is used.

2. Fuzzy logic controller design.
MatLab is used as computational software to design and 

visualize the FLC design in this study. In designing FLC, 
there are several things that need to be considered, such 
as what input variables are needed and what form of fuzzy 
output is desired. In this study, the input variables used are 
the error variable and the delta error (the difference between 
the current and previous errors). As for the membership 
function used, it is triangular because the triangular type 
has light computation and is sufficient to control only the 
current or voltage. There are 7 membership functions used, 
which are intended to provide the control system with  
a sufficient range to produce a smooth system response. The 
membership function range of the error variable is taken 
from how high the current value is used so that if the de-
signed system can work up to a current of 20 A, the mf range 
used is –20 to 20. Meanwhile, the mf range of the delta error 
variable itself is determined by how sensitive the current in-
crease is when the control is running, therefore, for a smooth 
response, the range starts from –5 to 5. The FLC output vari-
able in this study is configured as a step value for increment 
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Fig. 1. Block diagram
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and decrement duty cycles, so that a smooth system response 
is determined by how high the step value output from the 
FLC is. Therefore, the mf range for the FLC output variable 
uses a range of –0.5 to 0.5. With 7 membership functions for 
each input and output variable, at least 49 combinations of 
IF THEN rules are required for the FLC. 

The combination of the seven membership functions 
for each input and output variable produces 49 "IF-THEN" 
inference rules. The rule base that implements these 49 rules, 
which map the logical relationship between the input Error 
and Delta Error to the output control action, is presented in 
matrix form in Fig. 2.

&& NL NM NS Z PS PM PL
NL NL NL NM NM NS NS NS
NM NL NM NM NS NS NS NS
NS NM NM NS NS NS NS NS
Z Z Z Z Z Z Z Z

PS PS PS PM PM PM PL PL
PM PS PM PM PM PL PL PL
PL PM PM PM PL PL PL PL

E 
R 
R 
O 
R

Delta Error

 
Fig. 2. Rule base fuzzy logic controller 

3. Experimental procedures used.
The testing process is the most important process in a study, 

requiring supporting equipment and an appropriate test setup, 

including procedures applied before, during, and after testing. 
Any differences in test conditions can lead to different test 
results. In this test, the supporting equipment used included  
a Yokogawa DL850E oscilloscope with three voltage probes 
and two current probes, a 48 V 30 A DC Bus, and a resistive 
load. Meanwhile, the main test material used was one electric 
motor battery with a nominal voltage of 72 V and a maximum 
voltage of 84 V with a capacity of 20 Ah, assuming that the 
battery was in normal condition. The Fig. 3 shows the position 
of each voltage probe and current probe.

The blue circle indicates the location of the voltage probe, 
while the green circle indicates the location of the current 
probe. Testing in this study was conducted on a laboratory 
scale and in an air-conditioned room with a temperature  
set at 24℃. 

5. System implementation and experimental results 

5. 1. Verification of interleaved bi-directional con-
verter performance

As a physical realization of the proposed system de-
sign, a  functional prototype has been successfully assembled.  
Fig. 4 shows the final form of the hardware that integrates the 
power converter board, sensor system, microcontroller, and 
gate driver into a single unit.
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Fig. 4. Integrated hardware
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With the prototype fully integrated as shown in Fig. 4, 
further experimental testing was conducted to validate the 
system’s performance quantitatively.

The first stage of hardware verification was to test each 
converter channel separately to evaluate its performance as  
a single unit. Table 1 presents a summary of the average perfor-
mance comparison between leg 1 and leg 2 to ensure uniform 
basic characteristics before operating in interleaved mode.

Table 1
Average performance comparison 	

of leg 1 and leg 2 converters

Parameters Converter leg 1 Converter leg 2

Average efficiency (%) 92.45 92.24

Average voltage error (%) 2.48 2.54

Based on the data summarized in Table 1, a direct com-
parison between the two converter legs shows very consistent 
and uniform basic performance. The average power conversion 
efficiency of both units is very comparable, namely 92.45% 
for leg 1 and 92.24% for leg 2, with a negligible difference of  
only 0.21%. Similarly, the average voltage error relative to the 
theoretical value also shows nearly identical values, namely 
2.48% and 2.54%. This consistency in performance is very im-
portant because it confirms that the two converter units built 
have uniform characteristics and function according to the de-
sign. This uniformity provides a solid and valid foundation for 
the next testing phase, in which both units will be operated si-
multaneously in an interleaved configuration. In addition to per-
formance parameters, the quality of the output signal was also 
evaluated for each leg. Table 2 presents a comparison of the av-
erage output ripple, which will serve as baseline data for assess-
ing the effectiveness of ripple suppression in interleaved mode.

Table 2
Comparison of average output ripple 	

of leg 1 and leg 2 converters

Parameters Converter leg 1 Converter leg 2

Average current ripple (%) 1.76 2.47

Average voltage ripple (%) 2.31 2.42

Table 2 presents crucial data regarding the output signal 
quality of each converter leg operating individually. The 
measurement results show very consistent voltage ripple 
between the two units, namely 2.31% for leg 1 and 2.42% for 
leg 2, which further reinforces the finding that the two hard-
ware units have uniform characteristics. Although there is  
a slight variation in the average current ripple (1.76% for leg 1 
and 2.47% for leg 2), these values are still within acceptable 
limits for individual operation. Most importantly, this data 
serves as essential baseline data. This performance will be 
a quantitative benchmark for evaluating the effectiveness 
of the interleaved topology in suppressing ripple, a key pa-
rameter for maintaining health and extending battery life in 
the next stage of integrated system testing. After the basic 
characteristics of each converter unit were validated, testing 
proceeded to the core stage, which was to operate both legs 
simultaneously in an interleaved configuration. Table 3 pres-
ents comprehensive performance data from this integrated 
system, which aims to verify improvements in power capacity 
and operational efficiency.

Table 3 clearly shows the success and significant ad-
vantages of implementing the interleaved topology. The 
main result shows that the converter is capable of achieving 
a power conversion capacity of up to 1116.3 W. This value 
represents a 99.9% increase in power capacity compared 
to the best performance of the individual legs (558.06 W), 
which convincingly validates that the interleaving tech-
nique successfully doubles the power handling capability 
of the system. More importantly, this increase in capacity 
was achieved while maintaining very high efficiency. The 
average efficiency of the interleaved system was recorded 
at 93.44%, slightly higher than the average efficiency of the 
individual leg tests (~ 92.4%). This finding confirms that 
combining the two converter units does not cause significant 
power loss and actually slightly improves overall operational 
efficiency, proving that the proposed hardware design suc-
cessfully achieves its objectives. In addition to increasing 
power capacity, the main objective of implementing the 
interleaved topology is to significantly reduce output ripple. 
Table 4 presents the ripple test data from the integrated sys-
tem, which will be evaluated against the baseline data from 
the individual leg tests.

Table 3
Interleaved converter test results

Mode
Duty cycle

Vin (V) Iin (A) Pin (W) Vout 
(V)

Vout the-
ory (V) Iout (A) Pout 

(W)
Eff 
(%)

Error 
(%)Q2 Q1 Q3 Q4

Boost

100% 0% 80% 20% 52.60 9.59 504.38 65.47 65.75 7.23 473.52 93.88 0.43

100% 0% 75% 25% 52.51 10.82 568.00 69.50 70.01 7.69 534.27 94.06 0.73

100% 0% 70% 30% 52.40 12.33 645.99 74.17 74.86 8.21 608.66 94.22 0.91

100% 0% 65% 35% 52.26 14.20 742.03 79.38 80.40 8.80 698.54 94.14 1.27

100% 0% 60% 40% 52.08 16.48 858.05 85.30 86.80 9.47 807.76 94.14 1.73

100% 0% 55% 45% 51.81 19.44 1007.0 91.94 94.20 10.32 948.92 94.23 2.41

100% 0% 50% 50% 51.52 23.12 1190.8 100.02 103.03 11.16 1116.3 93.74 2.92

Buck

50% 50% 100% 0% 53.19 6.05 321.80 25.74 26.60 11.29 290.55 90.29 3.20

60% 40% 100% 0% 52.87 8.45 446.54 30.70 31.72 13.45 412.90 92.47 3.22

70% 30% 100% 0% 52.66 11.28 593.79 35.61 36.86 15.58 554.79 93.43 3.40

80% 20% 100% 0% 53.45 14.53 776.56 40.48 42.76 17.72 717.31 92.37 5.32

90% 10% 100% 0% 52.20 18.07 943.24 45.16 46.98 19.69 888.97 94.25 3.87

Average 93.44 2.45
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Table 4 presents the most significant evidence of the supe-
riority of the interleaved topology implemented in this study. 
Test results show that the average output current ripple was 
dramatically reduced to only 0.92%. Compared to the baseline 
data from individual tests (where the best performance was 
1.76% in leg 1), this value represents a 47.7% reduction in 
current ripple. This finding is particularly important because 
it directly validates one of the main objectives of the hardware 
design, namely current ripple mitigation to maintain battery 
health and extend battery life. The success in reducing ripple 
by almost half proves that the ripple-cancellation effect of 
interleaved operation works effectively in the built prototype.

Collectively, the test results in this sub-chapter convinc-
ingly validate that the proposed bi-directional interleaved 
converter hardware design has successfully achieved its main 
objective, which is to double the power handling capacity 
while significantly suppressing output current ripple. This 
success proves that the built proto-
type is a solid and reliable platform 
for the implementation and evalu-
ation of control algorithms in the 
next stage.

5. 2. Implementation and eval- 
uation of FLC-MSCC charging 
control

With a hardware platform that 
has been proven reliable from 
previous tests, the research con-
tinued with the implementation 
and evaluation of the control algo-
rithm. This subchapter specifically 
discusses the performance of the 
fuzzy logic controller (FLC) de-
signed to regulate the multi-stage 
constant current (MSCC) charging 
method to achieve charging time 
efficiency. In accordance with the 
design methodology, the FLC was 
developed with two input vari-
ables (error and delta error) and 
one output variable (duty cycle 
change). Fig. 5 displays the control 

surface of the designed FLC, which is a three-dimensional 
representation of the rule base that maps all possible input 
conditions to the corresponding control output actions.

With the validated control logic as shown by the control 
surface in Fig. 5, the FLC was then implemented on a hard-
ware prototype to actively regulate the charging process us-
ing the multi-stage constant current (MSCC) method. Test-
ing was conducted by charging the battery from its initial 
state to full capacity to evaluate two main parameters: the 
FLC’s ability to maintain current stability at each stage and 
the total time efficiency achieved compared to conventional 
methods. After the FLC logic was validated, testing con-
tinued to evaluate its actual performance in regulating the 
charging process using the MSCC method. Table 5 summa-
rizes the main quantitative results of this test, highlighting 
key parameters such as current stages, total charging time, 
and average efficiency achieved.

Table 4
Current and voltage ripple testing of interleaved converter

Mode
Duty cycle

Vout (V) Iout (A) Ip-p Vp-p Ripple I Ripple V
Q2 Q1 Q3 Q4

Boost

100% 0% 80% 20% 65.47 7.23 0.07 1.80 0.97% 2.75%
100% 0% 75% 25% 69.50 7.69 0.10 2.20 1.30% 3.17%
100% 0% 70% 30% 74.17 8.21 0.09 1.80 1.10% 2.43%
100% 0% 65% 35% 79.38 8.80 0.09 2.20 1.02% 2.77%
100% 0% 60% 40% 85.30 9.47 0.09 2.20 0.95% 2.58%
100% 0% 55% 45% 91.94 10.32 0.12 2.20 1.16% 2.39%
100% 0% 50% 50% 100.02 11.16 0.13 2.20 1.16% 2.20%

Buck

50% 50% 100% 0% 25.74 11.29 0.11 1.17 0.97% 4.54%
60% 40% 100% 0% 30.70 13.45 0.07 0.93 0.52% 3.03%
70% 30% 100% 0% 35.61 15.58 0.10 0.70 0.64% 1.97%
80% 20% 100% 0% 40.48 17.72 0.10 0.80 0.56% 1.98%
90% 10% 100% 0% 45.16 19.69 0.13 0.73 0.66% 1.62%

Average 0.92% 2.62%

 
Fig. 5. Surface viewer designed fuzzy logic controller
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Table 5

Summary of multi stage constant current charging 	
test results

Parameters Value

Cut-off voltage 83 V

Stage 1 current 4 V

Stage 2 current 2.8 A

Stage 3 current 2 A

Efficiency 91%

Total charging time 66.8 min

The test results summarized in Table 5 show that the 
FLC-controlled MSCC charging method successfully charged 
the battery to full capacity in a total time of 66.8 minutes. This 
time is significantly faster when compared to the conventional 
CC-CV method, which in a separate test took 75.1 minutes to 
complete the same task. This represents a time saving of 13.7%, 
a very significant efficiency improvement for BSS applications 
where battery exchange speed is a top priority. Furthermore, 
this charging process took place with a solid average efficiency 
of 91%. This success not only validates the implementation 
of the FLC algorithm in precisely controlling the MSCC cur-
rent stages, but also proves that the proposed method effec-
tively overcomes the duration weakness 
of conventional charging methods. The 
dynamic MSCC charging process from 
start to finish is illustrated in Fig. 6. This 
graph presents real-time changes in bat-
tery voltage VOUT and IOUT to visualize 
each stage of the charging process.

The graph in Fig. 6 visually validates 
the successful implementation of the 
FLC-controlled MSCC charging method.  
The blue line (IOUT) clearly shows three 
distinct constant current stages. The 
process begins with a constant current 
of 4 A (Stage 1), which is maintained 
until the battery voltage (orange line, 
VOUT) reaches the cut-off limit of 83 V 
at around 2900 seconds. At that point, 
the FLC precisely reduces the current 
to the next stage (~ 2.8 A), and this pro-
cess repeats for the final stage (~ 2 A). 
Charging is completely stopped shortly 
after the 4000th second (66.8 minutes 
total) when the voltage again reaches 
the cut-off limit at the lowest current 
stage. This visualization provides strong 
empirical evidence that the designed 
FLC algorithm is capable of executing  
a multi-stage charging strategy stably 
and accurately as planned.

To validate the superiority of the 
MSCC method in terms of time effi
ciency, a comparative test was conducted 
with the conventional constant cur-
rent-constant voltage (CC-CV) method.  
Fig. 7 presents a direct comparison be-
tween the two methods by displaying 
the voltage and current curves of each 
charging process simultaneously.

The comparison graph in Fig. 7 visually highlights the 
fundamental differences between the MSCC and CC-CV 
charging methods. During the initial constant current (CC) 
stage, both methods exhibit similar behavior, where the 
current is kept constant at 4 A and the battery voltage (blue 
and red curves) rises identically. The crucial point of differ-
ence occurs when the voltage reaches the 83 V cut-off limit.  
At this point, the CC-CV method (orange current) enters  
a long constant voltage (CV) phase, where the charging cur-
rent decreases slowly and takes a significant amount of time 
to reach the end point. In contrast, the MSCC method  (green 
current) avoids this inefficient CV phase by gradually de-
creasing the current. As seen, the MSCC method completes 
the entire charging process in 66.8 minutes, while the CC-CV 
method only finishes in 75.1 minutes. This visual comparison 
convincingly proves that the main advantage of MSCC lies in 
the elimination of the long charging "tail" from the CV phase, 
resulting in a total time saving of 13.7%.

Thus, the results in this sub-chapter collectively prove that 
the implementation of the fuzzy logic controller successfully 
controls the MSCC charging method effectively and achieves 
a significant time saving of 13.7% compared to the conven-
tional method. After this main charging function has been 
validated, further testing will evaluate the full functionality 
of the integrated system, namely its bidirectional operational 
capability and transition to emergency mode.

 
Fig. 6. Multi stage constant current charging testing graph

 
Fig. 7. Comparison multi stage constant current charging vs. constant 	

current-constant voltage
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5. 3. Integrated system functionality 
testing

After the performance of the converter 
hardware and the effectiveness of the charging 
control algorithm were successfully validated 
in the previous subsection, the final testing 
phase focused on evaluating the integrated sys-
tem functionality. This subsection will verify 
two core capabilities of the developed proto-
type: bi-directional operational capability and 
smooth mode transition from normal charging 
conditions to emergency power supply mode.

The first test on the integrated system aims to validate the 
bi-directional operational capability of the converter. In this 
scenario, the roles of the source and load are reversed: the 
72 V battery serves as the primary power source, and the con-
verter is tasked with stepping down the voltage (buck mode) 
and supplying power stably to the load at a constant voltage  
of 48 V. This test is a functional simulation of an emergency 
condition, in which the system must be able to utilize energy 
from the battery to supply power to an external load. Oper-
ational stability in this mode is visualized in Fig. 8, which 
shows the output voltage and current over time. The quanti-
tative results of this test, which highlight the efficiency and 
accuracy of the system, are summarized in Table 6.

As shown in Fig. 8, the output voltage (blue line) was 
successfully maintained at a constant level close to the 48 V 
setpoint with minimal fluctuations during the test. The quan-
titative performance summarized in Table 6 further reinforces 
these findings. The system was able to operate with a solid 
average efficiency of 91.42% and a very low average error of 
only 0.77% of the setpoint. Collectively, the stability shown 
in the graph and the high efficiency recorded in the table 
convincingly prove that this prototype is capable of working 
effectively in bi-directional mode, reliably supplying power 
from the battery to the load.

Table 6

Summary of converter performance in constant 	
voltage mode as a power supply

Parameters Value

Input voltage 72 V battery

Output voltage setpoint 48 V

Average efficiency 91%

Average voltage error 0.77%

After proving that the device is capable of operating reli-
ably in power supply mode, peak testing was performed to val-
idate the core function of the proposed solution: the system’s 
ability to automatically and seamlessly switch from normal 
charging mode to emergency power supply mode. This mode 
transition process, triggered by a simulated primary power 
source failure, is documented visually in Fig. 9.

Fig. 9 presents empirical evidence of the successful func-
tionality of the automatic mode transition. In the initial  
stage (left side), the system operates in normal MSCC charging 
mode, as indicated by stable VOUT_CC voltage and IOUT_CC 
current. Then, a primary power source failure is simulated by 
slowly decreasing the supply voltage. 

 
Fig. 8. Constant voltage testing graph

 

IIN 
IOUT 
V_BATT 
V_DC BUS 
V_LOAD 

Mode 1: MSCC Stage 1 

The device detects DC 
Bus failure and processes 
mode switching 

The DC Bus is 
completely turned off DC Bus failure 

simulation 

CV control 
process in mode 2 

The device is 
turned off, testing 
is complete 

 
Fig. 9. Mode transition process
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The graph shows how the device reacts to this disturbance 
by attempting to re-stabilize the charging current. When the 
supply voltage reaches a predetermined tolerance limit, the sys-
tem automatically triggers a mode transition. This smooth tran-
sition is marked by the termination of the charging process and 
the activation of the emergency power supply mode. In the final 
stage (right), the V_lamp graph shows that the device success-
fully took over and supplied a stable constant voltage to the load, 
using the battery as its power source. The success of this fast 
and stable transition convincingly validates the core solution 
concept proposed in this study to improve the reliability of BSS.

Overall, the tests presented in this sub-section have success-
fully validated the full functionality of the integrated prototype. 
The test results convincingly demonstrate two core capabilities 
of the system: the ability to operate bi-directionally as a reliable 
power supply, and most importantly, the ability to automatically 
and seamlessly switch modes from normal charging to emer-
gency mode in the event of a power source failure. The success 
of this functionality validation directly demonstrates that the 
proposed solution is capable of addressing the main research 
problem, namely improving the reliability and resilience of 
BSS against power disturbances. Thus, this prototype has been 
proven to be not only a collection of high-performance individ-
ual components, but also a functional integrated system that 
successfully validates the proposed solution concept.

To position the contribution of this research within the 
existing literature, a performance comparison with several rel-
evant studies discussing similar topologies or related objectives 
is presented in Table 7. This table quantitatively compares key 
parameters such as power capacity, efficiency, and current ripple 
to highlight the advantages and novelty of the developed system.

As shown in Table 7, this study provides several sig-
nificant unique contributions. Compared to previous re-
search [37], the validation of two-way operation in this 
study was not only successful, but also at a power level 
44 times higher (1100 W vs. 25 W) with far superior efficiency 
(93.44% vs. ~ 82%) and 8 times lower current ripple. Unlike 
other studies which main focus is on topology optimization to 
reduce the number of switch components [12], this study fo-
cuses on providing a functional integrated system solution for 
the reliability of BSS, an application context that was not the 
focus of those studies. Furthermore, although the potential 
for charging time savings has been successfully demonstrated 
through simulation [38], this study goes further by proving 
the effectiveness of the MSCC and FLC methods through im-
plementation and testing on a real hardware prototype. Thus, 
the main contribution of this research is the design and val-
idation of a high-performance integrated system that specifi-
cally addresses the challenge of operational reliability at BSS, 
which is a research gap that has not been widely explored.

Overall, Chapter 5 has presented a series of experimental 
test results that systematically validate every aspect of the 
proposed system. It has been proven that, first, the interleaved 
converter hardware successfully doubles the power capacity 
while significantly reducing current ripple by 47.7%. Further-
more, the FLC-MSCC control algorithm has been proven to 
accelerate charging time by 13.7% compared to conventional 
methods. Most importantly, the validated integrated prototype 
is capable of operating bi-directionally and transitioning to 
emergency power supply mode smoothly and automatically. 
This collection of quantitative and qualitative results provides 
a strong empirical foundation for further discussion of the 
implications, advantages, and contributions of this research 
in the next chapter.

6. Discussion of performance analysis and implications 
for BSS operational reliability

The experimental results comprehensively validate the 
success of the proposed system, from its hardware perfor-
mance to its functionality as an integrated solution for BSS 
reliability. The foundation of this system, the bi-directional 
interleaved converter, proved highly effective. This hardware 
topology is what explains the system’s ability to double the 
power handling capacity to over 1.1 kW while maintaining  
a very high average operational efficiency of 93.44%, as de-
tailed in Table 3. More importantly, the most significant advan-
tage demonstrated by this topology is its ability to drastically 
reduce the output current ripple by 47.7% down to an average 
of only 0.92%, a finding quantified in Table 4. This dramatic 
reduction is a direct result of the ripple-cancellation effect in-
herent to the parallel interleaved design, a critical achievement 
as low current ripple is a key factor in maintaining battery 
health and extending its cycle life, a vital consideration for the 
expensive and essential components within a BSS ecosystem.

Building upon this reliable hardware platform, the im-
plementation of the FLC for the MSCC method also yielded 
outstanding results, achieving a significant 13.7% reduction in 
charging time compared to the conventional CC-CV method.  
The reason for this enhanced time efficiency is visually 
confirmed in the comparative graph in Fig. 7, which clearly 
illustrates how the MSCC approach successfully eliminates 
the inefficient and lengthy CV phase that constitutes the slow 
"tail end" of a standard CC-CV charge cycle. The successful 
execution of this strategy is attributed to the FLC’s capability, 
visualized in Fig. 6, to precisely and stably regulate the transi-
tions between the distinct current stages (4 A, 2.8 A, and 2 A).  
This capability directly translates to increased station through-
put and improved business model viability for a BSS. The 

culmination of this research was 
the validation of the system’s inte-
grated functionality. The prototype 
successfully demonstrated reliable 
bi-directional operation and, most 
importantly, the ability to perform 
a seamless and automatic mode 
transition from normal charging to 
an emergency power supply mode 
during a simulated main power  
failure, as documented in the os-
cilloscope waveform in Fig. 9. This 
capability provides direct empir-
ical evidence that the proposed 

Table 7
Comparison of research contributions with relevant literature

Study Topology Power 
(W)

Efficiency 
(%)

Iout Rip-
ple (%) Main contribution

[This 
Study]

Interleaved Bi-Dir. 
Non-Inv. Buck-Boost 1100 93.44 1 High-performance integrated 

solutions for BSS reliability

[37] Cascaded Bi-Dir. 
Buck-Boost 25 81–83 8 Validation of bidirectional  

operations

[12]
Multiphase  

Cascaded Non-Inv. 
Buck-Boost

375 98.5 Not men-
tioned

Reduced switch count interleaved 
buckboost topology for dc-dc and 

ac-dc conversion systems

[38] Buck-Boost with 
CC-Fuzzy 144 Not men-

tioned
Design: 

20
Faster charging (12.5–25%)  

with FLC (simulation)
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integrated solution effectively addresses the primary research 
problem: enhancing the operational reliability and resilience 
of a BSS against electrical grid disturbances.

When positioned against existing literature, as summa-
rized in Table 7, the unique contribution of this research 
becomes evident. While previous studies have validated the 
concept of bidirectional operation, they were often conducted 
at significantly lower power levels with inferior efficiency 
and higher current ripple; for instance, this study achieved its 
results at a power level 44 times higher than that in [37] with 
far superior performance. Unlike other research that focused 
primarily on theoretical topology optimization to reduce 
switch component counts [12], this study delivers a complete, 
functional, and high-power integrated system with a clear 
application focus on BSS reliability. Furthermore, where some 
studies have demonstrated the potential for faster charging 
through simulation [38], this research advances the field by 
proving the effectiveness of the FLC-MSCC method through 
implementation and rigorous testing on a real hardware pro-
totype, thus filling a critical gap left by previous work.

The limitations of the study are as follows. The validation 
was conducted within a controlled laboratory environment, 
and its long-term performance in a real-world, dynamic BSS 
setting remains to be tested. Furthermore, practical testing of 
the prototype revealed several design disadvantages that war-
rant improvement. A primary issue is the significant electro-
magnetic interference (EMI) generated during the converter’s 
high-frequency operation, which was observed to disrupt 
UART data communication between the microcontroller 
and its RS485 transceiver. Additionally, the current thermal 
management design proved to be suboptimal, with thermal 
measurements indicating hotspots of up to 55°C around the 
main switching components, suggesting inadequate heat 
dissipation. The logical development of this research would 
involve not only moving towards field trials but also refining 
the hardware design based on these findings. The primary 
difficulty anticipated will be experimental and logistical, in-
volving the integration of a more robust hardware version into 
a live, commercial infrastructure.

7. Conclusions

1. The interleaved bi-directional non-inverting buck-boost 
converter was successfully designed and validated, demon-
strating superior hardware performance. The implementation 
of this topology doubled the power handling capacity to 
1.1 kW and, more critically, suppressed the output current 
ripple by 47.7% to a minimal 0.92%. This significant ripple 
reduction is attributed to the inherent ripple-cancellation 
effect of the parallel interleaved structure, which is a crucial 
factor for preserving long-term battery health and cycle life in  
BSS applications.

2. The FLC for the MSCC charging method was effec-
tively implemented and evaluated, proving its superiority in 
charging time efficiency. The proposed FLC-MSCC method 
achieved a 13.7% reduction in total charging duration com-

pared to the conventional CC-CV technique. This time-saving 
advantage stems from the elimination of the inefficient CV 
phase, as the FLC intelligently modulates the current in dis-
tinct stages to maintain an optimal power transfer rate, there-
by enhancing the operational throughput of the BSS.

3. The integrated system’s core functionality was fully vali-
dated, confirming its capability for both reliable bi-directional 
operation and, most importantly, a seamless automatic transi-
tion from standard charging to emergency power supply mode 
upon a primary power source failure. This robust transition is 
governed by the embedded control logic that actively monitors 
the main bus voltage and actuates relays to reroute power flow 
from the battery to the load. This successful validation pro-
vides direct empirical evidence that the proposed integrated 
solution effectively addresses the critical challenge of opera-
tional reliability in BSS, representing the primary contribution 
of this research by filling a distinct gap in the literature for 
hardware-verified, high-performance resilience systems.
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