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Abstract: In the realm of electric vehicles (EVs), achieving diverse direct current (DC) voltage levels
is essential to meet varying electrical load demands. This requires meticulous control of the battery
voltage, which must be adjusted in line with specific load characteristics. Therefore, the integration of
a well-designed power converter circuit is crucial, as it plays a pivotal role in generating different DC
voltage outputs. In this study, we also consider the incorporation of two additional doubler/divider
circuits at the end of the proposed converter, further enhancing its capacity to produce distinct
DC voltage levels, thus increasing its versatility. The standout feature of the proposed converter
lies in its remarkable ability to amplify DC voltages significantly. For instance, when the input
battery voltage is set at 48 VDC with a duty cycle (D) of 0.8, the resulting output demonstrates a
remarkable augmentation, producing voltages 18, 36, and 72 times higher than the input voltage.
Conversely, with a reduced D of 0.2 while maintaining the input voltage at 48 VDC, the converter
yields diminished voltages of 0.1875, 0.375, and 0.75 times the initial voltage. This adaptability, based
on the parameterization of D, underscores the converter’s ability to cater to a wide range of voltage
requirements. To oversee the intricate operations of this versatile converter, a high-speed DSP-based
controller system is employed. It utilizes the renowned PID approach, known for its proficiency in
navigating complex, nonlinear systems. Experimental results validate the theoretical and simulation
findings, reaffirming the converter’s practical utility in EV applications. The study introduces a
simple control mechanism with a single power switch, high efficiency for high-power applications,
wide voltage range, especially with VDC and VMC cells, and continuous current operation for the
load in CCM mode. This study underscores the significance of advanced power conversion systems
in shaping the future of electric transportation.

Keywords: electric vehicle; battery applications; switching systems; DC-DC buck-boost converter;
real-time visualization

1. Introduction

Power electronics-based DC-DC converters hold a critical role in contemporary electri-
cal systems, facilitating effective voltage regulation and power transmission across a diverse
array of applications [1-3]. Among the multitude of applications, electric vehicles (EVs)
stand as a prominent exemplar. EVs epitomize the vanguard of sustainable transportation
solutions, with the electrification of automotive powertrains becoming increasingly perva-
sive. A fundamental facet of EV power management is the DC-DC buck-boost converter,
which plays a pivotal role in maintaining stable DC voltage levels as necessitated by various
vehicle subsystems [4,5]. This article introduces a single-input and multi-output (SIMO)
DC-DC buck-boost converter topology tailored for EVs, with a focus on elucidating its
operational characteristics, advantages, and constraints.

DC-DC buck-boost converters, aptly named for their ability to both lower voltage
(buck operation) [6] and elevate voltage (boost operation) [7,8] from a solitary input voltage
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source, function via the regulation of duty cycle, orchestrating energy transfer between
input and output stages. Precision in voltage regulation is realized through common control
methods such as pulse-width modulation (PWM).

Numerous DC-DC buck-boost converter types have been proposed for EV applica-
tions. This classification encompasses non-isolated [9-11], isolated [12-14], and bidirec-
tional converter categories [15-17]. Non-isolated buck-boost converters are lauded for
their simplicity and efficiency, rendering them apt for low- to medium-power applications
in electric vehicles. This article delves into an array of non-isolated buck-boost converter
topologies, notably the inductor—capacitor-inductor (L-C-L) and inductor-capacitor—diode
(L-C-D) configurations. Noted for their uncomplicated design, non-isolated buck-boost
converters incorporate fewer components compared to their isolated counterparts, translat-
ing into cost-effectiveness and superior overall efficiency, thus rendering them an appealing
choice for low- to medium-power applications in EVs [18,19].

The compact form factor of these converters lends itself to facile integration within
confined spaces in electric vehicles, harmonizing with the constraints prevalent in modern
EV design. Their exceptional adaptability allows them to uphold steady output voltage
levels even amid fluctuations in the input voltage, a pivotal advantage in EVs where bat-
tery voltage undergoes considerable variation contingent on charging and discharging
conditions. However, non-isolated buck-boost converters exhibit a notable limitation,
as they lack galvanic isolation between input and output. In scenarios where isolation
is paramount, whether for safety or noise mitigation in high-voltage EV systems or sen-
sitive electronic circuits, this deficiency presents challenges. Additionally, non-isolated
buck-boost converters may demonstrate amplified voltage ripple on their output compared
to their isolated counterparts, necessitating supplementary filtering measures to meet volt-
age quality standards. Although highly efficient for low- to medium-power applications,
the inherent design limitations make them less suitable for high-power EV systems, where
isolated converters are often favored, offering the requisite isolation and scalability.

Isolated buck-boost converters garner preference in high-power EV applications,
where galvanic isolation assumes a pivotal role in safety and performance [20-22]. These
converters encompass diverse isolation techniques, such as transformer-based [23] and
coupled-inductor topologies [24], each accompanied by their distinct advantages and trade-
offs. Foremost among the benefits of isolated buck-boost converters is their competence
in ensuring galvanic isolation, thus mitigating the risk of electrical shock and reducing
the potential for ground faults [25-27]. The role of isolation extends to curtailing electro-
magnetic interference (EMI) and radiofrequency interference (RFI) by containing electrical
noise within the converter, particularly invaluable in EVs housing sensitive electronic
components and communication systems, necessitating a low-noise environment to ensure
peak performance. Isolated buck-boost converters exhibit flexibility in maintaining stable
output voltage levels despite the fluctuating battery voltages typical of EV charging and
discharging cycles. However, it is important to note that isolated converters tend to be more
intricate and expensive to design and manufacture than their non-isolated counterparts.
The inclusion of isolation components, such as transformers, introduces energy losses,
diminishing overall efficiency when compared to non-isolated converters. This efficiency
trade-off may be acceptable in certain applications, but may not align with the stringent
efficiency benchmarks of high-performance EV systems. The need for isolation compo-
nents and associated circuitry results in a larger physical footprint for isolated buck-boost
converters, which can pose challenges in EVs with constrained space for power electronics.

The third category of buck-boost converters encompasses bidirectional converter
types [28-30]. Bidirectional converters assume a pivotal role in energy recuperation in EVs,
enabling the transfer of energy between the vehicle’s battery and the electrical grid [31-33].
A key advantage of bidirectional buck-boost converters lies in their ability to efficiently
recover and reuse energy. This feature is particularly valuable during regenerative brak-
ing events in EVs, where the converter captures and stores energy that would otherwise
dissipate as heat. The recuperated energy can subsequently replenish the vehicle’s bat-
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tery, bolstering overall efficiency and extending driving range. Bidirectional converters
are exceptionally adaptable to variable input and output voltage requirements, offering
versatility in EV power management, particularly vital in electric and hybrid vehicles
where battery voltage exhibits significant variation due to charging, discharging, and load
fluctuations. Bidirectional buck-boost converters play a pivotal role in vehicle-to-grid
(V2G) applications, enabling EVs to serve as energy storage systems. This enables the
bidirectional flow of energy between the EV’s battery and the grid, allowing for energy
injection during peak demand periods and potentially serving as a revenue source for
EV owners.

The bidirectional operation of these converters necessitates intricate control algo-
rithms to accurately manage bidirectional power flow, often requiring advanced DSP or
microcontroller-based control systems. While bidirectional buck-boost converters excel
at energy recovery, they may not consistently achieve the same high efficiency as uni-
directional converters due to the added complexity involved in managing bidirectional
power flow. Energy losses during bidirectional operation can impact overall efficiency. The
incorporation of bidirectional functionality and associated control circuitry can escalate the
cost and physical size of these converters compared to their unidirectional counterparts,
potentially posing challenges in space-constrained EV power electronics designs.

This study introduces a single-input and multi-output (SIMO) DC-DC buck-boost
converter. Multi-output buck-boost converters are renowned for their versatility in generat-
ing multiple DC voltage outputs from a single input source. This versatility is particularly
advantageous in EVs where diverse subsystems and components may necessitate varying
voltage levels for optimal performance. These converters can accommodate the varied
voltage requirements of propulsion systems, auxiliary loads, and energy storage systems
within the vehicle. In the confined confines of an electric vehicle, where efficient space
utilization and weight management take precedence, multi-output buck-boost converters
assume a pivotal role. By consolidating multiple voltage conversion functions into a sin-
gle device, these converters curtail the overall footprint and weight of power electronics,
freeing up space for other essential components like batteries or passenger amenities. This
consolidation contributes to cost savings and simplifies the bill of materials, reducing
manufacturing complexity and potential points of failure, ultimately enhancing reliability.
These converters are engineered to optimize energy efficiency by minimizing energy losses
during the conversion process. In the context of electric vehicles, where energy conserva-
tion is paramount for extending driving range, multi-output buck-boost converters are
instrumental in optimizing power utilization and consequently elevating overall efficiency.
Furthermore, these converters facilitate compliance with voltage standards and safety
requirements for EVs, ensuring precise regulation and maintenance of voltage levels within
permissible limits to guarantee the safe and reliable operation of various vehicle systems.

DC-DC buck-boost converters employed in electric vehicles (EVs) implement various
control methods, each possessing its own set of advantages and disadvantages. Prominent
control methodologies encompass the fuzzy logic controller (FLC) [34-38], model predictive
controller (MPC) [39,40], and proportional-integral-derivative (PID) controller [41-43].

FLC excels in handling complex and nonlinear systems, rendering it well suited for
the dynamic and diversified voltage regulation requirements in EVs. It possesses the
capacity to adjust the duty cycle and control parameters in real time, accommodating
fluctuations in input voltage, load conditions, and temperature. This control approach
incorporates linguistic variables and rules, effectively handling imprecise or uncertain
information—a vital attribute in EVs where variable operating conditions and component
variations can challenge conventional control methods. FLC presents a relatively straightfor-
ward implementation and tuning process compared to other control methods, diminishing
development time and costs. Nevertheless, it is important to acknowledge that while fuzzy
logic controllers offer advantages in handling imprecise and uncertain data, they may not
be the optimal choice for all control applications, especially in complex and safety-critical
systems like buck-boost converters in EVs. The choice of a control method should be
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contingent on a comprehensive evaluation of the specific requirements, constraints, and
characteristics of the system in question. Possible disadvantages of FLC encompass rule
base complexity, performance tuning, limited transparency, resource intensity, challenges
in managing nonlinearity, and limited adaptability.

MPC can optimize control actions over a future prediction horizon, positioning it
to deliver superior performance when addressing the variable and dynamic voltage re-
quirements inherent in EVs. It is capable of simultaneously controlling multiple variables,
affording more comprehensive power management in EVs. Nevertheless, MPC algorithms
can be computationally intensive and complex to implement, potentially limiting their
real-time applicability in certain EV systems. The predictive nature of MPC may intro-
duce a delay in control actions, potentially posing challenges in applications necessitating
rapid responses.

PID control is celebrated for its stability and robustness in regulating systems, a
quality that proves advantageous in maintaining precise voltage levels within EVs. These
controllers offer a straightforward tuning process, enabling the adjustment of proportional,
integral, and derivative gains to achieve the desired response. The deployment of a PID
controller in a buck-boost converter for EVs delivers stability, rapid response, eradication
of steady-state error, noise rejection, adaptability, simplicity of implementation, and a
proven track record of success. These advantages collectively contribute to the efficient
and reliable operation of power electronics in EVs, ensuring consistent power delivery and
safeguarding sensitive electronic components.

The proposed converter in this study adopts a non-isolated switched-inductor-based
SIMO DC-DC buck-boost converter. The proposed converter incorporates a microcon-
troller, with a PID approach being implemented. The standout feature of this converter lies
in its remarkable capacity to significantly amplify or attenuate DC voltages. For example,
when the input battery voltage is set at 48 VDC with a duty cycle (D) of 0.8, the result-
ing output undergoes a remarkable enhancement, yielding voltages that are 18, 36, and
72 times higher than the input voltage. Conversely, by reducing D to 0.2 while maintaining
the input voltage at 48 VDC, the converter generates lower voltages at 0.1875, 0.375, and
0.75 times the original voltage. This adaptability, contingent on the value of D, underscores
the converter’s capability to meet a broad spectrum of voltage requirements.

The key advantages and innovations in this study can be condensed into the following:
the adoption of a straightforward control mechanism, underpinned by the fact that the
proposed topology features just one power switch; the high efficiency of the topology,
making it well suited for high-power applications; the capacity to generate a broad voltage
range, particularly when employing VDC and VMC cells; and the operation of the inductors
in a continuous conduction mode (CCM), ensuring a consistent current state for the load.

Section 2 outlines the proposed topology, gain calculations, and the incorporation
of VDC and VMC cells using the proposed control mechanism, while Section 3 discusses
simulation and experimental results for various working modes and duty ratios, with
Section 4 concluding the study and presenting numerical test results.

2. Materials and Methods
2.1. The Proposed Converter

In Figure 1, the proposed buck-boost converter is depicted, which incorporates a
switched-inductor cell designed to enhance its suitability for high-power applications. This
cell comprises diodes D1, D2, and D3, as well as inductors L1 and L2. When switch S1 is
activated, both inductors, L1 and L2, are charged simultaneously, resulting in a reduction
in the input current ripple sourced from the battery on the input side. Consequently, this
minimizes the current ripple in the battery pack, thereby extending the battery’s lifespan.
The remaining components of the converter closely resemble those of a single-ended
primary inductance converter (SEPIC) [44,45]. Notably, this converter employs only a
single power switch, simplifying the control process significantly.
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Figure 1. Proposed buck-boost converter.

In the analysis of a power converter circuit, we delve into two distinct modes: the
switch-on state and the switch-off state. Each state brings about a change in the converter’s
configuration, resulting in the derivation of a new set of equations. This section compre-
hensively examines both of these states. Assuming the switching time period of the power
switch is denoted “T”, we can define the time intervals during which the switch is activated
as “DT” and when it is deactivated as “(1-D)T”. Figure 2 visually illustrates these switching

time intervals.

Voltage (V)
A Switching waveform (PWM)
T >

Time (S)
|

<DT><—(1-D)T—>
Figure 2. Switching time intervals for the proposed buck-boost converter.

In the initial state, as depicted in Figure 3, when the switch is activated, both inductors
L1 and L2 are connected in parallel with the input battery source, initiating the charging
process. At this point, the voltage across these inductors equals the voltage of the battery

itself.
diry dirs

L+- =Ly —2 =V; 1
de > de " @
The voltage on capacitor C1 is discharged on the inductor L3 through the switch:
diL3
L —= =V 2
3 a @)
dvc .
Cr—p = — 3
T ir3 ®)

During this operational mode, diodes D4 and D5 are in the off state. Consequently,
during this time interval, the voltage across the output capacitor CO1 will discharge into
the load.
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Figure 3. The configuration of the switch-on-state mode of the proposed buck-boost converter.

The configuration of the converter during the time intervals when the switch is
deactivated can be observed in Figure 4. In this operational mode, diodes D1 and D2
are disconnected, and inductors L1 and L2 are in series with the input battery source.
During this mode, capacitor C1 is charging using the battery voltage. It is important to
note that this capacitor was in a discharging mode during the first state.

| D1 |
c1, D5
! | I °
I D2 | L
I : S el
|
L1 D3 -1 { : .
2| o |+ I pg
% B * Vbat §1 I Tr L3 Co —— | g Vo
8 | — _ — | B
| I
) D6 | T_ I
[ @ : @ *—00
|

Figure 4. The configuration of the switch-off-state mode of the proposed buck-boost converter.

The voltage across inductors L1 and L2 in the described operational modes can be
obtained by applying Kirchhoft’s voltage law (KVL) to the relevant circuit configuration.
The voltage on inductors L1 and L2 is obtained by:

diyq dii

Ll'F+L2'F = (Vin — Vc1)(1-D) 5)

Inductor L3 begins to discharge into the load by charging the output capacitor CO1.

dips _ _

L W - VOl(1 D) (6)
do .

Cr— =+ = —irs(1 = D) @)

CO‘% = (iLs - Vm) (1-D) ®)
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In line with the inductor’s second balance theorem, the average voltage across an
inductor is determined to be zero. Consequently, this principle can be applied to inductors
L1 and L2, leading to the following expression:

DT 1 /T
/ Vi dt+x / (Viy — Vg )dt = 0 ©)
0 2 J/pr

1
VinDT + 2 (Vin = Ver)(1 = D) = 0 (10)
The voltage across the capacitor C1 can be determined as follows:

1+D

nﬁ (11)

Ve =V;

A similar theorem can be applied to inductor L3, resulting in an equation relating the
input and output voltage as follows:

DT T
/ Veydi+ / —Veoudt = 0 (12)
0 DT

¢ _ Vo1 _ D(1+D) 13

V; (1-D)?

Equation (13) represents the gain of the proposed converter. This equation highlights
the converter’s ability to achieve very low or high output voltages for different loads
connected to the converter’s output side. When comparing the proposed converter to a
conventional or SEPIC boost converter, it becomes evident that the achieved gain is quite
substantial. Specifically, for a duty cycle (D) of 0.33 in the proposed converter, the output
voltage matches the input battery source, whereas in a SEPIC converter, this same voltage is
obtained at a duty cycle of 0.5. To visualize this comparison, Figure 5a,b provide graphical
representations of the proposed converter and the conventional SEPIC converter for D
values below and above 0.5, respectively.

3.5
3 Gain of converters
2.5
R
2 5
15 £
8
8
0.5
0 Duty ratio
0 0.1 0.2 0.3 0.4 0.5 0.6
———SEPIC converter Proposed converter
(a)

Figure 5. Cont.
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Figure 5. Comparison of the gain of the proposed and conventional converters for (a) D < 0.5 and
(b) D> 0.5.

Another crucial feature of the suggested converter is that it generates a positive output
voltage without requiring a voltage-inverting circuit. This addresses a common issue found

in conventional buck-boost converters.

2.2. Voltage Multiplier Circuit (VMC)

A common application of the switched capacitor converter is in boost converters. To
double the voltage across the source, a capacitor is initially connected between the source
and the load. This capacitor, after storing the battery voltage, is then linked in series with
the source, resulting in an output voltage of 2 Vbat. The schematic for achieving this is
depicted in Figure 6a. Here, switch pair 1 operates in a phase opposite to switch pair 2:
switch pair 1 closes and subsequently opens to charge the capacitor, while switch pair 2
closes to yield an output of 2 Vbat. Switches can be implemented using transistors alone or
transistors in conjunction with diodes, as illustrated in Figure 6b. Transistor S1 is initially
open, allowing C1 to charge to Vbat through D1. Following this, S1 is closed, and 52

is open.
[
\_‘/1
[ & ]
§ e = | 2 B A 2
3 -+ Vbat
A - 1 2.Viat
T L J
(a)
—>—
D1
c1 |
>—o
o]+ 11" B | A D2
§ -t | Viar 5_2| *
M - J"_ S1 2.Viat
@
(b)

Figure 6. (a) The general configuration of a VMC cell and (b) a sample switched-capacitor-based cell.
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The operational principles of the suggested VMC (voltage multiplier cell) are depicted
in Figure 7a,b. Initially, a switching sequence is initiated, activating switch 51 while switch
52 remains without a positive driving pulse. During this time interval, capacitor C1 is
charged from the power source, as illustrated in Figure 7a.

I ————————————— -
| D1 |
C1 |
' e o
§ i |+ B A | D2
ey -+ Vi s Vbat T +
= bat S2 r
a - e st 2.Viat
A '_'—r I _
| — °
(a)
D1
C1
—] 1 | >—@
o B A D2
S | bl | +
-."é -t | Vbat S_ZI = Voar + *
= — S1 2.Viat

| o

(b)

Figure 7. Operation principle of the VMC cell, when switches (a) S1 and (b) S2 are activated.

Once capacitor C1 is charged to Vbat, switch S1 is deactivated and switch S2 is
activated. Consequently, diode D1 turns off, and D2 comes into operation. This state
is visualized in Figure 7b, resulting in an output voltage twice the input voltage at the
output point.

2.3. Voltage Divider Circuit (VDC)

An illustrative example of a switched-capacitor-based buck converter is presented in
Figure 8a. As depicted in this figure, two capacitors C1 and C2, each of equal value, are
connected in series, resulting in a voltage of Vbat/2 across each capacitor. The capacitors
are subsequently rearranged in parallel as the switching sequence progresses, yielding
an output voltage of Vbat/2. The switching model employed to achieve this is depicted
in Figure 8b, where pairs of switches 1 and 2 operate in reverse-phase order. When the
load is active, current flows through the capacitors. However, if the switching frequency is
sufficiently high and the capacitors charge within short time intervals, the output voltage
remains largely unaffected. Figure 8b showcases a switch-capacitor cell configuration
designed to implement the Buck circuit.
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Figure 8. (a) The general configuration of a VDC cell and (b) a sample switched-capacitor-based cell.

Initially, switch S1 is activated while S2 remains without a switching pulse at its gate-

source pins. Consequently, a positive voltage applied to the anode pin of diode D1 turns it
on, while diode D2 remains in the off state. Since both capacitors have the same value, the

input voltage divides evenly across them, as depicted in Figure 9a.

e

A
| sl « | $2 I
= + | c1 *
Sy, 2 | o==] v
g | — ]

_ D1 | -
A D2 DO |

Figure 9. Cont.
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Figure 9. Operation principle of the VMC cell, when the switch (a) S1 and (b) S2 is activated.

Once both capacitors are adequately charged, switch S1 is deactivated and switch S2
receives the pulse signal, connecting to the circuit. During this switching moment, diode D1
is deactivated and D2 becomes active, establishing a parallel connection between capacitors
C1 and C2. This arrangement results in an output voltage that is half of the input voltage
source. This state is presented in Figure 9b.

2.4. The Proposed Converter with VMC and VDC Cells

In line with the earlier discussion, it is important to note that EV applications require
various DC voltage levels to power different components of the vehicle. Additionally, the
power supply for various electronic boards must be derived from the main battery pack.
Consequently, the power module of an EV necessitates a configuration that accommo-
dates multiple DC voltage levels. The suggested approach involves the integration of a
buck-boost converter with two VMC and VMD converter cells, as illustrated in Figure 10.
This converter operates by generating the primary essential voltage at its output nodes,
tailored to the band-limited battery voltage. Subsequently, it generates two additional
voltages to meet the specific requirements of the vehicle’s driving circuits. It is important to
note that this proposed configuration serves as a sample circuit, and we have the flexibility
to use either a VMC or VDC cell independently. Furthermore, by cascading these proposed
cells, it is possible to generate a greater or lesser number of DC voltage levels as needed.
As a result, the proposed converter includes VMC and VDC cells to generate additional DC
voltage. This implies that if, for instance, a 24 VDC is produced at Vol (X-Y nodes), Vo2 can
generate 48 VDC and Vo3 can generate 12 VDC as required for various electric vehicle (EV)
circuits. For that and according to the requested voltage of other parts of the EV, such as
the headlight, air-conditioning, and wiper systems in EV, VMC or VDC or both can be used
by connecting to the X-Y nodes. The operational principles of the VDC and VMC circuits
have already been depicted in Figures 6-9. Each circuit requires two straightforward PWM
switching signals to activate the switches. Additionally, a NOT gate is essential in the
switching circuit because only one switch in each circuit should be activated during each
time interval. In the VDC circuit, this implies that when switch S2 is turned on, switch
53 must be turned off. This switching sequence is presented by the PWM 2 signal. In the
VMC converter, PWM 3 activates switch S4 when switch S5 is turned off, and conversely,
PWM 3 deactivates S5 when 5S4 is activated. The choice of switching frequency typically
falls within the range of 10 to 100 kHz and can be tailored according to the characteristics
of the switches being used.
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Figure 10. The proposed buck-boost converter with VMC and VDC cells.

2.5. Control Process

The application of a PID controller in a buck-boost converter for EV systems offers
several advantages, including improved transient response, enhanced steady-state accu-
racy, and adaptability to varying operating conditions. While setting the PID coefficients
(Kp, Ki, and Kd) may initially seem complex, modern control design tools, simulations, and
systematic tuning methods make the process more accessible, ensuring optimal converter
performance in EV applications. The integration of PID control in buck-boost converters
contributes to the overall efficiency and reliability of electric vehicles, aligning with the
growing demand for sustainable and advanced transportation solutions.

In Figure 10, e(t) is the error signal, which is the difference between the desired
reference input (Vy.r) and the actual output voltage (Vout) of the converter at time t:

e(t) = Vref — Vout (14)

u(t) is the control input to the converter, which is the duty cycle of the converter’s
switch at time t. The PID controller can be expressed as:

de(t)
dt

t
u(t) = Kye(t) + K; /0 e(T)dt + Ky (15)
where K}, is the proportional gain, which determines the immediate response of the con-
troller to the current error signal. It scales the error directly and contributes to the control
effort in proportion to the current error. K; is the integral gain, which accumulates the error
over time and helps eliminate steady-state errors. It integrates the error signal over time,
taking into account past errors. K; is the derivative gain, which accounts for the rate of
change of the error signal. It provides control action to anticipate future error changes,
helping to reduce overshoot and improve system stability. e(t) is the error signal, as defined

above. fot e(T)dT represents the integral of the error signal with respect to time from the

initial time (0) to the current time (t), which is the accumulated error, and dil—(tt) represents

the derivative of the error signal with respect to time, indicating the rate of change of
the error.

The goal of the PID controller is to adjust the duty cycle (u(t)) of the proposed
converter’s switch in real time based on the error signal, its integral, and its derivative

using the gains (K pr Kl-) and Kj to achieve the desired output voltage (V ;) and maintain
system stability.
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3. Results and Discussion

In the initial stage, the proposed converter underwent simulation testing, and the
outcomes are detailed within this section. Subsequently, the corresponding circuit was
physically implemented in a laboratory setting, thus validating and corroborating the
theoretical and simulated findings.

Simulation Results

Considering Equation (13), the critical duty ratio can be easily calculated as D = 0.33.
At this specific D value, the proposed converter exhibits an output voltage equal to that of
the input voltage source. As the duty cycle deviates from this critical value, the converter’s
behavior changes accordingly. When the duty cycle is shorter, the converter functions as
a buck converter, and when it is longer, it transforms into a boost converter. To illustrate
these characteristics, Figures 11-13 depict varying voltage and current waveforms for
the converter components at D = 0.33, D = 0.25, and D = 0.5, respectively. Consequently,
Figure 11 is expected to show no change in the output voltage, while Figure 12 should
display a lower voltage and Figure 13 is anticipated to exhibit a higher voltage.

For the simulation, a 48 VDC input source was employed, and voltage and current
waveforms across various components were recorded. In Figure 11a, the voltage waveforms
across diodes D1 and D2 are presented. Theoretically, it has been established that these
two diodes should activate asynchronously, and at any given time, only one of them
should be conducting. Remarkably, the simulation results align with this theoretical
expectation. This pattern remains consistent for different duty ratio values, as evidenced in
Figures 12a and 13a. In these figures, it is evident that the maximum voltage across each
diode equals the input voltage, and similarly, diode D3 exhibits the same voltage waveform
as diode D1.

Voltage on diodes D1-D2 6})Ioltage stress on input inductors
0 L_ _ - - |
- 40
> S
o 20
§-20 .
= [ . I £ 0
° —VD1 )
s : : I ~ -VD2 =
400 1 I -20 —Input £
- - h- .- " —VL1, VL2
0.1 0.10002 0.10004 0.1 0.10002 0.10004
Time (seconds) Time (seconds)
(a) (b)
1\518Itage on main switch and output voltage Current waveforms
T T 6 v T T
| | —Input
—Vds — switch —L1
o T
e )
o 3 ~
o L
0 I
0.1 0.10002  0.10004 01 0.10002 0.10004
Time (seconds) Time (seconds)
(0) (d)

Figure 11. The voltage and current of components in D = 0.33. (a) Voltage across the diodes D1 and
D2, (b) input voltage and voltage across the input inductors Lland L2, (c) voltage on switch S1 and
generated output voltage, and (d) input source, input inductor and switch currents.
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Figure 12. The voltage and current of components in D = 0.25. (a) Voltage across the diodes D1 and
D2, (b) input voltage and voltage across the input inductors L1-L2, (c) voltage on switch S1 and
generated output voltage, and (d) input source, input inductor and switch currents.

Moving on to Figures 11b, 12b and 13b, these graphs illustrate the voltage across
inductors L1 and L2, as well as the input voltage source. Two significant observations
can be made from these figures. Firstly, both input inductors exhibit identical voltage
waveforms, indicating that they are charged and discharged concurrently. Secondly, the
maximum voltage value across the inductors corresponds to the input voltage source.

Figures 11c, 12¢ and 13c depict the output voltage achieved for various duty ratios,
and they also provide insight into the voltage stress across the switch S1. By analyzing
the measured voltages and referencing Equation (13), it becomes evident that the obtained
output voltages align with the expected values for the converter. For instance, at D = 0.33,
the output voltage matches the input voltage source, while at D = 0.5, the output voltage
reaches three times the input voltage. Notably, the voltage stress across the switch increases
proportionally with the measured output voltage.

Finally, Figures 11d, 12d and 13d provide a crucial depiction of the current waveforms
for various converter elements. These figures illustrate that all key currents in the system,
including the input source currents, inductor L1 and L2 currents, and the drain-source pin
currents of the switch, exhibit perfect phase alignment. For instance, when the input source
current surges, it charges inductors L1 and L2, causing their currents to rise simultane-
ously. Consequently, the switch is connected, facilitating the transfer of a positive current
from the inductors to the switch. Conversely, when the switch is disconnected, the input
current diminishes, initiating the discharge of the inductors. Importantly, the currents in
the inductors remain continuous, ensuring the converter operates in continuous current
mode (CCM).
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Figure 13. The voltage and current of components in D = 0.5. (a) Voltage across the diodes D1 and
D2, (b) input voltage and voltage across the input inductors L1-L2, (c) voltage on switch S1 and
generated output voltage, and (d) input source, input inductor and switch currents.

As a switching duty ratio of D = 0.33 is chosen for the depicted converter in Figure 11,
it results in the output nodes generating the same voltage as the input voltage. In this
simulation, the input voltage is set at 48 VDC, which causes the output nodes to also
produce the same voltage. Specifically, diode D1 exhibits a voltage drop ranging from 0 to
—20 V, while diode D2 experiences voltage variations between 0 and —45 V, as illustrated
in Figure 11a. For this input voltage, both inductors L1 and L2 exhibit identical switching
voltages that oscillate between —22 and 45 VDC, as shown in Figure 11b. Figure 11c
displays the generated output voltage and the voltage across the drain-source pins of the
main power switch. In this state, the peak drain-source voltage reaches approximately
140 V. Finally, Figure 11d illustrates the current waveforms for the input source, inductor
L1, and the power switch. The minimum and maximum current magnitudes for the input
source, inductor L1, and the switch vary within the ranges of 0.6 Ato 29 A, 0.6 Ato 1.2 A,
and 0 to 5.3 A, respectively.

As previously mentioned, when using a duty ratio of D = 0.25, the proposed converter
operates in a manner resembling a buck converter. In this configuration, with a 48 VDC
input voltage, a 24 VDC is generated at the load. For this particular condition, the voltage
across diode D1 fluctuates between 0 and —15 V, while the voltage across diode D2 oscillates
between 0 and —45 V, as depicted in Figure 12a. The switching voltages generated across
inductors L1 and L2, ranging from 50 to —18, are visible in Figure 12b. Since the generated
output voltage is lower than the input voltage, the voltage across the drain-source terminals
of the switch decreases, reaching levels between 0 and 105 V, as shown in Figure 12¢c. In the
context of this buck converter operation, input currents are generally lower than output
currents, as confirmed by Figure 12d. Specifically, the input current varies from 0 to 1.5 A,
while the currents in inductor L1 and the switch fluctuate between 0 and 0.6 A and 0 to 3 A,
respectively.
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With a duty ratio of D = 0.5, the proposed converter operates as a boost converter.
Consequently, the voltage and current at the output nodes are higher and lower, respec-
tively, than the voltage and current at the input side. These operational modes have been
comprehensively documented in Figure 13. In Figure 13a, the voltage across diodes D1 and
D2 fluctuates between 0 and 45 V. Figure 13b shows that the voltages across inductors L1
and L2 increase, reaching values spanning from —45 to 45. The output voltage generated is
the highest among the three different states evaluated. Consequently, the voltage across
the drain-source terminals of the switch also reaches its maximum, peaking at 280 V, as
illustrated in Figure 13c.

In this boost converter configuration, the current levels on the input side are higher.
The input current and inductor L1 current vary from 2.5 to 6.5 A and 2.5 to 3.5 A, respectively.
The current through the switch ranges from 0 to 12 A for this specific state. These current
profiles are detailed in Figure 12d.

For the simulation and experimental tests, a resistive variable load in the form of a
rheostat with a range of 5 to 100 () is employed, keeping the power within 300 W to align
with the laboratory’s available power sources.

The graphical representation of the performance enhancement offered by the proposed
converter, incorporating VMC and VDC cells, compared to a conventional SEPIC converter
is presented in Figure 14. Figure 14a provides the gain curves for the duty cycle range of
0 < D < 0.5, while Figure 14b showcases the results for the duty cycle range of 0.5 <D < 0.8.
These figures display the gain curves for a standard SEPIC converter and juxtapose them
with the theoretical voltages achieved by the proposed converter, as well as the voltage
curves generated by the VMC and VDC cells. Notably, across all duty ratios, the proposed
converter consistently exhibits a higher gain than the conventional SEPIC converter. The
VMC and VDC cells effectively double and divide the generated DC voltage, contributing
to this enhanced performance.

7
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Proposed converter with with voltage divider
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Figure 14. Cont.
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Figure 14. Gain of the proposed converter in comparison with SEPIC and conventional buck-boost
converters for (a) 0 < D <0.5and (b) 0.5 <D < 0.8.

Figure 15a illustrates the integrated topology, which combines the proposed SEPIC
converter with VDC and VMC cells. In this configuration, a DC voltage source is linked to
the SEPIC converter, and a DSP-based microcontroller, through output voltage sampling
and reference voltage comparison, generates precise PWM signals for switch S1. Addition-
ally, the controller produces PWM signals for the VMC and VDC circuits, facilitating the
doubling (Voy) and division (Vo3) of the voltage generated at the output nodes (Vo) of
the SEPIC converter. Figure 15b depicts the setup of the proposed converter’s workbench.
This illustration showcases the utilization of a DSP-based microcontroller for the control of
the buck-boost converter, accompanied by real-time visualization. The prototype converter
has been subjected to rigorous testing, encompassing various duty ratios. These tests en-
compass the evaluation of the converter’s performance across different operational modes,
including buck, boost, and buck-boost.
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Figure 15. (a) The flowchart and (b) the proposed prototype SEPIC converter implemented in
the laboratory.

Figure 16 is provided to illustrate the switching pattern of the primary power switch
and its corresponding behavior. To validate this, we conducted experimental tests following
the simulation conditions. In this regard, we selected a 48 VDC DC voltage source as
the input, and we assessed both the generated output voltages and the voltage stress
experienced by the switch.

Figure 16a—c specifically depicts the drain-source voltages produced by the switch for
duty cycle values of 0.25, 0.33, and 0.5, respectively. As was theoretically analyzed, when
D = 0.25, the proposed converter operates as a buck converter, and according to the results
presented in Figure 12¢, an estimated voltage with an amplitude of approximately 110 V
should be observed. Figure 16a demonstrates that the measured voltage aligns with the
simulation results, confirming the theoretical findings.

In Figure 16b, we observe the gate-source and drain-source voltages for the proposed
converter when operating at a duty ratio (D) of 0.33. Simulation results suggest that the
drain-source pins should register a voltage of approximately 144 V. The data presented
in Figure 16b corroborate this expectation, indicating that the proposed converter indeed
matches the anticipated voltage. In this operational mode, the converter exhibits a voltage
output that aligns with the input source.

Moving on to a longer duty ratio, Figure 16c illustrates the outcomes of this switching
mode. As previously mentioned, when operating with duty ratios exceeding 0.33, the
proposed converter transforms into a boost converter. In this mode, it is anticipated that
the switch will experience a higher voltage due to the increased output voltage. Both the
simulation results and Figure 16¢ confirm this anticipation, with measurements indicating
a voltage of around 280 V for the switch in this specific mode.
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Figure 16. The presented gate-source and obtained drain-source voltages for the switch for
(a) D=0.25, (b) D=0.33, and (c) D =0.5.

In Figure 17, we provide an overview of the current behavior in the input inductors
L1 and L2 during the time intervals when the switch is both activated and deactivated.
This presentation includes two sample duty ratios, namely, D = 0.25 and D = 0.5. The
results presented in this figure serve to corroborate the simulation outcomes shown in
Figures 12d and 13d.
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Figure 17. The input inductors L1-L2 currents for (a) D = 0.25, (b) D = 0.5.

Specifically, the current waveforms for D = 0.25 and D = 0.5 are illustrated in
Figures 17a and 17b, respectively. These waveforms offer a visual representation of the
current status in the input inductors under these two duty ratio scenarios, confirming the
findings from the earlier simulations.

Figure 18 displays the generated DC voltages at the output of the converter. When
operating with a duty cycle (D) of 0.25, the expectation was to achieve a DC voltage of
24 VDC for the primary load. Figure 18a showcases the voltage measurements for the
converter while it is operating in buck mode. Additionally, a VDC cell is connected to the
output to demonstrate how the generated voltage can be divided. In this setup, a secondary
load voltage of 12 V is attained. The application of the VDC cell is also assessed for the
D = 0.33 operational mode, as depicted in Figure 18b. In this case, the converter maintains
the same 24 VDC output voltage, which is measured at the output nodes of the VDC cell.

Lastly, the generated voltage under boost operational mode is examined, with results
presented in Figure 18c. When the proposed buck-boost converter operates in this mode,
it produces a voltage of approximately 144 VDC at its output, while the VMC boost cell
records a voltage of about 280 VDC. These observations highlight the differences in voltage
output between the two configurations.
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Figure 18. The generated DC voltages by application of VDC and VMC cells for (a) D = 0.25,
(b) D =0.33,and (c) D =0.5.

In Figure 19, we present the efficiency curves for the proposed converter as well as
the voltage doubler and divider cells, based on both simulation and laboratory tests. As
one might anticipate, the efficiency of the VMC and VDC cells tends to decrease due to the
utilization of more semiconductor devices. Additionally, certain unexpected and minor
loss factors, which are typically not accounted for in theoretical analyses, become relevant
and contribute to lower efficiencies in experimental tests compared to simulation results.
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Figure 19. Efficiency curves for the proposed converter and VMC-VDC cells in simulation and
experiments.

These results reveal that the proposed buck-boost converter achieves approximately
98% and 96% efficiencies for power levels exceeding 250 W. This indicates that the proposed
converter is well suited for medium- and high-power applications, demonstrating its
practical viability in real-world scenarios.

To calculate accurate switching and dynamic losses by the components of the converter,
the authors other publications have been considered. Refs. [6,7,34] present a comprehensive
loss calculation through a deep mathematical analysis. The theoretical and simulation loss
calculation in Figure 19 is performed according to these references.

The purpose of Table 1 is to provide a performance comparison between the proposed
converter and other similar buck-boost converter topologies designed for electric vehicle
(EV) applications. In all these configurations, prototype converters have been tested up to
850 W. The efficiency of these converters ranges from 45 to 96 percent, and the total number
of components varies from 9 to 13.

The proposed converter, on the other hand, comprises a total of 12 components,
excluding the input rectifier circuit. When considering the input rectifier circuit, the total
number of power components increases to 16. Notably, the most expensive elements within
these converters are the inductors and power switches. However, the proposed converter
distinguishes itself by utilizing only one power switch and three inductors. This approach
places the overall component cost of this converter at a medium level.

An important advantage of the proposed converter is its minimal number of power
switches. This simplicity streamlines the control process and avoids complex control
flowcharts and implementations, making it a notable feature of the converter.

The inductors in the proposed converter operate in what is known as continuous
conduction mode (CCM), which is an essential requirement in power converters. In
contrast, working in a discontinuous current mode (DCM) for an inductor implies that the
inductor current drops to zero during certain time intervals, potentially leading to issues
with supplying the load current.
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Table 1. Comparison between the proposed and other similar buck-boost converters for EV applications.

Compared Num. of Total Com-
Buck- Induc- Number of  Numberof  Number of t Operational Output Effici Cost Switching
Boost Itl uc Capacitors Switches Diodes ﬁone};l State Voltage clency Frequency
Converters ors umber
[46] 2 1 2 4 9 DCM 48V (18453:68023;/;\, Medium 20 kHz
[47] 3 3 2 2 10 DCM 48V (6(825(’;3;0/‘;\, Medium 60 kHz
[48] 2 2 2 4 10 ccMm 150450 V (35811882)0)/0w Medium 30 kHz
[49] 4 3 2 4 13 DCM 300V (1(5807—_89500))0/%\] High 50 kHz
[50] 3 2 1 6 12 ceM 48V (22)708_‘88543;/;\, Medium 25 kHz
[51] 3 2 1 6 12 ceM 48V (28708_;58543;/;\, Medium 25 kHz
12430 V
Vin=12V
6+ 4 (for ( (84-96) % .
Proposed 3 2 1 rectifier) 12+4 CCM maiinn(ium (50-300) V Medium 50 kHz
D=0.8)

By assuming a 12 VDC input voltage source and excluding the VDC and VMC circuits,
the proposed converter generates output voltages ranging from 12 to 430 VDC, covering a
wide voltage range. With the incorporation of VDC and VMC blocks, this voltage range can
be expanded even further, from 6 to 860 VDC. This expanded voltage flexibility represents
the second notable feature of the suggested converter.

Additionally, the presented converter exhibits efficiencies ranging from 84 to 96 per-
cent, and it is evident that efficiency increases with higher power levels. This quality
positions the converter as well suited for high-power applications, emphasizing its poten-
tial for use in such scenarios.

A higher switching frequency is advantageous, as it ensures a smaller converter
volume and reduced cost. In Table 1, the various converters are switched at frequencies
ranging from 20 to 60 kHz. The proposed converter’s performance at 50 kHz is considered
entirely satisfactory and falls within an acceptable range.

4. Conclusions

In the context of electric vehicles (EVs), there is a critical need for different DC voltage
levels to power various components. These voltages are typically sourced from a fixed
DC voltage supply, such as a battery system. To meet this requirement, power converters
are employed to generate the necessary voltages, which can sometimes exceed the battery
voltage or be lower than it. Additionally, in EVs, multi-output configurations are crucial,
allowing multiple DC voltages to be generated for different loads.

The proposed converter in this study incorporates a switched-inductor cell suggested
to minimize input current ripples from the battery pack. It is equipped with two voltage
divider and doubler cells, enabling it to provide three different DC voltage outputs in
a conventional operational mode. Moreover, by cascading the VDC or VMC cells, even
higher DC voltage levels can be generated. The converter’s voltage gain is quite significant.
For example, when the input battery voltage is set at 48 VDC with a duty cycle (D) of 0.8,
the resulting outputs are substantially amplified, producing voltages 18, 36, and 72 times
the input voltage. Conversely, when using a reduced D of 0.2 while maintaining the input
voltage at 48 VDC, the converter yields reduced voltages of 0.1875, 0.375, and 0.75 times the
initial voltage. This versatility allows for the generation of various DC voltages as needed.

To control the converter, a DSP-based fast-analysis microcontroller is employed. This
study presents both theoretical and simulation results, with experimental test results
validating the accuracy of the theoretical analysis. This research demonstrates the practical
feasibility of the proposed converter in addressing the complex voltage requirements of
electric vehicles.
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Nomenclature

EVs Electric vehicles

DC Direct current

DSP Digital signal processing

SIMO  Single-input and multi-output
PWM  Pulse width modulation

EMI Electromagnetic interference

RFI Radiofrequency interference
FLC Fuzzy logic controller

MPC  Model predictive controller

PID Proportional-integral-derivative
SEPIC  Single-ended primary inductance converter
KVL Kirchhoff’s voltage law

VMC  Voltage multiplier circuit

VDC Voltage divider circuit

CCM  Continuous current mode

DCM  Discontinuous current mode
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