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Abstract

The paper presents an analytical study and small-signal modeling of a non-inverting
two-switch buck-boost converter based on the LM5118 controller, accounting for parasitic
elements. The converter dynamics were analyzed using simulations in the PLECS® 5.0.2 en-
vironment. Furthermore, the steady-state and dynamic characteristics of the LM5118-based
two-switch buck-boost converter were examined using the PSpice for TI® simulator for
different input voltages and load conditions. The obtained simulation results show close cor-
respondence with the analytical analysis, confirming the validity of the proposed approach.

Keywords: non-inverting two-switch buck-boost converter; LM5118 controller; transfer
functions

1. Introduction

The development of modern energy and electronic systems is closely linked to the need
for the efficient management and conversion of electrical energy. In this context, DC-DC
converters are a critical type of power electronics device that adjusts voltage levels to meet
the needs of different loads and electronic systems [1]. They are used in switching power
supplies, renewable energy systems, electric vehicles, telecommunications equipment, and
autonomous power systems, among other applications.

Particular attention is paid to converters designed for hybrid energy systems, which
require the efficient management of energy flow between different sources and storage
devices [2-6]. In addition to these solutions, simpler, non-isolated topologies are of interest
because they allow the output voltage to be stepped up or down relative to the input
voltage. These topologies are known as buck-boost converters and are widely used in
systems where the input voltage varies widely. However, classic buck-boost structures
often have high voltage stresses on the switching elements and unfavorable dynamic
properties under certain operating conditions [7].

In practice, advanced topologies are used, including the two-switch buck-boost con-
verter. This converter is a modified switching converter structure with two active switching
elements. This configuration enables better control of energy flow, reduced stress on
power switches, and improved conversion efficiency. Additionally, this topology enables
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more flexible control of the operating mode and better integration with modern control
systems [8-11].

It enables better control of the power flow, reduces stress on the power switches,
and improves conversion efficiency. Modern DC-DC converters are often controlled by
specialized integrated controllers that combine regulation, protection, and optimization
functions for the system’s dynamic characteristics. Many manufacturers offer such control
solutions for buck-boost and similar topologies. Examples of these controllers include
the LTC3780 from Analog Devices [12], the TPS63060 from Texas Instruments [13], and
the ISL9110 from Renesas Electronics [14]. In this study, the converter is controlled by
the LM5118 integrated controller, which is designed to control non-inverting buck-boost
DC-DC converters with a wide input voltage range. The LM5118 implements current-mode
control with an emulated current ramp, improving system stability and simplifying the
compensation network design [15]. The LM5118 drives two external MOSFETs and enables
a smooth transition between buck and buck-boost modes depending on the input-to-output
voltage ratio.

Despite its advantages, the two-switch buck-boost converter’s dynamic behavior is
characterized by complex relationships among its electrical parameters, switching modes,
and control signals. To analyze and design the control system, it is necessary to develop an
adequate mathematical model that describes the system dynamics around the steady-state
operating mode. One widely used approach for analyzing power electronic converters is
the state-space averaging method, which describes the system dynamics using a linearized
model. Using this method, transfer functions can be obtained to describe the relationship
between the control and electrical variables in the converter.

The main objective of this study is to analyze and simulate the effects of active compo-
nent losses on the operation of a non-inverting two-switch buck-boost converter on its main
transfer functions. In studying the converter’s operation, a combined modeling approach
using PLECS® 5.0.2 and PSpice for TI® 2024 is applied, as these tools offer complementary
capabilities for modeling power electronic systems and analog control circuits [16,17]. The
typical characteristics of the converter controlled by the LM5118 are investigated using the
PSpice for TI® simulator at various input voltages and loads, while the investigation of
the main transfer functions describing the dynamic relationship between the control and
electrical parameters of the system is based on the PLECS® simulator.

2. Two-Switch Buck-Boost Converter Operation Principle
2.1. Main Circuit Operation

Figure 1 shows the studied a non-inverting two-switch buck-boost DC-DC converter
(TSBBC) implemented using two MOSFETs, Q; and Qy, diodes D; and Dy, an inductor
L, an input filter capacitor Cj,, an output filter capacitor Cp, and a load resistor Ry.. The
following parameters are defined: fs—switching frequency; and D—duty cycle. The power
stage is controlled by the LM5118 integrated controller, which generates control signals
for the two external transistors (Q; and Q,) and provides output-voltage regulation via
current-mode control.

Figure 2 shows the equivalent circuit, including the parasitic components, as follows:
the on-resistances of the two MOSFETs (Rpg; and Rpgp); the forward resistances of the
two diodes (Rg; and Rpy); Vi and Vp,, the voltage drop of D; and Dy; the inductor direct
current resistance (DCR); and the output capacitor’s equivalent series resistance (ESR) rc,.
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Figure 1. Non-inverting two-switch buck-boost converter: (a) main circuit; (b) equivalent circuit

including parasitics.
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Figure 2. PSpice for TI simulation circuit for a two-switch buck-boost converter (TSBBC) based on
the LM5118 controller, Texas Instruments, Dallas, TX, USA.

The non-inverting DC-DC buck-boost converter regulates the output voltage Vour,
which can be lower or higher than the input voltage Viy while maintaining the same
polarity as at the input.

The converter can operate in different modes depending on the ratio between the input
voltage (Vin) and the output voltage (Voyut). When the input voltage Vi is sufficiently
greater than the output voltage Vour, the system operates primarily as a step-down
converter (buck mode). As the input voltage, VIN, approaches the output voltage, it
smoothly transitions into buck-boost mode [15]. Thanks to the LM5118 controller, the
transition between these modes is smooth, ensuring continuous output-voltage regulation
and stable operation over a wide range of input conditions.

The controller enables the converter to continue operating as a standard buck regulator
initially, with only transistor Q; active, when the input voltage decreases toward the output
voltage. To maintain a stable output voltage, the controller increases its duty cycle. Once
the duty cycle reaches approximately 75%, the controller activates the second transistor
(Qy) with a very small duty cycle. This marks the beginning of transition mode. As the
input voltage continues to decrease, the duty cycle of Q, gradually increases, while that of
Q; gradually decreases [15].

For the buck mode, the ideal DC voltage gain Voyrt/Vin in CCM (efficiency 1 = 1) is
equal to [1]:

Vour _
ViN

@
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The real voltage gain (Vour/ Vin) for the buck mode, considering parasitic resistances
in continuous conduction mode (CCM), can be expressed as follows:

D_ Y+ (1-D)Vp

Vour _ Vin 2
VIN 1 + DRgg1 + Ry + (l% — D)RQ + DCR
L

For the buck-boost mode, the ideal DC voltage gain Voyt/Vin in CCM (efficiency

n=1)isequal to [1]:
Vour D

Vw 1-D ®)

The real voltage gain (Vour/Vin) for the buck-boost mode, considering parasitic
resistances in continuous conduction mode (CCM), can be expressed as follows:

D __VatVp
Vour T—D Vin )
ViN 1 4 DRag + Rap) + (1 = D)(Ry + Rp) + DCR
+ R (1 - D)

The presence of parasitic resistances reduces the real voltage gain to below the ideal
conversion ratios (1) and (3). This reduction can be represented by a coefficient smaller than
unity, whose magnitude is governed by the relationship between the resistive losses and
the load resistance Ry. With a constant Ry, higher parasitic resistances limit the maximum
achievable voltage gain.

2.2. Two-Switch Buck—Boost Converter Based on LM5118 Controller

In this paper, the control of a non-inverting two-switch buck-boost converter is im-
plemented using the LM5118 controller. The controller provides control via pulse-width
modulation (PWM), drivers for the external MOSFET transistors, and additional functions
such as soft start, undervoltage lockout protection, and current limiting.

Figure 2 shows the model of the circuit under study in the PSpice for TI simulator [17].

The controller is supplied via the VIN pin, with the internal regulator providing the
necessary power for the control logic and drivers. The VCCX pin serves as an input for an
external power supply for the gate drivers. The VCCX pin can be connected to ground. In
this case, the transistor drivers are powered by the internal regulator (VCC). Startup and
protection of the converter are controlled by the undervoltage lockout (UVLO) circuit. The
minimum input voltage required to activate the controller is set by the R1, R3 divider. The
EN (Enable) pin allows external enable/disable of the converter and provides control over
the startup process. Resistor R7, connected to the RT pin, sets the switching frequency and
determines the internal oscillator frequency.

The operating frequency of the controller is determined by an external resistor R7
using equation [15]:
~ 6.410°
=7

The LM5118 controller uses emulated current-mode control. An external capacitor, C15,

R7 —3.0210° (5)

connected to the RAMP pin, sets the slope of the current ramp used in the PWM comparator.
This signal ensures control stability and provides slope compensation at high duty cycles.
The output voltage is regulated via a feedback network connected to the FB pin. The
resistive divider formed by R12 and R9 measures the output voltage and compares it to the
controller’s internal reference voltage. The difference between the feedback voltage and
the reference voltage is processed by the internal error amplifier, whose output is available
at the COMP pin. The dynamic characteristics of the control loop are determined by the
external compensation circuit R4, C17, and C18, connected to this pin. The compensation
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circuit shapes the control loop’s frequency response and ensures sufficient phase margin
and system stability across the entire operating range. Current limiting is achieved via the
CS pin, which monitors the current in the converter’s power section.

The following design considerations should be taken into account when designing
TSBBC based on the LM5118, as shown in Table 1 [15].

Table 1. LM5118 two-switch buck-boost converter design considerations.

Quantity Equations
; Vout (ViN(max) — Vout .

Buck mode inductor value Ly = ‘sn\r( niax)finL ), where Al = (0.2 = 0.4)Ioyr (ma) (6)

Buck-boost mode inductor value Ly_p = ViN(min) VOUT (7)
(Vin(min) + Vour )fswAlIL
i _ lour Lripple(b)

Buck mode peak inductor current Loeak(b) = "2 + PTo irw—1 )

Buck-boost peak inductor current _ lour(Vour + Vinmin)) Lripple(b b) 9
p Ipeak(bfb) B nVIN(min) + 2(1 = Liolerance) ( )

Buck mode ripple inductor current _ Vour(Vinmay — Vour) 10
u 1pple indu u Iripple(b) = o Vi (o) (10)
Buck-boost ripple inductor current Vi (min) VOUT (11)

Iripple(bfb) ~ Liw (Vinmin) + Vour)

Capacitor value for emulated current

ramp generator

_ L x10-°
Cramp - ZRSQI\SE (12)

Initial output capacitor value CouT(min) = W IOiT\\//OUT) AV (13)
IN(min) OUT JIswB Vo
Initial input capacitor value CiN(min) = IF’E’;“M (14)
SW

3. Two-Switch Buck-Boost Converter Small-Signal Transfer Functions
3.1. Two-Switch Buck—Boost Converter Control-to-Output Transfer Function

The DC gain relationships derived from (1-4) describe the converter’s observed behav-
ior in various operating modes. However, they are insufficient for evaluating its dynamic
characteristics. Switching to small-signal modeling is necessary to analyze the system’s
response to small disturbances around the selected operating point.

Transfer function analysis is important because it provides information about a sys-
tem’s frequency characteristics, stability, and sensitivity to input and load disturbances.
These functions form the basis for synthesizing controllers and optimizing the converter’s
dynamic response. Therefore, analytically deriving and analyzing the transfer functions of
a two-switch buck-boost converter is a crucial step in designing effective control systems
and evaluating its dynamic characteristics.

The relationship between a small variation in the duty cycle and the corresponding
change in the output voltage is examined. When analyzing the control-to-output transfer
function, Tdv(s), losses in the power elements are considered because they directly affect
the static gain, damping, and locations of the poles and zeros.

3.1.1. Buck Operation Mode

The buck mode duty cycle-to-output voltage transfer function T4y (s) is obtained
using [10] as follows:

T (S) _ KbRLrCO s+ Wz ESR (15)
dvb L(RL + I'CO) S2 + SCO[RLrCo + Tiossh (RL + rCo)H“L RL + Ijossh !
LG, (RL + rCo) LCO(RL + rCo)
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where v
OUT
Ky, =V V. —— (R —Rp), 16
b= VIN+ fl+RL(1_D)( ps1 — Rp) (16)
Tlossh = DRpst + (1 — D)Rgp + Rgy + DCR (17)
w _ 1 (18)
ZESR = oo

is the angular frequency of the left-half plane zero.

3.1.2. Buck-Boost Operation Mode

The buck-boost mode duty cycle-to-output voltage transfer function Tgypp(s) is
obtained as follows:

RpKypp (1 + w;EsR) <1 B wzi{HP)

Tavbb(s) = <4 aws o , (19)
where ) )
ay = Tossb—b RLrCo(1 - D) (20)
Co(RL +rco) L L(RL +rco)
ag = RL(l — D)2 + Tlossb—b (21)
LC, (RL + rCo)
Tlossh—b = D(Rps1 + Rpsz) + (1 — D) (R, + Rgy ) + DCR (22)
VouTTiossb—b

Ky p = (1 — D)by — ~ QUL lossb—b 2

b-b = ( )b R(1-D) ’ (23)

Vv
by = Vin + Vout + Vi + Vi — 522 [(Rps; + Rpsz) — (R + Rpp)] (24)
R (1-D)

The angular frequency of the right-half plane zero is

Kp_pRr(1—D)

25
LVour @)

Wz, RHP =

4. Analytical and Simulation Results

The design example used in simulation includes the following parameters: input
voltage Viy = 9 V to 48 V, output voltage Vour = 24 V, output current Ioyt = 3 A, and
switching frequency fs = 300 kHz. Using the equations given in Table 1, the following circuit
values are obtained: inductance L = 20 pH, and the output capacitance of the two parallel
capacitors is Co = 360 uF. The equivalent series resistance ESR is rc, = 13 m(), inductor
direct current resistance DCR = 18.3 m(), the on-state resistance of the MOSFET = 9.1 m()
(5i7148DP), diode D; (RB085BM-60) on-resistance is 0.07 (), and the diode D, (VB40100C-
E3)is 0.031 Q2.

Based on the input data and taking parasitic components into account, the following is
obtained for the operating point at Vin =9 V: Diax = 0.754. The frequency of the right-half
plane zero f, rpp ~ 5.1 kHz. The frequency of the left-half plane zero f, gsg ~ 34 kHz.

4.1. Two-Switch Buck—Boost Converter Model

A combined approach was used to verify the analytical results, using PLECS and
PSpice for TI simulators, which offer complementary capabilities for modeling power
electronic systems and analog control circuits. The PLECS simulation environment allows
for detailed modeling of the converter’s individual components and operating conditions.
This enables the derivation of the small-signal model required for the control system design
and analysis of the converter’s dynamic characteristics.

https://doi.org/10.3390/engproc2026150100
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PSpice for TI allows for a detailed analysis of the control circuit and verification of the
LM5118 controller’s operation. Manufacturer-supported models enable accurate simulation
of internal control functions, including soft-start behavior, low-voltage lockout, current
measurement, and control-loop compensation. Using both tools together ensures a reliable
evaluation of the power and control sections.

To model the operation of a two-switch buck-boost converter based on the LM5118 in
PLECS, it is necessary to develop a behavioral model of the controller that implements its
functions. The simulation circuit in PLECS is shown in Figure 3.

Q1 f .
TiT L 20e-6 | Ri0.0183 D1
{a) Tap gt A r|>|l .
Vout, lout, IL
A Ay , An1(a)
Ci 360e-6
+\A’ ( V4o —D—I l:;
v i Q2

amz (&) D R: 133 RS

Control Block Vg1, Vg2

Figure 3. PLECS simulation circuit.

The functions of the LM5118 controller are implemented in the Control Block, and
Figures 4-6 show the timing diagrams of the control signals obtained from simulations in
PSpice for TI and PLECS.

Figure 4a presents the PSpice for TI simulation results, and Figure 4b presents the
PLECS simulation results for input voltage Vi = 40 V, output voltage Voyt = 24 V and
output current IoyT = 3 A as follows: from top to bottom, 1 plot plane—V g of Qq, 2 plot
plane—V g of Qy, 3 plot plane—current trough inductance L (iL—blue) and output current
Iout (red), 4 plot plane—output voltage Vour.

( einininininininininininin

—Vg1’

0 0 U U WU U Jd W WU Jd W d U J |—| I—
0 V(G1l,SW1)

I(Rload) O I(L1:2) 0

20~ . |— Vout
10

0 i i
49995 49996  4.9997 49998 49999 x le-1
Time/s

(a) (b)

Figure 4. Buck mode simulation results: (a) PSpice for TI simulation results for Vi =40V, Voyr =24V,
and IoyTt =3 A; (b) PLECS simulation results for Vi =40V, Voyr =24V, and Igyt = 3 A.
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Figure 5. Smooth transition from buck to buck-boost mode simulation results: (a) PSpice for TI
simulation results for Vi = 28 V, Vour =24 V, and Iyt = 3 A; (b) PLECS simulation results for
VIN =28 V, VOUT =24 V, and IOUT =3 A.
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Figure 6. Simulation results: (a) PSpice for TI simulation results for Viy =11V, Voyr =24V, and
Iout =3 A; (b) PLECS simulation results for Vi =11V, Voyr =24V, and Ioyt =3 A.

Figure 5a presents the PSpice for TI simulation results, and Figure 5b presents the
PLECS simulation results for input voltage Vin = 28 V, output voltage Voyr =24 V and
output current IoyT = 3 A as follows: from top to bottom, 1 plot plane—Vgg of Qq, 2 plot
plane—V g of Qy, 3 plot plane—current trough inductance L (iL—blue) and output current
Iout (red), 4 plot plane—output voltage Vour.

Figure 6a presents the PSpice for TI simulation results, and Figure 6b presents the
PLECS simulation results for input voltage Vi = 11 V, output voltage Voyr =24 V and
output current IoyT = 3 A as follows: from top to bottom, 1 plot plane—Vgg of Qq, 2 plot
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plane—V s of Qy, 3 plot plane—current trough inductance L (iL—blue) and output current
Iout (red), 4 plot plane—output voltage Vour.

The presented results show that the behavioral model accurately describes the control
functions of the LM5118 controller.

4.2. Two-Switch Buck—Boost Converter Control-to-Output Transfer Function

To verify the analytical results, PLECS software is utilized to derive the open-loop
control-to-output transfer function of the two-switch buck-boost converter.

Figure 7a shows buck mode (Viy = 40 V) analytical results for the magnitude dB and
the phase response deg of open-loop control-to-output transfer function Tdv(s) according
to the given input data. The buck mode PLECS simulation results are plotted in Figure 7b.

40,
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S m : :
2 E 20
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2 0
=
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X - 150
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Figure 7. Buck mode AC response of control-to-output transfer function: (a) theoretical control-to-
output transfer function Tdvb (s) (Viy = 40 V); (b) PLECS simulation results of control-to-output
transfer function Tdvb (s) (Vi =40 V).

Table 2 presents a comparison of the values of control-to-output transfer function
Tdvb (s) obtained from the analytical calculation and from the PLECS simulation.

Table 2. Comparison of the values of control-to-output transfer function Tdvb (s)—buck mode.

Frequency, [Hz] Theoretical | Ty, (f) |, [dBI] Simulation | Ty, (f) |, [dB] 161, [%]
50 32 31.932 0.213
200 32.0907 32.011 0.249
1750 37.8832 37.734 0.395
3000 27.2383 27.112 0.466
5000 16.2958 16.189 0.66
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Analyzing the results presented in Table 2, it can be concluded that the relative error
between the analytical and PLECS simulation results for the control-to-output transfer
function Tdvb(s) is less than 1%.

Figure 8a shows buck-boost mode (Vin = 11 V) analytical results for the magnitude
dB and the phase response deg of open-loop control-to-output transfer function Tdvbb(s)
according to the given input data. Figure 8b shows PLECS simulation results.

60
60 Magnitude
40
N — Control-to-output TF
[=a] B
3 40 . :
2 2 > N
5 2 20
&
0 T
\ = 0
20
-20
10 100 1x10° 1x10* 1x10° Phase
S Hz - |— Control-to-output TF
0 o
3
S
) & N : L
) S : H o HE
~ P H i P
E7100 & : P : i [N
= -200 o : ::
[
\ NI
N : G L
& - 200 i 100 1000 1e+04 Te+05
Frequency / Hz

10 100 1x10° ix10* 1x10°

f, Hz

(a) (b)

Figure 8. Buck-boost mode AC response of control-to-output transfer function: (a) theoretical control-
to-output transfer function Tdvbb (s) (VN = 11 V); (b) PLECS simulation results of control-to-output
transfer function Tdvbb (s) (Vy = 11 V).

Table 3 presents a comparison of the values of control-to-output transfer function
Tdvbb (s) obtained from the analytical calculation and from the PLECS simulation.

Table 3. Comparison of the values of control-to-output transfer function Tdvbb (s)—buck-boost

mode.
Frequency, [Hz] Theoretical | Tgypp(f) |, [dB] Simulation | T gy, (f) |, [dB] 161, [%]
50 40.15 40.6685 1.275
200 40.545 41.0796 1.301
1750 41.878 42.0498 0.409
3000 33.128 32.5179 1.876
5000 5.022 4.7616 5.469

Analyzing the results presented in Table 3, it can be concluded that the relative error
between the analytical and PLECS simulation results for the control-to-output transfer
function Tdvb(s) is less than 5%.

Figure 9 shows smooth transition from buck to buck-boost mode (Vi = 28 V) PLECS
simulation results for the magnitude dB and the phase response deg of open-loop control-
to-output transfer function Tdvbb(s) according to the given input data.
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Figure 9. PLECS simulation results of control-to-output transfer function Tdvbb (s) (Vin =28 V).

4.3. PSpice Simulation Results

To investigate the dynamic characteristics of the converter circuit, a load change is
simulated using an independent current source (Ioyt) with a piecewise linear output
current waveform—Figure 10. This allows observation of the circuit’s output response
during the transition from one steady-state to another with a stepped change in the load
current. Up to the time t = 3 ms, the current in the output circuit has a constant value
of 3 A, and the converter is in a steady-state mode with Ry, = 8 (). In the time interval
from 3 ms to 3.0001 ms (100 ns), a step change in the load current from 3 A to 6 A occurs,
ie., Ry =4 ), after which the newly established load current is maintained constant for
5 ms, sufficient for the transient processes to decay and for a new steady-state condition to
be established. In the interval from 8 ms to 8.0001 ms (100 ns), a step change in the load
current from 6 A to 3 A is applied to investigate the transient processes in the circuit after
the initial stimulus has passed. The simulation results of the circuit’s response under the
given operating conditions are shown in Figure 11.
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Figure 10. TSBBC PSpice for a TI simulation circuit based on the LM5118 controller for step
load changes.
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Figure 11. PSpice simulation results at step load changes: (a) Vi =40V, from top to bottom: output
current Ioyt; current I, through inductance L; output voltage Voyt; (b) Vin = 28 V, from top to
bottom: output current Ioyt; current I, through inductance L; output voltage Voyr.

It is evident that the LM5118 controller responds to changes, and the circuit stabilizes
within ~1 ms during a step increase in the output load (input step) and during a step return
to the initial steady-state condition, Ioyt =3 A.

5. Conclusions

This paper presents an in-depth study of the characteristics and behavior of a non-
inverting, two-switch buck-boost converter operating in three modes—buck, smooth
buck-boost, and buck-boost—determined by the LM5118 controller. Small-signal modeling
of the circuit was used to derive an equivalent circuit and determine the control-to-output
transfer functions for different operating modes. These functions account for the parasitic
elements of the circuit. Additionally, the circuit’s dynamic response was evaluated with
a step change in load current from 3 A to 6 A, followed by a return to the initial value.
Damped transient processes were observed with a time constant of approximately 1 ms,
indicating minimal delay in the circuit’s response.

To study the converter’s characteristics under steady-state conditions and during dy-
namic processes, we used a simulation model of the LM5118 provided by the manufacturer
and analyzed it in the PSpice for TI simulation environment. The analytical relationships
derived and assumptions made were confirmed through the design and analysis of a
simulation model in the PLECS environment.
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