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ABSTRACT This paper presents an energy-based modeling approach for a boost converter including
parasitic effects. The model is derived using the Lagrangian formulation with Rayleigh dissipation, allowing
the inductor DC resistance, capacitor ESR, switch resistance, diode resistance, and diode forward voltage
drop to be incorporated in a systematic way. From the averaged representation, the non-ideal static gain,
the small-signal linearized model, and the duty-cycle-to-output-voltage and duty-cycle-to-inductor-current
transfer functions are obtained. The model is validated using a 25 kHz, 12 V-to-24 V experimental prototype
and a switched real-time HIL simulation. Frequency-domain results show that the ideal model overestimates
the resonant peak and does not reproduce the damping observed experimentally, whereas the parasitic-aware
model provides a closer approximation of the measured gain and phase responses. Time-domain tests under
duty-cycle and load steps further confirm that the inclusion of parasitic elements is essential to reproduce
the mean voltage and current dynamics of the practical converter. Although algebraically equivalent to
conventional state-space averaging under the same assumptions, the energy-based formulation provides
a structured separation between stored energy, dissipative effects, and external sources, facilitating the
derivation and extension of parasitic-aware converter models.

KEYWORDS Boost converter, Energy-based modelling, Real-time simulation.

I. INTRODUCTION
Power electronics design increasingly depends on accurate
modelling approaches to predict converter operation under
practical conditions. Although conventional state-space av-
eraging [1] remains widely adopted for Boost converter
analysis [2], parasitic resistances, semiconductor voltage
drops, and other non-ideal effects can also be incorporated
into its switching-state equations and averaged representation
[3]. Recent works indicate that energy-based techniques,
such as the Lagrangian formulation, allow parasitic effects
to be incorporated in a systematic manner while preserving
the physical meaning of the model [4], [5], especially in
efficiency-oriented applications such as renewable energy
systems [6] and electric vehicle power-trains [7]. The rel-
evance of parasitic-aware modeling has further increased
with the use of wide-bandgap devices, for which frequency-
dependent conduction effects may not be adequately repre-
sented by simplified loss models [8].

Despite these developments, three important gaps remain
in power electronics education and industrial practice. First,
most textbooks [9] still present converter models under ideal
assumptions, which limits the preparation of students to

deal with practical non-idealities. Second, although real-time
simulation platforms such as Typhoon HIL [10] support fast
prototyping, their accuracy strongly depends on adequate
parasitic parametrization, a step often neglected in practi-
cal implementations [11]. Third, experimental comparisons
involving energy-based models and hardware prototypes
have been reported [12], but combined validation of static,
frequency-domain, and time-domain behavior under different
operating transients remains limited. This is particularly
relevant for control design, since neglected parasitic elements
may modify the resonant and damping characteristics of the
converter and consequently affect control-oriented predic-
tions [13].

The Lagrangian formulation is not intended to produce
converter dynamics that cannot be obtained from Kirch-
hoff’s laws or conventional state-space averaging. Under the
same assumptions and parameter values, both approaches
must lead to equivalent models. The distinction lies in the
derivation procedure: while the conventional approach is
generally organized around the circuit equations of each
switching interval, the energy-based formulation separates
stored energy, resistive dissipation, and external sources into
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distinct mathematical terms. This distinction offers limited
simplification for the second-order Boost converter, whose
conventional equations are already relatively simple, but
provides a systematic and reusable structure that can become
more relevant for converters containing a larger number of
energy-storage elements and parasitic branches.

This work extends the energy-based modelling methodol-
ogy previously applied by the authors to a Buck converter in
a conference paper [14]. In contrast to that preliminary study,
the present work investigates a Boost converter and provides
a more comprehensive analysis, including additional para-
sitic elements, detailed small-signal modelling, a normalized
analysis of the influence of each parasitic parameter on the
static gain, natural frequency, resonant peak, and damping
ratio, parameter characterization, and dynamic validation
under multiple operating transients.

This work addresses these gaps through four main con-
tributions: (1) a complete Lagrangian formulation of the
Boost converter, explicitly including the inductor DC resis-
tance (DCR) rL, capacitor equivalent series resistance (ESR)
rC , switch resistance rsw, diode resistance rD, and diode
forward voltage drop VD; (2) analytical derivation of the
non-ideal static gain, small-signal model, and duty-cycle-
to-output-voltage and duty-cycle-to-inductor-current transfer
functions; (3) a normalized parameter-sensitivity analysis
addressing the static gain, natural frequency, resonant peak,
and damping ratio; and (4) experimental validation using a
25 kHz, 12 V-to-24 V prototype, including comparisons with
a Typhoon HIL switch-level simulation and the averaged
analytical models under multiple test conditions.

The paper is organized as follows: Section II derives the
energy-based model with parasitics, Section III describes the
experimental and validation procedure and presents the com-
parative results for all test cases, including the frequency-
domain, time-domain, and parameter-sensitivity analyses,
and Section IV summarizes the conclusions of the work.

II. BOOST CONVERTER MODELING
The Boost converter is DC-DC non-isolated single switched
converter. Its schematics is shown in Fig. 1, already taking
into account parasitics effects.
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FIGURE 1. Schematics of the boost converter with parasitic effects.

The boost converter analysed in this paper operates in
Continuous Conduction Mode (CCM). In this mode, the

inductor current never reaches zero during the switching
cycle, which results in two distinct phases: when switch is
on and when it is off. During these intervals, the switch
and the diode operate in a complementary manner, ensuring
continuous energy transfer to the load. In this mode of
operation its ideal static voltage gain is described by the
following equation:

Vo

Vin
=

1

1− d
(1)

with d being the duty-cycle of the switch.
The dynamical model is obtained using the Lagrange

Energy Method, using generic charges qL and qC for the
inductor and capacitor, respectively. Given iL = q̇L and
qC = CvC , it follows that

q̇C = iC = Cv̇C . (2)

For the boost converter, the current delivered to the output
stage depends on the switching state. Defining u = 1 for
the closed-switch interval and u = 0 for the open-switch
interval, the output current is given by

iR = (1− u)iL − iC . (3)

Therefore, the output voltage can be written as

vo = R [(1− u)iL − iC ] . (4)

The kinetic energy T is related to the inductor current
iL = q̇L, whilst the potential energy U is related to the
electric charge qC . Since resistive parasitic elements are
considered, the Rayleigh dissipation term D must also be
included. For the boost converter of Fig. 1, the energy terms
are given by

T =
1

2
Lq̇2L, U =

1

2C
q2C ,

D =
1

2
[rL + ursw + (1− u)rD] q̇2L +

1

2
rC q̇

2
C

+
1

2
R [(1− u)q̇L − q̇C ]

2
. (5)

The diode forward voltage drop is included as a general-
ized force, since it is not a quadratic dissipative term. Thus,
the external forces are given by

FL = vg − (1− u)VD, FC = 0. (6)

The Lagrange Energy Method states that L = T −U , with
its differential equation given by

d

dt

(︃
∂L
∂q̇k

)︃
− ∂L

∂qk
+

∂D
∂q̇k

= Fk. (7)

The subindex k might be regarded as L for the inductor
or C for the capacitor. Solving Eq. (7) results in

Li̇L +
[︂
rL + ursw + (1− u)rD

]︂
iL

+ (1− u)R
[︂
(1− u)iL − iC

]︂
= vg − (1− u)VD, (8)

vC −R
[︂
(1− u)iL − iC

]︂
+ rCiC = 0. (9)
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From Eq. (9), the capacitor current can be written as

iC =
(1− u)RiL − vC

R+ rC
. (10)

For compactness, the following auxiliary parameters are
defined:

ρ = R+ rC , α =
R

ρ
, β =

RrC
ρ

. (11)

Remarking that vo = vC+rCiC , and substituting Eq. (10),
it is possible to state that

vo = αvC + (1− u)βiL. (12)

Considering iL and vC as states and vo as output, the
boost converter with parasitics can be represented in state-
space form. Since u ∈ {0, 1}, one has (1 − u)2 = (1 − u).
Therefore, substituting Eq. (12) into Eq. (8), the inductor-
current dynamics becomes

i̇L = −ru
L
iL − (1− u)α

L
vC +

vg − (1− u)VD

L
, (13)

where

ru = rL + ursw + (1− u)(rD + β). (14)

Similarly, from Eq. (10), the capacitor-voltage dynamics
is obtained as

v̇C =
(1− u)α

C
iL − 1

ρC
vC . (15)

The averaged model is obtained by considering u = d,
where d is the duty ratio. Thus,

rd = rL + drsw + (1− d)(rD + β). (16)

Finally, the boost converter with parasitic effects can be
represented as

[︃
i̇L
v̇C

]︃
=

⎡⎢⎣ −
rd
L

−
(1− d)α

L
(1− d)α

C
−

1

ρC

⎤⎥⎦[︃
iL
vC

]︃
+

[︄
vg − (1− d)VD

L
0

]︄
.

(17)

The output equation is given by

vo =
[︁
(1− d)β α

]︁ [︃ iL
vC

]︃
. (18)

Therefore,

vo = (1− d)βiL + αvC . (19)

The model in (17)–(19) is algebraically equivalent to that
obtained through conventional state-space averaging. In fact,
evaluating (13)–(15) for u = 1 and u = 0 produces the
conventional state equations for the on and off intervals,
respectively, and their duty-weighted average directly re-
covers (17). The distinction therefore lies in the derivation
procedure rather than in the resulting converter dynam-
ics. While the conventional approach typically introduces
the parasitic elements separately into the circuit equations
of each switching interval, the present formulation groups
stored energy in T and U , resistive effects in D, and the

diode voltage drop in the generalized force. This separation
provides a systematic basis for extending the formulation
to converters with additional storage elements and parasitic
branches.

A. Static gain with parasitic effects
The static conversion ratio of the boost converter can be
obtained directly from the equilibrium conditions of the
averaged model. At steady state, considering a constant
duty ratio d, the state derivatives are zero. Therefore, from
Eq. (17),

0 = vg − (1− d)VD − (1− d)αvC

− [rL + drsw + (1− d)(rD + β)] iL, (20)

0 = − 1

ρC
vC + (1− d)

α

C
iL. (21)

From Eq. (21), the capacitor voltage is

vC = (1− d)αρiL. (22)

Since α = R/ρ, it follows that

vC = (1− d)RiL. (23)

Using the output-voltage relation

vo = αvC + (1− d)βiL, (24)

and substituting Eq. (23), one obtains

vo = (1− d)RiL. (25)

Substituting Eq. (23) into Eq. (20), the steady-state induc-
tor current is given by

iL =
vg − (1− d)VD

rL + drsw + (1− d)(rD + β) + (1− d)2αR
. (26)

Therefore, from Eq. (25), the non-ideal static voltage gain
is

MBoost,p(d) =
vo
vg

=
(1− d)R

ΩBoost

[︃
1− (1− d)

VD

vg

]︃
, (27)

where

ΩBoost = rL + drsw + (1− d)(rD + β) + (1− d)2αR.
(28)

In the ideal case, by neglecting the parasitic resistances
and the diode voltage drop, namely

rL = rsw = rD = rC = 0, VD = 0, (29)

one has α = 1, β = 0, and

ΩBoost = (1− d)2R. (30)

Thus, Eq. (27) reduces to the classical CCM static gain of
the ideal boost converter:

MBoost,i(d) =
vo
vg

=
1

1− d
. (31)

Fig. 2 compares the ideal and non-ideal static gains as
functions of the duty ratio. The ideal model predicts an
unbounded gain as d approaches unity. In contrast, the
non-ideal model presents a finite maximum gain and then
decreases for very high duty ratios, due to the increasing
effect of conduction losses and the reduced effective energy
transfer to the output stage.
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FIGURE 2. Ideal and non-ideal static gain of the boost converter.

B. Small-signal linearization
The averaged model in Eqs. (17)–(18) is nonlinear with
respect to the duty ratio, since the state matrix and the
output equation depend explicitly on d. Therefore, for
frequency-domain analysis and control-oriented interpreta-
tion, the model is linearized around a steady-state operating
point

x̄ =

[︃
īL
v̄C

]︃
, d = d̄. (32)

Considering small perturbations around this point,

iL = īL + îL, vC = v̄C + v̂C , d = d̄+ d̂, (33)

and neglecting second-order terms, the small-signal model
is written as

˙̂x = Ax̂+Bdd̂, v̂o = Cvx̂+Ddd̂, (34)

where

x̂ =

[︃
îL
v̂C

]︃
. (35)

Defining

r̄d = rL + d̄rsw + (1− d̄)(rD + β), (36)

and

Γ = VD + αv̄C − (rsw − rD − β) īL, (37)

the linearized matrices are given by

A =

⎡⎢⎢⎣ − r̄d
L

− (1− d̄)α

L
(1− d̄)α

C
− 1

ρC

⎤⎥⎥⎦ , (38)

Bd =

⎡⎢⎣
Γ

L

−αīL
C

⎤⎥⎦ , (39)

and

Cv =
[︁
(1− d̄)β α

]︁
, Dd = −βīL. (40)

The term Γ represents the effective small-signal gain from
duty-cycle perturbations to the inductor-current dynamics.
It includes the diode voltage drop, the capacitor voltage
contribution, and the variation of the equivalent series re-
sistance associated with the switching state. In addition, the
direct feedthrough term Dd appears due to the capacitor ESR
contribution in the output-voltage equation.

C. Transfer function representation
The transfer functions from the duty-cycle perturbation d̂ to
the inductor current îL and output voltage v̂o are obtained
from the linearized model in Eq. (34). For compactness, let

a11 = − r̄d
L
, a12 = − (1− d̄)α

L
, (41)

a21 =
(1− d̄)α

C
, a22 = − 1

ρC
. (42)

The characteristic polynomial of the linearized converter is

∆(s) = det(sI −A) = (s− a11)(s− a22)− a12a21. (43)

Equivalently,

∆(s) =
(︂
s+

r̄d
L

)︂(︃
s+

1

ρC

)︃
+

(1− d̄)2α2

LC
. (44)

The duty-cycle-to-inductor-current transfer function is

GiLd(s) =
îL(s)

d̂(s)
=

Γ

L

(︃
s+

1

ρC

)︃
+

(1− d̄)α2īL
LC

∆(s)
. (45)

The duty-cycle-to-output-voltage transfer function is

Gvod(s) =
v̂o(s)

d̂(s)
= Cv(sI −A)−1Bd +Dd. (46)

Substituting Eqs. (38)–(40), one obtains

Gvod(s) = −βīL +
Nvod(s)

∆(s)
, (47)

where

Nvod(s) =

[︃
(1− d̄)β

(︃
s+

1

ρC

)︃
+

(1− d̄)α2

C

]︃
Γ

L

−
[︃
α
(︂
s+

r̄d
L

)︂
− (1− d̄)2αβ

L

]︃
αīL
C

. (48)

Equations (45) and (47) are the analytical small-signal
transfer functions used to represent the duty-cycle-to-current
and duty-cycle-to-output-voltage dynamics of the boost con-
verter. Since the parasitic elements are retained in α, β, ρ,
r̄d, and Γ, their effects appear explicitly in the pole locations,
damping, steady-state gain, and zero dynamics.

III. EXPERIMENTAL METHODOLOGY
The experimental validation was organized to compare the
proposed parasitic-aware model with the switched HIL sim-
ulation and the experimental prototype. Three complemen-
tary tests were considered: frequency-response identifica-
tion, duty-cycle step response, and load step response. The
frequency-response test evaluates the small-signal transfer

4 Eletrônica de Potência, Rio de Janeiro, v. 31, e202634, 2026.

https://creativecommons.org/licenses/by/4.0/


Eletrônica de PotênciaOriginal Paper
Open Journal of Power Electronics

FIGURE 3. Boost converter prototype.

functions derived in the previous section, while the two time-
domain tests assess the large-signal transient behavior under
operating-point changes.

The comparisons are performed for the following cases:

1) duty-cycle-to-output-voltage and duty-cycle-to-
inductor-current Bode diagrams;

2) 5% step change in duty cycle, d = 0.50 ↔ 0.55;
3) 45% load step between R = 41.8Ω ↔ 23Ω.

The experimental prototype specification is showed on
Tab. 1.

TABLE 1. Prototype Specification

Parameter Variable Value
Output Power Po 24 W

Input Voltage Vin 12 V

Output Voltage Vo 24 V

Switching Frequency fs 25 kHz

Average Duty Cycle D 0.50

Current Ripple ∆Iin 20%

Input Inductance L 650 µH

Inductor DCR rL 372 mΩ

Output Capacitor Co 200 µF

Capacitor ESR rC 260 mΩ

Switch On-Resistance rsw 40 mΩ

Diode On-Resistance rD 959 mΩ

Diode Forward Voltage VD 0.68 V

The experimental setup is based on an educational labo-
ratory prototype available to the authors and was selected to
validate the proposed modelling procedure under controlled
and reproducible conditions, rather than to represent the full
range of practical Boost-converter ratings.

A. Frequency response analysis
Fig. 4 and Fig. 5 compare the duty-cycle-to-output-voltage
and duty-cycle-to-inductor-current responses obtained exper-
imentally, through HIL simulation, and from the analytical

models. The first point to note is the difference between
the ideal and non-ideal models. The ideal model predicts
a higher resonant peak and a sharper phase transition,
especially in the voltage response. This is expected, since the
ideal formulation does not include the damping introduced
by the inductor DCR, capacitor ESR, switch resistance, diode
resistance, and diode voltage drop. When these effects are
included, the analytical response approaches the HIL and ex-
perimental curves more closely. To quantify this agreement,
a normalized model-fit index was calculated as

Fit = 100

(︃
1− ∥y − ŷ∥

∥y −mean(y)∥

)︃
, (49)

where y denotes the experimental frequency-response data
and ŷ represents either the switched HIL simulation or
the averaged parasitic-aware model. For the duty-cycle-to-
output-voltage response, the magnitude fit was 92.97% for
the HIL simulation and 93.77% for the averaged model,
while the corresponding phase fits were 91.92% and 92.68%,
respectively. For the duty-cycle-to-inductor-current response,
the magnitude fits were 68.45% and 62.78%, and the phase
fits were 71.85% and 71.38%, respectively. These results
quantitatively confirm the close agreement observed for
the voltage dynamics, while also showing that the current
response presents larger discrepancies, particularly in mag-
nitude.
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FIGURE 4. Voltage Bode Plot

A second point, more subtle, is the remaining gain differ-
ence between the experimental response and the parasitic-
aware models. This difference should not be interpreted only
as an error in the static conversion ratio. The Bode diagrams
do not represent the static gain Vo/Vg. They represent the
incremental gains obtained after linearization around a given
operating point. In other words, at low frequency,

Gvod(0) ≈
∂Vo

∂d

⃓⃓⃓⃓
d̄

, GiLd(0) ≈
∂IL
∂d

⃓⃓⃓⃓
d̄

. (50)

Eletrônica de Potência, Rio de Janeiro, v. 31, e202634, 2026. 5

https://creativecommons.org/licenses/by/4.0/


Piontkewicz et al.: Energy-based modelling and comparison of experimental and real-time simulated Boost converter with parasitics

101 102 103 104

0

20

40
G
a
in
(d
B
)

Current { gain

101 102 103 104

Frequency (Hz)

-200

-100

0

100

P
h
a
se
(/
)

Current { phase

Experiment

Simulation

Averaged

Ideal

FIGURE 5. Current Bode Plot

Therefore, the measured gain is associated with the local
slope of the equilibrium curve, not with the equilibrium value
itself.

This distinction is important for the boost converter be-
cause its equilibrium curves are strongly nonlinear with
respect to the duty ratio. For the ideal converter,

Mi(d) =
Vo

Vg
=

1

1− d
. (51)

Thus,

Vo(d) =
Vg

1− d
, (52)

and the low-frequency duty-cycle-to-output-voltage gain is
given by the local derivative

∂Vo

∂d
=

Vg

(1− d)2
. (53)

Hence, the voltage Bode diagram is related to the slope
of Vo(d), rather than to the value of Vo(d). For example,
at d = 0.5, the ideal converter has Vo = 2Vg, but the
incremental gain is 4Vg. With Vg = 12 V, this gives
approximately 48 V per unit variation of duty ratio, or
33.6 dB, which is consistent with the low-frequency level
observed in Fig. 4.

The same reasoning applies to the inductor current, but
with even higher sensitivity. In the ideal case,

IL(d) =
Vg

R(1− d)2
. (54)

Therefore,
∂IL
∂d

=
2Vg

R(1− d)3
. (55)

This cubic dependence on 1/(1 − d) makes the current
gain particularly sensitive to small differences in the actual
operating point. This helps explain why the current response
in Fig. 5 presents a larger spread than the voltage response,
mainly at higher frequencies, where switching ripple, sensor

noise, and acquisition bandwidth also become more relevant.
This higher sensitivity is also consistent with the lower fit
indices obtained for the current response compared with the
voltage response.

The sensitivity can be made explicit by using normalized
sensitivity functions. For the ideal static gain,

Sd
Mi

=
d

Mi

∂Mi

∂d
=

d

1− d
. (56)

However, for the low-frequency duty-cycle-to-output-voltage
gain,

Gvod,i(0) ∝
1

(1− d)2
, (57)

which leads to

Sd
Gvod,i(0)

=
d

Gvod,i(0)

∂Gvod,i(0)

∂d
=

2d

1− d
. (58)

For the duty-cycle-to-inductor-current gain,

GiLd,i(0) ∝
1

(1− d)3
, (59)

and therefore

Sd
GiLd,i(0)

=
3d

1− d
. (60)

At the nominal operating point d = 0.5, these sensitivities
are

Sd
Mi

= 1, Sd
Gvod,i(0)

= 2, Sd
GiLd,i(0)

= 3. (61)

Thus, the small-signal gains observed in the Bode diagrams
are more sensitive to the duty ratio than the static conversion
ratio itself.

In the non-ideal model, the same interpretation remains
valid, but the equilibrium curve is modified by the parasitic
elements. The static gain is

Mp(d) =
(1− d)R

ΩBoost

[︃
1− (1− d)

VD

Vg

]︃
, (62)

with

ΩBoost = rL + drsw + (1− d)(rD + β) + (1− d)2αR.
(63)

Consequently, the low-frequency gains are associated with
the local slopes of this non-ideal equilibrium curve. Since
ΩBoost depends on the load, ESR, DCR, semiconductor
resistances, and diode voltage drop, small deviations in these
parameters change the slope around the operating point and,
therefore, change the Bode gain.

This is the main reason why a residual gain mismatch
may remain even when the parasitic-aware model captures
the overall frequency response correctly. The model and
the experiment may have similar steady-state voltages and
currents, but a small difference in effective duty ratio, load
value, sensor gain, dead time, or parasitic parameter changes
the local derivative used by the linearized model. Since the
boost converter has high duty-ratio sensitivity, especially
in the current dynamics, these small differences become
visible as gain offsets in Fig. 4 and Fig. 5. Therefore, the
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agreement obtained with the parasitic-aware model should
be evaluated mainly by its ability to reproduce the damping,
resonance region, phase trend, and overall dynamic shape,
while recognizing that exact low-frequency gain matching
requires very accurate identification of the effective operating
point.

B. Time response analysis
Fig. 6 shows the output-voltage and inductor-current re-
sponses for positive and negative duty-cycle steps. The
experimental response is compared with the switched HIL
simulation, the averaged parasitic-aware model, and the ideal
averaged model. The first observation is that the ideal model
predicts a much larger voltage and current excursion than
the prototype. It also produces an underdamped oscillatory
response that is not observed with the same intensity in
the experimental waveform. This behavior is consistent with
the frequency-domain results: by neglecting the parasitic
resistances and semiconductor voltage drops, the ideal model
overestimates the conversion gain and removes an important
part of the physical damping of the converter.
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FIGURE 6. Duty-cycle step response.

The parasitic-aware averaged model gives a much more
realistic prediction of the mean output voltage and mean
inductor current. It does not reproduce the switching ripple,
as expected from an averaged representation, but it follows
the main transient envelope and the final operating levels
more closely than the ideal model. The switched HIL sim-
ulation adds the ripple component and remains close to the
experimental response, especially in the output voltage. In
the inductor current, the experimental waveform presents
larger ripple and slightly different peak values, mainly after
the positive duty-cycle step. This difference is compatible
with practical effects such as sensor bandwidth, PWM and
driver delays, dead time, semiconductor nonlinearities, and

v o
(V

)

19

20

21

22

23

24

25

26
Load step

Time (s)

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

i L
(A

)

0

0.5

1

1.5

2

2.5

3

Experiment

Simulation

Averaged

Ideal

FIGURE 7. Load step response.

uncertainty in the effective values of the inductor resistance
and capacitor ESR.

The duty-cycle step therefore highlights two different
aspects of the validation. First, the ideal model is useful as
a reference, but it is not adequate for quantitative prediction
of the tested prototype, since it overestimates both the
operating level and the oscillatory behaviour. Second, the
parasitic-aware model captures the average dynamics with
good accuracy, while the HIL simulation better represents
the switched nature of the experimental converter. This
separation between averaged dynamics and switching ripple
is important, because the proposed energy-based model is in-
tended to describe the dominant converter dynamics without
requiring a switch-level representation.

Fig. 7 presents the response to load perturbations. When
the load demand increases, the output voltage drops tem-
porarily and the inductor current rises to supply the addi-
tional power. When the load demand decreases, the opposite
behavior is observed: the output voltage presents an over-
shoot and the inductor current moves to a lower steady-state
value. The experimental, HIL, and averaged parasitic-aware
responses follow the same physical trend in both transitions.

The ideal model again deviates significantly from the prac-
tical response. Its voltage waveform remains centered around
a higher operating level and exhibits larger oscillations after
the load transition. This occurs because the ideal converter
assumes lossless energy transfer and does not include the
dissipative terms that reduce the steady-state voltage and
damp the transient response. As a result, the ideal response
may reproduce the qualitative direction of the transient, but
it does not provide a reliable estimate of the actual voltage
level, current level, or damping observed in the prototype.

The parasitic-aware averaged model provides a closer
description of the mean transient behaviour during the load
step. The switched HIL simulation follows the same average
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FIGURE 8. Normalized influence of the parasitic parameters on: (a) static gain, (b) natural frequency, (c) peak magnitude of Gvod, and (d) damping ratio.

tendency and also includes the high-frequency ripple present
in the experimental data. The remaining differences between
HIL and experiment are more visible in the current waveform
and can be attributed to load-switching dynamics, sensor
noise, acquisition bandwidth, component tolerances, and
parameter variations with current and temperature. Even with
these differences, the comparison confirms that including
parasitic effects is essential to reproduce the dominant time-
domain behavior of the practical boost converter.

C. Parameter sensitivity analysis
To quantify the influence of each parasitic element, an one-
at-a-time parametric analysis is performed. Each parameter
p ∈ {rL, rC , rsw, rD, VD} is varied from zero to twice
its nominal value, while the remaining parameters are kept
constant. Both the parameters and the resulting metrics are
normalized with respect to their nominal values. The char-
acteristic polynomial in (44) can be written as ∆(s) = s2 +
a1s + a0, yielding ωn =

√
a0 and ζ = a1/(2ωn), whereas

the peak magnitude is obtained directly from Gvod(jω).
As shown in Fig. 8, rD and rL have the strongest influence

at the investigated operating point. Increasing either resis-
tance reduces the static gain and resonant peak while increas-
ing the natural frequency and damping ratio. The capacitor
ESR has a secondary effect, particularly on the peak mag-
nitude and damping, whereas rsw produces comparatively
small variations. The diode forward voltage mainly affects
the static gain and has negligible influence on ωn and ζ, since
it does not directly appear in the state matrix. Therefore,
the converter dynamics are predominantly determined by the

parasitic resistances in the main current path. The relevance
of the parasitic elements is determined not only by the abso-
lute converter power but also by their values relative to the
operating conditions. From (27), the resistive effects can be
interpreted through ratios such as rL/R, rsw/R, rD/R, and
rC/R, whereas the relative influence of the diode forward
voltage is associated with VD/Vg. Consequently, increasing
the operating voltage reduces the relative contribution of an
approximately constant diode forward-voltage drop, while
resistive parasitics may remain significant depending on the
load current and effective load resistance. Similarly, although
the switching frequency does not explicitly appear in the
averaged formulation, substantial changes in fs may modify
ripple and frequency-dependent semiconductor and magnetic
losses, requiring the corresponding parasitic parameters to be
reassessed.

IV. CONCLUSION
This paper presented an energy-based modeling approach for
a boost converter including parasitic effects. The Lagrangian
formulation led to a compact averaged model, from which
the static gain, small-signal linearization, and duty-cycle-
to-output-voltage and duty-cycle-to-inductor-current transfer
functions were obtained. The experimental validation showed
that the ideal model overestimates the voltage and current
gains, produces excessive resonant peaks, and predicts less
damping than observed in the practical converter.

By including the inductor DCR, capacitor ESR, switch
resistance, diode resistance, and diode voltage drop, the
proposed model provided a closer representation of both
frequency-domain and time-domain responses. The Bode di-
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agrams showed that the parasitic-aware model better captures
the damping and phase behavior around the resonant region,
while the time-domain tests confirmed that it reproduces the
mean transient response more accurately than the ideal for-
mulation. The switched HIL simulation further reproduced
the ripple component observed experimentally.

The results confirm that parasitic elements are relevant not
only for efficiency estimation, but also for dynamic modeling
and control-oriented analysis. The energy-based formulation
does not yield dynamics that could not be obtained through
conventional state-space averaging; rather, it provides a
structured separation between stored energy, dissipation, and
external sources. Although this advantage is modest for
the second-order Boost converter, the resulting framework
provides a consistent basis for extending parasitic-aware
modeling to converters with a larger number of energy-
storage elements.
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