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 a b s t r a c t

Nowadays, extensive research is conducted on interleaved DC-DC boost converters due to their ability to mini-
mize current ripple and enhance fault tolerance. In this article, we present a control methodology that achieves 
effective output voltage regulation while demonstrating robustness against uncertainties in parameters, vari-
ations in the source supply voltage, and deviations in load. These objectives are achieved by developing an 
equivalent circuit model for the interleaved boost converter and formulating a linear representation using the 
exact linearization technique. Subsequently, trajectory tracking control strategies are employed, incorporating a 
sliding mode element to manage parameter uncertainties and compensate for disturbance errors. The controller, 
applied to the equivalent boost converter model, adjusts the duty cycle of each individual MOSFET command 
signal. This control mechanism utilizes the output voltage and the sum of the currents within the converter’s 
branches as feedback variables. Experimental results illustrate the effectiveness and feasibility of the presented 
methodology.

1.  Introduction

Recently, there has been widespread research interest in interleaved 
DC-DC boost converters; it is mainly due to their performance in rip-
ple minimization and high efficiency, together with fault tolerance. For 
these reasons, they are prominently featured in specialized literature. 
It is common knowledge that interleaved conversion involves parallel 
connections that operate at the same switching frequency. Besides, the 
consecutive switching instants are deliberately delayed by the switch-
ing period divided by the number of branches. In this configuration, 
each branch is connected to the same source, output capacitor, and load 
(Miwa et al., 1992). In contrast to interleaved configuration, to reduce 
current ripples and to increase efficiency of the system, alternative so-
lutions are found in boost converters controlled through suitable tech-
niques where both voltages and currents are contemporaneously regu-
lated to prevent overshoots or excessively high ripples (Alonge et al., 
2023; Sferlazza et al., 2020), or in configurations that use inductors 
in the quasi-saturation region achieving a better power density with
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reduced size inductors (Pilato et al., 2024; Scirè et al., 2025; Sciré 
& Montana, 2025). In (Kolar et al., 2012), furthermore, the advan-
tages of the interleaved configuration are assessed in terms of ef-
ficiency, harmonic management, and loss reduction. As such, (Giral 
et al., 1999), 𝑁 identical boost converters are interconnected in par-
allel to enforce the output voltage reaching the desired value, thereby 
reducing ripple in both the input current and output voltage. In the 
context of plug-in hybrid electric vehicle applications, (Hegazy et al., 
2011) investigates an interleaved two-phase DC-DC boost converter, 
employing a frequency domain control, it adopts a simplified transfer
function from duty-cycle to voltage and duty-cycle to current. The in-
terleaving topology for power converters is well established in the lit-
erature, with numerous studies addressing its control methodologies. 
Traditional approaches often rely on PI-based control, as seen in (Miwa 
et al., 1992), where a two-phase interleaved boost converter in dis-
continuous conduction mode (DCM) achieves high efficiency and low 
diode losses through a combination of PI control for voltage regulation 
and bang-bang control for current management. More advanced control 
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techniques based on state-space modeling have also been explored. For 
instance, (Veerachary et al., 2001) presents a state-space model of an 
interleaved boost converter, although it is primarily utilized for steady-
state analysis rather than dynamic control design. Similarly, (Lai et al., 
2012) employs a frequency-domain approach to regulate phase currents 
through static control, which does not account for system dynamics. 
Recent advances have introduced intelligent control techniques such 
as machine learning-based controllers (Qie et al., 2022; Reddy & Sud-
hakar, 2018) and optimization-based strategies like model predictive 
control (MPC) (Denaro et al., 2023; Sartipizadeh et al., 2021; Zhao et al., 
2020). While these methods improve performance and robustness, they 
often require complex computational resources or rely on approximate 
models. Alternative nonlinear model-based control techniques such as 
backstepping (Hao et al., 2022; Xu et al., 2020), sliding mode control 
(SMC) (Jiang et al., 2019), ∞ control (Keskin et al., 2021), passivity-
based control (Liu et al., 2021), and feedback linearization (FL) (Gkizas 
et al., 2018; Koundi et al., 2022) have also been proposed. Additionally, 
active disturbance rejection control (ADRC) (Smadi et al., 2023; Zhuo 
et al., 2019, 2021) has been utilized to compensate for disturbances and 
parameter uncertainties. However, these techniques face challenges in 
robustness and disturbance estimation accuracy. In response to these
limitations, this paper introduces an innovative control strategy for in-
terleaved boost converters based on an extended third-order model de-
rived from the conventional second-order averaged model. By incorpo-
rating the duty cycle as an additional state variable, this dynamic in-
put model allows discontinuities in the auxiliary input to translate into 
smooth variations in the duty cycle. The proposed approach enhances 
control flexibility and ensures smoother transitions, particularly advan-
tageous in high-performance power electronics applications. Using a 
nonlinear transformation, this model is converted into the Brunovsky 
canonical form (Gehan et al., 2017), enabling the design of a trajectory-
tracking control law that ensures convergence to zero of the tracking 
error. The proposed control approach integrates Active Disturbance Re-
jection Control to estimate and compensate for endogenous disturbances 
through an Extended State Observer (ESO). Unlike traditional ADRC ap-
proaches, which assume a known system structure and rely on prede-
fined disturbance rejection mechanisms, our method explicitly considers 
parametric uncertainties and estimation errors, and a Sliding Mode (SM) 
component is incorporated into the control law to improve robustness.

Combining ADRC with a sliding mode correction mechanism ensures 
robustness against modeling inaccuracies, external disturbances, and pa-
rameter variations. This hybrid control structure effectively mitigates 
common limitations found in conventional control approaches, such as 
sensitivity to noise in SMC and estimation errors in ADRC. Unlike MPC-
based approaches, which require an approximate model for trajectory 
evaluation, or backstepping and traditional ADRC methods, which lack 
robustness against parametric uncertainties, our method provides an al-
ternative framework leveraging exact linearization. This methodology 
enables a more precise control action without relying on predictive mod-
els or iterative optimization routines, making it computationally effi-
cient and better suited for real-time applications. Additionally, this work 
builds upon our previous study (Sferlazza et al., 2023) by extending the 
theoretical foundation and providing a comprehensive experimental val-
idation on a silicon carbide-based interleaved boost converter prototype. 
The proposed control design has been rigorously tested under various 
operating conditions, demonstrating its robustness and reliability. Ex-
tensive experimental verification, including transient response analysis, 
disturbance rejection capability, and steady-state performance evalua-
tion, further validates the superiority of the proposed approach over 
existing techniques.

2.  Dynamic model of the 𝑵-phases interleaved boost converter

The 𝑁-phases interleaved boost converter electrical circuit is de-
picted in Fig. 1.

Fig. 1. Electrical circuit of the 𝑁-Phases interleaved boost converter.

Under the assumption of a boost converter designed for continuous 
conduction mode and neglecting the parasitic resistance of the capaci-
tor, its analytical model description can be written as follows:

𝑖̇𝐿𝑖
= 1

𝐿𝑖

(

−𝑟𝐿𝑖
𝑖𝐿𝑖

− (1 − 𝑢𝑖)𝑣𝐶 + 𝑉𝑖𝑛
)

, 𝑖=1,⋯, 𝑁 (1)

𝑣̇𝐶 = 1
𝐶

𝑁
∑

𝑖=1
(1 − 𝑢𝑖)𝑖𝐿𝑖

− 1
𝑅𝐶

𝑣𝐶 , (2)

where 𝑢𝑖 ∈ {0, 1} (𝑢𝑖 = 0 if the switch is in the OFF state and 𝑢𝑖 = 1 if 
the switch is in the ON state). This model encompasses all operational 
conditions. Besides, when designing a controller, a further advantage is 
achieved by associating an averaged model with this one, obtained by 
replacing the discontinuous inputs 𝑢𝑖 with continuous inputs 𝜆𝑖 ∈ [0, 1]. 
This averaged model is given by:

𝑖̇𝐿𝑖
= 1

𝐿𝑖
(−𝑟𝐿𝑖

𝑖𝐿𝑖
− (1 − 𝜆𝑖)𝑣𝐶 + 𝑉𝑖𝑛), 𝑖=1,⋯, 𝑁 (3)

𝑣̇𝐶 = 1
𝐶

( 𝑁
∑

𝑖=1
(1 − 𝜆𝑖)𝑖𝐿𝑖

− 1
𝑅
𝑣𝐶

)

, (4)

It is essential to highlight that specific symmetry conditions are incor-
porated into this model. In particular, all phases use identical inductors, 
resulting in uniform values for inductance and parasitic resistance, de-
noted by 𝐿 and 𝑟𝐿, respectively. Furthermore, within each switching pe-
riod 𝑇𝑠, the same value of 𝜆𝑖 = 𝜆 is applied across all N-phases and the 
command signals to the MOSFET gates are shifted by 𝑇𝑠∕𝑁 each other. 
This setup ensures that the average phase currents are equal, leading, 
from (3) and (4), to the following averaged dynamic model:

𝑖̇𝐿 = 1
𝐿𝑒𝑞

(−𝑟𝐿𝑒𝑞
𝑖𝐿 − (1 − 𝜆)𝑣𝐶 + 𝑉𝑖𝑛), (5)

𝑣̇𝐶 = 1
𝐶

(

(1 − 𝜆)𝑖𝐿 − 1
𝑅
𝑣𝐶

)

, (6)

where the input current 𝑖𝐿 is given by 𝑖𝐿 =
∑𝑁

𝑖=1 𝑖𝐿𝑖
, 𝐿𝑒𝑞 = 𝐿∕𝑁 , and 

𝑟𝐿𝑒𝑞
= 𝑟𝐿∕𝑁 . The model (5) and (6) shows that, in the above-illustrated 

hypotheses, the N-phases interleaved converter is equivalent to a single-
phase conventional boost converter with parameters 𝐿𝑒𝑞 and 𝑟𝐿𝑒𝑞

. More-
over, since this model has single control variable (i.e., 𝜆), the control of 
the boost interleaving can be carried out by controlling the equivalent 
conventional single-phase boost described by (5) and (6).

Control Engineering Practice 169 (2026) 106746 

2 



G. Garraffa et al.

The set of equilibrium states, corresponding to a generic value of the 
output 𝑉 ∗

𝐶  is given by: 

𝐼∗𝐿 =
𝑁𝑉𝑖𝑛

𝑟𝐿 +𝑁𝑅(1 − 𝜆𝑒)2
, (7)

where: 

𝜆𝑒 = 1 −
𝑅𝑉𝑖𝑛 +

√

(𝑅(𝑅𝑉 2
𝑖𝑛 − 4𝑟𝐿𝑒𝑞

𝑉 ∗
𝐶
2))

2𝑅𝑉 ∗
𝐶

(8)

is the obtained from the solution of the following second-order equation 
with 𝜉 = 1 − 𝜆𝑒:

𝑅𝑉 ∗
𝐶 𝜉

2 − 𝑅𝑉𝑖𝑛𝜉 + 𝑟𝐿𝑒𝑞
𝑉 ∗
𝐶 = 0. (9)

3.  Motivation and control methodology

Among model-based control strategies for nonlinear systems, Feed-
back Linearization (FL) offers a way to transform the nonlinear dynamics 
into an equivalent linear system through a suitable nonlinear state feed-
back. This transformation typically yields a chain of integrators driven 
by an auxiliary control input and a total disturbance term, which com-
bines linear and nonlinear couplings linked to system dynamics and pa-
rameters. In ideal conditions, this disturbance can be exactly compen-
sated, enabling the desired closed-loop behavior. However, FL is highly 
sensitive to modeling errors and parameter uncertainties, since the re-
quired nonlinear compensation relies on precise knowledge of the sys-
tem. Active Disturbance Rejection Control (ADRC) addresses this lim-
itation by estimating the total disturbance through an Extended State 
Observer (ESO) and compensating it online. For this reason, ADRC can 
be viewed as a robust counterpart of FL, capable of handling parameter 
variations, unmodeled dynamics, and exogenous disturbances. Despite 
this advantage, ADRC performance may degrade when the disturbance 
estimation is inaccurate or when uncertainties affect the control chan-
nel itself, such as errors in the forcing coefficient, which the ESO cannot 
observe. To enhance robustness in these critical situations, this paper in-
troduces an advanced ADRC scheme that augments the nominal control 
law with a Sliding Mode (SM) term. The SM gain is computed by enforc-
ing the sliding condition on a surface defined as a linear combination 
of the tracking error and its derivative. Therefore, the main objective of 
this work is to achieve a higher level of robustness compared with ex-
isting nonlinear control strategies reported in the literature. The main 
steps of the proposed methodology can be summarized as follows:

A. The first step involves extending the plant state equations (5) 
and (6) to include the duty cycle among the state variables, by 
defining an auxiliary plant input. This formulation yields a third-
order model and ensures a smooth control variable, as discussed 
in the introduction.

B. Since ADRC relies on a model expressed in the Brunovsky canon-
ical form, the second step consists of performing an exact feed-
back linearization of the extended third-order model. This trans-
formation results in a linear, time-invariant model in Brunovsky 
form, where the new state variables are nonlinear functions of 
the original states, and the control input depends on both the 
auxiliary input and an equivalent endogenous disturbance.

C. The third step involves applying state-feedback control to the 
linearized Brunovsky model, which is fully controllable. Imple-
mentation of this controller requires knowledge of the state vari-
ables and their derivatives. These quantities, together with the 
equivalent disturbance introduced in Step B, are estimated using 
a Linear Extended State Observer (LESO).

D. Finally, to enhance robustness against parametric and modeling 
uncertainties, LESO estimation errors, measurement noise, and 
supply voltage variations, a sliding-mode control component is 

incorporated into the overall controller design to obtain the full 
robustness against parameter variations, unmodeled dynamics, 
and exogenous disturbances.

These steps are declined in the following subsections.

3.1.  Exact linearization of the single-phase equivalent boost model

In this paper, linearization is applied to the dynamic model of the 
converter with an integral-type dynamic input, assuming 𝑟𝐿 = 0. This 
model presents advantages due to the influence of the integrator (see 
(Fossen & Strand, 1999)). The extended state-space model for the single-
phase equivalent boost converter with a dynamic integral input is de-
rived by expanding the state of model (5) and (6) with the addition of 
the following equation:
𝜆̇ = 𝛿, (10)

Here, 𝛿 serves as the auxiliary input. This approach treats the converter 
control variable 𝜆 as a third state variable. The control variable 𝜆 is sub-
sequently obtained by integrating the auxiliary control input 𝛿, allowing 
for effective filtering of its high-frequency components. The extended 
state-space model consists of (5), (6) and (10), where the state variables 
of the extended model are 𝑖𝐿, 𝑣𝐶 and 𝜆, while 𝛿 is the auxiliary con-
trol input. The output variable is 𝑣𝐶 . In this way, a smooth duty-cycle is 
obtained as the integral of the auxiliary input 𝛿, with the aim of atten-
uating possible discontinuities present in 𝛿.
Defining:

𝑧1 = 𝐶𝑣2𝐶 + 𝐿𝑖2𝐿, (11)

as the output of the linearized model, the Brunovsky canonical form can 
be written as follows:
ż = A𝑧z + b𝑧𝜇 (12)

𝑦𝑧 = 𝑧1 (13)

where:

A𝑧 =
⎡

⎢

⎢

⎣

0 1 0
0 0 1
0 0 0

⎤

⎥

⎥

⎦

, b𝑧 =
⎡

⎢

⎢

⎣

0
0
1

⎤

⎥

⎥

⎦

,

𝜇 = 𝛼𝛿 + 𝜂, (14)

𝛼 = 2
(

𝑉𝑖𝑛
𝐿

+ 2
𝑅𝐶

𝑖𝐿

)

𝑣𝑐 , (15)

𝜂= 8
𝑅2𝐶

𝑣𝐶 𝑣̇𝐶 − 2(1−𝜆)
(

𝑉𝑖𝑛
𝐿

𝑣̇𝐶+
2
𝑅𝐶

(𝑣̇𝐶 𝑖𝐿 + 𝑣𝐶 𝑖̇𝐿)
)

. (16)

where 𝜂 is considered as an endogenous disturbance.

3.2.  Control strategy for the linearized model

The previously introduced Brunovsky canonical form is controllable 
and results in the following input-output model:
𝑦𝑧 = 𝜇. (17)

The control law for the model in (17) is derived from the following 
result.

Theorem 1. The control law given by:
𝜇=𝑧1,𝑟𝑒𝑓 − 𝛾𝑧2(𝑧̈1 − 𝑧̈1𝑟𝑒𝑓 ) − 𝛾𝑧1(𝑧̇1 − 𝑧̇1𝑟𝑒𝑓 ) − 𝛾𝑧0(𝑧1 − 𝑧1𝑟𝑒𝑓 ). (18)

where 𝑧1𝑟𝑒𝑓 = 𝐶𝑣2𝐶,𝑅𝐸𝐹 + 𝐿𝐼∗2𝐿 , and 𝐼∗2𝐿  are obtained by means of (7) and
(9) putting 𝑉 ∗

𝐶 = 𝑣𝐶,𝑅𝐸𝐹 . Eq.  (18) induces asymptotic stability to dynamics
(17) if the polynomial (𝑠 − 𝜔𝑐 )3 = 𝑠3 + 𝛾𝑧2𝑠2 + 𝛾𝑧1𝑠 + 𝛾𝑧0 = 0 is Hurwitz; 𝜔𝑐
is a free-parameter to be chosen. 
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Fig. 2. Block diagram of the proposed control algorithm.

Proof.  Putting 𝑒𝑦𝑧 = 𝑦𝑧 − 𝑦𝑧,𝑟𝑒𝑓 , substituting (18) into (17), the follow-
ing equation is obtained:
𝑒𝑦𝑧 + 𝛾𝑧2𝑒𝑦𝑧 + 𝛾𝑧1𝑒̇𝑦𝑧 + 𝛾𝑧0𝑒𝑦𝑧 = 0, (19)

which implies that lim𝑡→∞ 𝑒𝑦𝑧 = 0 if the hypothesis is met. ∎
Since the aim is to determine the plant input 𝛿 by inverting (14):

𝛿 = 𝛼−1(𝜇 − 𝜂), (20)

it is also necessary to estimate the disturbance 𝜂. These objectives can 
be achieved using a Linear Extended State Observer. The LESO for (12), 
with extended state assuming 𝑧4 = 𝜂, is given by:
̇̂𝑧1 = 𝑧̂2 + 𝜖−1𝛽1𝑒𝑧, (21)
̇̂𝑧2 = 𝑧̂3 + 𝜖−2𝛽2𝑒𝑧, (22)
̇̂𝑧3 = 𝑧̂4 + 𝜖−3𝛽3𝑒𝑧 + 𝛼𝛿, (23)
̇̂𝑧4 = 𝜖−4𝛽4𝑒𝑧. (24)

Here, 𝑒𝑧 = 𝑧1 − 𝑧̂1, and the parameters 𝛽𝑖, 𝑖 = 1,… , 4, are typically 
chosen as the coefficients (in descending order) of the polynomial (𝑠 −
𝜔0)4, where 𝜔0 is an appropriately selected parameter (see (S. S.-T. Yau 
& Gao, 2007)). Furthermore, in (Guo & Zhao, 2011), it is shown that 
if |𝜂| and |𝜂̇| are bounded, the estimation error of the LESO converges 
asymptotically uniformly to zero. Note that 𝑧̂4 represents the estimated 
value of 𝜂.

3.3.  Sliding mode component design

The ADRC control law is a powerful tool for controlling both linear 
and nonlinear uncertain systems, but it has two inherent limitations: 
(1) performance degradation due to errors in estimating the total dis-
turbance 𝜂, and (2) uncertainty in the control gain 𝛼. These issues have 
not been explicitly addressed in existing literature for power converters 
control, and as already said, are the robustness requirements presented 
in this paper.

Estimation errors in 𝜂 can arise because the control input 𝛿 is ap-
plied through the uncertain gain 𝛼, and because the disturbance esti-
mation relies on signals like 𝑣𝑐 and 𝑖𝐿, which are affected by noise and 
biases. While the LESO shows robustness in estimating 𝑧1, errors in the 
measured signals propagate to all estimated states, including the distur-
bance. The second issue is more critical: since the control input is scaled 
by 𝛼, variations in this parameter cannot be compensated by the LESO 
and thus affect control performance. Prior work (e.g., (Han, 2009)) con-
siders limited variations of 𝛼 (±50%), but in practical scenarios, such 

as control with variable input voltage, 𝛼 may vary by a factor of 2–3 or 
more, since it depends on the circuit parameters, including the supply 
voltage 𝑉𝑖𝑛 and the state variables 𝑣𝐶 and 𝑖𝐿. This necessitates a specific 
strategy to ensure robustness.

In the following, we propose a solution that explicitly addresses both 
sources of uncertainty and provides a theoretical justification for its ef-
fectiveness. Based on the above considerations, the basic ADRC has been 
enhanced by incorporating a sliding mode control component into the 
existing control law (20), to address the two previously mentioned lim-
itations.

Assumption 1. It is assumed that the maximum error in the 𝜂 is 
bounded, therefore:
|

|

|

𝜂̃||
|

= |

|

|

𝜂 − 𝜂̂||
|

≤ 𝜖𝜂
|

|

|

𝜂̂||
|

. (25)

where 𝜂̂ is the estimate of 𝜂.
Moreover, denoting 𝛼𝑚 and 𝛼𝑀  the minimum and the maximum val-

ues of 𝛼, 𝛼 ∈ [𝛼𝑚, 𝛼𝑀 ], assuming 𝛼̂ =
√

𝛼𝑚𝛼𝑀  and 𝛽 =
√

𝛼𝑀∕𝛼𝑚, it fol-
lows that:
𝛼
𝛼̂
∈ [𝛽−1, 𝛽]. (26)

See (Slotine & Li, 1991) for further details. ⌟

Theorem 2. Assume that the control input 𝛿 in (20) is replaced with the 
following: 

𝛿 = 1
𝛼̂
(𝜇 − 𝑧̂4 + 𝑢𝑠𝑚), (27)

where 𝜇 is the control input (18) designed for the case of nominal 𝜂 and 
𝛼 values and 𝑢𝑠𝑚 is:
𝑢𝑠𝑚 = − sign(𝑠), (28)

𝑠 = 𝑒𝑦𝑧 + 𝑘1𝑒̇𝑦𝑧 + 𝑘0𝑒𝑦𝑧, (29)

where 𝑒𝑦𝑧 = 𝑦𝑧 − 𝑦𝑧,𝑟𝑒𝑓 , and 𝑘0 and 𝑘1 are such that the polynomial 𝑠2 +
𝑘1𝑠 + 𝑘0 = 0 is Hurwitz. If the gain  is designed as follows:
 ≥ |𝜇 − 𝑧̂4| + 𝜖𝜂𝛽|𝑧̂4| + 𝛽|𝑧̂4 + 𝑘1𝑧̈1 + 𝑘0𝑧̇1 + 𝜌|, (30)

with 𝜖𝜂 satisfying (25) and 𝜌 is a positive constant, then the system (12) and
(13) slides on the surface 𝑠 = 0, for each value of the uncertainties satisfying 
Assumption 1. ⌟

Proof.  By selecting as Lyapunov function 𝑉 (𝑠) = 1
2 𝑠

2, its derivative is 
𝑉̇ (𝑠) = 𝑠𝑠̇ and it is negative definite if the following inequality holds:
𝑠̇sign(𝑠) ≤ −𝜌. (31)
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for any positive constant 𝜌,
Inequality (31) is satisfied if  is chosen such that

 ≥ |𝜇 − 𝑧̂4| + 𝜖𝜂𝛽|𝑧̂4| + 𝛽|𝑧̂4 + 𝑘1𝑧̈1 + 𝑘0𝑧̇1 + 𝜌|, (32)

where parameter 𝜖𝜂 is determined by assuming that |𝜂−𝜂̂|
|𝜂̂| ≤ 𝜖𝜂 , and if the 

derivatives of 𝑦𝑧,𝑟𝑒𝑓  are assumed zero. ∎
Theorem 2 is crucial as it provides a rigorous method to design a ro-

bust control input that addresses the issues discussed earlier, particularly 
when 𝛼𝛼̂  varies within the range (26) and the disturbance estimation er-
ror |𝜂̃| satisfies (25). The proposed conditions are specifically developed 
for the target application.

Remark 1.  As mentioned above, the duty cycle 𝜆 is obtained by inte-
grating 𝛿. This implies that the duty cycle does not contain discontinuous 
terms like in the classical sliding mode controllers, because the term 𝑢𝑠𝑚
will be integrated over time to generate 𝜆. For this reason, the proposed 
technique does not suffer from the most common problems related to 
the sliding mode control, like chattering and excessive stress on the sys-
tem due to a highly discontinuous input. ⌟

Remark 2.  There two ways to satisfy condition (32): using a conser-
vative upper bound for , ensuring robustness under all conditions but 
increasing chattering; or adopting a time-varying  based on param-
eter variations and estimated/measured state values. This work adopts 
the second approach. Notably,  depends only on known quantities like 
nominal values of 𝛼 or 𝜂 and known bounds given in Assumption 1. ⌟

The block diagram of the proposed control algorithm is illustrated 
in Fig. 2. Note that once 𝜆 is determined, it is applied uniformly across 
all 𝑁-phases of the interleaved boost converter. Each phase’s period 
is appropriately delayed by 𝑇𝑠∕𝑁 seconds, where 𝑇𝑠 is the modulation 
period and 𝑁 represents the number of phases.

3.4.  Comparison with other approaches

The approach illustrated so far, directly gives the duty-cycle as the 
control variable; this allows the implementation of the control of the 
interleaving boost converter at constant switching frequency. Other pa-
pers use sliding mode techniques for designing a control law and carry 
out the implementation of the control at a fixed switching frequency. In 
this way, the duty-cycle is determined by applying the equivalent con-
trol method. However, the dynamic behavior degrades with respect to 
that obtained under sliding mode control (see (Tan et al., 2005).

Model predictive control is based on the knowledge of a model of 
the plant under study. Consequently, if the parameters are not perfectly 
known, there exist unmodeled dynamics, and the input voltage varies 
during operations, the performance degrades and the robustness is not 
guaranteed.

The control techniques based on feedback exact linearization are 
very sensitive to the parametric uncertainties that cannot be compen-
sated. This occurs in both the coordinate transformation that brings to 
the linearized model, and the online disturbance computation based on 
the model. As for the MPC technique, the robustness property cannot be 
guaranteed (see (Yu et al., 2021; Zhao et al., 2020)).

ADRC control technique could be robust against the parametric un-
certainties if the model of the plant is directly in the Brunovsky canon-
ical form, either without disturbance or a disturbance exogenous, i.e. 
independent of the parameters of the plant, including the input sup-
ply voltage. Unfortunately, the plants of the real world are described 
by models having more general forms. In these cases, it is necessary to 
manipulate the model in order to obtain the Brunovsky canonical form. 
Based on the above considerations, this prevents the robustness prop-
erty to be reached. The control method described in this paper allows 
to overcome the problem in question including the additional sliding 
mode control component.

Finally, the PID-type controller was one of the first controller pro-
posed in the literature. This controller can be designed using a lin-
earized model of the boost obtained using the low signal approach. 
In the present paper, with the aim of compare the controller designed 
as shown in the previous Sections with a standard controller used in 
industrial environment, it is designed a PI controller. The parameters 
of this controller are chosen using the classical frequency domain ap-
proach. However, the implementation of the family of PID-type con-
troller leads to a poor dynamics of the closed loop control system, with 
either an under-damped oscillating response with overshoot, or over-
damped slow step response (see (Saadi et al., 2023; Saurav & Ghosh, 
2022; Scirè et al., 2020)).

4.  Experimental set-up

This Section presents the experimental setup built to validate the pro-
posed controller. In Fig. 1, the converter under test is shown, while Fig. 2 
illustrates the block diagram of the implemented control algorithm. A 
view of the overall test bench is provided in Fig. 3. Furthermore, Table 2 
shows the components used in the experiments, along with their corre-
sponding values. The same Table shows the experimental values for the 
input voltage 𝑉𝑖𝑛 and the target value for the output voltage 𝑣𝐶,.

The proposed controller includes several free parameters, 𝜔𝑐 , 𝜔𝑜, 𝜖, 
𝜖𝜂 , and 𝜌, whose selection criteria are summarized below and in Ta-
ble 1: Starting with 𝜌, as discussed in (Slotine & Li, 1991), this param-
eter determines the time required for the system trajectories to reach 
the sliding surface 𝑠 = 0. The reaching time is inversely proportional 
to 𝜌. Since 𝜌 directly influences the gain , it must be tuned carefully 
to avoid introducing excessive ripple into the output voltage dynamics. 
The LESO parameters 𝜔𝑜 and 𝜖 shape the observer dynamics, estimation 
accuracy, and the amplitude of high-frequency components affecting 
the estimated signals. Increasing 𝜔𝑜 improves the transient response but 
also amplifies high-frequency noise. Conversely, reducing 𝜖 enhances 
the estimation accuracy of both the derivative of 𝑧1 and the endoge-
nous disturbance. However, 𝜖 cannot be chosen too small, as this would 
trigger the peaking phenomenon; indeed, peaking becomes significant 
when 𝜖 is sufficiently small. The final values of these parameters were 
determined using the equivalent conventional-boost model, by apply-
ing a step variation of 𝜆 corresponding to the desired output voltage 
and evaluating the estimation error, defined as the difference between 
the measured and estimated values of 𝑧1 during the transient. The pa-
rameter 𝜖𝜂 was selected such that the absolute difference between the 
disturbance and its estimate is roughly 40% of the estimated value. Un-
der nominal operating conditions, this assumption was validated: simu-
lation results showed that 𝜖𝜂 , computed according to (25), converges to 
values well below 0.4 within a few milliseconds. Finally, the bandwidth 
of the state-feedback controller, 𝜔𝑐 , dictates the dynamic performance of 
the overall control system. As with 𝜔𝑜, increasing 𝜔𝑐 improves the dy-
namic response but also introduces additional high-frequency content 
into the output voltage. The chosen value therefore reflects a balance 
between dynamic performance and sensitivity to noise.

The controller’s implementation took place on the F28379D Launch-
Pad development kit, tailored for the C2000 Delfino MCU by Texas In-
struments. This kit serves as an evaluation and development platform 
for the TMS320F28379D microcontroller, chosen for its 32-bit architec-
ture and the presence of a dedicated co-processor, known as the Control 
Law Accelerator (CLA), capable of fast floating-point computations. The 
control algorithm is executed at a switch frequency of 100 kHz by the 
CLA. In contrast, tasks without stringent timing requirements are del-
egated to the main CPU. The algorithm’s source files were generated 
using Matlab-Simulink software. MOSFET gates are controlled, through 
a driver, by the processor’s PWM generator modules. The output volt-
age (𝑣𝐶 ) and the input current (𝑖𝐿) are sampled through LEM Hall-effect 
sensors installed in an appropriately designed signal conditioning board.

Five tests were conducted to validate the proposed control strategy, 
named 𝑇 𝑒𝑠𝑡1,2,3,4,5. Each of the five tests evaluated performance under 
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Table 1 
Qualitative effect of controller parameter variations on the converter behavior.
Parameter Role Increase Decrease

𝜌 Boundary condition in (31) Faster convergence of 𝑠 to zero; faster output voltage 
dynamics

Slower convergence of 𝑠 to zero; slower output voltage 
dynamics

𝜔𝑜 LESO bandwidth Faster estimation dynamics; increased noise Slower estimation dynamics; decreased noise
𝜖 LESO tuning parameter Lower estimation accuracy; reduced peaking Higher estimation accuracy; risk of peaking
𝜖𝜂 Upper bound of relative distur-

bance estimation error
More conservative disturbance error compensation Less conservative disturbance error compensation

𝜔𝑐 Controller bandwidth Faster controller dynamics; faster output voltage dy-
namics

Slower controller dynamics; slower output voltage dy-
namics

Table 2 
Electrical component values.
Name Value Model Description

𝐿1,2,…,𝑁 47 𝜇H Wurth E. 7443763540470 Inductors
𝐿𝑇 𝑒𝑠𝑡5 10 𝜇H Coilcraft MSS1278-103 Auxiliary inductor 

for 𝑇 𝑒𝑠𝑡5
𝐷1,2,…,𝑁 Bourns BSDW20S65C6 SiC Diodes
𝑄1,2,…,𝑁 Cree C3M0065090 SiC Mosfet
𝑅 20 Ω Load Resistor
𝐶 42 𝜇F Capacitor bank
𝑉𝑖𝑛 60V Input Voltage
𝑣𝐶,𝑅𝐸𝐹 120V Reference Output 

Voltage

Table 3 
IAE and ISE indexes in 𝑇 𝑒𝑠𝑡1,3,4,5.
 TEST 𝑣𝐶 𝑖𝐿

IAE ISE IAE ISE

1- Startup
ADRC 0.419 16.17 8.22 741.4
ADRC-SM 0.329 11.53 8.20 738.1
PI 0.661 21.20 8.26 751.02

3- 𝑅 down
ADRC 0.0173 4.8 10.55 1115
ADRC-SM 0.0162 4.4 10.52 1113
PI 0.0180 5.1 10.59 1116

4- 𝑣𝐶 down
ADRC 0.0218 9.01 10.583 1120
ADRC-SM 0.0215 8.88 10.576 1118
PI 0.0219 9.02 10.627 1129

5- 𝐿 up
ADRC 0.4976 18.54 8.97 823.73
ADRC-SM 0.3951 13.23 8.95 819.89
PI 0.7614 24.29 9.02 834.67

a specific operating condition. In more detail, 𝑇 𝑒𝑠𝑡1 was conducted to 
assess the response to applying a step reference; 𝑇 𝑒𝑠𝑡2 was aimed at 
evaluating steady-state behavior. 𝑇 𝑒𝑠𝑡3,4,5 are robustness tests to para-
metric variations, specifically conducted to evaluate the performance of 
the converter when a variation in the input voltage 𝑉𝑖𝑛 (from 60 V to 50
V) occurs, when a change in the load resistance 𝑅 (from 20 Ω to 15 Ω) oc-
curs and when a change in the inductance value (from 47 𝜇H to 57 𝜇H) 
occurs in one of the four converter inductors. During 𝑇 𝑒𝑠𝑡1,3,4,5, three 
different experiments were carried out to demonstrate the behavior of 
the converter under the assumption that the sliding mode component 
of the control law is either present or disabled. Additionally, another 
test was conducted using a classical PI controller to compare its per-
formance with our proposed approach. For these tests, the waveforms 
corresponding to the controller without the sliding mode component, 
named ADRC, are shown in blue, while those obtained by adding the 
sliding mode component, named ADRC-SM, are depicted in orange. Ad-
ditionally, the waveforms related to the PI controller, named PI, are 
represented in yellow. The dashed lines indicate the desired behavior. 
The graphs of the acquired waveforms and the related comments are 
provided in the following section.

Fig. 3. Equipment and setup used for the testing.

5.  Experimental results

This Section gives experimental results for 𝑇 𝑒𝑠𝑡1,2,3,4,5. To quantita-
tively assess the control performance for 𝑇 𝑒𝑠𝑡1,3,4,5, two standard perfor-
mance indices are considered: the Integral of Absolute Error (IAE) and 
the Integral of Squared Error (ISE), defined respectively as

IAE = ∫

𝑡𝑓

0
|𝑒(𝜏)|𝑑𝜏, (33)

ISE = ∫

𝑡𝑓

0
𝑒2(𝜏)𝑑𝜏, (34)

where 𝑒(𝜏) denotes the error between the reference signal and the ac-
tual output, and 𝑡𝑓  is the duration of the observation. The IAE provides 
a measure of the overall tracking accuracy, weighting all deviations 
equally, while the ISE emphasizes larger errors due to the squared term, 
making it more sensitive to transient deviations.

The results obtained are shown in Tables 3, and 4 and discussed 
throughout this section.
The results of 𝑇 𝑒𝑠𝑡1 are reported in Fig. 4 with a focus on the con-
verter’s power-on operation. The startup sequence was triggered to turn 
on at 𝑡 = 1 s. The graph includes two subplots: the upper one shows 
the dc-bus voltage 𝑣𝐶 while the lower one shows the input current 
𝑖𝐿 for the three control approaches ADRC, ADRC-SM, PI. The color 
convention (blue for ADRC, orange for ADRC-SM, and yellow for the 
PI) is maintained throughout the subsequent figures. From the anal-
ysis of Fig. 4, it is evident that the introduction of the sliding mode 
action significantly improves the system’s dynamic response. Specifi-
cally, using a classical PI controller results in a settling time of approx-
imately 35 ms, but with a noticeable and pronounced initial overshoot 
in both voltage and current. With the proposed control approach, but 
without the sliding mode component, the settling time is reduced to 
about 20 ms. Further improvement is achieved by adding the sliding 
mode component, which decreases the settling time to approximately
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Table 4 
Settling time, startup overshoot and startup undershoot in 𝑇 𝑒𝑠𝑡1,3,4,5.
 TEST 𝑣𝐶 𝑖𝐿

Settling time 
(ms)

Startup overshoot 
(%)a

Startup undershoot 
(%)a

Settling time 
(ms)

Startup overshoot 
(%)b

Startup undershoot 
(%)b

1- Startup
ADRC 15 - - 15 - -
ADRC-SM 20 - - 20 - -
PI 35 4.2 -58 35 7.1 -80

3- 𝑅 down
ADRC 15 - - 15 - -
ADRC-SM 15 - - 15 - -
PI 15 - - 15 - -

4- 𝑣𝐶 down
ADRC 20 - - 20 - -
ADRC-SM 25 - - 25 - -
PI 40 - - 40 - -

5- 𝐿 up
ADRC 17 - - 17 - -
ADRC-SM 22 - - 22 - -
PI 37 - - 37 - -

a Percentage referred to 𝑣𝐶,𝑅𝐸𝐹 .
b Percentage referred to 𝐼∗

𝐿.

Fig. 4. Output voltage 𝑣𝐶 and input current 𝑖𝐿, with and without sliding mode 
and with PI during a startup sequence in 𝑇 𝑒𝑠𝑡1.

15 ms. Regarding the input current 𝑖𝐿, improved performance is ob-
served in the test with the sliding component added, as there is no over-
shoot in this case. This behavior also reduces ohmic losses in the induc-
tors. Similarly, the reduced overshoot in the output voltage limits the 
stress on the output capacitor, enhancing the overall reliability of the 
converter. 𝑇 𝑒𝑠𝑡1 further demonstrates that, once the transient is over, 
the output voltage 𝑣𝐶 stabilizes at the desired value of 120V, while the 
input current 𝑖𝐿 settles around 13 A.

A detailed analysis of the first millisecond is reported in the zoomed 
transient in Fig. 5 reveals that the voltage and current overshoots ob-
served in the case of the PI controller are primarily due to the inherent 
response of the regulated system during the initial transient. These over-
shoots arise from the combined effect of the proportional action and the 
duty-cycle saturation within the interval [0.01, 0.8], which temporarily 
drives the output voltage above its reference before the integral action 
compensates for the excess. Differently, the responses obtained with the 
ADRC and ADRC-SM controllers do not exhibit such overvoltage or over-
current behavior. This confirms the capability of the proposed control 
schemes to ensure smooth and well-damped transients, representing a 
significant performance advantage over conventional PI control.

The analysis of the IAE and ISE indices in Table 3 confirms that the 
proposed ADRC-SM solution, achieves the best values for both indices, 
followed by the ADRC one and the PI.

Fig. 6 shows the data collected from 𝑇 𝑒𝑠𝑡2, in which we examine 
the converter’s performance in a steady state. This figure presents the 

Fig. 5. Zoomed depiction of output voltage 𝑣𝐶 and input current 𝑖𝐿, with and 
without sliding mode and with PI during a startup sequence in 𝑇 𝑒𝑠𝑡1.

waveforms for the output voltage 𝑣𝐶 , the input current 𝑖𝐿, and a detailed 
view of the four input currents 𝑖𝐿1,2,3,4. In the first subplot, focusing on 
the output voltage, it is noted that the target value is maintained with 
a ripple of less than 1V. The output current 𝑖𝐿 stabilizes and remains 
constant at about 13 A, corresponding to the equilibrium value 𝐼∗𝐿 as 
calculated from (7) and (8) setting 𝑉 ∗

𝐶 = 𝑣𝐶,𝑅𝐸𝐹 . The third subplot il-
lustrates the behavior of the input currents; in this chart, it is observ-
able that these triangular currents fluctuate slightly over a range from 
just above 0 to 6 A and have a period of 10 𝜇s, which aligns with the 
100 kHz frequency of the PWM modulator. It is important to note that, 
in this figure, the time scale is more condensed specifically to highlight 
the waveform shapes of the currents 𝑖𝐿1,2,3,4, which would not be visible 
on a larger scale.

Fig. 7 shows the waveforms captured in 𝑇 𝑒𝑠𝑡3 for all three scenarios: 
ADRC, ADRC-SM, PI. In this Test, at 𝑡 = 1 s, the load resistance is reduced 
from the initial value of 20 Ω to 15 Ω. The upper subplot shows the 
output voltage 𝑣𝐶 . Regarding the upper plot, which shows the voltage 
𝑣𝐶 , the behavior is similar in all three cases, with an undershoot of about 
half a volt. Looking at the lower subplot, which is related to the input 
current 𝑖𝐿, it is noted that this current reaches the new steady-state value 
(around 16.5 A) in approximately 15 ms for all three solutions: ADRC, 
ADRC-SM, and PI. However, ADRC-SM exhibits the lowest values for the 
IAE and ISE indices for 𝑖𝐿 and 𝑣𝐶 .

An overshoot of about 1.5 A is detected in the Test with the PI con-
troller. The overall analysis of this figure, in addition to confirming the 
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Fig. 6. Output voltage 𝑣𝐶 , input current 𝑖𝐿, and input current for each of the 4 
stages 𝑖𝐿1,2,3,4 at steady state in 𝑇 𝑒𝑠𝑡2.

Fig. 7. Output voltage 𝑣𝐶 and input current 𝑖𝐿, with and without sliding mode 
and with PI during a load variation in 𝑇 𝑒𝑠𝑡3.

control scheme’s robustness against parametric variations, demonstrates 
the clear performance improvement achieved with the introduction of 
the sliding mode component.

Fig. 8 shows the behavior of the converter for all three scenarios: 
ADRC, ADRC-SM, PI, when the input voltage 𝑉𝑖𝑛 experiences an unde-
sirable decrease of 10V from the nominal value of 60V. The upper plot 
shows the trend of the output voltage 𝑣𝐶 , where no significant differ-
ences can be observed in either the undershoot (approximately 1V) or 
the recovery time to the reference value (around 15 ms) for all three 
scenarios. This behavior is also evident from the analysis of the perfor-
mance indices in Table 3, which highlights similar results. On the other 
hand, the lower subplot reveals that the current trend differs among 
the three implemented strategies. Specifically, the PI solution exhibits 
no overshoot but recovers the new equilibrium state in approximately 
40 ms, while the ADRC and ADRC-SM solutions do so in about 25 ms 
and 20 ms, respectively. The trends related to our proposed controller 
show limited overshoot. However, the analysis of the performance in-
dices suggests that the ADRC-SM solution achieves the best overall re-
sults.

Finally, Fig. 9 shows the trends in the three scenarios when one of 
the inductors in the four-stage interleaving converter undergoes a vari-
ation. Specifically, by observing the trends, they appear similar to those 
observed in the startup test. However, since the converter operates in an 
unbalanced condition, a general performance degradation is expected, 
which manifests as an increase in ripple (both in the voltage 𝑣𝐶 and the 
current 𝑖𝐿) and an increase in the step response time. This performance 

Fig. 8. Output voltage 𝑣𝐶 , input voltage 𝑉𝑖𝑛 and input current 𝑖𝐿, with and with-
out sliding mode and with PI during input voltage variation in 𝑇 𝑒𝑠𝑡4.

Fig. 9. Output voltage 𝑣𝐶 , input voltage 𝑉𝑖𝑛 and input current 𝑖𝐿, with and with-
out sliding mode and with PI during Inductor variation in 𝑇 𝑒𝑠𝑡5.

degradation is also evident when analyzing the indices in the table be-
tween 𝑇 𝑒𝑠𝑡5 and 𝑇 𝑒𝑠𝑡1. Nevertheless, the proposed ADRC-SM control 
strategy consistently achieves better results, once again confirming the 
robustness of the proposed control strategy.

As confirmed by the experimental waveforms here reported, the 
smoothness of the control variable 𝜆 is effectively achieved by the pro-
posed ADRC-SM approach. Although the auxiliary control input 𝛿 in-
cludes high-frequency components due to the structure of the controller 
and the sliding-mode term, their effect on 𝜆 is attenuated by the inte-
gration process. Conversely, in the PI controller, the proportional term 
directly transfers high-frequency components from the voltage-error sig-
nal to 𝜆, resulting in higher ripple in the control and output voltage. This 
explains the reduced ripple observed in the ADRC-SM case and supports 
the considerations outlined in Remark 1.

6.  Conclusion

A robust nonlinear control strategy has been designed for an inter-
leaved boost converter, utilizing extended linearization, active distur-
bance compensation, and a sliding mode element to improve the closed-
loop system’s robustness. An experimental setup consisting of a four-
phase interleaving converter was developed to validate the proposed 
controller. Five different types of tests were conducted to evaluate the 
performances under a specific operating condition: (i) step reference, 
(ii) steady-state behavior, (iii) input voltage variations, (iv) paramet-
ric variation of the load resistance, and (v) parametric variation of the 
inductance. The converter behavior was analyzed considering that the 
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sliding mode component of the control law is either present or disabled. 
Through these tests and comparisons, the effectiveness of the proposed 
control solution was highlighted; furthermore, the addition of the sliding 
mode component improved the system’s behavior in terms of dynamic 
precision, even in the presence of disturbances.

The experimental campaign was deliberately structured to investi-
gate the most critical operating conditions expected in practical appli-
cations, focusing on wide variations of system parameters and operating 
points. Changes in the input voltage, load resistance, and inductance val-
ues were selected to assess the controller robustness against parametric 
uncertainties and plant variations that commonly arise in real convert-
ers. These tests provide a representative and meaningful validation of 
the proposed control strategy, demonstrating its ability to maintain sta-
ble operation and satisfactory dynamic performance over a broad oper-
ating range.

Furthermore, the proposed technique does not suffer from the most 
common problems related to the sliding mode control, like chattering 
and excessive stress on the system due to a highly discontinuous input. 
Hence, the outcomes demonstrate the suggested method’s efficacy and 
robustness in parameter variations, encompassing tolerances in induc-
tors and capacitors. Additionally, it preserves the benefits associated 
with the interleaved topology.
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