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Adaptive model-free sliding mode control for boost converter
with flexibility to varying operating conditions

Abbes Kihal', Chems Eddine Boudjedir?, Billel Talbi’, Abdeslem Sahli®, Abdelbasset Krama*

DC-DC boost converter (BC) is widely used in renewable energy systems and electric vehicles due to their high efficiency,
compactness, and strong dynamic performance. However, input voltage fluctuations and parameter variations make
maintaining stable operation challenging. Sliding Mode Control (SMC) offers high robustness but relies heavily on accurate
system models, making it sensitive to uncertainties. In contrast, Model-Free Control (MFC) based on the ultra-local model
(ULM) provides simplicity and robustness by estimating system behaviour in real time from input-output measurements.
MEC is effective for minimum-phase systems but struggles with non-minimum-phase systems like BCs. To overcome this,
an adaptive MFC-SMC (AMF-SMC) scheme is proposed, combining MFC and SMC principles. The approach uses ULM
with a time-delay estimation (TDE) technique and an adaptive gain mechanism to enhance precision and responsiveness.
Lyapunov analysis confirms uniform ultimate boundedness of the sliding surface. Comparative experiments demonstrate the
proposed controller’s superior robustness, high accuracy, and chattering-free operation.
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1 Introduction

The ability of DC-DC boost converter (BC) to
elevate an input voltage to a higher level makes it vital
in numerous applications, including consumer electro-
nics, electric vehicles (EVs), renewable energy systems
(RESs), computer systems, robotics [1]. The BC steps
up voltage by switching between two circuit modes,
storing energy during the ON phase and releasing it
during the OFF phase. This process causes a phase lag,
known as non-minimum-phase behaviour, due to
a right-half-plane zero (RHPZ) in the control-to-output
voltage path [2]. The increasing demand for accurate
and stable voltage regulation in the presence of varying
load and input conditions has prompted the deve-
lopment of more robust and adaptive control strategies
to ensure reliable and efficient performance. Con-
sequently, various control methods have been deve-
loped and refined over time to address these dynamic
requirements [3-12].

At present, the linear proportional-integral (PI)
control remains the most widely investigated scheme
for the BC applications [3]. However, this classical
approach often faces limitations when dealing with

input and load disturbances, as it lacks adaptability and
relies on fixed parameters. To address these short-
comings, several advanced nonlinear control techniques
have been developed for DC-DC converters, including
sliding mode control (SMC) [4-6], and model pre-
dictive control (MPC) [7-8], both recognized for their
improved robustness. Nevertheless, beyond their well-
known limitations such as chattering in SMC and
variable switching frequency in MPC, these methods
inherently rely on an accurate mathematical model of
the system, which can significantly limit their per-
formance in real-world applications, where uncer-
tainties, parameter variations, and dynamic changes are
common. As a result, their effectiveness may be
compromised, and the overall implementation becomes
more complex and less adaptable. To overcome these
issues, adaptive controllers [9-11] and iterative learning
controllers [12] have been introduced to better handle
for the nonlinear and coupled dynamics of the BC,
thereby enhancing tracking performance. However,
their effectiveness is still constrained by the reliance on
mathematical models and the limited availability of
precise knowledge about system dynamics and para-
meters.
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In response to these limitations, model-free control
(MFC) methods have been developed to ensure robust
performance in systems affected by disturbances and
modelling uncertainties [13-26]. Numerous studies
have explored MFC strategies based on predictive
control (MF-PC) and sliding mode control (MF-SMC).
In [13], an MF-PC approach was proposed for perma-
nent magnet synchronous motor drives, where the
nonlinearities and uncertainties introduced by the motor
and inverter were effectively addressed using an
algebraic estimation (AE) technique. Furthermore, [14]
and [15] introduced MF-PC schemes incorporating an
extended state observer (ESO) to improve disturbance
estimation. In [16], a hybrid PC-ESO was proposed for
the BC to enhance disturbance rejection capability and
reduce sensitivity to measurement noise. One of the
prominent techniques in MFC is the ultra-local model
(ULM), which approximates the system’s input—output
behaviour locally without requiring an explicit model
of the system dynamics [17]. In this approach, the
unknown system dynamics and external disturbances
are lumped into a single term, which is estimated in
real-time using only the system input and output,
without the need to distinguish between the sources of
uncertainty [18, 19]. For DC-DC converters, this
approach was applied in [20] to develop an MF-PC
strategy for an interleaved BC, where AE was used to
handle current balancing and parameter uncertainties.
However, the estimation of internal dynamics and
disturbances in the ULM framework typically relies on
algebraic methods, which can involve complex and
computationally demanding calculations [17]. To
address this limitation, time-delay estimation (TDE)
has been adopted as a practical alternative [21]. TDE
offers a straightforward and robust approach for esti-
mating total disturbances, effectively reducing imple-
mentation complexity while preserving the advantages
of MFC. Nevertheless, in the TDE-based control,
estimation errors are inevitable due to the finite sam-
pling time and the approximation involved in using
delayed signals to represent system dynamics.
A common strategy to compensate for these errors is to
introduce a robust control term, such as a SMC, which
is well known for its ability to handle bounded
uncertainties and external disturbances. In [22], a non-
linear terminal SMC (NTSMC) was integrated into the
TDE-PD framework as a compensator. However, this
method assumes that the upper bound of the estimation
error is known, a condition that is often difficult to
guarantee in practical scenarios. Consequently, the
switching gain, which must exceed this bound to ensure
stability, is typically chosen conservatively large,
leading to pronounced chattering. Another scheme was
developed for quadrotor control in [23]. Whereas, to
further improve tracking convergence and reduce
chattering, an adaptive model-free sliding mode
controller integrated with TDE was proposed for the

trajectory tracking of robotic manipulators [24]. In
contrast, applications of MF-SMC in power converter
systems remain scarce. A notable example is presented
in [25], where a sliding mode observer (SMO) was
employed within the ULM framework to estimate
unknown dynamics in permanent magnet synchronous
motor (PMSM) drives. However, to the best of our
knowledge, no existing studies have yet explored the
implementation of adaptive ULM-based SMC strate-
gies for DC-DC converters.

To address this research gap, this paper proposes an
adaptive MF-SMC (AMF-SMC) scheme with TDE
based on ULM method for the BC. The proposed
method aims to enhance tracking performance and
mitigate chattering under model uncertainties and
load/input disturbances, while preserving implement-
tation simplicity and robustness. In this framework, the
TDE technique is employed to estimate the unknown
dynamics exhibited by the ULM approach. Sub-
sequently, a SMC is incorporated to ensure the robust-
ness of the overall control strategy. Given the non-
minimum-phase nature of the BC, a global sliding sur-
face is meticulously designed to ensure system stability
and effective output regulation. Furthermore, an adap-
tive sliding gain is proposed to enhance tracking
accuracy. The dynamic gain is tuned based on the
thickness of the desired dynamic injection layer,
ensuring that the tracking error remains bounded. The
stability of the closed-loop system and the uniform
ultimate boundedness of the sliding surface are proven
using Lyapunov method. Additionally, the approach
does not necessitate prior knowledge of the upper
bound of the lumped disturbances. The effectiveness of
the proposed control scheme under various operating
conditions is validated through experimental testing,
demonstrating superior performance in comparison to
both the conventional PID control scheme and the
integral sliding mode scheme (ISMC).

The remainder of this paper is organized as follows.
Section 2 introduces the system description, prelimi-
naries, and associated control objectives. In Section 3,
the proposed AMF-SMC with TDE is presented, along
with a detailed design procedure and stability analysis.
Experimental validation is provided in Section 4.
Finally, the conclusions are drawn in Section 5.

2 System description, preliminaries,
and control objectives

As illustrated in Fig. 1, the system under study is
a BC, which comprises the following components: an
inductor L for energy storage, a freewheeling diode D
to direct current flow, a switch S (typically an IGBT)
controlled by a PWM signal, an output capacitor C
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for voltage smoothing, and a resistive load R. The
variables [V, (t), Voye(t), i ()] represent the measu-
red input voltage, output voltage, and inductor current,
respectively.

—
m l. DC/DC Boost Converter
Load

.........

Fig. 1. DC-DC BC architecture

The dynamic model of the BC over a switching
period can be formulated using the state-space ave-
raging technique as:

aOV_[0 ~i|moy, (5
1 _ L 1 L
(Xz(t))_ % _% (xz(t))+ _x%(t) u(®) +
x y T
Vin(t)
< L ) (D
20/
d
where [x1(t) x(O]T = [i,(t) vVoue(©)]T is the

state vector, u(t) is the input control (duty cycle), and
d is the external disturbance term.

2.1 ULM concept
The ULM strategy substitutes the unknown system

dynamics with a simplified local input-output
representation of the form [17]:
y™ (@) = F(&) + au(t) )

where y(t) represents the system output, n indicates
the orders of derivative, while F(t) signifies the
unknown dynamics and external disturbances, which is
continuously updated. The nonphysical coefficient a is
designed such that both sides of Eqn. (2) are of the
same magnitude.

Assuming n = 1, the control law using intelligent
controllers can be expressed in the following form [17]:

u(t) = = [F (&) + Jrep (£) + 0(e()] (3)

where e(t) is the tracking error between the desired
output y;..¢(t) and the measured output y(t), F(t) is
the estimated value of F(t), and O(e(t)) is a causal or
non-anticipative, functional of e(t), ie., O(e(t))
depends only on the past and the present.

2.2 TDE concept

Accurate estimation of F(t) is essential for effective
MFC. Instead of relying on complex algebraic identi-
fication methods [13-15], the TDE technique [26, 27] is
adopted. Assuming a sufficiently small-time delay T, ,
a valid approximation of F(t) can be derived based on
Eqn. (2).

Fit) = F(t) =F(t—Ty)

=yt —Ty) — au(t—Ty)

Here, T, represents the delay time and F (t) denotes the
estimated value of F(t). In practical implementations,
T, is typically selected to be equal to the sampling
period.

“4)

Assumption 1: The time delay estimation error is
bounded as follows:

|[F(t)—F(t)| <e (5)

where ¢ is an unknown positive constant.

Remark 1: This assumption is reasonable and has been
adopted in previous works [26, 27]. In our case, the
estimation error is given by:

F@®) = F(t) = 2,(t — Ty) — %,(t) (6)
+ a [u(t) —u(t — Tyl

Therefore, for a sufficiently small-time delay T, it is
well-justified to assume that |x,(t — T;) — X, (t)l,
and |u(t) —u(t —Ty)|| remain bounded. Moreover,
the control law does not require knowledge of this
bound.

2.3 Control objectives

The standard ULM concept mentioned in Eqn. (2) is
derived under the assumption that the system exhibits
minimum-phase (MP) behavior [17]. However, con-
trolling a BC remains challenging due to its inherently
non-minimum-phase nature. In particular, relying sole-
ly on the output voltage error for control can lead to
performance degradation and potential instability, as
the output voltage initially responds in the opposite
direction to changes in the control input.

This paper aims to develop a control strategy that
integrates SMC within the ULM framework to effecti-
vely address the non-minimum-phase behavior of the
BC, ensuring stable tracking performance by designing
a sliding surface that includes both the output voltage
and the inductor current as MP output. To further
enhance robustness and mitigate chattering effects
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typically associated with MFC-SMC, an adaptive gain
mechanism should be also designed. Furthermore, inte-
grating TDE to estimate the unknown dynamic term
F(t), simplifyies the implementation while preserving
the robustness and model-free nature of the control law.

3 Suggested AMF-SMC with TDE

ot (1) i (L)

Estimated Dynamics

F(t)

Adaptive Law
T

res (£)

de [

l General Control Low

Fig. 2. Block diagram of the proposed AMF-SMC
(s is a Laplace variable)

The schematic diagram of suggested AMF-SMC for
a BC is mainly composed of three parts: 1) The esti-
mated dynamic uses TDE method to estimate the desi-
red dynamics injection term F(t) in real-time. 2) The
general control law is designed by incorporating the
SMC within ULM framework to increase the tracking
performance. 3) The adaptive law is used to auto-
matically adjust the gain K(t) of the general control
law gain according to the thickness of the acceptance
F(t). These parts collectively generate the control input
u(t) for PWM stage, as depicted in Fig. 2.

3.1 Control design

For the DC-DC BC, the controller's input is the
switching duty cycle u(t), while its output corresponds
to the regulated output voltage x,(t), (y(t) = x,(t) =

Vout (1))

Using the relationships in Eqn. (2), F(t) can be
formulated as follows:

F(t) = %2(t) — au(t) (7

Using Eqn. (4), the estimation of F(t) can be achieved
as follows:

FO)=Ft-Ty) =%{t-Ta) — aut—Ty) ®)

The delayed of x,(t — T,;) can be approximated using
the following expression:

X2(8) — x5(t —Ty)

X, (t —Ty) =
X2 ) T, )
where T is the sampling time.
Substituting Eqn. (9) into Eqn. (8) yields,
. Xp(8) —x,(t =T,
pa=20 70T ey o)

Ts

The TDE technique provides a practical method for
estimating unknown system dynamics, but it may not
ensure sufficient tracking accuracy when used alone. To
enhance the robustness along with reliable tracking
performance, it was integrated with SMC.

According to the structure of the BC, the sliding
surface was selected as follows:

s(t) = Ae;(t) + ey (t)

. e (t) = xl,ref(t) —x1(8)
with, {ez(t) = X ref () — %2(8)

where 4 is the sliding surface coefficient, x;¢r(t)
represents the desired output voltage, and Xy, (t)
corresponds to the input current reference, which can
be estimated using a first-order low-pass filter.

(11)

The time derivative of s(t) can be expressed as:
$(t) = 2€4(8) + é,(0)

= A (H1rer (6) = 11(8)) + g rep (£) = 22(6)

To provide an ideal sliding motion, the sliding surface
and its derivative must converge to zeros(t) =
s(t) =0:

(12)

12(8) = A (Fyrer (6) = 11(6)) + dgep (®)  (13)

From Eqn. (10), when T; is sufficiently small,
F(t) = F(t). By substituting Eqn. (13) into Eqn. (7),
we obtain the following expression:

FO+ au(®) = A%y rep () — %1(0))

+ X rer (€) (14)

The proposed control law is defined as:

1r .
w(®) = —[=F () + 2 (%1767 () = 11 (D))
+ dgrep (£) + K(@©)sign(s(e)] (19

Where, the term [K(t).sign(s(t))] represents the
discontinuous part of the control law, with K(t)
denoting the adaptive gain.
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Remark 2: To enable practical implementation, it is
preferable to use a first-order derivative low-pass filter
for estimating X, .

Remark 3: 1t should be noted that a constant sliding
gain K(t) may lead to performance degradation,
particularly under varying operating conditions such as
changes in input voltage or load disturbances. This
limitation reduces the adaptability and robustness of the
proposed control scheme. To overcome this issue and
mitigate chattering, a dynamic gain adaptation law is
introduced, as defined in Eqn. (16). This mechanism
enables real-time adjustment of the controller gain in
response to system variations, thereby enhancing
robustness and improving overall control performance.

The time-varying gain K (t) is given by:

K(t) = p+p|F ()| (16)

where u and p are positive constant gains.

3.2 Convergence analysis

Proposition: Consider the dynamics of BC described
by Eqn. (1), under assumption 1. If the control law Eqn.
(15) is applied then closed-loop system is stable, and
the sliding surface is uniformly ultimately bounded
(UUB) as given by:

Is(®)] < /s2(0)+2s%mx

&
—m-i' 1.

(17)

with Sy gy =

Proof: Consider the following Lyapunov candidate
function:

V() = %sz(t) + [, K(t)de (18)
The time derivative of V(t) is given by:
V(t) = s(t)$(t) + K(t) (19)
Hence,
V(t) = s()$(t) + K(t)
= s[tarer® = %) + e O =

1 (®)] +K(@®)
Substituting the expression of "x,(t)" from Eqn. (7)
into Eqn. (20) yields:
V() = sz rer () = F(1) = au(t)

+ A%y per (8) — 3%1.(D)]
+K(t)

1)

By inserting the control expression in Eqn. (15) into
Eqn. (21), we get:

V(©) = S(Oref (©) = F(O) = e (0
+ 2 (a7er (0 = 12 (0) + F(0)
S CTNOEENG)
~ K(®)sign(s(@))] + K(®)

(22)
Simplifying Eqn. (22) yields:
V(t) = s[ﬁ(t) —F(t) — K(t)sign(s(t))]
+ K(t) (23)
Using assumption I, we can get:
V() < Is®lle = KO+ K@®Is@Olls®I™t 24
Hence,
V(e) < Is@®)le +K@© (s — 1) (25)
Therefore, when |s(t)]| = ——=_+1, we have

K(t)
V(t) < 0. In this case, V(t) decreases and the sliding
variable s enters the set:

S= {s €R|[Is(O)] < Sypay = —%+ 1} (26)

Since V(t) is indefinite within this set, the variable s

may exit the set S, ie., |s(t)]=— Kft) + 1. In this

case, V (t)becomes negative again, as shown in Eqn.
(25) and the variable s is driven back into the set S.

The upper bound of s can be obtained as follows:

152(1:) <V(@) < 152(1:) + ftK(T)dT (27)
2 =r =3 .

Since V(t) is decreasing, then it follows that, V(t) <
V(0). Therefore,

2s2(0) + J, K(r)dr <2s%(0) (28)
Hence, the integral term is bounded as:
Jy K@dr < 252(0) + 3 5hax (29)
Therefore,
252(t) < 35%(0) + Shrax (30)
Finally, we can obtain:
Is(®)] < /s2(0) + 25Z0x (31)

We conclude that s(t) is UUB, and thus, the closed-
loop system is stable.
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Remark 4: The parameters 1 and p are tunable design
constants that can be selected to ensure fast tracking
performance and a reduced upper bound on the sliding
variable. Proper tuning of these parameters allows for a
favorable trade-off between robustness and chattering
attenuation.

4 Experimental results and discussion

A practical experiment, shown in Fig. 3, was con-
ducted to validate the effectiveness of the proposed
scheme. The experimental test bench was built around
a BC supplied by a programmable power supply to
ensure stable operating conditions. The setup contains
a Semikron IGBT driver module, a voltage amplify-
cation card (5-15V) for adapting control signals, and
ADC/DAC interfaces for bidirectional communication
with the dSPACE DS1104 control board. The imple-
mented control schemes were developed using
MATLAB/Simulink®. Furthermore, the system was
tested under various operating scenarios, including
variations in the output voltage reference, dynamic load
disturbances, and input voltage disturbances.

IGBT Modules (SKMS0GAL)

{Programmablej _
1 Power Supply

Load

DAC & AD
— )/ Channels Channe
CLP 1104 (Interface)

PC interface

El
E-1El
sz
Q

Design Controllers
Code Generation Models

': l - RTI

dSPACE T104(CPU)

Fig. 3. Schematic representation of the BC
experimental setup

The objective was to evaluate the controller’s
capability to maintain output voltage regulation in the
presence of both input-side and output-side distur-
bances, in line with the application domains of the BC,
such as REs and EVs. The nominal parameters of the
BC, along with the control settings, are summarized in
Tab. 1.

Table 1. Specifications of the BC
and control parameters

BC Nominal | Control Nominal
parameters values parameters | values
Input voltage

24V wp 1.3,0.5

Vin
Induct;lalnce 1 mH 1 01
Capa“g’r 330 UF a 8000
Resistive load 500 Sa.mphng 0.5 x 10~4
R time T
Switching ,
frequency 10 kHz Dela’}/ HME |65 10
fpwm d

4.1 Performance analyses under output reference
voltage variations

To assess the controller’s capability to accurately
track the desired reference and maintain voltage
regulation, it is crucial to evaluate its dynamic
response, stability, and robustness against transients.
This is especially important in practical power
electronics systems like REs or EVs, where the output
voltage requirements can vary during operation.

Scenario 1: Fast change in output reference voltage

Figures 4, 5 and 6 depict the dynamic behavior of
the BC under the implemented controllers in response
to sudden changes in the output voltage reference. All
controllers exhibited adequate steady-state tracking;
however, their transient responses showed notable
differences.

As depicted in Fig. 4, the PID control scheme pre-
sented poorer transient performance, characterized by
more distinct overshoot/undershoot and longer settling
times relative to both the ISMC and the proposed
control schemes. Nevertheless, it is worth noting that
the ISMC scheme exhibited stable transient behavior,
with no overshoot or undershoot and moderate settling
times as shown in Fig. 5.
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Fig. 4. Experimental results of the PID control scheme
under step variations in the output voltage reference

Figure 6 highlights the superiority and ability of the
proposed AMF-SMC controller to accurately track the
reference, while exhibiting shorter settling times
despite sudden changes in the output voltage reference.

Table 2 summarizes the experimental evaluation of
the dynamic performance, specifically the settling time
of the implemented control schemes in response to
sudden changes in the reference voltage.
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Fig. 5. Experimental results of the ISMC controller
scheme under step variations in the output voltage
reference

Table 2. Experimental assessment of control
schemes based on settling time (ms)

83

under Scenario 1
Control  From60V  From48V From36V
scheme to48 'V to36V to 60 V
PID 120 120 197
ISMC 100 100 140
Proposed 25 25 75
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Fig. 6. Experimental results of the proposed scheme
under step variations in the output voltage reference

Scenario 2: Gradual change in output reference
voltage

To further assess the dynamic tracking capabilities,
sinusoidal and triangular reference voltage shapes were
applied. These waveforms were intentionally chosen to
emulate linearly and smoothly varying setpoints, provi-
ding a rigorous evaluation of the controllers’ precision
and responsiveness in regulating the output voltage.

The experimental results, presented in Figs. 7 and 8,
demonstrate the limitations of the PID control scheme
in tracking time-varying reference signals, with
noticeable lag and tracking errors. The ISMC offered
better responsiveness but still suffered from significant
steady-state errors under both test scenarios. In
contrast, the proposed AMF-SMC controller consis-
tently delivered superior performance; attaining fast
transient response and accurate tracking without over-
shoot or delay due to the adaptive mechanism. These
findings approve the effectiveness of the AMF-SMC
scheme in applications that demand real-time and
precise adaptation to dynamic reference signals.

GWINSTEK [ ] ] (5tp)
60 V| ]
36V W\/’\
36 Vi

Weak tracking ability

1 =Vrer (O —error —iy(t)

(a)

o -
—Vrer (1) —error — i, (1) !
( © = 200 ) = 21 ](_ 258ns -632.5ns
GuinsTeEK | ] ] (Stor)

60 V| : |
sevy] \./\\/\\//\\
36 VY '

‘i —Vrer (1) —error — i;(t)

( @ — 280 [y — on )(_ 2SBms (@ -3.723s

()

Fig. 7. Experimental results: under triangular
reference voltage shapes: (a) PID, (b) ISMC,
(c) proposed AMF-SMC
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Fig. 8. Experimental results: under sinusoidal
reference voltage shapes: (a) PID, (b) ISMC,
(c) proposed AMF-SMC

4.2 Performance analyses under load disturbance

In this test scenario, the output voltage reference is
fixed at 48V, while the resistive load (R = 50Q) is
decreased by 50% and subsequently returned to its
initial value. Figure 9 highlights the performance of the
implemented controllers in stabilizing the output
voltage under abrupt load changes. The PID control
scheme is able to stabilize v,,.(t) to the reference
value, but only after a relatively long transient of about
100 ms, and it displays a peak overshoot/undershoot of
approximately 10%. Moreover, the ISMC controller
needs around 175 ms to reach the reference value,
showing a higher peak overshoot/undershoot of
approximately 25%. The proposed AMF-SMC

achieves a significantly faster response about 50 ms
and limits the peak overshoot/undershoot to around
12%, highlighting superior ability to handle load
changes and maintain voltage stability.
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(¢) proposed AMF-SMC
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4.3 Performance Analyses under input voltage
disturbances

In electric vehicle charging (EVC) systems, the
input voltage to the boost converter is typically a recti-
fied sinusoidal waveform derived from the AC mains,
exhibiting continuous variation within each cycle.
Additionally, when powered by renewable energy
sources, the output is weather-dependent and inherently
variable. As a result, the control system must ensure
robust performance to effectively handle fluctuations in
the input voltage v;,, and maintain a stable output
voltage v, (t). To emulate practical and dynamic dis-
turbances, a composite voltage waveform is applied to
the input during this experiment scenario. Distur-
bances, a composite voltage waveform is applied to the
input during this experiment scenario.

As illustrated in Fig. 10, the PID control scheme
performed poorly under non-ideal conditions, exhi-
biting noticeable deviations from the reference voltage,
which underscores its limited capability to reject input-
side disturbances. In contrast, the ISMC controller
achieved better output regulation, offering moderate
disturbance rejection. The proposed AMF-SMC sche-
me demonstrated the most robust performance,
showing negligible deviation and a faster recovery
throughout the test. These experimental results validate
the superior adaptability and disturbance rejection
capability of the AMF-SMC, making it a highly
suitable solution for applications subject to un-
predictable input supply variations.

5 Conclusion

An adaptive model-free sliding mode control (AMF-
SMC) scheme for DC-DC boost converters has been
proposed, combining the ULM framework with SMC.
The method achieves accurate voltage regulation under
parameter variations and disturbances, while the
adaptive gain mechanism mitigates chattering without
requiring disturbance bounds. Furthermore, total
system dynamics are well estimated in real-time using
the TDE technique. Stability of the closed-loop system
is proven via Lyapunov analysis. Experimental results
under reference changes, load steps, and input voltage
disturbances showed faster response, negligible over-
shoot, and superior disturbance rejection compared to
PID and ISMC controllers, confirming the method’s
robustness for practical applications such as renewable
energy and electric vehicles.
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Fig. 10. Experimental results: under input voltage

disturbances: (a) PID, (b) ISMC, (c) Proposed AMF-
SMC
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