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A B S T R A C T

This paper demonstrates the viability and effectiveness of a novel adaptive control approach applied to power
electronic converters. A methodology based on the formulation of a Lyapunov-based approach is showcased
to represent the operation of a new adaptive controller for the regulation of two power converter topologies
(Buck and Boost). The models of the Buck and Boost converter topologies include the parasitic parameters
that represent the non-ideal components. The basic idea of the control approach is to demonstrate adaptive
stabilization for the proposed non-linear system. The most important design specification to stabilize the
system is to track the reference trajectory in such a way that the error on the output variable converges
asymptotically to zero. This adaptation mechanism is explicitly designed so that the asymptotic stability of
the equilibrium condition is guaranteed according to the Lyapunov theorem and sensitivity theory. The details
of the design algorithm are explained in the paper. The proposed control approach has been compared to
other Lyapunov-based control techniques proposed in literature for the same non-ideal converters. The results
show that the proposed controller provides better level of robustness and performance than the other well-
established Lyapunov based controllers. To verify the effectiveness of the controller in real time, a test bench
has been set up with prototypes of both converters and the controller has been implemented using the Arduino
microcontroller and the control system driven through the Matlab/Simulink platform.
1. Introduction

In the power electronics area with the operation of the circuits
in direct current (DC), numerous applications ranging from communi-
cation systems and consumer electronics to industrial electronics and
DC energy networks use DC–DC power converters to regulate the DC
voltage level. Switched-mode DC–DC power converters are widely used
in power electronics for energy conversion systems, in different cutting-
edge applications such as battery chargers for traction or energy-storage
systems [1], photovoltaic (PV) and fuel cells voltage regulator [2],
uninterruptible power supply [3], LED driver circuits [4], and so forth.
DC–DC power converter topologies are developed considering higher
efficiency, reliable control switching strategies, and fault-tolerant con-
figurations for an extensive range of power [5,6]. Furthermore, the
power converter configuration is divided into isolated and non-isolated
circuital topologies [7]. Several power electronic switches are involved
in the converter circuit development depending on the voltage re-
quested and the power rate in pure Silicon (Si) technologies such as

∗ Corresponding author.
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MOSFET, IGBT, GTO and IGCT [8,9] or wide bandgap (WBG) devices
as Silicon Carbide (SiC) MOSFET or Gallium Nitride (GaN) FET de-
vices [10,11]. The selection of power electronic devices is a crucial
design point to optimize the dynamic performances and the converter
efficiency. The choice of the electronic components influences the
switch device parameters used in converter modelling.

The Boost, Buck, and Buck–Boost converters are the basic, most
used non-isolated topologies. Therefore, many types of power elec-
tronics research in DC–DC conversion applications are carried out on
these converter circuits [12]. The modelling of the converter circuit
is used to design the converter operation and the control strategies.
Mathematically speaking, the structure of a DC–DC power converter
can be categorized as belonging to a class of systems that can be
described as variable structure systems [13]. This is because the DC–
DC power converter contains switching components and their dynamics
at any given point in time are dependent on the state of the switch.
Several modelling approaches are reported in the literature for the basic
142-0615/© 2023 The Authors. Published by Elsevier Ltd. This is an open access art
c-nd/4.0/).
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converter topologies, control strategies, and applications. In [14], a
small-signal model of a Pulse Width Modulation (PWM) Boost converter
is used to investigate the circuit operation and performance. A graphic
methodology is used to achieve a model of the Buck–Boost converter,
and the controller is used on the model [15]. Sliding mode and fuzzy
logic Maximum Power Point Tracking (MPPT) techniques are applied
to a Boost converter: the modelling approach is used to describe the
control methods in the PV system [16].

The inherently non-linear model of DC–DC converters results in
some issues when trying to use linear controllers, such as the
proportional–integral–derivative (PID) control for their regulation [17].
In fact, for the application of linear controllers, it is necessary first to
linearize the system around the equilibrium point. Thus, the resulting
response of the controller is only valid for a small region of operation
around the equilibrium point. For this reason, in the recent literature,
the focus has shifted towards using Lyapunov-based controllers for
their regulation, because these techniques take model non-linearities
into account [18,19]. Besides model non-linearities, the simulation
of the DC–DC converter operation is affected by the uncertainty of
the model parameters. In adaptive control, the aim is to estimate
the uncertain plant parameters in real time and use these estimates
to derive the input control law for the system. The adaptive control
law tends to be based on Lyapunov techniques such as input–output
feedback linearization [20] or input-state feedback linearization [21],
which work by transforming the non-linear system into a linear one by
a cancellation or a transformation mechanism. These mechanisms sim-
plify the adaptive controller design but often lead to the cancellation
of useful non-linearities [22,23].

Another main approach is the use of the backstepping technique [24]
which is more flexible and does not force the system to appear lin-
ear. The backstepping technique can avoid the cancellation of useful
non-linearities and often introduces additional nonlinear terms to im-
prove the transient performance [25]. Further contributions address
the control of switched systems described by a set of affine dif-
ferential equations, based on a quadratic Lyapunov function, with
applications on DC–DC converters [26] and develop a control law for
power converters with affine models using hybrid dynamical systems
theory [27].

Another form of adaptive control is the model reference adaptive
control (MRAC) approach. The MRAC approach consists of a closed-
loop controller that is capable of modifying the controller parameters to
achieve asymptotic tracking of the reference trajectory provided as an
input to the system [28]. The minimization of the error between the sys-
tem output and the reference is achieved through the use of an adaptive
mechanism. The structure of the adaptive mechanism is explicitly de-
signed so that the trajectory to the equilibrium point is asymptotically
stable. Additionally, the adaptive controller is also capable of providing
effective means for shaping the transient performance, which allows
different performance-robustness trade-offs. The above properties are
satisfied by the Torelli Control Box (TCB) approach, which has been
previously applied for the regulation of power systems, to solve power
flow problems and mathematical programming problems [29–31]. The
TCB approach has also been recently used to model switched capacitor
converters whose dynamics are governed by Differential Algebraic
Equations (DAE) instead of Ordinary Differential Equations (ODE) [32].
A further point is that in the Lyapunov-based control literature for
the regulation of power converters, including model non-idealities that
represent the internal losses of the components is not common [33,34].
The inclusion of parasitic parameters that model the internal losses
makes the design of the resulting controller particularly complex but
increases the precision and accuracy of actual results. On these bases,
this paper presents a novel MRAC methodology based on the TCB
approach to control the operation of DC–DC converters. In the proposed
approach, the control variable used for the converters is the duty ratio,
and the reference trajectory is specified for the output voltage. While
2

considering the switched model with parasitic parameters, the control 𝐠
is based on the parameters of the averaged model. By using the PWM
signal with sufficiently high frequency, the trajectories converge to an
isolated fixed point, and the averaged system has a behaviour similar
to the switching-mode converter [35].

Previous results have been reported for the control of an ideal
Buck and Boost converter, highlighting the superiority of the results
obtained over those found with a backstepping controller [36]. The
main contributions of this paper are:

• The proposal of the MRAC-TCB controller applied to non-ideal
Buck and Boost converters, taking into account inductor, capaci-
tor and switching losses.

• The comparison of the results obtained from the novel controller
with the results of controllers based on Feedback stabilization and
Lyapunov redesign proposed in the literature for non-ideal Buck
and Boost converters [37,38].

• The successful experimental verification of the behaviour of the
MRAC-TCB controller on Buck and Boost converters.

This is the first time in which the proposed approach is used to show
effective regulation of non-ideal power converter topologies.

The next sections of this paper are organized as follows. Section 2
shows the mathematical formulation for the MRAC-TCB approach.
Section 3 demonstrates the application of the proposed approach for
the regulation of the DC–DC Buck and Boost converters for tracking
an output voltage reference while facing fluctuations in load and input
voltages. This section also provides the comparison of the proposed
controller with other Lyapunov-based controllers taken from the liter-
ature. Section 4 shows the experimental results on the two converter
layouts controlled with the proposed approach. Finally, the last section
contains the concluding remarks of the paper and indicates directions
of future work.

2. Mathematical formulation of the MRAC-TCB approach

2.1. Description of the mathematical framework

Let us consider a non-linear algebraic differential equation system
given by:

�̇�(𝑡) = 𝐟 (𝐱(𝑡),𝐮(𝑡)) (1)

(𝐱(𝑡)) − 𝐲(𝑡) = 𝟎 (2)

here x(t), u(t) and y(t) are the vectors that contain the state variables,
he control variables, and the algebraic variables, respectively, and
denotes time. Eq. (1) expresses the derivative in time of the state

ariables. Eq. (2) contains the algebraic equations.
The derivation of the TCB-based MRAC control approach can be

roken down into three steps:

1. Design of a reference signal for the adaptive control law to
follow.

2. Evaluation of the equilibrium point of the system and derivation
of the reference trajectories for the state and input variables.

3. Derivation of a control law based on the TCB approach that
forces the system trajectory to the reference trajectory.

In the first step, the reference signal for the control law is be
esigned to meet the specifications required for the system, such as rise
ime, settling time, overshoot, etc. [17].

The second step evaluates the reference trajectories of the state vari-
bles x and the control variables u. The coordinates of the equilibrium
oint, denoted as (x*, u*), must satisfy the following equations:

(𝐱∗,𝐮∗) = 𝟎 (3)

∗
(𝐱 ) = 𝐲𝑟0 (4)
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where 𝐲𝑟0 is defined as the vector that includes the main output
variables considered as variables of interest.

The third step is the design of an adaptive control law that guar-
antees the asymptotic stability of equilibrium point. The adaptation
mechanism is designed to allow minimization of following tracking
errors with respect to the control signal u:

𝐞𝐱 = 𝐖𝐱(𝐱 − 𝐱∗)
𝐞𝐮 = 𝐖𝐮(𝐮 − 𝐮∗)
𝐞𝐟 = 𝐟 (𝐱,𝐮) − 𝐟 (𝐱∗,𝐮∗)

(5)

where 𝐖𝐱 and 𝐖𝐮 are diagonal matrices that contain the (positive)
weights associated to each error referring to the state variables x and
control variables u, respectively. The term 𝐟(𝐱∗, 𝐮∗) is null as it is
estimated in an equilibrium point of the system.

Assuming e =[𝐞T
𝐱 , 𝐞T

𝐮 , 𝐞T
𝐟 ]T, since the state vector x is u-dependent,

the controller design problem can be recast as follows:

�̇�(𝐮) = 𝐟 (𝐱(𝐮),𝐮) (6)

𝐞(𝐱(𝐮),𝐮) = 𝟎 (7)

Therefore, the problem consists of evaluating the input vector u(t)
such that each component of the error vector e is reduced to zero while
simultaneously fulfilling the dynamic constraint given by (6).

A possible way to achieve this goal is based on the definition of the
following Lyapunov function:

𝑉 = 1
2
𝐞T𝐞 (8)

which can be noticed to be a scalar positive semi-definite function. Now
it should be noted that if the time derivative of the function V is proven
to be negative definite (or negative semi-definite), then according to the
Lyapunov theorem, the entries of the vector e(t) will asymptotically
approach zero.

From (8) the time derivative of V can be evaluated as follows:

�̇� = 𝐞T�̇� (9)

and because

�̇� = 𝜕𝐞
𝜕𝐮

�̇� (10)

it results

�̇� = 𝐞T 𝜕𝐞
𝜕𝐮

�̇� (11)

Now, enforcing the condition that �̇� changes according to the gra-
dient of V :

�̇�(𝑡) = −𝐾
( 𝜕𝑉
𝜕𝐮

)T
= −𝐾

( 𝜕𝐞
𝜕𝐮

)T
𝐞 (12)

where K is a positive constant, it follows:

�̇� (𝑡) = −𝐾𝐞T
( 𝜕𝐞
𝜕𝐮

)( 𝜕𝐞
𝜕𝐮

)T
𝐞 (13)

The expression (13) is a quadratic form that is surely negative
semi-definite. This proves that to guarantee the asymptotic stability
of the equilibrium point x*, the control signal u(t) must be generated
according to (12). This in fact guarantees, with the asymptotic stability
of V, the minimum of the error e.

2.2. Interpretation of the MRAC-TCB approach

The MRAC-TCB approach adopts a non-standard adaptive control
system. Starting from the initial conditions, the application of the
MRAC-TCB approach requires:

1. The definition of a reference trajectory for the controlled vari-
able. The reference trajectory is formed by the equilibrium
points of the dynamic system. Because of that, the reference
3

Fig. 1. DC–DC converter models with parasitic parameters: (a) Buck converter; (b)
Boost converter.

trajectory is an attractor of the controlled system. For the con-
verters considered in this paper, the output variable is the
average value of the output voltage, and the reference trajectory
in our example is set to a given output voltage value.

2. The definition of a mechanism that allows the system to start
from the initial conditions and approach the reference trajectory.
For the converters considered in this paper, this mechanism
consists of the definition of a Lyapunov function based on the
error vector and on the assumption that the time derivative of
the control variable changes according to the gradient of the
Lyapunov function as in Eq. (12). The control signal is generated
by defining suitable error functions with respect to the chosen
reference trajectory. The error functions are then minimized by
setting up an optimization procedure with dynamic constraints.
Thereby, in the initial evolution, the controlled variable evolves
towards the reference trajectory until it impacts on a value
located onto the reference trajectory.

3. The definition of a mechanism that keeps the evolution of the
system close to the reference trajectory after the reference tra-
jectory has been approached. Since the reference trajectory con-
tains the equilibrium points of the dynamic system, after im-
pacting on the reference trajectory the resulting system must
satisfy both the n-dimensional state dynamics of Eq. (1) and the
n algebraic equations f(x,u) = 0. In this way, on the reference
trajectory the system dynamics are reduced to the order n-n =
0, that is, the evolution on the reference trajectory is driven
only by the reference signal [39]. Hence, the dynamics of the
initial system are no longer followed, and the only dynamics
are the ones imposed by the reference trajectory. Moreover, the
dynamics on the reference trajectory are almost independent of
parametric variations that occur in the system.

For any variation that changes the system conditions, the response
is given by the mechanism indicated at the point #2 above, that tends
to drive the evolution of the system towards reaching the reference
trajectory and remaining on that trajectory as explained at point #3
above. In this way, the system exhibits excellent convergence to the
equilibrium points and adaptability to changes in the input variables.
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Fig. 2. Output voltage and inductor current responses to the reference voltage tracking test for the Buck converter.
This approach has also been successfully used in systems with limit
cycles [39].

Furthermore, the value of the gain factor K introduced in Eq. (12)
affects the algorithm convergence. This can be inferred by analysing the
dynamics of the tracking error function e(t) linked to the eigenvalues
of the matrix (𝜕𝐞∕𝜕𝐮)∕(𝜕𝐞∕𝜕𝐮)T, which are all real and positive. In
general, from extensive testing it has been observed that the algorithm
convergence will be improved by increasing the gain factor K within
a small range. Anyway, beyond certain values, further increases of the
gain factor K may result in slower convergence or, possibly, introduce
oscillations. Commonly the gain factor K is chosen empirically as a
function of the specific system.

3. Application to non-ideal buck and boost converter topologies

3.1. Steady state modelling of buck and boost converters with parasitic
parameters

Different controllers have been designed for the regulation of DC–
DC converter topologies. However, most of the work present in liter-
ature does not take into account the parasitic resistance referring to
inductors, capacitors or switching losses. While it is true that the values
of parasitic elements are relatively small, these values should not be
ignored as they give rise to model uncertainties for practical imple-
mentation of the controllers [35]. Therefore, designing the controller
by taking into account the parasitic elements of the converters is a key
contribution of this paper.

Fig. 1 shows the Buck and Boost circuits with parasitic elements.
The exact mathematical models for these converters have been taken
from [37,40] for the Buck and Boost models, respectively. The large-
signal dynamic model for the Buck and Boost converters, taking induc-
tor, capacitor and switching non-linearities into account, can be derived
using the volt-second and charge-second balance. In the notation used,
𝐸, 𝑥 , 𝑥 and 𝑢 represent the input voltage, inductor current, capacitor
4

1 2
voltage and duty ratio, respectively. The non-ideal parameters 𝑅𝑠𝑤,
𝑅𝐿, 𝑅𝐷, 𝑅𝐶 and 𝑉𝐷 are the switch resistance, inductor resistance,
diode resistance, capacitor resistance and diode forward voltage drop,
respectively.

In this paper, both converters are assumed to work in continuous
conduction mode only.

The Buck converter model is formulated as:
⎧

⎪

⎨

⎪

⎩

�̇�1 =
−1
𝐿

[

((𝑅𝑠𝑤 − 𝑅𝐷)𝑢 + 𝑅𝐷 + 𝑅𝐿)𝑥1 + 𝑥2 − 𝑢(𝐸 + 𝑉𝐷) + 𝑉𝐷
]

�̇�2 =
𝑥1
𝐶

−
𝑥2
𝑅𝐶

(14)

The Boost converter model is formulated as:
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

�̇�1 =
1
𝐿

[

−𝑥1(𝑅𝑔 + 𝑅𝐿) − 𝑥1(1 − 𝑢)
(

𝑅𝐷 +
𝑅𝑅𝐶

𝑅 + 𝑅𝐶

)

+ 𝐸

− 𝑥2(1 − 𝑢) 𝑅
𝑅 + 𝑅𝐶

− 𝑥1𝑅𝑠𝑤𝑢 − 𝑉𝐷(1 − 𝑢)
]

�̇�2 =(1 − 𝑢)
𝑥1
𝐶

−
𝑥2
𝑅𝐶

(15)

3.2. Application of the MRAC-TCB control approach to the buck converter

As described in Section 2, the MRAC-TCB approach is applied
following three steps.

In the first step, for simulation purposes, the reference signal for
the regulation of the converter is generated graphically in Matlab and is
directly sent as an input to the system. The system output 𝑦𝑟0 is defined
as the output voltage 𝑉𝑜. The vector of the state variable is x = { 𝑥1,
𝑥2}, the control variable vector is u = {u}, and the algebraic variable
is y = {𝑦𝑟0}.

The second step is to derive the coordinates of the equilibrium point
in the composite domain (x, u), denoted as (x*, u*). For this purpose,
the equilibrium point for the steady state values is derived by setting
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𝑢

Fig. 3. Inductor current and output voltage responses to a load resistance variation from 47 Ω to 65 Ω in a given time interval for a Buck converter.
the contents of Eq. (14) to zero, obtaining:

⎧

⎪

⎨

⎪

⎩

𝑥∗1 = 𝑦𝑟0
𝑅

𝑥∗2 = 𝑦𝑟0
𝑢∗ = 𝑅𝑉𝐷+𝑦𝑟0(𝑅+𝑅𝐿+𝑅𝐷)

𝑅𝑉𝐷+𝑦𝑟0(𝑅𝐷−𝑅𝑠𝑤)+𝑅𝐸

(16)

The third step is to design the adaptation mechanism for the mini-
mization of the following tracking errors:

⎧

⎪

⎨

⎪

⎩

𝑒𝑥1 = 𝑤𝑥1 (𝑥1 − 𝑥∗1)
𝑒𝑥2 = 𝑤𝑥2 (𝑥2 − 𝑥∗2)
𝑒𝑢 = 𝑤𝑢(𝑢 − 𝑢∗)

(17)

Based on Eq. (12) and the error vectors defined above, the expres-
sion for the control equation becomes:

̇ = −𝐾
[𝑑𝑥1
𝑑𝑢

𝑤2
𝑥1
(𝑥1 − 𝑥∗1) +

𝑑𝑥2
𝑑𝑢

𝑤2
𝑥2
(𝑥2 − 𝑥∗2) +𝑤2

𝑢(𝑢 − 𝑢∗)
]

(18)

where 𝐾 is the gain factor, with constant value, and 𝑤𝑥1 , 𝑤𝑥2 and 𝑤𝑢
are weights defined on the variations of the state and control variables,
respectively, with respect to the equilibrium point.
5

The sensitivity parameters 𝑠1 = 𝑑𝑥1
𝑑𝑢 and 𝑠2 = 𝑑𝑥2

𝑑𝑢 are calculated
based on the Buck converter model given in Eq. (14):

⎧

⎪

⎨

⎪

⎩

�̇�1 = − 1
𝐿

[

𝑠1(𝑢𝑅𝑠𝑤 − 𝑢𝑅𝐷 + 𝑅𝐷 + 𝑅𝐿) + 𝑠2 + 𝑥1(𝑅𝑠𝑤 − 𝑅𝐷) − 𝐸 − 𝑉𝐷

]

�̇�2 =
1
𝐶

(

𝑠1 −
𝑠2
𝑅

)

(19)

3.3. Simulation results for the buck converter

The control has been simulated in the Matlab/Simulink environ-
ment. The converter parameters are specified in Table 1 along with the
control parameters. The validity of the proposed control has been tested
by considering three tests, with:

(i) reference voltage tracking,
(ii) output voltage regulation under varying load, and

(iii) output voltage regulation under input voltage variations.
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Fig. 4. Output voltage and duty ratio responses to an input voltage variation from 12 V to 14 V in a given time interval for a Buck converter.
Table 1
Specifications of Buck converter parameters and controller gain.

Description of parameters Nominal value

Input voltage, 𝐸 12 V
Reference output voltage, 𝑉𝑜 5 V
Capacitance, 𝐶 10 uF
Inductance, 𝐿 1 mH
Load resistance, 𝑅 47 Ω
Switching frequency, 𝑓𝑠 62 kHz
Inductor resistance, 𝑅𝐿 0.15 Ω
Diode resistance, 𝑅𝐷 0.001 Ω
Switch resistance, 𝑅𝑠𝑤 0.1 Ω
Diode forward voltage drop, 𝑉𝐷 0.4 V
TCB gain, 𝐾 104

The weights of the error terms in Eq. (17) are set as 𝑤𝑥1 = 1, 𝑤𝑥2 =
2, and 𝑤𝑢 = 3.0. The results corresponding to the three tests are shown
below.
6

3.3.1. Reference voltage tracking

As mentioned above, the goal of the MRAC-TCB controller is to track
the reference voltage directly. For this purpose, the first task of the
controller is to track the reference trajectory for the output voltage
of the Buck converter. The reference is designed manually in Matlab
using a signal builder. The results are shown in Fig. 2. From Fig. 2(a),
the reference signal is designed to track a constant output voltage of
5 V with variations at t = 0.3 s and 0.6 s, respectively. Initially, the
reference signal ensures that the nominal voltage is reached in less than
one millisecond with maximum overshoot of 5.3 V (less than 6% of the
nominal value). At t = 0.3 s, the reference voltage is increased to 7 V
with rise time 20 ms, settling time (2%) of 65.5 ms, and maximum
value 7.7 V. The reference is tracked with no steady-state error by the
controller as shown by the zoom in Fig. 2(a) at t around 0.3 s. The
reference signal is then brought back to the desired output voltage of
5 V with minimal overshoot and settling time. The output voltage again
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Fig. 5. Output voltage tracking for the Boost converter.
tracks the reference almost perfectly. Fig. 2(b) shows the corresponding
evolution of the inductor current.

3.3.2. Load resistance variations
The second test for the designed controller is the regulation of its

output voltage when a step change in the specified load occurs. The
reference output voltage for this test is specified to be 5 V. The nominal
load resistance for the Buck converter is 47 Ω as mentioned in Table 1,
but at time t = 0.3 s the load resistance steps up to 65 Ω and at time
t = 0.6 s the load resistance is brought back to its initial value. The
result of the load resistance variations on the inductor current and
output voltage is shown in Fig. 3. From the figure, there is negligible
steady-state error in either the inductor current or the output voltage.
Furthermore, there is a maximum overshoot voltage of less than 2.67%
and a settling time (2%) of only 470 μs.

3.3.3. Input voltage variations
The third test for the designed controller considers the input voltage

variation. The input voltage is raised from the nominal 12 V to 14 V
and the resulting changes in output voltage and duty ratio is shown
in Fig. 4(a) and (b), respectively. In this test, overshoot voltage and
settling time are remarkably small and almost negligible.

3.4. Application of the TCB control approach to the boost converter

To derive the equations of the MRAC-TCB based control for the
Boost converter, the same methodology used for the Buck converter in
the previous section is followed. The dynamic non-ideal model of Boost
converter is given by Eq. (15). The reference signal is defined and is
directly applied as an input for the simulation. The output voltage 𝑉𝑜
is considered as the desired output 𝑦 . To derive the reference values
7

𝑟0
at steady state, Eq. (15) is set to zero. The reference values are the same
used in [40]:

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑥∗1 = 𝑦𝑟0
𝑅(1−𝑢∗ )

𝑥∗2 = 𝑦𝑟0
𝑢∗ =

𝐸
𝑉 𝑜

1+ 𝑦𝑟0
𝐸

(

𝑅𝑠𝑤−𝑅𝐷−𝑅∥𝑅𝐶
𝑅

)

+

√

(

1+ 𝑦𝑟0
𝐸

(

𝑅𝑠𝑤−𝑅𝐷−𝑅∥𝑅𝐶
𝑅

))2

−4
(

𝑦𝑟0
𝐸

)2(
𝑅

𝑅+𝑅𝐶
+ 𝑉𝐷

𝑦𝑟0

)(

𝑅𝑔+𝑅𝐿+𝑅𝑠𝑤
𝑅

)

2
(

𝑅
𝑅+𝑅𝐶

+ 𝑉𝐷
𝑦𝑟0

)

(20)

The errors to be minimized using the adaptation mechanism are
defined as:

⎧

⎪

⎨

⎪

⎩

𝑒𝑥1 = 𝑤𝑥1 (𝑥1 − 𝑥∗1)
𝑒𝑥2 = 𝑤𝑥2 (𝑥2 − 𝑥∗2)
𝑒𝑢 = 𝑤𝑢(𝑢 − 𝑢∗)

(21)

The control equation for the Boost converter is also the same as the
one used for the Buck converter, based on Eq. (12):

�̇� = −𝐾
[𝑑𝑥1
𝑑𝑢

𝑤2
𝑥1
(𝑥1 − 𝑥∗1) +

𝑑𝑥2
𝑑𝑢

𝑤2
𝑥2
(𝑥2 − 𝑥∗2) +𝑤2

𝑢(𝑢 − 𝑢∗)
]

(22)

where 𝐾 is a constant positive gain factor and the weights are calcu-
lated empirically.

The sensitivity parameters 𝑠1 = 𝑑𝑥1
𝑑𝑢 and 𝑠2 = 𝑑𝑥2

𝑑𝑢 are calculated
based on the original Boost converter model given in Eq. (15). The
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Fig. 6. Inductor current (a) and output voltage response (b) corresponding to the load resistance variation (c) from 65 Ω to 80 Ω in a given time interval for the Boost converter.
equations for deriving the sensitivity parameters are:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

�̇�1 = −
𝑠1
𝐿
(𝑅𝑔 + 𝑅𝐿 + 𝑢𝑅𝑠𝑤 + 𝑎(1 − 𝑢))

−
𝑠2
𝐿
((1 − 𝑢) 𝑅

𝑅 + 𝑅𝐶
) −

𝑥1
𝐿
(−𝑎 + 𝑅𝑠𝑤)

+
𝑉𝐷
𝐿

+
𝑅𝑥2

𝐿(𝑅 + 𝑅𝐶 )
�̇�2 = − 𝑠1

𝐶 − 𝑠2
𝑅𝐶

(23)

where 𝑎 = 𝑅𝑅𝐶
𝑅+𝑅𝐶

+ 𝑅𝐷

3.5. Simulation results for the boost converter

The simulations for the Boost converter were coded and executed
in Matlab/Simulink. The specifications for the Boost converter and the
controller gains K are indicated in Table 2. The weights used for the
error terms in Eq. (21) are empirically set to 𝑤𝑥1 = 1, 𝑤𝑥2 = 1, and 𝑤𝑢 =
3.5, to compensate for the differences in the corresponding quantities.

The performance of the proposed controller has been tested by
considering three tests, with:
8

Table 2
Specifications of boost converter parameters and controller gain.

Description of parameters Nominal value

Input voltage, 𝐸 12 V
Reference output voltage, 𝑉𝑜 16 V
Capacitance, 𝐶 470 μF
Inductance, 𝐿 270 μH
Load resistance, 𝑅 65 Ω
Switching frequency, 𝑓𝑠 62 kHz
Inductor resistance, 𝑅𝐿 0.125 Ω
Switch resistance, 𝑅𝑠𝑤 0.08 Ω
Input resistance, 𝑅𝑔 0.2 Ω
Diode forward voltage drop, 𝑉𝐷 0.3 V
TCB gain, 𝐾 103

(i) reference voltage tracking,
(ii) output voltage regulation under varying load, and

(iii) output voltage regulation under input voltage variations.

The results corresponding to the three tests are shown below.



International Journal of Electrical Power and Energy Systems 156 (2024) 109722M.A. Qureshi et al.
Fig. 7. Duty ratio and output voltage response to the input voltage variation from 5 V to 7 V in a given time interval for the Boost converter.
3.5.1. Reference voltage tracking
As in the case of the Buck converter, a similar reference is used for

the Boost converter. The Boost converter nominal voltage for reference
tracking is 16 V, but at time t = 3 s the voltage is stepped up to 19 V.
This voltage is then stepped down to 16 V at t = 0.6 s. The initial time
to reach the steady state for reference is designed to be 1.875 ms. Then
at t = 3 s, the voltage is stepped up to 19 V. As seen from Fig. 5(a),
the reference is tracked with negligible steady state error and reaches
a settling time (2%) of 12 ms and a peak overshoot of 20.04 V. The
evolution of the inductor current is shown in Fig. 5(b).

3.5.2. Load resistance variations
The aim of the second test is to maintain a constant voltage at

the output of the converter while the Boost converter is subject to
variations in the load resistance. The nominal load value, as mentioned
in Table 2, is 65 Ω. This load value is changed to 80 Ω at time t = 0.3
s and is brought back to the nominal value at t = 0.6 s. The results are
shown in Fig. 6.

From Fig. 6, there is negligible steady state error before or after the
load resistance step up. The voltage variations are tiny. From Fig. 6(a),
9

the rise time and settling time (2%) for the current can be calculated
as 3305 μs and 298 μs, respectively.

3.5.3. Input voltage variations
For this test, the aim is to maintain a constant voltage at the Boost

converter output while the input voltage is subject to variations. The
nominal input voltage is 12 V, is changed to 14 V at time t = 0.3 s,
and is brought back to the nominal value at t = 0.6 s. The results are
shown in Fig. 7.

From Fig. 7, it can be noted that there is no steady state error before
or after the input voltage step up. The large voltage variations are due
to the consideration of non-idealities in the Boost converter model.
From Fig. 7(a), the rise time and settling time (2%) for the current can
be calculated as 754 ms and 816 ms, respectively.

3.6. Comparison with other controllers

For comparison purposes, the results of our proposed controllers
have been compared with other controllers derived in literature for
non-ideal Buck and Boost converters. The controls presented in the pa-
pers taken from the literature have been replicated exactly as proposed.
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Fig. 8. Comparison between the MRAC-TCB and the Feedback stabilization controls of a Buck Converter under different conditions.

Fig. 9. Inductor current and Output voltage response comparisons due to load variations for the Boost converter.
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Fig. 10. Output voltage response comparisons due to fluctuations in the input voltage for the Boost converter.
The parameters of the converter and controller to which the MRAC-TCB
control is applied have been modified to produce comparable results.

For the Buck converter, comparison of the MRAC-TCB control is
provided with respect to another non-linear control technique proposed
in [37]. The testing of the controller has been done under voltage ref-
erence tracking and load resistance variations. The results are shown in
Fig. 8. Both the MRAC-TCB controller and the Extended Feedback (FB)
stabilization-based controller have good comparable results under the
operating conditions considered. In Fig. 8(a), both controllers follow
the desired output voltage with no overshoot or steady state errors. In
Fig. 8(b), the results are presented when the load resistance is varied
from 10 Ω to 15 Ω and then brought back to the original value. The
nominal output voltage is 12 V, as specified in Table I from [37].

Similarly, for the Boost converter, for comparison purposes the
results obtained from MRAC-TCB have been compared with the results
reached with the Passivity-Based (PB) controller proposed in [38]. For
the first test, the load resistance is varied from 30 Ω to 35 Ω at t = 3 s
and is then brought back to 30 Ω at t = 5 s. The corresponding changes
in the inductor current and output voltage are shown in Fig. 9.

The other test is the input voltage variation test, for which a
fluctuating input voltage is considered, as shown in Fig. 10(a). The
corresponding response in the output voltage can be seen in Fig. 10(b).
As seen from the figure, despite the strong and frequent fluctuations
in the input voltages, both controllers are able to track the reference
voltage with very low settling time and no steady state errors.

4. Experimental results

The performance of the proposed controllers has been validated by
setting up an experimental testing with Buck and Boost converters.
The main parameters of the converters are the same used in the sim-
ulations presented in the previous sections. The converters have been
11
constructed on dedicated circuit boards. The Arduino microcontroller
is used for implementing the controller in the hardware. For the mea-
surements, the digital oscilloscope used is Teledyne LeCroy wavesurfer
3024z with 200 MHz bandwidth and 4 GS/s sampling rate.

The results of the experimental tests are shown in the next subsec-
tions.

4.1. Buck converter

Fig. 11 shows the experimental setup prepared to control a MOSFET-
based Buck converter, with physical components implemented on a
dedicated Buck converter board, the Arduino microcontroller board,
and the control system driven through the Matlab/Simulink platform.
The electronic load used has an equivalent resistance of 47 Ω. The
location of the points used for the voltage and current measurements
with the corresponding probes is indicated in Fig. 11. Fig. 12 reports the
inductor current for a few switching periods. The switching frequency is
62.5 kHz. The experimental waveforms of the input and output voltages
are presented in Fig. 13, for successive changes in the input voltage.
It has to be noticed that the vertical scale referring to the output
voltage is amplified ten times with respect to the vertical scale that
shows the input voltage, and also in this case the changes in the output
voltage after each variation of the input voltage are tiny. Thereby,
the output voltage practically adapts to the reference trajectory very
quickly, confirming the excellent properties of the proposed MRAC-TCB
controller.

Fig. 14 shows the waveforms of the relevant experimental quantities
on the Matlab/Simulink side control features. The successive changes
in the input voltage are shown in Fig. 14(a). Correspondingly, in
Fig. 14(b), the output voltage shows a quick variation and goes back
to the reference value, indicating the fast adaptation of the proposed
MRAC-TCB control. Note that starting from a solution that is close to
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Fig. 11. Experimental setup of the circuits for controlling the Buck converter.
Fig. 12. Experimental waveform of the inductor current at steady state in the Buck converter operated under MRAC-TCB control.
Fig. 13. Experimental waveforms for the input and output voltages in the Buck converter operated under MRAC-TCB control. The upper line is the input voltage, with vertical
scale 5 V/division. The lower line is the output voltage, with vertical scale expanded to 0.5 V/division.
the reference, the output voltage impacts the reference trajectory very
fast and remains then close to the reference trajectory. The duty ratio
resulting during the experimental test is reported in Fig. 14(c), showing
how the adaptability of the duty ratio contributes to keeping the output
voltage close to the reference value.
12
4.2. Boost converter

The experimental testing on the Boost converter has been carried
out with a similar setup, shown in Fig. 11, by replacing the Buck
converter experimental board with the Boost converter experimental
board.
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Fig. 14. Waveforms taken from the Matlab-Simulink side during the experimental test on the Buck converter.
The experimental waveforms of the input and output voltages are
presented in Fig. 15, for successive changes in the input voltage. After
each variation of the input voltage, the output voltage quickly follows
the reference trajectory with a very small initial variation. Also in
this case, the output voltage adapts to the reference trajectory very
quickly, confirming the excellent properties of the proposed MRAC-TCB
controller.

Fig. 16 shows the waveforms of the relevant quantities seen on the
Matlab-Simulink side. The successive changes in the input voltage are
shown in Fig. 16(a), while the output voltage (Fig. 16(b)) remains close
to the reference trajectory. Fig. 16(c) shows that the duty ratio resulting
during the experimental test corresponds to the calculated values.
13
5. Conclusion

In this paper, a new control methodology has been proposed for the
regulation and adaptive reference tracking of DC/DC power electronic
converters. The controller has been developed by using a model refer-
ence adaptive control methodology whose control mechanism is based
on the Torelli Control Box methodology. The asymptotic stability of the
controller is guaranteed by the Lyapunov stability criterion. The con-
troller has been applied for the first time to non-ideal Buck and Boost
converter topologies with the inclusion of the model non-linearities.
Considering the model non-linearities makes the control system more
complex, however, it is necessary for obtaining accurate regulation
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Fig. 15. Experimental waveforms for the input and output voltages in the Boost converter operated under MRAC-TCB control. The upper line is the output voltage. The lower
line is the input voltage.

Fig. 16. Waveforms taken from the Matlab-Simulink side during the experimental test on the Boost converter.
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of these converters. The application of the proposed controller to
the Buck and Boost converters has also been tested in experimental
cases, showing the remarkable effectiveness of the proposed control
methodology. For comparison purposes, simulations have been carried
out between the proposed controller and other controllers proposed in
the literature. From the results, the proposed controller has provided
comparable or superior results under the same testing conditions.

This paper has given the mathematical foundations for succes-
sive use of the proposed controller in the power electronics domain.
The work in progress is dedicated to extend the development of the
proposed control principle to other power electronic converters.
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