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Abstract
In this study, an improved Adaptive Fast Terminal Synergetic Controller (AFTSC) using Dual Radial Basis Function (RBF)
Neural Networks (NNs) for output voltage control of an uncertain DC/DC step-down converters is proposed. Using the
considered AFTSC, the with new manifold proposed here enables the DC/DC step-down converter’s state variables to track
the preferred reference voltage in presence of disturbances from any initial condition with proper precision and limited time.
To rendering the design more robust, a sort of dual RBFNNs are utilized to approximate in real-time unknown converter
non-linear dynamics and reduce the modeling error without calling upon usual model linearization and simplifications. The
stability of the closed-loop system is assured by means of the Lyapunov method. Considering the PWM DC–DC step-down
converter as an example, the considered adaptive RBFNN-FTSC law is studied in detail and implemented on a dSPACE
ds1103 card. All the simulation and experimental results illustrate the efficiency and feasibility of the suggested controller.
Keywords Synergetic control (SC) · Radial basis function neural network (RBFNN) · Fast terminal technique · Limited
time · DC/DC step-down converter

1 Introduction
The DC/DC step-down converters which provide lower output DC voltage than the input DC voltage are extensively
used in switch applications of low and medium power levels for using simple circuits and fewer components. It is a
mathematical model which is based on state-space equations
and is a non-linear and time-varied system. Before been
exploited with the PID regulator, these non-linear equations
must be processed about the stable-working point with the
small-signal linearization method. The regular DC/DC stepdown converter is difficult to meet the full stability when a
huge deviation from the normal working point occurs due
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to a large perturbation [1]. The auto-tuning method is suggested in [2] for the PID controller. But the scheme is more
complicated than the conventional PID regulator. According
to this situation, the design of a DC/DC step-down converter
based on non-linear controllers was introduced for better
results. Several non-linear control approaches such as the
variable structure technique have attracted the attention of
the scientific community in the past years [3–5]. Owing to
it’s natural robust characteristics, this control method has
been widely applied in diverse engineering domains such
as the voltage control of the DC/DC step-down converter
[3]. The difficulties of the variable structure controls are the
chattering phenomenon, steady-state errors caused by highfrequency switching procedures, and the fact they require
fairly high bandwidths for the controller, rendering the digital control solutions useless [5]. In [6], a fuzzy logic controller (FLC) is proposed. Sampled-data control is introduced
in [7], while geometric control is presented in [8]. In Refs.
[9, 10], the authors pointed out a fractional-order calculation
applied in DC–DC step-down converter and control, respectively. Even though the existing methods have demonstrated
good performance, they are not totally parameter invariant
and a more robust method is required to deal with unknown
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and variable load resistance conditions. On the other hand,
the current study introduces the synergetic controller (SC)
which is considered on the DC/DC step-down converter
voltage control scheme by employing a simplified statespace averaged model of the DC/DC step-down converter.
The SC scheme is a method of state-space built on the basis
of modern synergetics and mathematics. Russian researcher
Kolesnikov [11] puts forward it in year 2000 based on the
synergetics control theory (SCT), utilized to describe and
analyze an extremely complex nonlinear system of multiple subsystems. The SC strategy is a very effective control
method that relies on the Analytical Design of Aggregated
Regulators (ADAR) technique [11] to deal with the nonlinear dynamic system and make it meet the specifications
of the dynamic performance. It is an analytical procedure
that can solve all control rules directly from a non-linear
model of the DC/DC step-down converter without any linearization. In addition, this control technique has numerous
remarkable advantages such: it is well suited for the digital
application, due to its low demand for bandwidth and better high-frequency noise suppression [12]. It works at an
excellent low frequency, which lessens the cost of the filter
design, and it does not have chattering as well as the inherent robustness features of variable structure technique [13].
Nevertheless, the stability of the SC algorithm is not assured
pending transient action when the system states trajectories
have not reached the attractor. Thus, a new control method
has been created to surmount this natural defect of the SC
method, called Adaptive Fast Terminal Synergetic Control
(AFTSC), so removing the access phase [14].
To date, a few AFRSCs for uncertain non-linear systems have been introduced [12, 14]. Hence, this scientific
paper suggests a new digital controller based on adaptive
RBFNN fast terminal synergetic control (RBFNN-FTSC)
for an uncertain DC/DC step-down converter without the
above-mentioned limitations. In the designed regulator,
the non-linear dynamics of an uncertain DC/DC step-down
converter are approximated by dual RBFNNs to develop
the robustness of the control system. RBFNNs method is a
good way of system recognition or employed as a controller or in combination with other algorithms to constitute a
new intelligent control system. Zhao et al. [15] designed
an adaptive tracking controller for switched stochastic
non-linear systems in a nonstrict-feedback form with
unknown nonsymmetric actuator dead-zone and arbitrary
switchings by combining RBFNN universal approximation
ability and adaptive backstepping method with ordinary
stochastic Lyapunov function technique. Liu et al. [16]
designed an adaptive RBFNN which combined with fuzzy
sliding mode control (SMC) to remove the reaching phase.
Zeng et al. [17] developed an adaptive neural network regulator with the employed radial basis function to assure
the stability of the under-actuated rigid spacecraft system
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and the control performance. Yang et al. [18] designed an
adaptive NN scheme for the motion control of the subsystem. Fang et al. [19] designed a model reference adaptive SMC (ASMC) using RBFNN for Shunt Active Power
Filter (SAPF) system. It is easy to conclude from [20–23]
that RBFNN was very suitable for controlling uncertain
non-linear dynamic systems.
Here are some of the main contributions of this work:
(i) Is the first time that a fully tuned RBFNN based on
FTSC algorithm has been designed for an uncertain
DC/DC step-down converter;
(ii) Compared with the conventional adaptive control
algorithm, the considered adaptive synergetic control is designed by introducing the macro-variable to
decrease the convergence time, simplify the expression of the regulator, and further guarantee fast transient response, low steady-state error, and high output voltage tracking accuracy;
(iii) A Lyapunov stability theorem is rigorously employed
to prove the stability of a DC/DC step-down converter and to derive the updated laws for the RBFNN
weights.
(iv) Eliminate the demand for exact dynamic model by
applying an adaptive RBFNN to approximate the
non-linear functions of an unknown DC/DC stepdown converter;
(v) The designed controller is applied to a DC/DC stepdown converter through some experimental tests;
(vi) Better tracking performance and less impact of disturbances and uncertainties compared to standard
adaptive control law.
The remainder of the article is prepared as follows. In
Sect. 2, the basic preliminaries related to synergetic SCT
and RBFNNs estimator are briefly reviewed. In Sect. 3, the
basic representation of the DC/DC step-down converter is
established. In Sect. 4, RBFNN-FTSC is developed for the
DC/DC step-down converter. In Sect. 5, experimental tests
are performed in the laboratory on a DC/DC step-down
converter to confirm the effectiveness and the applicability of the considered adaptive RBFNN-FTSC algorithm. In
Sect. 6, all conclusions are noted.

2 Preliminaries
2.1 The basis of SC theories
In this part, we provide a brief about the fundamentals of
SC concepts for non-linear dynamical systems of order n
expressed by:
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(1)

ẋ = f (x, u, t),

where u ∈ Rm, and x ∈ Rn, indicating the control-variables
and state-variables. The f(.) indicates a continuous nonlinear function. Usually, the SC is developed by setting the
macro-variable ψ based on the state variables x [14]:
(2)

𝜓 = 𝜓 (x, t)

The main goal of the SC is to oblige the DC/DC step-down
converter to work on a pre-selected manifold ψ = 0. Design a
synergetic regulator capable of forcing the converter states to
exponentially approach the desired manifold with an evolution
constraint which can be imposed as:
(3)

𝜆 𝜓̇ + 𝜓 = 0, 𝜆 > 0,

where 𝜓̇ is the derivative of the aggregated macro-variable
by time, and λ is a positive gain; which dictates the designer
choose the speed of convergence to the defined attractor. The
solution of (3) gives the following function for ψ(t):
(4)

−t∕𝜆

𝜓(t) = 𝜓0 e

It confirms that ψ(t) → 0 at t → ∞, which means that ψ(t) is
attracted to ψ = 0 from any initial point ψ0 (Fig. 1). Since the
time constant λ > 0, the macro-variable ψ will change exponentially with a speed defined by λ. when ψ attains zero, the
system moves to the manifold, and then works on the attractor
without leave.
Consider the derivative of (2), which is introduced by:

𝜓̇ =

d𝜓(x, t) 𝜕𝜓(x, t) dx(t)
=
⋅
dt
𝜕x
dx

(5)

Introducing (1) and (3) into (5) gives (6)

𝜆

d𝜓(x, t)
f (x, u, t) + 𝜓(x, t) = 0
𝜕x

(7)

u = g(x, 𝜓(x, t), 𝜆, t)

The obtained SC law (7) obliges state trajectories to satisfy (3). Suitable selection of ψ(t) and λ ensures the best
performance and the desired stability [24]. We note here
that the SC law (7) can be reformulated as a solution to a
Kolesnikov’s functional (8). Define the following performance index [25]:

J∑ =

∫

�

∞�

∞

F(𝜓,
̇ 𝜓) dt =

0

∫
0

m
�

𝜆2k 𝜓̇ k2

+

𝜓k2

dt

k=1

(8)

Asymptotic stability can be obtained utilizing a Lyapunov
function candidate:

V(t) =

1
𝜓(x, t)2
2

(9)

The following inequality is satisfied with the condition
of λ > 0

1
̇
V(t)
= 𝜓(x, t) 𝜓(x,
̇
t) = − 𝜓(x, t)2 < 0
𝜆

(10)

Figure 2 presents the phase portrait of the system and the
stability characteristics of the SC law as demonstrated by the
convergence to the manifold. The equilibrium point is the
origin, where the error goes to zero. Equation (2) describes
a straight line passing through the origin with a slope of
(− 1/λ). The working point of the system converges to the
inclined straight line (the control manifold) and then travels
along with the origin.
The schematic diagram presenting calculations of the
considered SC algorithm is illustrated in Fig. 3.

(6)

0.1

Macrovariable

Solving (6) gives the general form of the SC law u:
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Fig.1  Convergence of macro-variable from different initial points to
the attractor at ψ = 0

Fig. 2  Geometric interpretation of SC in the phase plane
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Fig. 3  Schematic diagram of the considered SC law

2.2 The basis of the Dual RBF Neural Networks
(NNs) approximator
It is recognized that the RBFNNs are universal approximators and have multiple functions in regulator identification and
design. The characteristics of the RBFNN, such as accelerating
learning speed and avoiding the local minimum problem, make
it suitable for the real-time control system and are capable of
improving the control accuracy, robustness, and adaptability
of the system. The RBFNN is a particular kind of feed-forward
neural network, which comprises only three layers of neurons:
(i) input layer, (ii) hidden layer, and (iii) output layer, all of
which are depicted in Fig. 4.
Input layer: the input layer of the RBFNN approximator
is simply a fanout layer, and the input vector is indicated as
follows:

x = [x1 , x2 , … , xn ]T

(11)

where x ∈ Rn and n is the number of input nodes.
Membership layer: the non-linear activation functions hi(x)
in this layer are chosen as Gaussian functions:
(
)
‖x − m ‖2
i‖
‖
hi (x) = exp
, i = 1, … , L,
(12)
2𝜎i2
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Fig. 4  Diagram of the RBFNN structure

where L is the number of hidden layer’s neurons, mi and σi
correspond to the spread and center of the Gaussian membership, respectively.
Output layer: the output of the RBFNN can be computed
by the weighted sum model:

y=

n
∑

𝜉i hi (x) + 𝜀,

(13)

i=0

where n is the number of output nodes, ξi is the weight
connecting the hidden layer, and the output layer ε is the
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threshold offset of the output RBFNN. When the weight is
desired, the reconfiguration error is the minimum.

3 DC–DC step‑down converter dynamic
model
The equivalent power circuit of the controlled PWM DC/DC
step-down converter is presented in Fig. 5, which consists
of a load resistor Ro, a self-inductor L, a filter capacitor C,
a diode D, a DC input voltage Vin, a DC output voltage Vo,
and a controlled power switch Q.
The state equations of a DC/DC step-down converter at a
steady-state can be defined as in [26]:
{ di
V
L
= − L1 Vo + Lin u
dt
,
(14)
dVo
1
1
= C iL − R C Vo
dt
o

where iL is the current of inductor L, and u is the on–off ratio
of the DC/DC step-down converter. Considering the capacitor voltage (Vo) and its derivative as the state variables, we
can obtain:
{
x1 = Vo
dV
(15)
x2 = ẋ 1 = dto
Therefore, the state equations of the DC/DC step-down
converter can be expressed as follows:
{
ẋ 1 = x2
x
x
V
(16)
ẋ 2 = − LC1 − R 2C + LCin u
o

Study objective: the purpose of this study is to synthesize
an appropriate RBFNN-FTSC control law u for system (16)
as a function of state coordinates (x1, x2), which gives the
desired value of converter output voltage x1 = x1ref without
the prior modeling knowledge and under the constraint such
that the tracking error converges to origin asymptotically in
restricted-time tr, i.e.

L
Q
Vin

PWM

(17)

4 Fast Terminal Synergetic Controller (FTSC)
Design Using Adaptive RBFNNs
Considering the desired value of output voltage x1ref to be
Vref. As a result, the tracking error and its derivative are
defined as:

e = x1 − Vref

(18)

ė = ẋ 1 − V̇ ref = x2 − V̇ ref

(19)

To permit the application of the RBFNN-FTSC method
to a DC/DC step-down converter, a particular function
named the macro-variable, which is chosen as a non-linear combination of state variables needs to be determined
[27]:
(20)

𝜓 = ė + 𝛼e + 𝛽ep∕q ,

where α and β are the controller gains, p and q are strictly
positive constants, where the condition on p and q is defined
as 1 < p/q < 2. A constraint imposing preferred dynamics on
the macro-variable is adopted as follows:
(21)

𝜆 𝜓̇ + 𝜓 = 0,

where λ is a positive parameter, which obliges the
designer to select the rate of convergence to the constructed
manifold ψ. Therefore, the mathematical formula of Eq. (20)
for ψ = 0 will be as follows:
(22)

ė + 𝛼e + 𝛽ep∕q = 0

On integrating (22), and by setting precise constants α, β,
p and q, the convergence rate of the proposed system from
any particular initial state e(0) ≠ 0 to the manifold ψ = 0 is
finite-time tr ≥ 0 and is determined by:
[
]
p
𝛼|e(0)|1−(p∕q) + 𝛽
ln
tr =
(23)
𝛼(p − q)
𝛽
We now derive ψ, one can obtain:

iL
D

‖
lim ‖
‖Vo − Vref ‖ → 0

t→tr

+
C

u
Fig. 5  Equivalent circuit of a DC/DC step-down converter

Ro

Vo
_

p
𝜓̇ = ë + 𝛼 ė + 𝛽 e(p∕q) - 1 ė
q

(24)

Combining (21) and (24), leads to (25):

p
1
ë + 𝛼 ė + 𝛽 e(p∕q) - 1 ė = − 𝜓
q
𝜆

(25)

Rewriting Eq. (16), ë can be expressed as follows:
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ë = −

x
V
x1
− 2 + in u − V̈ ref
LC Ro C LC

(26)

We set the following simplification for designing RBFNNFTSC scheme

f (x) = −

x
V
x1
− 2 and b(x) = in .
LC Ro C
LC

Simplify for the FTSC law u, guides to (27):
[
]
p
1
1 ̈
Vref − f (x) − 𝜓 − 𝛼 ė − 𝛽 e(p∕q)−1 ė
u=
b(x)
𝜆
q

The vectors of inputs, centers and variances of the ith
RBFNN defined as follows:

(27)

Stability proof: Stability of the closed-loop system can be
evaluated employing the Lyapunov function V1:

V1 =

1 2
𝜓
2

(28)

Differentiating V1 and substituting (25) into it, then one
can have:

V̇ 1 = 𝜓 𝜓̇
(
)
p
= 𝜓 ë + 𝛼 ė + 𝛽 e(p∕q) - 1 ė
q
)
(
1
1
= 𝜓 − 𝜓 = − 𝜓2 ≤ 0
𝜆
𝜆

(29)

Hence, the controller (27) can meet the global stability condition of the DC/DC step-down converter.
Sadly, in the practical application, the non-linear DC/DC
step-down converter functions f(x) and b(x) are unknown and
complex to estimate exactly. As a result, it is impossible to
use the control law (27) directly. To address this difficulty, we
propose an adaptive FTSC algorithm in this section, in which
the non-linear DC/DC step-down converter terms f(x) and b(x)
in (27) are replaced by a three-layer RBFNN system. Let f̂ (x)
̂ be the RBFNN estimates of f(x) and b(x),. Thus, the
and b(x)
overall RBFNN-FTSC control law can be designed as follows:
]
[
p (p∕q)−1
1 ̈
1
̂
Vref − f (x) − 𝜓 − 𝛼 ė − 𝛽 e
ė
u=
(30)
̂
𝜆
q
b(x)

̂ are the outputs of the neural networks
In (30), f̂ (x) and b(x)
that approximates the non-linear DC/DC step-down converter
functions f(x) and b(x), which is formulated as follows:
f̂ (x) = 𝜉̂fT hf (x)
̂ = 𝜉̂T hb (x),
b(x)
b

(31)
(32)

where 𝜉̂f (x) and 𝜉̂b (x) are the real-time weights of RBFNN
model that are updated all the time online, hf(x) and hb(x)
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are a set of radial basis function, and the algorithm of dual
RBFNN can be introduced as:
(
)
‖x − m ‖2
i‖
‖
hi (x) = exp
, i = 1, … , L
(33)
2𝜎i2

⎧ x = [e , ė , ë ], i = 1, 2, ..., n
i i i
⎪ i
⎨ mi = [mi1 , mi2 , … , miL ], i = 1, 2, ..., n
⎪ 𝜎i = [𝜎i1 , 𝜎i2 , … , 𝜎iL ], i = 1, 2, ..., n
⎩

(34)

The approximated DC/DC step-down converter model
can be described as:
{
f (x) = 𝜉f∗T hf (x) + 𝜀f
,
(35)
b(x) = 𝜉b∗T hb (x) + 𝜀b
where 𝜉f∗ and 𝜉b∗ are the optimal weight vector of the RBFNN
system. Here,𝜀f and 𝜀b are approximation error terms. With
the optimal parameter vector of the RBFNN, the total
approximation error can be calculated as follows:

̂
𝜀 = 𝜀f + 𝜀b = [f (x) − f̂ (x)] + [b(x) − b(x)],

(36)

where ε is the total approximation error, ‖𝜀‖ < 𝜀N , where 𝜀N
is a small positive constant. The ideal approximation factors
of RBFNN system can be defined as:
}
{
|
|
𝜉f∗ = arg min sup |f (x) − f̂ ( x|𝜉̂f )|
(37)
|
x∈ Rn |

{
𝜉b∗ = arg min

}

|
|
sup |b(x) − b( x|𝜉̂b )|
|
x∈ Rn |

(38)

As a result, the RBFNN (37) and (38) can perfectly
estimate the arbitrary values of f(x) and b(x), which are
given by the following lemma.
Lemma 1 For any given real continuous functions f(x) and
b(x) defined on a compressed space x ϵ Rn, and for any arbitrary εf > 0 and εb > 0, there exists a neural approximators
̂ in the form of (31) and (32), such that:
f̂ (x) and b(x)
x∈ Rn

|
|
sup |f (x) − f̂ ( x|𝜉̂f )| < 𝜀f
|
|

(39)

|
̂ x|𝜉̂b )|| < 𝜀b
sup |b(x) − b(
|
|
n
x∈ R

(40)

Substituting (36) into (21), the dynamic of macro-variable is calculated as:
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[
] [
] 1
̂
𝜓̇ = f (x) − f̂ (x) + b(x) − b(x)
− 𝜓 −𝜀
𝜆

951

(41)

Driving after a few straightforward treatment to:

1
𝜓̇ = (𝜉f∗T − 𝜉̂fT )hf (x) + (𝜉b∗T − 𝜉̂bT )hb (x) − 𝜓
𝜆

(42)

From the aforementioned equation, one can write:

1
𝜓̇ = 𝜉̃fT hf (x) + 𝜉̃gT hg (x) − 𝜓,
𝜆

(43)

where: 𝜉̃f = 𝜉f∗ − 𝜉̂f and 𝜉̃g = 𝜉g∗ − 𝜉̂g are the estimation
errors of the perfect network weight vector.
{
f̃ = f − f̂ = 𝜉f∗T hf (x) + 𝜀f − 𝜉̂fT hf (x) = 𝜉̃fT hf (x) + 𝜀f

b̃ = b − b̂ = 𝜉b∗T hb (x) + 𝜀b − 𝜉̂bT hb (x) = 𝜉̃bT hb (x) + 𝜀b
(44)
Stability proof: Let’s select the Lyapunov function V as:
(
)
1 2 ̃T −1 ̃
𝜓 + 𝜉f r1 𝜉f + 𝜉̃bT r2−1 𝜉̃b ,
V=
(45)
2
where r1 and r2 are adjustable factors named the learning
law. The time derivative of (45), gives as follows:

V̇ = 𝜓 𝜓̇ + r1−1 𝜉̃fT 𝜉̃̇ f + r2−1 𝜉̃bT 𝜉̃̇ b

(46)

By substituting (42) into (46), we can get (47)
)
(
1
V̇ = 𝜓 𝜉̃fT hf (x) + 𝜉̃bT hb (x) − 𝜓 + r1−1 𝜉̃fT 𝜉̃̇ f + r2−1 𝜉̃bT 𝜉̃̇ b
𝜆
(47)

𝜉f∗ and 𝜉b∗ will stay as a constant once the entire system
is convergent, then having 𝜉̇ f∗ = 𝜉̇ b∗ = 0.In which:

{

𝜉̃̇ f = −𝜉̂̇ f
𝜉̃̇ b = −𝜉̂̇ b

(48)

Substituting (48) into (47), leads also to:

1
V̇ = − |𝜓| + r1−1 𝜉̃fT (r1 𝜓hf (x) + 𝜉̂̇ f ) + r2−1 𝜉̃bT (r2 𝜓hb (x) + 𝜉̇ b )
𝜆
(49)
To make V̇ ≤ 0 , we choose an adaptive algorithm to
approximate f(x) and g(x) as follows:
𝜉̂̇ f = −r1 𝜓hf (x)

(50)

𝜉̂̇ b = −r2 𝜓 hb (x)

(51)

Putting (50) and (51) into (49), leads also to (52):

1
V̇ ≤ − |𝜓| ≤ 0
𝜆

(52)

Remark It is simple to notice that with (30) and the adaptive
laws (50) and (51), the stability of the closed-loop system
can be established. The schematic graph of the proposed
adaptive RBFNN-FTSC is depicted in Fig. 6.

5 Experimental verification
The experimental tests are conducted to display the effectiveness of the designed control algorithm of the adaptive RBFNN-FTSC for regulating the output voltage of a
DC–DC step-down converter in some typical operational
states. The laboratory prototype is shown in Fig. 7, and has
the following components: (1) a DC–DC step-down converter. (2) A pair of sensors was devised for capturing the

Fig. 6  Block diagram of the adaptive RBFNN-FTSC law
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voltage (Vo) and the current (IL). The other element permitted Enable/Disable a disturbance resistive load (Ro) triggered
by a manual button. The adaptive RBFNN-FTSC algorithm
and the preferred reference trajectory were implemented
using a dSPACE DS1103.
The constituent values of the DC–DC buck step-down
converter design are summarized in Table 1.
In the considered adaptive RBFNN-FTSC law, we
choose the following factors as: λ = 0.001, α = 1000, β = 50,
p = 5 and q = 2. The utilized RBFNNs sizes are as follows:
RBFNN_f(x) has 10 nodes, RBFNN_b(x) has 5 nodes in
hidden layer, respectively. The centric vector of the Gaussian functions mi are selected from [-1, 1] for all RBFNNs,
and the base width factors are taken to be σif = 2 and σib = 0.5
with i is the number of the nodes.
Diverse experimental tests are established to illustrate
and compare the benefits of the designed adaptive RBFNNFTSC law and finite-time disturbance observer-based
nonsingular terminal sliding mode control (FTDO-NTSMC)
law [28].

5.1 Start‑up response (0–30 V)
The performance of an adaptive RBFNN-FTSC law in regulating the output voltage (Vo), at a start-up transient response
(0–50 V), is practiced under regular conditions. The resulting variations in (Vo) and (IL), exhibited by each of the two
controllers are illustrated in Fig. 8a, b, respectively. It is
observed that the overshoot in output voltage under the proposed RBFNN-FTSC law is lower than that of the FTDONTSMC law because the adaptive RBFNN-FTSC law uses
the RBFNN technique.

Table 1  DC–DC step-down converter parameters
Description

Nominal value

Symbol

Inductor (L)
Nominal load resistor (Ro)
Capacitor (C)
Input voltage (Vin)
Reference output voltage ( Vref)
Switching frequency (fs)

5
82
1100
75
30
20

mH
Ω
μF
V
V
kHZ

Note from Fig. 9a that during the strong load resistor variations, the proposed RBFNN-FTSC algorithm ensures zero
steady-state error in (Vo), with only a slight decrease in voltage ripples around the (Vref).
Also, it is observed that the output voltage fluctuation
is noticeably visible when the FTDO-NTSMC algorithm is
implemented to deal with the presence of perturbations from
load resistor uncertainties. The different output voltage fluctuations are caused by the special sliding surface design of
the FTDO-NTSMC algorithm.

Output voltage

Duty cycle

Inductor current

5.2 Step‑load waveforms
Experimental step-load waveforms of (Vo) and (IL) between
these two algorithms, when the load resistor steps from a
nominal value of 82–36 Ω and vice-versa are illustrated in
Fig. 9a, b, respectively.

(a) The FTDO-NTSMC algorithm

Output voltage

Duty cycle

DC Power Supply
Oscilloscope
PC/Matlab/Simulink

Inductor current

Buck Converter
Circuit
dSPACE 1003
DC Load

Fig. 7  Laboratory prototype
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(b) The proposed RBFNN-FTSC algorithm
Fig. 8  Experimental results of (Vo) and (iL) for a nominal startup
response (Vo: 10 V/div, iL:0.25A/div, time: 50 ms/div)
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Output voltage

Output voltage

Duty cycle

Duty cycle

Inductor current

(a) The FTDO-NTSMC algorithm

Inductor current

(a) The FTDO-NTSMC algorithm

Output voltage

Output voltage

Duty cycle

Duty cycle

Inductor current

(b) The proposed RBFNN-FTSC algorithm
Fig. 9  Experimental results of (Vo) and (iL) for a step-load response:
(Vo: 10 V/div, iL: 0.25A/div, time: 100 ms/div)

Inductor current

(b) The proposed RBFNN-FTSC algorithm
Fig. 10  Experimental results of (Vo) and (iL) and (d) for a step-up
change in the (Vref): (Vo: 10 V/div, iL: 0.25 A/div, d: 0.5 V/div, time:
50 ms/div)

6.1 Sinusoidal‑wave tracking performance

6 Reference trajectory tracking
performance
Here, each algorithm is applied to the DC/DC step-down
converter to study the performance of reference voltage
tracking during a step-change in the desired output voltage
Vref from 20 to 30 V, and then to 20 V. The control performance of the (Vo), the duty cycle (d) and (IL) under two
algorithms are depicted in Fig. 10a, b. As exposed in these
figures, the tracking response of the RBFNN-FTSC is
good in both the transient and the steady-state responses.
Moreover, the tracking is offset-free. For comparison with
FTDO-NTSMC, it is apparent that the tracking response of
FTDO-NTSMC has offsets. The proposed RBFNN-FTSC
shows slightly improved performance since it has slightly
better accuracy and speed in response to the reference voltage tracking.

The voltage tracking performance of each algorithm is
tested by applying a sinusoidal-wave reference voltage.
The corresponding response of (Vo), (d) and (IL) under the
influence of each algorithm is demonstrated in Fig. 11a,
b, respectively.
As can be seen from these experimental waveforms, the
considered adaptive RBFNN-FTSC law not only presents
a more perfect response but also decreases the chattering
phenomena.

6.2 Comparison analysis and summary
To suitably compare the regulators in a reasonable manner,
we apply the quantitative comparison and analysis using the
statistics of the steady experimental data. The average accuracy of the tracking performance (eRMS) can be calculated as:
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(a) The FTDO-NTSMC algorithm

0.04

0

1

RMS Error [V]
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RBFNN-FTSC
FTDO-NTSMC

1.5
1

0

Inductor current

2

7
6

RBFNN-FTSC
FTDO-NTSMC

5
4
3
2

0.5

1

3

0

4

Fig. 12  RMS profile of the tracking error under all experimental tests

(b) The proposed RBFNN-FTSC algorithm
Fig. 11  Experimental results of (Vo) and (iL) and (d) for a sinusoidalwave tracking in the (Vref): (Vo:10 V/div, iL:0.25A/div and d: 0.5 V/
div, time: 1 s/div)

(53)

where T is the sample number. 20 samples are employed
to judge the RMS value. The results of RMS profile of the
tracking error in all the experimental tests are displayed
as bar charts in Fig. 12. From this figure, we can say that
the adaptive RBFNN-FTSC law is the best, which implies
that the tracking accuracy benefits from the introduction
of RBFNN into the regulator design. The FTDO-NTSMC
takes second place. Thus, the results signify that the proposed RBFNN-FTSC can be applied to the DC–DC stepdown converter, and guarantees a good reaction and high
accuracy tracking performance with noticeable robustness
against disturbances and load resistor (Ro) variations.

6.3 RBFNN estimation performance evaluation
To confirm the estimation performance of the considered RBFNN model, an adaptive RBFNN-FTSC control
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0.06

2.5
2

eRMS

0.08

0.02
0

√
∑N (Vo (k) − Vref (k))2
=
i=1
T

RBFNN-FTSC
FTDO-NTSMC

0.05

Inductor current

Output voltage

0.1
RMS Error [V]

Duty cycle

RBFNN-FTSC
FTDO-NTSMC

RMS Error [V]

Output voltage

RMS Error [V]

0.15

0.12

strategy mentioned in Sect. 5.2 is implemented in the
experimental platform. The estimation curves of RBFNN
outputs with respect to the changes in load values are
exposed in Fig. 13. Figure 13 illustrates both the outputs
of the model that was setup with RBFNN (dashed lines)
and the sample data utilized for the training of the RBFNN
model (solid lines). This figure reveals excellent estimation accuracy. So, the effectiveness of the designed adaptive RBFNN-FTSC law can be guaranteed.
The performance of the proposed RBFNN model
depends on many factors such as the training and testing features, and the range of data values. In this paper,
four groups of statistical measures were utilized to judge
the performance of the RBFNN model by comparing the
approximated outputs obtained from the RBFNN model
and the measured values. Definitions of each of these
measures are given in the following:
1. The mean squared error (MSE) measures the difference
between the estimated and the measured values as:
N
)2
1 ∑(̂
MSE =
Yi − Yi ,
(54)
N i=1
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Table 2  Statistical results obtained for the RBFNN

5

Estimated f(x)

0

x 10

Statistical model validation
paramaters

-5

MSE
0.143

RMSE
0.319

R
0.972

MAPE
0.763

-10

�
N �
��
∑
Yi − Ȳ i Ŷ i − Ŷ̄ i

Sample Data
RBFNN Output

-15
0

0.2

0.4
0.6
Time step [s]

0.8

1

Estimated b(x)

x 10

4
2
0
0

�2
N �
N �
�2 ∑
∑
Ŷ i − Ŷ̄ i
Yi − Ȳ i

(56)

i=1

Here, Yi and Ŷ i denote the measured and estimated values.Ȳ i and Ŷ̄ represent measured and estimated means.
N is the total number of all samples.

6

6

i=1

i=1

(a) Estimated f(x)
8

R= �

7.504
7.502
7.5
7.498
7.496

x 10

6

0.6

0.2

0.8

0.4
0.6
Time step [s]

4. To estimate the accuracy of the RBFNN, Mean Absolute Percentage Error (MAPE) is used. MAPE has been
defined as follows:
N
1 ∑ || Ŷ i − Yi ||
MAPE =
|
|
(57)
N i=1 || Ŷ i ||

Sample Data
RBFNN Data
0.8

1

(b) Estimated f(x)
Fig. 13  Estimation curves of RBFNN under adaptive RBFNN-FTSC
law for a step-load response

where Ŷ i(i = 1, 2,..., N) is the estimated value of the i-th
sample, Yi (i = 1, 2,..., N) is the measured value of the
i-th sample, and N is the total number of all samples
(N = 1200).
2. The root mean squared error (RMSE) represents the data
dispersion around zero deviation, which is computed by:
√
√
N
√1 ∑
(
)2
(55)
RMSE = √
Ŷ i − Yi
N i=1
3. The correlation coefficient (R) measures the goodness of
fit between the results obtained by an RBFNN and the
measured data. If the value of R is closer to 1, the correlation between the estimated and measured values is
better. The correlation coefficient is determined through
(56):

The performance of the proposed RBFNN in terms of
statistical model validation factors MSE, RMSE, and R are
given in Table 2.
The measured and the estimated values for the training
set, testing set and all the actual values using RBFNN are
exposed in Fig. 14. As it is obviously seen in Fig. 14 and
Table 2, the results were quite satisfactory.

7 Conclusion
In this article, a new adaptive RBFNN-FTSC law has been
developed and tested to solve the problem of output voltage-tracking of an uncertain DC/DC step-down converter.
The designed control law has been calculated by employing methods of the STC and the terminal attractor method,
which guarantees limited-time convergence of the capacitor
voltage to the preferred output voltage. The unknown nonlinear functions in the considered control algorithm can be
estimated punctually employing the RBFNN system with
appropriate adaptive laws. The stability of the DC/DC stepdown converter and the convergence of the voltage errors
have been rigorously proved using the direct Lyapunov
approach. As a result, all the simulation and experimental
results demonstrate that the algorithm of adaptive RBFNNFTSC has great effectiveness for the DC/DC step-down
converter.
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Fig. 14  Correlation results for the measured values against the values
approximated by RBFNN for training, testing and all data

References
1. Dehong X (2007) Modeling and control of power electronics system. Machinery Industry Press, Beijing
2. Chander S, Agarwal P, Gupta I (2014) Fine-tuned PID controller
for fast transient response of DC–DC converter. Eur J Acad Essays
1(2):61–69
3. Yuanyuan Y, Jinbo L (2006) Analysis of passivity-based slidingmode control strategy in DC–DC converter. In: Proceedings of
Chinese Control Conference, pp 171–174
4. Son YD, Heo T.W, Santi E, Monti A (2004) Synergetic control
approach for induction motor speed control. In: Proceedings of the
30th annual conference of the IEEE Industrial Electronics Society,
IECON 2004, Busan, South Korea, vol 1, pp 883–887. https://d oi.
org/10.1109/IECON.2004.1433432
5. Kolesnikov A, Veselov G et al (2000) Modern applied control
theory: synergetic approach in control theory, chap 2. TSURE
Press, Moscow
6. Elmas C, Deperlioglu O, Sayan HH (2009) Adaptive fuzzy
logic controller for DC–DC converters. Expert Syst Appl
36(2):1540–1548
7. Zhang C, Wang J, Li S, Wu B, Qian C (2015) Robust control
for PWM-based DC–DC buck power converters with uncertainty
via sampled-data output feedback. IEEE Trans Power Electr
30(1):504–515
8. Kapat S, Shenoy PS, Krein PT (2012) Near-null response to largesignal transients in an augmented buck converter: a geometric
approach. IEEE Trans Power Electron 27(7):3319–3329
9. Babes B, Boutaghane A, Hamouda N, Mezaache M (2019)
Design of a robust voltage controller for a DC–DC buck converter
using fractional-order terminal sliding mode control strategy.
In: International Conference on Advanced Electrical Engineering (ICAEE), Algiers, Algeria, pp 1–6. https://doi.org/10.1109/
ICAEE47123.2019.9014788

13

10. Hosseinnia SH, Tejado I, Vinagre BM, Sierociuk D (2012)
Boolean-based fractional order SMC for switching systems
application to a DC–DC Buck converter. SIViP 6(3):445–451
11. Kolesnikov AA (2014) American Control Conference, Portland,
OR, pp 3013–3016. https://doi.org/10.1109/ACC.2014.6859397
12. Babes B, Boutaghane A, Hamouda N, Mezaache M, Kahla S
(2019) A robust adaptive fuzzy fast terminal synergetic voltage control scheme for DC/DC buck converter. In: International
Conference on Advanced Electrical Engineering (ICAEE),
Algiers, Algeria, pp 1–5. https://doi.org/10.1109/ICAEE47123.
2019.9014717
13. Hamouda N, Babes B, Boutaghane A (2021) Design and analysis of robust nonlinear synergetic controller for a PMDC motor
driven Wire-Feeder System (WFS). In: Bououden S, Chadli M,
Ziani S, Zelinka I (eds) Proceedings of the 4th International
Conference on Electrical Engineering and Control Applications.
ICEECA 2019. Lecture notes in electrical engineering, vol 682.
Springer, Singapore. https://doi.org/10.1007/978-981-15-64031_26
14. Hamouda N, Babes B (2021) A DC/DC buck converter voltage
regulation using an adaptive fuzzy fast terminal synergetic control.
In: Bououden S, Chadli M, Ziani S, Zelinka I (eds) Proceedings
of the 4th International Conference on Electrical Engineering and
Control Applications. ICEECA 2019. Lecture notes in electrical engineering, vol 682. Springer, Singapore. https://doi.org/10.
1007/978-981-15-6403-1_48
15. Liu F, Fan S (2009) Adaptive RBFNN fuzzy sliding mode control
for two link robot manipulator. In: International conference on
artificial intelligence and computational intelligence, pp 272–276
16. Zeng W, Wang Q (2015) Learning from adaptive neural network
control of an underactuated rigid spacecraft. Neurocomputing
168:690–697
17. Yang C, Li Z, Cui R, Xu B (2014) Neural network-based motion
control of underactuated wheeled inverted pendulum models.
IEEE Trans Neural Netw Learn Syst 25(11):2004–2016
18. Fang Y, Fei J, Ma K (2015) Model reference adaptive sliding
mode control using RBF neural network for active power filter.
Int J Electr Power Energy Syst 73:249–258
19. Cecati C, Kolbusz J, Rozycki P, Siano P, Wilamowsk B (2015)
A novel RBF training algorithm for short-term electric load
forecasting and comparative studies. IEEE Trans Ind Electron
62(10):6519–6529
20. Guo Y, Li K, Yang Z, Deng J, Laverty D (2015) A novel radial
basis function neural network principal component analysis
scheme for PMU-based wide-area power system monitoring.
Electr Power Syst Res 127:197–205
21. Oroian M (2015) Influence of temperature, frequency and moisture content on honey viscoelastic parameters—neural networks
and adaptive neuro-fuzzy inference system prediction. LWT Food
Sci Technol 63(2):1309–1316
22. Chen W, Ge S, Wu J, Gong M (2015) Globally stable adaptive
backstepping neural network control for uncertain strict-feedback
systems with tracking accuracy known a priori. IEEE Trans Neural Netw Learn Syst 26(9):1842–1854
23. Santi E, Monti A, Li D et al (2004) Synergetic control for power
electronics applications: a comparison with the sliding mode
approach. J Circ Syst Comput 13:737–760
24. Bouchama Z, Essounbouli N et al (2016) Reaching phase free
adaptive fuzzy synergetic power system stabilizer. Electr Power
Energy Syst 77:43–49
25. Fazal R, Choudhry MA (2017) Design of nonlinear static var compensator based on synergetic control theory. Electr Power Syst Res
151:243–250
26. Nettari Y, Kurt S (2018) Design of a new non-singular robust control using synergetic theory for DC–DC buck converter. Electrica
18(2):292–299

Electrical Engineering (2022) 104:945–957
27. Zerroug N, Harmas MN, Benaggoune S, Bouchama Z, Zehar K
(2018) DSP-based implementation of fast terminal synergetic control for a DC–DC Buck converter. J Frankl Inst 355:2329–2343
28. Wang JX, Li SH, Yang J et al (2016) Finite-time disturbance
observer based non-singular terminal sliding-mode control for
pulse width modulation based DC–DC buck converters with
mismatched load disturbances. IET Power Electron 9:1995–2002.
https://doi.org/10.1049/iet-pel.2015.0178

957
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

13

