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Abstract:

This paper considers the problem of DC-DC buck converter control for Maximum Power Point
(MPP) tracking in renewable energy systems. A new nonlinear robust controller is proposed for
fast and robust output voltage tracking in the DC bus of the power source. A novel composite
sliding mode controller is developed with a nonlinear state observer design for current
estimation. Parameters of the overall approach are tuned using Particle Swarm Optimization
(PSO) algorithm with an objective to ensure a good balance between fast transients,
robustness, and dynamic performance in practical implementations. This novel cost-efficient
strategy accounts for the switched and nonlinear aspects of the problem in addition to
disturbances. Stability of the closed-loop system is analyzed through Lyapunov stability theory.
Moreover, comparative simulation tests and experimental results from multiple scenarios
show significant trajectory-tracking improvements in terms of faster convergence with short
transients and effective disturbance rejection performance compared to the optimally tuned
Proportional Integral (Pl) controller that is widely adopted in industrial applications.

Keywords—Robust nonlinear controller, nonlinear observer, PSO Algorithm, voltage tracking,
DC-DC converter, Lyapunov theory, dSPACE 1103 platform.

Nomenclature

a The switching control signal

L The inductor resistance (ohm)

u The PWM duty cycle

V. The input DC-DC converter voltage (V)
v, The observer voltage (V)

Vae The DC link voltage (V)

Vier The reference voltage (V)

74,2, The observer tracking errors

C The DC-DC converter capacitance (F)
eq, ez, e3 The tracking errors

I The input DC-DC converter current (A)
TL The observer inductance (A)

ILref The inductor current reference (A)

k4 Parameter of the proposed observer
Kp, K; Parameters of the MPPT controller

L The DC-DC converter inductance (H)



A1, A5, A3, A4 Parameters of the proposed controller

Abbreviations

IAE Integral Absolute-value of the Error
MPP Maximum Power Point

MPPT Maximum Power Point tracking

Pl Proportional Integral

PWM Pulse Wave Modulation

PSO Particle Swarm Optimization

RESs Renewable Energy Sources

1. Introduction

The significant growth in energy demand and environmental issues has forced many
countries around the globe to adopt clean energy sources [1]. Renewable energy sources (RES)
are sustainable alternatives to deal with the increasing energy demand in our daily life.
Electrical energy production from renewable clean sources is becoming a major revolution [1-
2]. Recently, the increasing developments towards clean energy provide efficient solution for
reducing the dependence on fossil fuels. Consequently, the integration of small wind power
generators, solar energy generators and storage systems to the grid called ‘microgrid system’
consists one of the promising solutions which have drawn the attention of many researchers
worldwide [1-2, 3]. Consequently, this fueled the recent developments of standalone
microgrids with RES, energy storage, power electronics, and high-performance energy
conversion systems. Robust smooth control plays a crucial role in energy conversion systems in
microgrid applications. More recently, new technological developments and researches are
exploited in order to face the rising scenario in which low to medium-energy power-generators

and storage systems are integrated with the grid. The integration of this technology with



microgrids has recently drawn the attention to address the issue of the rising RES penetration
into the network [4]. The microgrid strategy provides the final user to produce and store power
so that the microgrid can import or export energy to the grid [1]. The DC microgrids, in
particular, are gaining an increased attention from researchers worldwide [5-7]. In this
perspective, numerous studies are suggested and discussed in the literature of smart grids and

power electronics that deal with the control of such systems [8-10].

Influenced by the rapid developments of renewable energy, power electronics, and
smart grids, switching DC-DC converters are becoming essential nowadays. For their low cost,
high power efficiency and simple structure, their many end-user applications [11] range from
fuel and solar cells [12, 13], portable electronic devices [14], DC microgrids and motor drives
[15], electric and hybrid vehicles [16, 17], to photovoltaic systems [18] and wind turbine
generators [19]. As mentioned in [11], there are two main control application challenges that
must be addressed for the converters to match the source and the load; these energy sources
are subject to disturbances and variations due to environmental conditions while each of them
has different energy generation characteristics that should be properly addressed. Control
challenges are inherent from the system internal characteristics [20] including the switched

nature, nonlinearities, non-minimum phase behavior and input as well as state constraints.

This paper considers the problem of DC-DC buck converter control while accounting for its
unique characteristics in practical implementations. The objective of the designed controller is
to ensure different criteria of high robustness, fast response with good dynamic performance,
and reliability in practical implementation. The recent developments in this field attracted a
great attention to develop smart controllers for DC-DC buck converters. In general,
conventional control methodologies are designed through various levels of approximations and
simplifications whereas destined for different but individual performance criteria such as
source disturbances, load variation, fast transient, overcurrent protection, or tracking error.
[21] conducted a comparison of recent optimal and hybrid control methods for DC-DC buck
converters which are grouped into five control techniques. Stability analysis and comparison of



conventional controllers are provided in [22] for photovoltaic powered buck- DC-DC
converters; [22] where fuzzy logic controllers [23] showed better performance compared to
classical Pl controllers [24, 25]. Performance comparison of traditional controllers for DC-DC
buck converter was conducted in [26]. In this paper, the existing approaches are referred to as
linear and nonlinear techniques. We call linear approaches all those which assume linearity
characteristics such as a linear model for the DC-DC buck converter system and/or linear
effects or utilize linear controllers and/or linear observers. Nonlinear control techniques do not
make any linearity assumption and they can be classified into artificial, analytical, and
knowledge-based.

As conducted in [27], linear control techniques are advantageous in terms of low
complexity and higher reliability in DC-DC buck converter control systems. The classical
Proportional-Integral-Derivative (PID) and H,, controllers were presented and compared in
[28] to reduce the oscillatory behavior in wind power generation applications. However, [29]
highlighted the requirement for overcurrent protection and proposed an extension to the
classical PID controller called current-constrained PID controller. A linear state-feedback
controller was presented in [30] for optimal control of DC-DC buck converters assuming a
Markov jump linear system. While a large class of linear control techniques focuses on tracking
performance, a second class focuses on robustness issues and disturbance rejection
capabilities. [31] highlighted the global robustness problem in output voltage regulation for
DC-DC buck converter systems, a linear discrete-time observer was presented to ensure
stability and disturbance rejection. [32] conducted a qualitative robustness analysis of DC-DC
buck converters and presented a linear observer called disturbance compensation gain as a
solution. In an extension to this, a Generalized-Proportional-Integral (GPI) was developed in
[33] for disturbance rejection control in DC—DC buck converters. Alternative disturbance
rejection approaches include current sharing through finite-time control [34], tail-current

control [35], or dual operation modes [36] for interval robustness only.



Bound to their simplicity, linear control techniques fail to address the nature of the
considered problem and ignore many of the actual characteristics, which are unique for various
DC-DC buck converter systems and depend on the application. Linearity assumptions in the
model are vague approximations that reduce its accuracy while restricting the controller design
to linear controllers greatly limits its effectiveness; there are few works in the literature
addressing these shortcomings through nonlinear control techniques for efficient energy
conversion applications. The closest nonlinear extension to the classical PID controller is the
nonlinear fractional order synergetic controller [37] which achieved stability and dynamic
tracking performance; despite being more general, this controller is still constrained by its P-I-D
structure. A sliding mode controller for DC-DC buck converter systems was presented in [38]
focusing mainly on dynamic performance compared to the classical PID controller reported in
the above literature. Artificial intelligence techniques are frequently used to tackle the control
problem in DC-DC buck converters. A fuzzy controller was proposed in [39] with a focus on
dynamic and steady state performance. Fuzzy logic controllers are rule-based and require a lot
of expertise and data for the selection of membership functions and fuzzy rules. These
drawbacks make rule-based controllers tedious for design and implementation in real life. On
the other hand, deep learning techniques are recently reported to deal with this problem. A
new control approach based on neural networks was presented in [40] for DC-DC conversion
devices while the required large amounts of training data were supplied through simulation
trials. A combination of neural networks and fuzzy logic was introduced in [41] where neuro-
fuzzy controllers and gain tuners were presented. However, the artificial controllers are known
for two main drawbacks in practice; the first shortcoming is due to their trustworthiness issues

since it is challenging to ensure their performance and prove their stability in non-tested



situations; the second shortcoming is the requirement for huge training data with extensive
time and memory computational resources making their implementation unfeasible in real-
world industrial—applications. The state-of-the-art artificial controllers are complex and
uncommon in practice since DC-DC buck converters remain superior for their desired

characteristics of simplicity, reliability, and efficiency.

This paper introduces a novel composite robust nonlinear controller based on a
nonlinear observer for DC-DC buck converter control for input voltage and current regulation
to achieve a good tracking of the optimal desired voltage and therefore a maximum power
point in renewable energy applications. The controller considers input voltage of desired
trajectories to ensure Maximum Power Point Tracking (MPPT) used in standalone and
microgrid applications. A nonlinear observer is also developed to avoid sensor redundancy and
hence reduce complexity and increase cost efficiency. Unlike the reported approaches, the
novel controller aims at a good balance between dynamic performance, robustness, and
practical implementation. For this purpose, the proposed composite controller design
introduces an extra augmented state and the controller parameters are tuned using Particle
Swarm Optimization (PSO) algorithm to achieve these criteria in a unique design. PSO is
selected in this work due to its simple concept, robustness, and easy implementation, it is
known by its capability to avoid local minima. The dynamic performance considers fast
transient response, reduced overshoot and minimum oscillation behavior; whereas the
robustness considers active source and load disturbance rejection. This work is first verified
though extensive simulations and comparisons then validated in experimental applications

through multiple scenarios to ensure the stated balance.



The remaining sections of this paper are organized as follows; Section 2 presents a
complete model for the DC-DC Buck converter system, followed by the proposed controller
design, and the nonlinear state observer. Section 3 then presents simulation and experimental
results with comparisons and discussion. The last section summarizes the key aspects of this

paper and presents some conclusions.

2. Problem Formulation and Novel Designs

This section presents the design of a new robust low-cost nonlinear controller based on a
nonlinear state observer. In addition to the input voltage measurement, we assume only single
input current measurement for the DC-DC buck converter (the input current measurement is
also needed for many MPPT algorithm techniques), the input voltage V. should track efficiently
a desired trajectory V,..r in a finite time. The controller also considers the issues of
disturbances, abrupt changes in the reference voltage, input current change, and abrupt

variations in the DC voltage.

The proposed control scheme in this study can be used for different power applications such as
wind energy systems [42], photovoltaic (PV) energy systems [43], and hydrogen fuel cells [44]
as depicted in Fig.1. The overall DC-DC proposed control scheme is explained in details in

subsections 2.2 and 2.3.
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Fig. 1. Overview of the proposed control scheme.
2.1. DC-DC Buck Converter Modelling

Fig. 1 shows a diagram of the proposed scheme of a DC—DC step-down (buck) converter where
V4. is the DC link voltage, I; is the input current and V, is the input voltage regulated around a
constant reference value V,..¢. This architecture is mostly used in standalone renewable energy
applications, where the input voltage should track a desired reference to ensure the MPPT

mode.

The instantaneous switched model of the DC-DC buck converter is described as

av, 1

= oC (Ig — aly)

dIL 1 ’ (1)
=1 (aV, = Vge —11)

where L is the inductance, 7; is the inductor resistance, and C is the capacitance as shown in
Fig. 2, a € {0,1} is the switching control signal that takes only binary values O (switch open) and

1 (switch closed).
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Fig. 2. Schematic diagram of the DC-DC buck converter.

The binary signal (a) is the switching command, it is controlled by means of a fixed-frequency
Pulse Width Modulation (PWM). The constant switching frequency is 1/T, where T, is the
switching period equal to the sum of T,, (when a = 1) and T,s¢ (when a = 0) such that the
ratio T,,, /T is the duty-cycle u. Generally, the switching model is represented by the average

PWM model [44]:

av, 1

d_tc = (Iq — aly)

aly, 1 ’ (2)
1 UV, — Vge —11)

The system state space vector x includes the measured inductor current I; and the input

voltage V,

X = [IL I/C]Tl (3)
In order to ensure zero steady-state error in the output voltage V. from its reference value
Vier, EQ. (2) is then augmented with another additional state variable x; which stands for the

integral of the output voltage V_, the augmented nonlinear state-space model is then given by

dx1 _

(G =¥
dve _ l _

el —an) @)
ﬂ

1
pr Z(UVc = Vae —11)
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2.2. The Proposed Controller Design

The proposed controller design in this work introduces a three-states error vector that
represents the instantaneous as well as the cumulative errors to assess both transient and
robustness criteria. The design also incorporates a sliding mode control strategy which includes
two main steps. A sliding surface is first selected to force the system states to a predefined
surface. A discontinuous state feedback control law is then designed to force the controlled

system to attain the states on the surface in a finite time.

The error vector comprises the integral of the output voltage tracking error (e,), the voltage

tracking error (e,), and also the current tracking error (e3) which are defined as

e, = I(Vref - Vc)dt
€, = Vref iz ’ (5)
€3 = ILref -1

where ILref represents the reference current generated by the voltage loop controller, and

V.er represents the desired output voltage of the buck converter.

According to Eq. (5), the time derivatives of the errors e; are derived as

él = 6’2

é3 = ILref -1
In order to ensure the stability of the system, the reference current ILref is proposed as
c

L, == (’Fd — (1 + M A)e — (A + Az)ez), (7)

where 4; and A, are real positive numbers.
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Remark 1. The number of sliding surfaces depends on the number of state variables. In this
case, there are three states for the augmented model of the buck converter as given in Eq. (4),

so three sliding surfaces are defined in this context.

The proposed sliding surface S(t) is designed as

Se,t)=[51 S S5]7, (8)
where
S1= e
S, =e+ /1131, (9)

S, =+/L/Ces

The control input must therefore ensure the following condition:

SST <0 (10)

Manipulating Egs. (4)-(10) yields

i 1
SST = 6162 + (62 + /1161) (_E(Id - uIL) + /1182)

. 1 (11)
+es( 1, — I WV = Vae — 7)),
which can be rewritten as
. 1
SST = 61(62 + /1181 - /1161) + (ez + /1161) <_E(Id - uIL) + Alez)
(12)

L , 1
+ EeS <ILref - z(u’VC - VdC - rLIL)>J

and simplified into

12



u

1
CIL‘r‘ef - E(Id + u€3) + /1182)

SS'T = _/11812 + (32 + /1181) (el +

L . 1 (13)
+ Ee3 (ILref - Z(ch —Vac — TLIL)>:
Replacing ILref in Eq. (13) by its expression in Eq. (7) results in
SST - —/116’12 - /12(62 + /1181)2
L. 1 u
+ e3 EILTef - E(ch —Vae — 1) — E(ez + A1e1) ). (14)

In order to ensure the condition Eq. (10); based on Eq. (14), the resulting control law (u) is

derived as

C 1 L .
= (Vref+—,1131) (E (VdC + T‘LIL) + EILTef + /1383 + /14_51,9”(83)). (15)
This ensures the condition
SST = =My} — Ay(e, + A1e1)? — Azef — Aule| < 0. (16)

Thus, the derivative of the Lyapunov function Eq. (16) is definite negative, which confirms the

stability and the convergence of the proposed nonlinear control strategy.

Remark 2. Besides ensuring stability and convergence of the controlled system, better tracking
performance is ensured by selecting ideal gains of each controller. Therefore, parameters of
the proposed controller (44,4,,,43 and 4,), and the parameters of the conventional PI
controller (for comparison) (K, and K;) are tuned using the metaheuristic Particle Swarm
Optimization (PSO) algorithm[45-47] to minimize the IAE (Integral Absolute-value of the Error)
fitness function, as explained by the proposed block diagram shown in Fig. 3. (Refer to details
in[47-49]).
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Fig. 3. Proposed block diagram of PSO-based controller design.

2.3. The Proposed Nonlinear State Observer

In order to assure the new nonlinear controller design is robust and cost-efficient in practical
implementations, a nonlinear state observer is also designed. This allows to avoid sensor
redundancy and ensure cost-efficiency by avoiding the additional sensor for the output
current. In this work, the inductor current I is estimated by means of the proposed nonlinear

state observer which will be used as part of the controller design.
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The proposed observer has the following structure which may also be used for fault tolerant

control purposes:

av. 1 . .
dtc = E(Id - uIL + k121)
al, 1 ’ 17)
L 5 IS -
E = Z (_VdC - TLIL + u]/c + kzu Zz)
where

Z=le—l (18)
Zy =1, — I

Then, the error dynamics of Eq. (17) and Eq. (18) are obtained as

. 1
Z1 = E (—uz, + kyZ,)

C , (19)
Z;‘Z s Z(uzl - TLZZ + k2u2~1)

choosing k, = —1, then Eq. (19) will reduce to

. r ) (20)
=7

This is solved by defining the following Lyapunov candidate function

L C . .
V3 = EZZZ + E(Zl - lp 22)2, (21)

with Y = Y The time derivative of the proposed Lyapunov function Eq. (21) is:
r.C/L+kq

V3 = _rLZA% + k(2 + 2,)(2, — PZ,). (22)

15



The derivative of Lyapunov function V3, as in Eq. (22), is negative definite if the condition is
satisfied k; < 0, which guarantees the convergence of the proposed observer where the

unknown value of k; can be tuned using the same PSO algorithm as mentioned in Remark 1.

3. Simulation and Experimental Validation

In order to demonstrate the feasibility and the effectiveness of the closed-loop system under
the proposed control strategy, simulation and experimental results are given in this section.
Furthermore, in order to verify the control performance of the proposed control law, the
common Proportional-Integral (Pl) controller is used for comparison. Controller gains were
optimally tuned using the PSO algorithm. The corresponding Pl controller has the following

structure:

u=1- (Kp(vref - V) +K; f(vref A dt) (23)
Fig. 4 represents the schematic diagram of the connection for software and hardware

configurations of the proposed control study.
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Fig. 4. Block diagram showing connections for software and hardware configurations of the
proposed control study.
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3.1. Simulation Results and Analysis
To demonstrate the effectiveness and to comprehensively evaluate the performance of the

proposed control scheme, a tuned Pl controller was selected as a reference for comparison
since Pl controllers are the widely common designs for this problem. In this paper, three
different validation scenarios are provided in a simulation study to test (i) the observer’s
robustness for state estimation under disturbances, (ii) steady-state and transient performance
during reference voltage changes, and (iii) robustness against sudden input current change with
abrupt variations in DC voltage. Table 1 lists the main parameters of the DC-DC buck converter

that is used in this application.

Table 1. Main parameters of the DC-DC buck converter.

Parameters Value
R, 0.2Q
Ve 400V ¥ 10V
C 500uF
L 200uH
Iy 104
Ve 96V

A Matlab/Simulink model was developed to simulate the proposed control strategies as shown

in Fig. 5.
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Fig. 5. Simulation model of the controlled system with the proposed controllers in
Matlab/Simulink.

The tuned parameters of the reference Pl and the proposed controllers as well as the proposed

observers are listed in Table 2.

Table 2. Controllers’ and observer’s parameters

Controller Notations Gains
Tuned-PI controller kp 0.5
k; 0.02
Proposed controller A 20
Ay 01
Az 100
Ay 08
Proposed Observer kq -1000
k, -1

= Scenario one test the effects of disturbances on the designed observer: in this scenario,
the proposed observer’s estimated states are compared to real states starting from
different initial conditions; Besides, voltage and current disturbances (AV and Al) are
injected at t = 0.05s. It can be deduced from Fig. 6 that the estimated state variables

match their real values regardless of the large disturbance size. This confirms the

18



effectiveness of the proposed observer for fast, accurate, and robust states estimation.

Furthermore, comparisons of the rise time (the time required to reach 90% of the

desired value [1]), the output voltage and current errors are given in Table 3. With

negligible rise time values, Table 3 and Fig. 6 demonstrate the accurate estimation of the

system states using the proposed observer with a short rise time and less error values

even during disturbances.

Table 3: Comparison of rise time, output voltage and current error values for the designed
observer for test Scenario 1 (simulation case).

Rise time 0.0025s Rise time 0.0012 sec
Introduced AV 15% Introduced Al 65 %
100 T T T T T T T
Iy, : real
I;, : observed
<
= N i
S |
\8)
= /
S | J
§ |
© |
‘ i
\\
I
I |
‘ 2 4 |
| %1078
_40 1 1L | 1 1 L 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time(sec)

19



460 T T T T T T T

Ve :real
Ve : observed

440

S
s

%g 380 - 450 \ ,
- ‘ 400 \

350

| 300 ]
340 5 10

%107

320 1 L 1 1 L L 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time(sec)

Fig. 6. Real versus estimated states (a) inductor current; (b) output voltage in Scenario 1.

= Scenario two tests the dynamical performance in the case of reference voltage changes:
in this scenario, the reference voltage of the DC-DC buck converter changed as follows:

380V 0.0<t< 0.1sec

v )420V 0.1<t< 02sec
ref = Y400V 0.2 <t< 0.3 sec (24)

360V 03 <t< 0.4sec
The reference trajectory tracking (for inductor current and output voltage) performance

of the proposed controller and the tuned PI controller are presented in Fig. 7. The results
show that the proposed nonlinear controller yields superior performance in terms of the
reduced settling time, faster convergence of the system response, and the damping of
overshoots as compared to a tuned PI controller. It can be concluded that the proposed
controller ensures optimum and satisfactory tracking response for a given reference

trajectory.

20
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Fig. 7. Comparison of tracking performance under varying reference values (a) output Voltage;

(b) inductor current in scenario 2.
Scenario three tests the robustness against sudden input current change with abrupt

variations in DC voltage. The input current changes with abrupt variations in DC voltage
in this test, an abrupt change of +40% in input current I; is introduced at t=0.05s and -
18% in DC voltage V,. at t=0.15s. The corresponding output voltage and inductance
current responses are shown in Fig. 8. It can be observed that the proposed controller

has better disturbance rejection and higher effectiveness in tracking reference values
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during abrupt variations in the inductor current and DC voltage compared to the tuned

Pl controller which exhibits a longer oscillation duratien before reaching a steady sate.
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Fig. 8. Comparison of tracking performance under abrupt variations in DC voltage and Input

current for: (a) output voltage; (b) current inductor in scenario 3.

The observations of rise time, overshoot, and performance index (IAE) are listed in

Table 4. Table 4 demonstrates that the proposed controller has a smaller overshoot, a

short rise time and a reduced IAE value as compared to the tuned Pl controller. The
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ability of the proposed control scheme to reject disturbances [50-52] and tolerate faults

[20, 26, 39] can be further investigated in future works.

Table 4. Comparison of Rise time, Overshoot and IAE performance index between the
proposed controller and a tuned PI controller (lower is better).

T=0.05sec T=0.10 sec T=0.15 sec IAE
(Overshoot) | (Rise time) | (Overshoot) | (performance index)
Proposed 0.47 % 0.015 1.29% 0.106
controller
Tuned Pl 1.66 % 0.019 6.04 % 0.210
controller

3.2. Experimental Results

Experimental applications are also conducted in this work to verify the advantages of the
proposed control strategy compared to a tuned Pl controller. Different tests for the DC-DC
buck converter are performed experimentally as shown in Fig. 9. The experimental setup
consists of a DC source emulator that generates a controlled DC current, a 12V battery (DC link)
and a DC-DC buck converter. The proposed control strategy is implemented in real time using a
dSPACE 1103 control board which also allows data acquisition and storage from the different
sensors. The parameters of the DC-DC buck converter were selected similar to those in the
simulation study above, two scenarios were evaluated and their parameter settings are similar

to those in the simulation.
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= Scenario one: in this test, the proposed observer’s estimated states are compared to
real states starting from different initial conditions. In addition, disturbances (AV and Al)
are injected at t = 1.88s. Measured and estimated states of this scenario are illustrated
in Fig. 10; the estimated state variables remain close to their real values, this confirms
the effectiveness of the proposed observer for real-time state estimation. Table 5 lists
the rise time observations which have negligible values reflecting a very short duration
for the observer to reach steady-state after the disturbance.
Table 5. Comparison of rise time, output voltage and current error values for the designed
observer (experimental case).

Rise time 0.0310sec Rise time 0.0460sec
AV 110 % Al 440 %
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Fig. 10. Real and observed states: (a) inductor current; (b) output voltage in experimental

Scenario 1.

Scenario two: in this test, the controller follows a given reference voltage. The patterns
of voltage tracking reference, the inductor current, and the output voltage are
presented in Fig. 11 and Fig. 12 showing respectively the responses of the proposed
control strategy and a tuned PI controller. The results show that the proposed controller
yields superior performance in terms of a reduced rise time for faster convergence of
the system responses as compared to a tuned PI controller; these results are also listed
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in Table 6. It can be concluded that the proposed controller ensures superior and

satisfactory tracking response for a given reference trajectory.

Table 6. Comparison of rise time between the proposed and a tuned Pl controller for
experimental Scenario 2 (lower is better).

Proposed Time T=3.3sec | T=4.5sec T=8.5sec T=10.8sec
control strategy | Rise time 0.040 0.017 0.017 0.016
Tuned PI Time T=2.65s T=6.5s T=8.45s T=12.7s
controller Rise time 0.261 0.195 0.230 0.287
19
— V. : tuned — PI

— — V.:reference

Ve : DC

Time(S)
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Fig. 11. Tracking performance of the classical Pl controlled system under varying
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4. Conclusions and Perspectives

This work introduced a composite robust nonlinear control scheme through a nonlinear state
observer for DC-DC buck converter control to achieve a good voltage tracking in renewable
energy applications. The controller was designed with three main advantages making a good
balance between dynamic tracking performance, robustness to source and load variations, and
practical implementation. The stability conditions of the closed-loop system are demonstrated
based on Lyapunov theory. The conducted analysis included different test scenarios on state
estimation, trajectory tracking, and active disturbance rejection. The simulation and
experimental implementation results showed the superior effectiveness of the proposed
controller in terms of improved tracking dynamics of the output voltage trajectory, offering
shorter rise time compared to a tuned PI controller. Furthermore, the proposed controller
exhibits the remarkable ability of rejecting external disturbances in DC voltage and input

current. The design was proved advantageous for its flexibility for realization in real energy

28



conversion applications and its cost-efficiency. Future works may consider an extension of the

proposed controller capabilities to intelligent fault detection and fault-tolerant control.
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