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Abstract—This study presents a design method for a voltage
regulation system for a Boost converter that can be used in a
power distribution unit within a power generation system. The
regulation system is based on a hybrid, sensorless control
approach, the structure of the controller is built based on the
combination of Pl and LQR controllers. The role of the new
structural controller in improving the transient and steady-
state response as well as enhancing the stability of the Boost
converter output signal is studied. The states of the converter
are estimated by Luenberger observer system, which is
designed using pole placement (PP) technique. Mathematical
model of the Boost converter with the hybrid LQR-PI
controller is formulated. The gain parameters of the LQR-PI
controller are obtained effectively by using Grey Wolf
Optimizer (GWO) algorithm. In optimization process the
GWO with an effective fitness function is used to tune the state
and input weighting matrices of LQR controller. To validate
the proposed control system a comparison between the
performance of the LQR-PI controller and LQR controller
with integral action (1) is achieved. The Boost converter circuit
with feedback LQR-I/PI controllers are simulated utilizing
Simulink software and their responses are assessed based on
rise time, settling time overshoot and steady state error
performance parameters. To verify the robustness of the
control system, the performance of the converter is evaluated
in five working scenarios under hard uncertainties in source
voltage, reference voltage and resistive load. The simulation
results demonstrate the effectiveness of the presented LQR-
I/P1 controllers in rejecting the effect of disturbances in the
system response. However, the LQR-PI controller showed
more accurate and stable output voltage compared to the
LQR-I controller.

Keywords—Hybrid Controller; Sensorless Control; Pole
Placement Observer; Disturbance Rejection; Robust Voltage
Regulation; Grey Wolf Optimizer, Uncertainties Parameters.

l. INTRODUCTION

Power converters play a prominent role in wide
technical environments such as industrial applications,
power distributed units and renewable systems. These
applications need power converters with high performance
and accurate output. Among these power devices the DC-
DC converters, which perform an important role in the
conversion and adaptation tasks of the energy level in
numerous energy and industrial applications [1]-[3]. The
DC-DC converters are mainly classified into six types:

Buck-Boost, Buck, Boost, Zeta, Sepic, and Cuk [3], which
considered are more power-efficient devices due to their
high voltage conversion efficiency that reaches to 98%.
Among these power devices is Boost converters that have a
great and important influence in the operation of the energy
systems as they can increase the power level between the
power source and load ports of the energy system [4]-[7].
Boost converters enhance the power generated from the
solar power source through increasing the PV power level
and connecting it to off-grid or on-grid. Control of these
power devices directly effects on the reliability and stability
of the overall power system. This research is concerned with
modeling a DC-DC Boost converter and developing a
suitable control approach to ensure stability and a certain
level of voltage manipulation performance by considering
power problems and their applications.

To achieve this, improving converters performance and
reducing static error has become the main goal of converter
development. For this reason, many control techniques have
been proposed during the last decades to stabilize the
dynamic behavior of the Boost converters, such as classic
control [8], [9], sliding mode control [10], boundary control
[11], optimal control [12], robust control [13], adaptive
control [14], [15], passivity based control [16], Heo control
[17] and back stepping control [18]. It is worth noting that
the results of the above studies are based on the full
information feedback control scheme, which means that all
the system states are assumed measurable. However, current
sensors and their conditioning circuits increase the
complexity of implementation process, in addition cause
extra hardware costs, delay and noise in the scheme
response. Furthermore, it may also compromise the
reliability of the power system. Therefore, it is
recommended to implement current sensorless control
strategies, not only to provide a reliable solution to control
problems, but also to provide more effective solutions for
Boost regulation problems.

These solutions make economic sense because they are
based on the principle of reducing the number of system
sensors and using a state observer that is used to estimate
the unknown signals of the boost converter system.
Moreover, the sensorless control method based on optimal
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observer (Kalman Filter) can perform a disturbance
rejection task along with the state estimation process for the
realistic power converter systems [19], [20].

During the last decade, many researchers have
conducted several interesting studies on sensorless control
techniques with state estimator for DC-DC converter
systems. In [21], the authors introduced the use of Boost
converter circuit in various energy systems supplied by
battery, wound rotor asynchronous motor, wind generator
and solar panel module. This study focuses on design a
sensorless controller for Boost converter system to avoid the
need for the current sensor for the purpose of cost reduction
and enhancing the reliability. They proposed Pl Passivity-
Based Control (PI-PBC) system to regulate the voltage
signal in the output of the Boost converter. The value of the
inductor current in the system is estimated by using
Generalized  Parameter  Estimation-Based  Observer
(GPEBO). The estimation process is implemented based on
Finite-Time Convergence (FTC) method that was adopted to
enhance the system convergence. Mathematical aspects of
the design procedure for both PI-PBC controller and
GPEBO current estimator are presented. The proposed
power system is simulated and the tracking performance of
the GPEBO based PI-PBC sensorless controller is presented
and analyzed based on variable source voltage scenario.
Different observer gains are used in the assessment scenario
of the GPEBO estimator. The robustness of the introduced
system is evaluated in hard working scenario, in which the
voltage regulation of the sensorless controller is tested under
changing resistive load. The converter system is
implemented experimentally in the real-time and its
practical results are presented and analyzed to verify the
proposed GPEBO based PI-PBC sensorless control system.

A sensorless disturbance rejection design in [22] is
proposed for PWM DC-DC Buck and Buck/Boost
converter. The converters are modeled and examined as a
Markovian switching system. The authors introduced a
predictive controller with a dynamic observer system to
perform state estimation and stabilize the dynamic behavior
of the converters. In this study, the estimator is adopted to
support the two-mode tracking control method
“voltage/current control” used to implement the converter
regulation process by satisfying the terminal constraints for
the presented tracking scheme. Two working scenarios are
considered in this study in evaluation process of the
proposed system regarding disturbance rejection and time-
delay compensation.

A comparison between sensorless predictive control
with observer and robust classical model predictive control
strategies are presented and discussed. In the first scenario,
the closed-loop Buck converter system based on the two
strategies is targeted for fixed voltage/current values,
15V/1.25A. While in the second scenario, the Buck/Boost
converter mode is designed to meet the target of the next
sequence [15-23-10]V/[1.25-2.5-0.8]A. The comparison
results showed the sensorless predictive controller with
estimator compared to the classical MPC controller is more
efficient in terms of the reference tracking, disturbance
rejection and time—delay compensation.

In 2022, a sensorless control system using passivity-
based controller with Pl action is proposed to stabilize Cuk
and Boost converters with exponential convergence [23]. A
reduced-order GPEBO observer is introduced to reconstruct
the non-measurable states and estimate the unknown value
of the load conductance for the DC-DC converters. In this
study, the observer was relied upon in performing finite-
time convergence process, imposing the alertness
preservation to be able to make an estimate for the time-
varying load conductance and satisfying the excitation
condition required in the power converters. The power
converters with feedback observer based sensorless
controller is simulated and implemented in the real-time
domain. The simulated and experimental results are
presented and then concluded to assess the effectiveness of
the introduced control scheme and the estimation approach.

A voltage adjustment across unknown resistive loads for
converters’ topologies, Buck, Boost, Buck-Boost and non-
inverting Buck-Boost is presented in [24]. The model of the
converters have been formulated with a generalized port-
Controlled Hamiltonian (PCH) representation. The authors
based on the PCH formulation designed a passivity-based
controller with PI action system to stabilize the output signal
of the DC-DC converters. The value of the unknown
resistive load is determined by utilizing integral estimator
based adaptive estimator that is employed to decrease the
number of sensors in the converters’ models. A comparison
between PI-PBC and the conventional Pl controller is
achieved for the converter’s topologies under fixed desired
voltage and load resistance changes condition. The
simulated and experimental results demonstrated that the PI-
PBC controller can lead to a better and more stable transient
and steady state voltage regulation performance compared
to the traditional PI controller.

An optimal closed-loop control system is introduced in
[25] to stabilize the dynamic voltage behavior of Boost
converters. The control system combines a linear state
feedback controller technique with integral action. The state
feedback controller is used to adjust the output voltage of
the Boost regulator while the integral controller is adopted
to decrease the error signal of the system response at steady
state domain. The authors are also developed the proposed
system by adding a state observer to the state feedback
controller that comes with the advantages in estimating the
unmeasurable load voltage and inductor current signals.
Simulation findings of the voltage-controlled Boost
converter were presented and evaluated in order to
investigate the efficiency of the introduced sensorless state
feedback control system.

In 2023, a study uses an Inverse Optimal Control (I0C)
technique to adjust and stabilize output voltage signal of
Boost regulator feeding an unknown DC resistive load [26].
The presented control method involves developing the
control effort through the controller to ensure asymptotic
stability in the converter output response, with the added
benefit of including an integral parameter (I) without
compromising stability. ~ The authors introduced two
estimators’ techniques to reduce the number of
measurement sensors needed to implement the 1-10C
controller. The first state observer is based on the
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Immersion and Invariance (I&I) approach that utilized to
determine the load current, while the second estimator
calculates the input voltage value using Disturbance
Observer (DO) method. With the presence of estimators, the
voltage regulation behavior of the presented sensorless
controller is evaluated in simulation domain and then
compared to that of Sliding-Mode Control (SMC). To
validate the voltage regulation performance of the presented
sensorless control system, it is implemented experimentally
in a Plexim RT-Box. The practical findings are introduced
and then analyzed to assess the dynamic behavior of the
presented sensorless controller with integral action. This
work is developed by [27], [28] to enhance the stability of
the output voltage for Boost converter system by combining
a nonlinear controller with state estimator based on 1&I
technique.

In most of the above studies the gain parameters of the
proposed controllers were tuned using a trial and error
method, which requires more effort and spends more time.
Moreover, there is no guarantee that the parameter values
obtained are the best among the range of available values of
these parameters, and thus the system may not operate in the
optimal condition [29], [30]. To avoid this drawback,
evolutionary optimization techniques should be applied in
order to find the optimal values of the Boost controller
gains, thus improving the converter performance and
increasing the regulation efficiency.

During the last decades, many computer-aided
optimization algorithms have been introduced through
numerous studies with the aim of improving the
performance of controllers used in Boost converters, genetic
algorithm (GA) [31] particle swarm optimization (PSO) [8],
[31], bacteria foraging optimization algorithm (BFOA) [32],
strength Pareto evolutionary algorithm (SPEA) [33],
Cuckoo Optimization Algorithm (COA) [34], Firefly
Algorithm (FA) [35] and Grey Wolf Optimizer (GWO) [36],
[37].

In this research, a hybrid sensorless optimal controller is
utilized to adjust output signal of the Boost converter
system. The proposed controller for the Boost voltage
control system is structured of a full state feedback LQR
controller followed by PI controller. The adoption of this
controller is due to its ability to achieve a compromise
between the system response and the control effort.
Following the optimal controller (LQR) by the PI control
stage enhances the stability, improves the transient response
and reduces the steady state error of the system response.

In the proposed system, it is assumed that the capacitor
voltage and inductor current of the converter are non-
measurable, hence, Luenberger observer technique is
adopted to estimate those not available states signals.
Luenberger observer has been first developed by
Luenberger for linear control systems [38]. The voltage
adjustment behavior of the presented LQR-PI controller
with full state observer is optimized by utilizing the GWO
tuning method.

The GWO tuning method is recommended to use in this
study as it is flexible, scalable, easy to use and its ability to
provide better results than traditional methods in terms of

accuracy and speed when solving control problems
involving multiple variables. In addition, the algorithm
requires no derivation information of the search space, and it
also has only a few parameters. Furthermore, this
optimization algorithm exceeds the internal and local
solutions and deals with single-objective problems [39].
However, this algorithm lacks the speed factor in
performing its position update, which causes slow down the
process of solving the control problem for complex
dynamical systems (multiple-input, multi-output systems).

The proposed Boost converter system is simulated in the
Matlab/Simulink toolbox to investigate the effectiveness of
the proposed sensorless optimal control approach. The
remainder of this research is structured as follows: section 11
presents mathematical modeling of the Boost dynamics in
the state space representation form. Section |1l details the
structure of the proposed LQR-PI controller and background
of the control techniques. Section IV presents background
and tuning procedure of the GWO algorithm used for
controller optimization process. Design of the proposed
Boost control system, including the mathematical
formulation of the observer and the LQR controller with Pl
action is introduced in section V. Simulation results of the
presented Boost converter system are shown and evaluated
in section VI. Finally, the main concluding remarks and
future works are introduced in section VII.

Il. B0OOST MODELING AND DESIGN

A. Boost Configuration and Modeling

The Boost converter is a step-up power regulator system
that gets its name from its ability to convert a low-level DC
input voltage into a higher-level DC output voltage. The
electric circuit of a Boost converter is as shown in Fig. 1.
The converter composes mainly of MOSFET power
transistor (S), freewheel diode (D), inductor and capacitor,
which represent two energy storages elements in the
converter circuit, and finally resistive load.

The presence of capacitor and inductor elements makes
the Boost converter nonlinear system as their current-
voltage relationships are nonlinear and differential [40],
[41]. In this study, the switching elements S and D operate
in Continuous Conductance Mode (CCM). In this operation
mode, the inductor current passes through the converter
circuit continuously with low oscillation value [42], [43].
The behavior and operation of the voltage regulator depend
on the switching states of the power transistor and the diode,
which give two electric structures for the DC-DC Boost
converter system. Transistor switching modes:

A. Switch-ON Mode

The equivalent electric circuit of Boost regulator during
this switching case is shown in Fig. 2(a) [44], [45]. Using
Kirchhoff’s current and voltage laws, the inductor’s current
and capacitor’s voltage of the Boost converter in the switch-
ON state (S-ON) are stated in (1) and (2) respectively.

diy, 1

a ZVin @
e X @
dt RC
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The dynamic states of the regulator is the inductor’s y(t) = Cox(t) (8)

current and the capacitor’s voltage (x; (t) = i;(£), x,(t) = 1

vc(t)), the representation of the converter scheme in the Where the state matrix 4. = 0 1 the input matrix

state space form is expressed as follows: © % — R_lc ’

X (t) = Acx(t) + Beu(t) ®)
y(@) = Cex(t) (4)

Where x(t) = [x,(t) x,(®)]T is the state vector of the
system, u(t) = V;, is the input signal, A, is the state matrix,
B, is the input matrix and C is the output matrix:

0 0 1
Ac=[0 i], BczHand Cc.=[0 1]
0

RC
L
/ C C C \ L |
& v is El ic oy ™
Ow " [ ok
Vin b C—— R Vo
H

(b) OFF switching state
Fig. 2. Boost converter circuit based on transistor switching modes

B. Switch-OFF Mode

Fig. 2(b) shows the equivalent circuit of converter
system during this switching period [44], [45]. A gain using
Kirchhoff’s current and voltage laws, the inductor’s current
and capacitor’s voltage of the converter are given in (5) and
(6) respectively.

di, 1 1
P ACENAG ©
av, 1. 1

ak 1. 1 6
at - C" TR ©

Using (5) and (6), the state space representation of the

converter during the switch-OFF state (S-OFF) is as
follows:

%o (D) = Aox(t) + Bou(t) (7

1
B, = [g] , and the output matrix C, = C..

Designing a LQR optimal control system for Boost
regulator requires formulating a general state space
representation for the converter model [46]. In this context,
a general state, input and output matrices are formulated as
follows using (3), (4), (7) and (8) through state space
averaging technique.

A=A,d+A,(1—d) )
B =B.d + By(1 —d) (10)
C=C=C=[0 1] (11)

_1ma 1
where A=, , Y B= [g] and d is positive
c RC

number less than one duty cycle, which governs the output
signal of the Boost converter through the following
expression:
Vin
V. = 12
=14 (12)
Using (9)-(11), the general state equation and output
equation of the Boost scheme are expressed as follows:

x(t) = Ax(t) + Bu(t) (13)

y(@) = Cx(9) (14)

The values of the Boost parameters that have been used
in this study are listed in Table I, where the converter is
designed using [47] to equip a resistive load with DC power
of approximately 30W. Considering all the parameters
(Table 1), the state and output matrices (13) and (14) are
expressed as follows:

)= [0 ool +[%% e as

—6001 |x,(t)
yo =10 1[I (19

TABLE |. PARAMETER VALUES OF THE BOOST CONVERTER

Parameter name Symbol Value Unit
Input voltage Vin 20 \Y
Output voltage Vo 40 Vv
Load resistance Ru 18 Q

Switching frequency Fs 10 kHz
Voltage ripple Ay 3% Vv
Current ripple Ai 3% A
Inductor L 15 mH
Capacitor C 92.59 uF

11. CONTROL STRUCTURE

In this study, a combination of LQR with PI controller is
adopted in the control strategy of the proposed voltage
regulation system for the Boost converter. The feedback
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LQR controller is employed to control the performance of
the Boost states. Whereas the proportional term (P) and
integral term (1), are incorporated in the feedback loop of
the Boost control system to enhance the stability achieved
by the LQR controller and reject perturbations so that the
overshoot and steady state error in the converter output is
minimized as much as possible.

It is worth mentioning that in the practical systems not
all the systems’ states are always measurable or available. In
this work, it is assumed that there is no measurement
sensors are used in the Boost system, this assumption not
only reduces the cost of the system but also overcomes the
problem of measurement noise, which added to the system
by these sensors devices. Therefore, a full-order observer
system in this work is employed to estimate the states of the
converter circuit. State feedback control approach based on
the LQR and PP techniques are adopted to achieve the
control and state estimation process in the presented voltage
regulation system respectively.

A. LQR Technique

Generally, applying the LQR controller to regulate and
stabilize the output voltage of Boost converter involves
supplying the optimal state-feedback control effort [48]:

u(t) =r — Kx(t) a7

To the state and output equations that described
previously in (13) and (14), where r is desired input and K
is the gain matrix of the LQR controller. Fig. 3 illustrates
block diagram of the converter control system based on
LQR controller technique. To assign optimal control effort
by which the performance the system is optimized, the
following cost function [48], [49]:

J= f [xT(®)Qx(t) + uT (t)Ru(t)]dt (18)
0

Should be minimized. Where Q and R are two positive
definit matrices that called state and input weighting
matrices of the LQR controller respectively. These
weighting matrices govern the gain matrix (K) of the LQR
controller that can be obtained by the following expression:

K =R™'BTP (19)

where P is the positive definite solution of the following
Continuous Algebraic Riccati Equation (CARE) [19]-[22]:

ATP+PA—PBR'BTP+(Q =0 (20)

B. PP Controller

Pole placement is a control technique by which it can
calculate an optimal gain matrix that used to set the closed-
loop poles of the controlled system at specific locations,
thus ensuring system stability. For this to happen the plant
of the system under consideration must be completely state
controllable [50].

N

K

Fig. 3. Block diagram of LQR closed-loop control system

For n*t-order system with state space representation
described by (13) and (14) to be completely controllable, the
condition rank([B:AB:A*B:---A"1B]) =n should
be satisfied. For a dynamic system that satisfies the
controllability test, the control effort that places its closed
loop poles to desired positions in a tracker problem can be
calculated using the same mathematical formula for the
LQR controller that was stated in the (17).

The term (K) in (17) based on pole placement technique
is the state-feedback gain matrix (1 x n), which is a row
vector of constant gains that forces the closed-loop poles of
the system to be located at the desired locations.

In this case study, the PP technique is adopted to design
the estimator of the Boost converter system. Design process
of PP based estimator system using characteristics equation
of the system will be considered in section V in detail.

C. PI Controller

PI/PID controllers are mostly wused in industrial
applications, chemical processes, electrical and power
systems because they are characterized by a simple design,
ease of implementation, in addition to the ability to achieve
good performance [51], [52]. The proportional parameter of
the PI controller deals with the present error of the system
output and governs response speed of the system. Whereas
the integral parameter addresses the accumulated past error
of the system response and gives a correction offset action
required to overcome the steady state error in the system
response. The time-domain expression of the PI command
signal is given:

t

u(t) = Kpe(t) + K; j e(t)dt (21)
0

Proper setting for the proportional and integral
parameters and LQR weighting matrices (Q and R) which
can enable the converter to provide an accurate and stable
output voltage across the resistive load terminals.

V. GWO ALGORITHM

GWO algorithm is a mathematical model of an
optimization method that was inspired from the hunting
behavior and leadership of grey wolves in the wild. Mirjalili
first presented the GWO tuning algorithm in 2014 [53]. This
optimization method has been successfully applied to
perform an optimum tuning task for controller parameters in
many control problems [54], [565]. The wolf pack when
hunting prey are divided into four hierarchical groups based
on their strength and fitness called alpha (a), beta (B), delta
(6) and omega (w). Alpha is the fittest wolf in the pack,
while beta includes the wolf group with fitness close to
alpha wolf. Beta category consists of subordinate wolves,
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and finally the rest of the pack are follower wolves which
called omega.

In hunting process, alpha is the leader wolf who plays a
prominent role for making important decisions regarding
hunting the prey, sleeping place and attack time etc. The
second level in the pack hierarchical, beta, helps the leader
wolf in decision-making and other pack responsibilities.
Delta group assists beta wolves in achieving their activities,
whereas the wolves in the omega category follow all the
orders given by the dominant wolves. The same procedure
is considered in the GWO optimization method, which is
adopted to fine-tune the Q and R elements of combined
LQR-PI controller (qq1,922,933,7) based on a certain
objective function, which should be formulated under the
required response parameters. In this work, the cost function
(J) is formulated below in (22) based on the response
parameters of the system in the transient and steady state
domain, which are rise time (t,), settling time (t,),
maximum overshoot (M,) and steady state error (e;).

J = ait, + ayts + azsM, + azeg (22)

where a,, a,,a; and a, are the weight values of the output
response parameters for the converter system numbers with
values which, are chosen in this study 0.2, 0.2, 0.2 and 0.4
respectively. The tuning procedure of the presented GWO
algorithm for the coefficients of the hybrid state feedback
controller is summed as:

e Define the state space model of the Boost regulator.
e Define the coefficients of the controller (g4, 22, g33,7)-
e Define the objective function of the control problem ().

e Define the position parameters of the GWO algorithm

(a, B, 5).

e Initialize the algorithm population (n), iteration number
i

e Initialize a, § and § values.

e Run the iteration sequence of the algorithm.

e Update the position values of the wolves.

e Calculate the value of the objective function for the
current position.

e Site update for the rest of the wolf pack.
e Calculate the new position of the a wolf.
e Update the position of the a wolf.

e The optimum solution is the last updated position of «
wolf.

The mathematical expressions of the GWO algorithm in
obtaining an optimal solution for the converter problem are
given below [56], [57]. For k*" iteration:

X(k +1) = X, (k) — AD (23)

D = CX,(k) — X(k) (24)

where X(k + 1) denotes the position vector of the current

solution (wolf position vector), X, (k) indicates the position
of the optimum solution (vector posmon of the prey), k

represents the current iteration, A Cand D represent vectors
of problem coefficients, and these vectors are calculated
using the following formula:

-

A=2ar,—a (25)

where a is a vector whose elements values decrease linearly
from 2 to 0 as the algorithm iterations proceed and r; and r,
are randomly chosen number between 0 and 1. The a vector
is decreased based on the (27).

2

The expression of the new solution (new position vector)
is below given:

Xia (k) + Xip (k) + Xi3(K)

Xi(k+1) = 3 (28)
X (k) = Xo (k) — A,Dg | (29)
Xy (k) = Xy (k) — A;Dy
Xis(k) = Xs(k) — A3, D5
Dy = CX, (k) — Xy (30)

- >

CXg (k) — Xiz

- -

Dg
Ds = CX5(k) — Xi3)

where X;(k + 1) is the best solution relative to optimum
solution (it is the wolf that has the optimum location relative
to the prey) and i is the current number of algorithm
iteration.

To achieve a good solution for control problem, th
parameters of the GWO algorithm should be selected
properly, selection of the number of wolfs could change the
convergence speed and has an impact on the capability of
the GWO to provide best solution for the control problem.
Using only a few number of wolfs could lead to the worst
solutions thereby, obtaining worse system results because
relying a few wolves cannot adequately represent the chain
of command and explore the search space. While using too
many wolves can decrease the impact of encircling prey and
attacking mechanisms. For that adopting a reasonable
number of wolves (50 wolf) not only can sufficiently
explore the search space but also fairly benefit from
surrounding the prey and attacking mechanisms, hence
achieving optimum solution for the control problem [58].

V. BoosT CONTROL SYSTEM DESIGN

In this study, LQR with Pl control approach is
recommended to manage the performance of voltage
regulation process for the Boost converter system. The
hybrid controller receives the error signal between the
desired signal and the Boost output signal and sends an
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adjustable duty cycle PWM control signal to the MOSFET
power switch of the voltage regulator. The PWM command
signal controls the dynamic behavior of the converter and
force its output to follow the desired signal trajectory.

A. Observer Design

Adopting full state feedback controller technique to
regulate and stabilize the output signal of Boost converters
requires all states of the system be available. However,
practically some of those states may be not available.
Therefore, to enable design the controller all the non-
measurable states of the converter system must be estimated
properly. In this study, it is assumed the capacitor voltage
and the inductor current signals of the converter are not
available as the proposed system is not equipped with signal
sensors devices, which add to the system unwanted noise
signal that categorized as measurement noise, hence the
system is free from this external disturbance type. It is worth
considering that, there is another external disturbance source
which, is classified as process noise that comes from the
inaccuracy of the system model, the effect of this noise type
is assumed in this study case is small and therefore it is
omitted. For the purpose of Boost control system design,
Luenberger observer technique, which was found by
Luenberger in 1971 [59], is employed for estimation of the
unknown system states.

For the Boost converter with continuous Linear Time
Invariant (LTI) model stated in (13) (14), a linear observer
system is given below [60]:

% (t) = A%(t) + Bu(t) + K. (y(t) = 9(t)) (31)

y@) = Cx(t) (32)

where X(t) is the estimated state vector of the plant state
vector x(t), (t) is the estimated output of the system, and
K, = [ke1 ke]" is gain matrix of the observer. The block
diagram of the state observer is illustrated in Fig. 4. The
estimation error is defined as:

e(t) =x(t) —x(t) (33)
Differentiation (33) yields:
é(t) =x(t) — % (t) (34)

Substituting (13) and (31) into (34) gives:

é(t) = A(x(0) —2(t)) — K.(y(®© —9(t)) (35)
With (14) and (29), the above equation becomes:

e(t) = A(x(0) — 2(¢)) — K.C(x(t) — 2(t)) (36)

Based on (31), the differential expression for the system
error becomes:

e(t) = (A—-K,Ce(t) (37)
Solution of (34) is given in (38):
e(t) = e KeDe(0) (38)

When the time (t) approaches to zero the error of
estimation approaches to zero. The stability of the state
estimator is governed by the eigenvalues of the observer
state matrix (4 — K, C), which can be achieved arbitrary by

appropriate choice of the observer gain matrix (K,) when
the pair matrix [A4, C] satisfies the observabilty test.

1 1 X
—4’[ : _-F-'t : J—-
_______ £ L5
A

C !-——--
J

Fig. 4. Schematic diagram of state observer

For designing a state observer it is required to know the
dynamics of the plant, defined by the poles of the converter,
which can be obtained with the following characteristic
polynomial:

|sI — Al =s? + a5+ ag (39)

It is worth noting that, in software it can easily find the
eigenvalues of the Boost plant by the Matlab command
“eig”, the obtained poles of the converter are: [-300 +
299.7i]. Regarding the observer, it can be designed using
the direct comparison method where the value of the gain
matrix is determined using the following characteristics
equation:

IsI = A+ K.C|l = (s = pu)(s — t) (40)

where u, and u, are the desired closed-loop poles of the
observer scheme, which should be located far away from the
imaginary axis. The gain of the estimator is designed in such
a way that the estimator responds fasters than the Boost
converter response [61], [62]. For that the poles of the
observer should 5 times bigger than the dominant pole of
the converter. In this research, the gain matrix of the
observer is determined using the Matlab command “place”
based on the best pole values that were obtained using the
GWO algorithm. In addition, the gain matrix can also be
calculated using the Matlab command “acker” based on the
same procedure [62], [63].

B. Boost Controller Design

In this work, state feedback control based on the LQR
controller is adopted to control the dynamics of the
introduced Boost converter scheme. A Pl controller is
combined with the LQR controller in the presented control
approach to enhance the stability of the converter
performance and improve its transient and steady state
response. Including the integrator to the control system of
the Boost regulator can reduce the error of the system
response in the steady-state response domain, however, it
also will add an extra state to the converter plant [45], [64].
Fig. 5 shows the block diagram of complete Boost hybrid
sensorless control system with estimator. The presented
system is augmented by including the error signal as an
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additional state into the Boost scheme states. The state
vector of the proposed system is given below:

x(t) = [iy, vg z]" (41)

where z is error signal that is defined as below:

2= [ ey = vyt 42)

The state feedback control law is given as:
u(t) = —Kx(t) + K,2(t)+K;z(t) (43)

where K is the LQR gain matrix of the Boost converter
represented by: K =[k; k;] and K, and K; are the
proportional and integral gain parameters of the PI
controller respectively.

zt)=r—y(t) =r—Cx(t) (44)

Substitute (44) in (43) yields:
u(t) = —Kx(t) + K;z(t) + K, (r — Cx(t)) (45)
u(t) = —(K + CK,)x(t) + K;z(t) + Kpr (46)

Using (43), the Boost state equation (13) can be
reformulated as follows:

%(t) = (A — BK — BCK,)x(t) + BK;z(t) + BK,r  (47)

Based on (44) and (47), the state space formulation of
the Boost scheme with the LQR-PI controller is given
below:

[’QEQ] = [ATEE R Bl o+ [PP]r @)

y(@ =1[C 0]x(t) (49)

where x. (t) = [x(t) z(t)]", the control effort of the
closed-loop control scheme stated in (46) can be rewritten as
follows:

u(t) =-[K+CK, —K]x.@)+K,r (50)

u(t) = —Kx. (t) + BK,r (51)

where K = [K + CK, —K;] is the gain matrix of the state
LQR with PI controller. The state space representation of
the closed-loop Boost’s dynamics (46) can be written as
follows:

x.(t) = [ — BR]x.(t) + [B fp] r (52)

y(®) = C x.(t) (53)
The matrices A, B and C are given by: A=

A O] -_[B - .
[—C 0],B = [O] and C =[C 0], where © is an (2x1)

vector of zeros. Based on output matrix C = [¢; c,]7, the
LQR-PI controller gain matrix can be expressed as: K =
[k1 + 1K), k, +c,K, —K;]. In this article, the presented
control system is designed on the basis that the output
controlled signal is the load voltage of the Boost regulator
circuit, hence the output matrix of the system is C =
[0 1]7, and thus the gain matrix of the LQR-PI controller
becomes: K = [k, k, + K, —K;].

The gain matrix of the proposed hybrid controller can be
determined utilizing the Matlab command “Iqr” based on
the state weighting matrix (Q) = blkdiag(q,1, 922, q33) and
input weighting matrix (R) = (r;1). In this study, the
elements of Q and R matrices are tuned effectively by the
GWO algorithm.

Fig. 5. Block diagram of hybrid control scheme using LQR-PI controller

VI. SYSTEM SIMULATION RESULTS AND DISCUSSIONS

The new approach of the sensorless control scheme is
simulated utilizing the Matlab/Simulink software. The
Simulink model of the state estimator-based Boost voltage
regulator with LQR-PI controller is shown in Fig. 6. The
proposed system is designed under certain desired
performance specifications, rise time of 0.01s, settling time
of 0.1s, maximum overshoot of 10% and static error of
0.1%.

In this study, GWO algorithm with parameters stated in
Table Il is firstly utilized to tune the LQR weighting
matrices (Q,R) of the combined LQR-PI controller. Based
on the optimized LQR-PI weighting matrices, the gain
vector of the hybrid sensorless controller is obtained using
the Matlab command “lgr” K = [k, k,+K, —K|=
[2.216 0.027 — 2.2248]. It is worth considering that the
second component of K is sum of the two gain elements k,
and K,, in this context, the GWO algorithm in this study is
applied again with problem dimension (d,,) of 2 (k,, K,,) to
extract the value of K, from the generated gain component
(ky +K,). The final LQR gain matrix s
[2.2161 0.023933] while the PI gain parameters are
K, = 0.0038892 and K; = 2.2248. Regarding the observer,
the estimation process is implemented utilizing the PP
technique. The gain matrix of the state observer is calculated
using the Matlab command “place”.

The calculation of the estimator gain matrix depends on
the observer poles (A — K,C), which are chosen 5 times
bigger than the dominant poles of the system. The
eigenvalues of the observer is chosen (-1500+1500i), from
this, the obtained observer gain matrix is K, =
[800 2400]7. To investigate the effectiveness of the
proposed sensorless control system, the voltage regulation
behavior of the LQR-PI controller is tested and compared
with that of LQR-I controller under the following five
working scenarios.
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TABLE Il. GWO ALGORITHM PARAMETERS FOR LQR-PI CONTROLLER

Parameter name Symbol Value
Population size N 50
Iteration number i 100
Problem dimension d, 4
Lower bound Ib [0,0,0,0]
Upper bound ub [10,5,3,10]

A. Case 1: Certain Boost Parameters

In this first working case, the simulation of the Boost
control scheme is implemented under normal working
conditions where neither uncertainty nor any disturbance in
the converter parameters was introduced. The voltage
adjustment process of the Boost converter is evaluated for
tracking the desired voltage of 30V under normal converter
parameters, supply voltage of 20V, and load resistance of
26Q. The tracking performance of the Boost regulator under
action of the combined LQR-PI controller and LQR-I
controller with state estimation system are shown in Fig. 7.
The miniplot of the system output response demonstrates
that both optimized controllers PSO-LQR-1 and PSO-
LQR_PI were able to provide a good reference tracking with
a rise time of 0.1s and minimal steady state error less than
the adopted values in the converter design process.
However, compared to LQR-I controller, the LQR-PI
controller reduced the settling time from 0.7s to 0.3s.

B. Case 2: Variable Reference Voltage

In this working case, the voltage regulation ability of the
hybrid sensorless controller is tested at certain supply
voltage of 20V, load resistance of 26Q2 and hard disturbance
in the reference voltage. Sharp change desired voltage and
output waveforms of the Boost converter by means of LQR-
I and LQR-PI controllers are shown in Fig. 8. Based on the
simulated results, it can be said that both sensorless
controllers succeeded in making the converter output
follows the varying reference voltage signal efficiently.

It can also be noted from the miniplot of Fig. 8 that the
LQR-PI controller shows a faster rise time compared to the
LQR-I controller. The converter output based on the LQR-I
and LQR-PI control strategies takes time approximately
0.06s and 0.03s respectively to reach its acceptable steady
state value. However, there is an overshoot of
approximately 5% at fall state of the output response. It can
be concluded that both controllers still show an acceptable
response and good tracking of the desired input trajectory in
a turbulent environment, especially the LQR-PI controller.

C. Case 3: Variable Source Voltage

The performance of the presented control systems is
assessed based different values of input voltage under a

reference voltage of 30V. Fig. 9 displays the voltage value
variation of the Boost power supply. Using the hybrid
optimal controller approaches LQR-1 and LQR-PI the output
response of the Boost regulator system is presented in Fig.
10. The waveforms of the system response reveal the
activity of the presented controllers to guide the Boost
output signal through the trajectory of the reference input
effectively. However, the LQR-PI controller showed more
stable and better tracking performance, the output signal,
not like using the LQR-I controller, oscillated symmetrically
within the acceptable bound around the desired input.

D. Case 4: Variable Load Resistance

In this working scenario, the tracking behavior of the
introduced sensoreless controllers has been investigated at
the certain supply voltage of 20V and desired voltage 30V
considering a sharp disturbance in the converter load
resistance. Fig. 11 shows the output voltage waveform of
the Boost regulator with the LQR_I/PI control strategies. It
is clear from the output waveforms of the system that both
controllers still show an acceptable response and closer
tracking performance while retaining the advantage of the
LQR-PI controller, which reduced the settling time from
0.25s to 0.1s compared to the LQR-I controller. However,
the two controllers caused instantaneous overshoots at the
time of change in load resistance, the effect of these
overshoots can be neglected due to their short period.

E. Case 5: Variable Input, Reference and Load Resistance

The robustness properties of the two optimal control
approaches were further evaluated under severe operating
conditions, which include reference and supply voltage
disturbance and load uncertainty. Fig. 12 presents the output
response of the Boost regulator based on the LQR_I and
LQR_PI controllers. It is clear from the output waveforms
that the two controllers showed good response and
effectively tracked the desired value of the system. The
controllers showed fast response and oscillations with
magnitude changed within the designer preference value.
However, from the miniplots in Fig. 12 it can also be seen
that the response obtained by the LQR_PI is better than that
based on the LQR-I controller in both the transient and
steady state response domain. The settling time for LQR-PI
controller is 0.04s while for LQR-I controller is 0.07s, the
overshoot percentage after 1s for LQR-PI and LQR-I
controllers are 2% and 7% respectively. In steady state
response domain, the value of fluctuation in the output
response for LQR-PI and LQR-I controllers are + 0.75V and
+ 0.25V respectively with same error steady state value
approximately of 5mV.
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It is worth considering that the improvement achieved in
the performance of the boost converter by the proposed
voltage regulation system can enhance the role of the power
electronic in renewable energy systems and electrical
vehicles and many industrial applications.

VII. CONCLUSION

The main contribution of this study is to perform an
effective regulation for the output voltage of non-
measurable DC-DC Boost converter using hybrid optimal
control systems based on the LQR controller technique.
LQR with integral was used to improve the stabilization
process and reduce the steady state error of control
problems. A new hybrid optimal control approach, LQR
with Proportional-Integral, was also presented in this work
to enhance the stability and improve the transient and steady
state response of the Boost regulator. The mathematical
model of the LQR-PI control system was derived and
presented, which was adopted in the design process of the
controller gain elements.

Full-state estimation system based on the Luenberger
observer technique was used to estimate the current and
voltage states of the proposed non-measurable Boost
converter system. Best values for the gain elements of the
hybrid controllers were obtained by using GWO
optimization method. The performance of the LQR_I and
LQR-PI controllers were examined with supply and
reference voltage disturbances and load resistance variation
to investigate the effectiveness of the presented controllers.

Simulation results revealed that the unmeasurable
system states, under the action of the Luenberger observer
technique, achieved rapid and accurate convergence to their
desired state values. Simulink findings also demonstrated
that the two sensorless control methods (LQR-I/PI)
successfully controlled the Boost converter regulation
behavior and were able to stabilize the converter output
voltage at the desired reference values under conditions of
voltage and load uncertainty. As a comparison it can be
pointed out that the LQR-PI sensorless controller achieved
faster and more accurate tracking performance for the
reference input trajectory and more effectively kept the
stability of the output voltage through the steady-state
response domain compared to the LQR_I controller.

In the predictive works, the reliability of the proposed
system will be enhanced by considering external
disturbances and process noise in the system modeling, and
then a robust control system will be designed to deal with
the system noise and uncertainty and provide a stable output
response. In addition, the proposed Boost converter circuit
with sensorless hybrid control system will be validated
through the practical implementation of the system.
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