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Abstract: This paper presents a novel control strategy for output tracking in a DC/DC step-up converter, elevating the standard
of precision and performance metrics. Beyond achieving commendable results, such as low Root Mean Square Error and rapid
settling times, our novel approach ensures a seamless absence of overshoot, marking a significant advancement in both static and
dynamic performance. A meticulous theoretical exploration forms the foundation of our proposed control methodology. Notably,
our strategy excels through the integration of three pivotal factors: (i) a sophisticated small-signal model designed to operate
seamlessly within the broad spectrum of the converter's operational range, (ii) the deployment of full-state feedback control, and
(iii) the innovative incorporation of the Takagi-Sugeno fuzzy approach. Building upon a comprehensive understanding of the
boost converter's topology, operational principles, and theoretical modeling, this paper delves into the intricacies of our
suggested output control technique. The utilization of full-state feedback control and the Takagi-Sugeno fuzzy approach further
reinforce the strategy's robustness, adaptability, and stability across diverse operating conditions. Simulations conducted in the
Matlab/Simulink environment showcase the remarkable capabilities of our proposed control system, the precise reference
tracking, resilience against input fluctuations and load disturbances, and unwavering compliance with performance requirements,
our approach solidifies its status as a pioneering solution throughout the entire operational range of the system. In summary, our
research not only introduces a state-of-the-art control approach but also underscores its effectiveness in achieving good static and
dynamic performance metrics, thus contributing significantly to the advancement of DC/DC converter design.
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system faces. Therefore, it is necessary that the BC delivers a
highly controlled DC output voltage under various system
uncertainties, including the input voltage fluctuations and the
load changes. In the literature, researchers have developed
several control techniques for DC/DC converters, ranging
from traditional methods to more advanced control
approaches.

The traditional method as Proportional Integral Derivative
(PID) control is widely used in the industrial processes due to
its reduced complexity and its ease of implementation.
However, despite its widespread usage, it exhibits poor
performance. In reference [2], the authors designed a
conventional PID controller specifically for controlling the
boost converter output voltage. Based on simulation results,
the PID controller demonstrated effective output voltage
stabilization in the face of input voltage variations, but, it

1. Introduction

The Boost converter (BC) stands as an essential DC/DC
converter, thanks to its various features that render it
appropriate to be broadly employed in different industrial and
power system applications that range from low-power
handheld gadgets to high-power stationary ones. The BC
topology, depicted in Figure 1, steps up the DC voltage from
the input side to the output, by temporarily accumulating the
supplied energy and transfer it to the load at an elevated level.
The DC/DC BC is extensively used due to its limited number
of components; this aspect is crucial when it comes to
modeling, design, and fabrication [1].

However, from a control point of view, the nonlinear
dynamic behavior is one of the major issues that the BC
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suffered from significant overshoot and noticeable response
time. In study [3], researchers introduced a fractional order
PID controller as an alternative to the conventional one,
aiming to achieve improved transient performance. The
research papers [4, 5] have introduced a cascade controller
based on an integral-proportional (IP) implemented for the
outer-loop and a proportional-integral (PI) for the inner-loop
to control a DC/DC boost converter. However, due to the
inherent nonlinearity of this converter, the IP-PI cascade
controller may not deliver the intended effectiveness in the
presence of fluctuations in input voltage and parametric
uncertainties.

In order to further enhance the performance, researchers
have investigated different advanced and hybrid control
techniques. In a previous study, a sliding mode controller is
specifically designed for controlling the boost converter
output voltage [6]. However, it exhibits variable switching
frequency that presents difficulties in filter design and might
introduce undesirable current harmonics. A two-loop
controller that integrates super-twisting sliding-mode control
with PI control was proposed and was validated through
simulation and hardware studies in [7]. A dual loop controllers
employing sliding mode and flatness controls was performed
for a two cascade stages non-isolated DC/DC converter
employed in fuel cell applications [8]. However, the need for
prior knowledge regarding uncertainty bounds is still a major
drawback of sliding mode control. To ensure global
asymptotic stability of the closed-loop system, a nonlinear
controller based on Lyapunov method was introduced in [9]
and a backstepping controller using Lyapunov function was
proposed in [10] for a DC/DC boost power converter.
Although the controllers demonstrating satisfactory dynamic
performance, their calculations and implementation are
complex and challenging. The model predictive control was
adopted to effectively driving the output voltage to the
intended level and maintains its stability, even in the presence
of destabilizing factors [11]. The controller performance was
verified using experiments and simulations. However, this
control strategy is susceptible to the influence of model
inaccuracies, as it heavily depends on precise system models
for accurate prediction and optimization. The application of
metaheuristic methods has also been explored in the control of
boost converters. A PSO-based algorithm that can directly
regulate the output of the boost converter has been developed
in [12]. Nevertheless, the lack of guarantee of optimality and
the sensitivity to parameter settings are considered as major
drawbacks of these methods. Moreover, several researchers
have also dedicated their efforts to adopt the Fuzzy Logic
Control (FLC) for DC/DC converter systems [13-15]. FLC
has gained attention for its capacity to effectively control
complex nonlinear systems with adaptability. Furthermore,
various studies have illustrated how FLC can retain the
advantageous features of classical control, such as feasibility
and low computational complexity, while simultaneously
enhancing its dynamic performance.

In the literature, a combination of FLC and PI is used to
regulate a DC/DC converter [16-18]. The simulation and

experimental findings reveal that this hybrid approach
enhances the transient performance of the system.
Additionally, these findings demonstrate that the Fuzzy-PI
controller exhibits superior response compared to using Fuzzy
or PI controllers individually. PI control is a conventional
control technique primarily used for steady-state error
correction, while state-feedback control is a more advanced
approach that directly manipulates the internal states of the
system for improved performance and stability. In the
literature, the state-feedback control method has been
proposed as a way to achieve a controller with high
performance, offering advantages such as guaranteed
robustness and superior disturbance compensation [19-22].

In this paper, a novel control strategy that combines FLC
(Takagi—Sugeno (TS) type) and state-feedback control has
been developed. The proposed strategy involves blending
local state-feedback controllers by incorporating fuzzy
membership functions resulting in the development of a global
controller. Despite the inherent nonlinearity of the boost
converter type, the proposed controller exhibits excellent
control performance over the entire range of system operating
points. The suggested method presents multiple benefits,
encompassing the utilization of state-feedback controller
advantages and the effective handling of nonlinearity through
the FLC-TS, as well as simplified implementation with low
computational cost due to the absence of complex
mathematical computations. The proposed controller was
subjected to simulation tests in the MATLAB/Simulink
environment. The findings of the FLC-TS demonstrate
improved flexibility, robustness, and the capacity to meet
specifications across the whole interval of the converter
operation.

The paper follows the following structure: Section 2
addresses the theoretical modeling of the boost converter.
Section 3 provides a detailed explanation of the fuzzy full state
feedback control strategy. Section 4 presents simulation
outcomes that confirm the functionality of the controller.
Finally, the conclusion is given in Section 5.

2. Boost Converter Modeling

The BC comprises various components, including DC
power supply, an inductor, an electrical switch (Mosfet), a
power diode, and an output capacitor. Figure 1 illustrates this
configuration, with L and r representing the inductance and
its internal resistance, C representing the capacitor, Vi,
representing the DC input voltage, V,,; and i, representing
the output voltage and current of the boost converter, and i
representing the electric current passing through the inductor.

For an optimal converter identification, the BC operating
characteristics (output voltage versus duty cycle) is a useful
curve for characterizing the converter operation and modeling
its behavior. According to Table 1, the corresponding BC
operating characteristics was plotted using Matlab/Simulink
as illustrated in Figure 2. This curve demonstrates that the
converter would stop boosting after a certain duty cycle. This
is caused by the resistance ESR in the inductor and the power
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switch, as well as the diode voltage drop, which set a
maximum limit on the output voltage and duty cycle. In order

to avoid control loop instability, it is crucial to set this limit for
any practical BC.

/

L,I'L

W

PWM

I

Figure 1. DC/DC boost converter structure.

Table 1. DC/DC Boost converter.

Parameter Value Unit
Vin 12 A%

L 150, 8 pH, mQ
C 470 puF
Rioad 70 Q

fy 30 kHz

f; is the switching frequency. u is defined as the duty ratio

piloting the power switches (diode and Mosfet).

100 15/

Output voltage (

0 20 40 60 80 100 120
Duty cycle (%)

Figure 2. BC operating curve divided into linear subintervals (I1...15).

As shown in Figure 2, it's evident that the BC demonstrates
nonlinearity, introducing complexity into both modeling and
control. Small signal linearization is among the most
appropriate and straightforward approaches, which enables a
precise model and accurate control. Its fundamental idea is to
identify the system around specific operating points.

In this study, the operating curve of BC is firstly segmented
into five linear subintervals [I1, 12, ..., I5] (as depicted in
Figure 2). Subsequently, state space models corresponding to
each of these subintervals can be derived.

By applying Kirchhoff's current and voltage laws, we can
derive the state space averaging model of the BC according to
the two possible switch states.

X=Ax+BE
(M

y=Cx

with x=| % |, =19
v di

c

where 7; is the inductor current and V, is the voltage across the
capacitor.

0 0 1
4= 1| B=|L| G=[01]]

RC 0

0o -1 1
4= i B,=|L| G=[0 1]

¢ T&e °

Where i = I for state 1 (switch is ON) and i = 2 for state 2
(switch is OFF).

2.1. State Space Average Model

The state space averaged model of the converter is
presented by using the standard modeling approach for power
electronic converters. Hence:

=u(Az+BE)+(1-u)(4yz+B,E)
:u(A1 —A2)2+A22+B2E

0 1 0 1 1
Z=u L z+ L z+| L |E
Lol L L ®)
C C RC
Vi :uClz+(1—u)sz
With C, =C,, thus:
0 -] [L
z= z+| L |E
i(l—u) -1 0 3)
C RC
Vi =[0 l]z

2.2. State Space Model Around an Equilibrium Point

The equilibrium point is generally defined under static
operational conditions ( Z=0). The following system of
algebraic equation can be utilized determine this point of
equilibrium:
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yielding:

z = E )

Hence:
Ye = CZZe
E
Ve = (6)
u, -1

2.3. State Space Small Signal Model

Given that each variable can be described as a sum of a
fixed component (static) and a small varying one (dynamic),
as follows:

z=z, %2, ¥y, =y, ty; u=u,+u

e

The small signal model is obtained as follow:

z=u(Az+BE)+(1-u)4,z+B,E)

2,42 = (u, +i)(A4 (2, +2)+ BE)+(1—u, —i)(4, (2, +2)+ B,E)
=u,(Az, +BE)+(1-u,)(4z, + ByE) +u Az +ii( Az, + Az +BE)(1-u,) A2 ~ii( Az, + 42+ B,E)

z, =u,(4z, + B E)+(1-u,)(4,z, + B,E)

= 2(u 4y +(1=u,)A)) +(4 = 4)) i+ (4 = 4,)iz +(B, - B, )iE

By neglecting the term (A1 -4, ) Uz , we obtain:

2= (u Ay +(1—u) Ay ) 2+ (A4 - 4,) 2,0 (7

Hence
Vi :[0 l]z
Yot I =[0 1](z +2)
v =[0 1]Z (8)

3. Proposed Control Strategy

The aim of this section is to develop a robust controller that
integrates full state feedback control with the Takagi-Sugeno
(TS) fuzzy approach in order to for regulating the BC output
voltage. The selection of the full state feedback control was
based on its numerous benefits, including its strong robustness
and its ability to provide superior compensation for

disturbances. The choice of fuzzy logic was adopted to handle
the converter nonlinearity.

Given a specific reference voltage Viyeen (setpoint), the TS
fuzzy controller generates a suitable duty cycle value, which
define the BC operating point. And by using the small-signal
model of BC, a full state feedback controller is synthetized for
controlling the output voltage. Subsequently, for each
operating point, a full state feedback control signal is derived
to attain the output voltage control. In other words, the
proposed strategy relies on effectively merging the state
feedback controllers by means of fuzzy membership functions
to attain a unified, global controller. This guarantee excellent
control performance across the entire system operation range.
The literature has explored the approach of linearization,
which has demonstrated enhanced performance in numerous
processes, namely three-level boost converter [17], micro
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hydro power plant [23] and solar-gas dryer [18].
3.1. Full-State Feedback Control

Controllability is regarded as a fundamental and significant
concept within the field of control systems. Hence, the system
controllability must be firstly tested using the Kalman’s test
[24].

From Eq. (7) and (8), the obtained state equations of the
small signal model are given as:

ST l5+18l5
[l o
w =[C)2
Where:
0 _l—Lue
[4] =u 4 +(1-u,) 4, = w1 (10)
C RC |
B
L(ue —1)
[B] = (4 -4,)z, = e (11)
RC(1-u,)" |
[c]=[0 1] (12)
The matrix controllability is obtained as:
l?ull—stge-geEac? calt;)l— .
| ~ Ue

_E E
sl | 7
_RC(I—ue)Z LC (RC): (u, 1)’
Further:
E2(R*C(u, -1)’ +2L
det[¢] = (et (14)

2 (RC) (1-u,)’
det[¢] =5.45.10" 20

The determinant of the controllability matrix is non-zero.
Hence, the rank is:
rank[¢] =2 (15)
As a result, the system is of controllable nature.

Full-state feedback describes a controller that follows a
control-law like the one below to produce the input vector,

u(t):

u(t) =[F|y.(0)=[R]x(t) (16)

Where x(?)is the state vector of the system, y.(¢) is the
desired state vector (setpoint), [R] is the controller gain matrix
while [F] is the calibration matrix used to ensure a zero steady

state error [25]. Figure 3 displays a schematic representation
of the full state-feedback controller.

[F] —( )

. |
PWM | DC/DCBoost y
generator | converter |

|
|
1 x5 i
] R
1 [R] [«
| |

Figure 3. Schema of the full state feedback controller.

By synthetizing the appropriate matrices [R] and [F], one
can opt for the desired system dynamics.
From (16), the full state feedback gain matrix is a row of

closed-loop poles are the eigenvalues of the closed-loop state
dynamics matrix ([A] - [B] [R]) , that are calculated as

vector of two unknown parameters given by: follow:
[R]=[r1 R2] (17) det([4] [ B][R] = A[1]) = (4 - 2) (%5 - 2) (18)
The closed-loop system behavior is contingent upon the Thus,
eigenvalues and ecigenvectors of the matrix [R]. The
RlE (ue _1) RzE
(e -1) L L(u-1)
det[[4] [ 8][&]-[1]] = e, RE 1, RE (19)
RCT RC(1-u, )

‘ c

RC(l —u, )2
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RE . RE

1
:A2+__
{RC RC(1-u,) L(1-u)

1-u,
L

RyE RE

+

R,E ] l-u,  RE
+ + 5
Li-uw) | L r(1-u,)

RE [ 1 RE
+ — 4
L(”e_l) RC RC(I—ue)

|

2RE  (1-uw)  RE

_2. 1
) {E RC(1-u,) L(1-u)

= A= (A + ) A+ AN
By identification, we obtain:

1 RyE

RE

RLC(1-u,) LC  LC

RC Re(i-u)  L(i-u)

+ (1‘%)2 + RE

2R\E

==(A+%)
(20)

RLC(1-u,)  LC

By solving Eq.24, we get the unknown parameters, R1 and
R2, according to each given operating point u, .

It is interesting to highlight that in this study; the
closed-loop system is deliberately chosen to operate at five
times the speed of the open-loop system. Consequently, A,

and A, are given by:

Ay =5%x7,

Aand A, are the eigenvalues of the matrix [A], which are
computed as follow:

det[[4]-A[1]]=0 (22)
det[[4]-A[1]]= 2% +—= 2 o) (23)
RC LC
Depending on the given operating point u, , the

eigenvalues can be simply computed by solving Eq.23.
Finally, the matrix [F] can be calculated using Eq.24 as
follow [24]:

GE[GICOEIGING

24

Where [G] =[I] to achieve perfect accuracy and unit

static transfer gain.
3.2. Takagi-Sugeno Fuzzy Approach

The linear full-state feedback controller described in
section 3.1 can be created, but its optimal performance is
guaranteed only when both the system state and input remain
within the vicinity of the operating point. Therefore, we
propose in this study, a novel control strategy that works by

e - hh

changing the full state feedback controller settings (the
matrices [R] and [F]) in accordance with the given operating
point. As seen in Figure 4, it can be described more simply as a
multi-controller that uses a fuzzy logic-based selection
algorithm. As a result, a global controller is developed to
guarantee optimum performance over the system's whole
operational range.

At a specified output voltage V,, the configuration of the
fuzzy system can be articulated as follows:

Rule' : /F Vou OL,THEN[R] and [ F] (25)
i=1, 2..., n,; nis the fuzzy rules number, in this study n=35, and
I, is the i fuzzy set. The outputs of the fuzzy system can be
characterized by utilizing a standard fuzzy inference technique
that makes use of a singleton fuzzifier, product inference
method, and weighted average defuzzifier:

anlui(;out)R 1i i'ui(V‘””)Rzi
[R]=|= - i=l _
N uour) D o)
n - . (26)
Z H; (I7out )F1
[F]= I:L—
z H; (I7out )
i=1

Vou represents the premise variable, [ denotes the

normalized membership function and

y7: (;,mz) z y7 (Vom) =0 are the normalized weights.

i=1
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Local state-feedbackcontroller 2 l
Ypl [F] — R S
A T Sfuzzy
[R] < | inference
| |
| |
| | [F] and [R]
|

Local state-feedbackcontrollern

> [F] > S »
i

[P.] > X

Rule-consequent base

Figure 4. The proposed TS fuzzy approach.

As reported in Table 2, the proposed controller in this study
determines the appropriate values for the matrices [R] and [F]
corresponding to a specific BC output voltage. This is
achieved by amalgamating the parameters of the synthetized
full state feedback controller in a nonlinear manner,
employing IF-THEN rules. The fuzzy system defines five
linear subintervals [I1, 12... I5] as fuzzy sets, where 11 =

[10-22], 12 = [22-31], I3 = [31-50], 14 = [50-71] and I5 =
[71-132], encompassing the entire range of possibilities.

Figure 5 illustrates the selected membership functions for
the fuzzy sets. The proposed control strategy anticipates the
adequate matrices [R] and [F] that facilitate effective control
using the Takagi—Sugeno Fuzzy approach.

Table 2. Full state feedback parameters corresponding to each sub-interval.

Sub-interval Qutput voltage interval Matrix [F] Matrix [R]=[R1 R2]
11 [10-22]Volt [3.4067.10"-5] [0.00524 -0.9]
2 [22-31]Volt [3.3934 10"-5] [0.0006 -0.0208]
13 [31-50]Volt [3.39 107-5] [0.0005 -0.0133]
14 [50-71]Volt [3.3923 10"-5] [0.0002 -0.0033]
15 [71-132]Volt [0.31] [0.00153 0.04466]
T T T T T
1 [ 1B " 15
{— |

Output voltage *Vout™

Figure 5. Fuzzy set membership functions of the global controller.

Considering the theorem of Wong et al. [26, 27], the

stability of the closed-loop TSF control system is ensured
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when specific criteria are met:

(1) It is necessary to ensure the local stability.

(i1) For the fuzzy logic inputs, complementary triangular
membership functions must be used. (iii) The weighted
average defuzzification method should be employed.

Since the local controllers in our scenario are built via the
full state feedback method, their stability is guaranteed. This
method is based on pole placement and typically defines the
characteristic parameters necessary for creating a controller
that ensures closed-loop stability [24]. These criteria were
considered while synthetizing the design of the proposed
controller, resulting in overall stability of the closed-loop
system.

4. Simulation Results

In this part, the effectiveness of the proposed controller
based on state feedback control and TS fuzzy approach has
been validated through computer simulations using
Matlab/Simulink environment. The numerical values of the
power converter parameters employed in simulations are
reported in Table 1. We are striving for a simulation that
accurately reflects the real responses of the DC/DC boost
converter circuit. Therefore, we took into consideration the
non-ideal factors including switching and conduction losses in
the power switches, reactive components and resistance losses
in the transformer windings, by using the blocks of Simscape

Controlled Voltage
Source

[ 1
Signal 1

Setpoint

library.
»
Rload
Ve R e {>lT
L : |
+ + \z 23
| = ¢ gl)
) RLoad -
‘ PS-Simulink Vout
Converter
PWM
fs=30kHz /XX\
Fuzzy Logic

Control

Figure 6. Simulink model used for testing the proposed control of the DC/DC BC.

The results of simulations are presented to bolster the
theoretical analysis and highlight how successful the
suggested control strategy is. Different scenarios were
developed, focusing on assessing the performance of the
proposed controller in response to set-point changes, input
variations and load disturbances.

In the first scenario, findings from step changes in the
reference voltage (setpoint) are presented in Figure 7.
Specifically, the reference voltage is adjusted sequentially as
follows: 15V —>40V —-525V—->100V—->60V —> 120V —
10 V at time instances of 2s, 4s, 6s, 8s, 10s and 12s,
respectively. This extended sequence was chosen to traverse
various operating points within the five distinct linear
intervals [I1, 12, ..., I5], and the selected changes were
deliberately set to cover both minor and significant variations.

Notably, the system output impeccably follows the
reference (desired voltage) without exhibiting overshoot. The
Root Mean Square Error (RMSE) has been plotted in Figure 8.

is a widely adopted accuracy metric and it is defined by Eq.27.
As can be seen, it remains in the range of 10~. This indicates
that the controller rapidly adapts to the novel operating point.
Additionally, the transient settling time, approximately 50ms,
remains consistent irrespective of the direction of the setpoint
step variation. This underscores the robustness of the
suggested controller, demonstrating stability in both transient
and steady-state behaviors when transitioning between
operating points.

RMSE = 27)

where y represents the measured output, ¥ is the target output,
and the variable k ranges from 1 to N, is the total number of
samples accessible for analysis.
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Figure 7. Output voltage response to changes of set-points (actual vs. predicted curves).
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Figure 8. Root mean square error.
In the second scenario, the investigation focused on
regulating the output voltage while subjecting it to load 60
disturbances and input variations. The sequence for input 50
voltage and load variation were designed as follows: N -

Att=2s, the load is adjusted from its nominal value, which
is 70Q, to 64Q.

Att=4.5s, the load is adjusted from 64Q to 112Q.

At t=7 s, the input voltage is varied from 12V to 14V.

At t=9 s, the input voltage is changed from 14V to 10V.

Figure 9 displays the system's output voltage response. It's
evident that, despite fluctuations in the load or input changes,
the proposed controller enables the system to rapidly regain its
stable state. This highlights the remarkable robustness of the
proposed controller in the face of load disturbances and input
fluctuations across the entire operational range.

)
A

Output voltage (V)
N w
o o

-
o
T

Time(s)

Figure 9. Output voltage response in the presence of input variations and
load disturbances.
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5. Conclusion

This research focuses on creating and implementing a
robust output tracking controller for a DC/DC boost converter,
combining Takagi-Sugeno fuzzy logic and full-state feedback
control. The research begins with the synthesis of an accurate
small-signal model. Then, the boost converter's operational
characteristics is introduced to ensure precise prediction of the
duty ratio for any desired output voltage. Subsequently, a local
state-feedback control is investigated for output voltage
regulation in the vicinity of specific operating points.
Furthermore, the TS fuzzy approach is employed to design a
versatile controller with robust adaptability across the entire
operational range of the boost converter.

The proposed control algorithm is implemented using the
MATLAB/Simulink environment, and various simulations are
conducted to verify the viability of the proposed approach.
The findings demonstrate that the boost converter's output
voltage consistently tracks the setpoint from one step to
another, characterized by low Root Mean Square Error
(RMSE), very brief settling times, and no overshoot. This
highlights the control strategy's ability to swiftly transition
between operating points with both excellent static and
dynamic performance. Additionally, the simulation findings
underscore the controller's robustness in the face of input
voltage variations and load fluctuations.
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