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Design and control of a DC-DC buck converter using discrete Takagi-Sugeno fuzzy models

Introduction. A DC-DC buck converter plays a crucial role in industrial applications by efficiently stepping down voltage levels to
power various electronic components and systems. However, controlling a buck converter is challenging due to its inherently nonlinear
behavior. This paper presents a novel fuzzy tracking control approach for the buck converter, based on the combination of time-discrete
Takagi-Sugeno (T-S) fuzzy models and the concept of virtual desired variables (VDVs). Originality. This paper introduces an innovative
fuzzy tracking control that integrates time-discrete T-S models and VDVs concept to develop an efficient digital controller. Goal. The
proposed fuzzy control strategy aims to regulate the output voltage regardless of sudden change in setpoint, load variation and change
in input voltage. Methodology. The proposed control strategy aims to regulate the output voltage of a DC-DC buck converter. The
design starts with a discrete T-S fuzzy controller based on the nonlinear model of the buck converter. A nonlinear tracking controller is
developed using a virtual reference model that incorporates the VDVs concept. System stability is analyzed via Lyapunov’s method and
expressed through linear matrix inequalities. Results. Simulation tests under varying conditions validate the accuracy and effectiveness
of the controller in achieving superior voltage tracking performance. Comparative analysis with a conventional PID controller
highlights faster dynamic response and better tracking, showcasing the advantages of the proposed approach. Practical value. The
practical value of this research lies in the development of a robust voltage control strategy for DC-DC buck converters and the
establishment of reliable and efficient electrical systems using discrete-time fuzzy T-S control. This work also opens up the prospect for
future implementation in experimental prototypes. References 30, table 2, figures 7.
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Bemyn. Towuicyiouuii DC-DC nepemsopiosay 6idigpac 8axciugy poib y RPOMUCTIO80CHI, eeKmMUEHO SHUNCYIOUU DIGHI Hanpyeu HCUGTIeHHs.
Pi3HUX eNeKmpOHHUX Komnonenmig i cucmem. OOHAK YNpaeninHA NOHUICYIOUUM NEPemeoplosaveM € CKIaOHUM 3a60aHHAM uepe3 U020
NOYAMKOBULl HeHIHULL Xapakmep. Y cmammi npedcmaeneno Hosuil nioxio 00 YNpaGiHHA HeYimKUM GIOCMENCEHHAM Ol NOHUNCYIOU020
nepemeoprosayd, 3ACHO8AHULL HA NOEOHAHHI OUCKpemuux 3a yacom Hewimkux mooenei Taxaei-Cyeeno (T-S) ma romyenyii badicanux
sipmyanvhux sminnux (VDV). Opueinansuicme. Y cmammi nagedeno inHoayitinuil nioxio 00 ynpasuiHHsA HeimKum 6i0CmedicenHsM, KUl
noeonye ouckpemni 3a uacom mooeni T-S ma konyenyiro VDV ona pospobxu eghexmusnozo yugposoco konmponepa. Mema. 3anpononosana
cmpamezisi. HewimKkoeo YNPAGNiHHA CHPSIMOBAHA HA PeyIO8AHHS. GUXIOHOI HANPYeU HE3ANeHCHO 6i0 PAnmoeoi 3MIHU YCMAGKU, 3MIHU
HABAHMAICEHHS. Ma 3MiHU 8XIOHOT Hanpyeu. Memodonozisa. 3anpononosana cmpamezisi YRpagiHHg CHPSIMOBAHA HA Pe2yTIIOBAHHSL GUXIOHOT
nanpyeu nouudicyrouoeo DC-DC nepemeoprogaua. IIpoexmyeanns nouunacmucs 3 OUCKpemnoz2o Heuimkoeo Koumponepa T-S na ocnogi
HeNHIIHOI MOoOeni 3HUXMCY8anbHO20 nepemeoprosaud. Heninitinuili konmponep 6iocmedicentss po3pooneHo 3 GUKOPUCAHHAM GipHYanbHOT
emanionHoi Mooeri, wo exmoyae Konyenyito VDV. Cmitikicms cucmemu ananizyemvcs 3a 00NoMo2ot0 Memoody JIAnyHosa ma upaicacmcs
uepes JiHIUHI Mampuyni Hepignocmi. Pesynemamu. Tecmu MOOemo8ants 6 pisHUX yMO8AX NIOMBEPON’CYIOMb MOYHICHb Ma eeKmueHicmy
KOHMpORepa y O0CSCHEHHI UCOKOI NpodykmusHocmi eiocmedicenns Hanpyeu. [lopiensibnuil ananiz i3 mpaduyitinum PID-pezynsimopom
nioKpecnioe wieuOuy OUHAMINHY pearyilo ma Kpawje siocmedicenHsi, OeMOHCIPYIOUU nepesazu 3anpononosanoeo nioxooy. Ilpakmuuna
WIHHICHb Yb020 DOCTIOMNCEHHSL NONIA2AE Y Po3pobyi HAOIHOT cmpamezii ynpaeninis Hanpyeoro o nonudicyiouux DC-DC nepemesopiosauie ma
CMEOpenHs HAOIIHUX MA eeKMUBHUX eNeKMPUYHUX CUCTEM 3 6UKOPUCIAHHAM OUCKPEMHO20 Yacy nedimkozo ynpaeninms T-S. Lfa poboma
MAaKooIc GIOKPUBAE NEPCNEKMUSU MalOymHboi peanizayii' y excnepumenmanshux npomomunax. bion. 30, tadn. 2, puc. 7.

Knrouosi cnosa: nuckpetHi HewiTki Mmogesti Takagi-Sugeno, nonm:xyrounii DC-DC neperBoproBady, JiHiiiHi MaTpin4Hi HepiBHOCTI.

Introduction. A DC-DC buck converter is an power to a constant load. This strong controller does not

electrical device designed to reduce a DC voltage level to a
lower one. It plays a crucial role in contemporary
electronics, facilitating effective power control and voltage
regulation in many applications. Because of its user-friendly
nature, exceptional effectiveness, and adaptability, as well
as its ability to work independently and interact
harmoniously with energy storage and renewable energy
systems, it is used in a diverse array of fields, such as
providing power for industrial and residential settings [1-5].

The DC-DC buck converter exhibits considerable
nonlinearity and varies structurally throughout each
switching period. These characteristics can pose challenges
when designing the controller, rendering conventional linear
control approaches such as P, PI and PID inadequate for
ensuring satisfactory performance across a broad operational
spectrum [6, 7]. To tackle this problem, several advanced
nonlinear control design strategies have been suggested.

The authors in [8] suggest an active damping method
to provide a virtual resistance, thereby modulating the buck
converter’s output voltage. Active damping offers system
stability and results without further power loss, but it comes
at the cost of lower output voltage. In [9], a nonlinear
feedback linearization technique is introduced to control the
buck converter’s output voltage of a system that provides

require a disturbance sensor. However, this approach has
disadvantages, such as low precision and slow processing
speed. The sliding mode controller’s design simplicity and
adaptability have established it as the most widely utilized
controller [10] and [11]. Nevertheless, the benefits of these
improvements are counteracted by an undesired occurrence
referred to as «chattering», which involves oscillations with
a specific frequency and amplitude. This phenomenon is
widely recognized as the primary hindrance to achieving
real-time implementation [12, 13].

The use of fuzzy logic control solved the
shortcomings of the previous methods [14-17].
Nevertheless, this method sometimes lacks precision
because it heavily depends on assumptions. Creating
fuzzy rules and membership functions presents a tough
task [18]. The authors in [19, 20] describe developing and
implementing a robust fuzzy logic control for a DC-DC
buck converter. This controller is designed to utilize
measurements of the inductor current and output voltage
but requires an additional sensor, which inevitably
increases the cost and reduces the system’s reliability.
Several methods were proposed to address this problem
based on Takagi-Sugeno (T-S) fuzzy models [21, 22].
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T-S fuzzy model employs a collection of fuzzy rules
to represent a nonlinear system by utilizing a series of
local linear models seamlessly linked together by fuzzy
membership functions. T-S fuzzy model has gained
significant popularity due to its utilization of an affine
dynamic model in its consequence section instead of a
fuzzy set. It possesses the subsequent benefits:

1) Numerous established robust tools, such as the
Lyapunov’s method, can be employed for stability
analysis and controller synthesis;

2) T-S fuzzy model is less affected by the problem
of high dimensionality compared to other fuzzy models;

3) The structure of the model and the properties of
local models can be readily linked to the physical
characteristics of the system [23-25].

The accuracy of the mathematical model is crucial for
designing a robust controller for the DC-DC buck converter.
Thus, accurate modelling of switching DC-DC converters is
needed to predict stability and design a suitable controller
with enhanced stability and performance. There is currently a
revived interest in discrete-time analysis and modeling to aid
the implementation of practical digital control for high-
frequency DC-DC converters on microcontroller boards.
This is driven by the desire to eliminate delay effects in
averaged models.

Goal. This paper deals with the design of a new
controller for a buck converter system using T-S fuzzy
models. The proposed fuzzy control strategy aims to
regulate the output voltage, despite changes in reference
voltage, load variations, and changes in input voltage.
Many simulation tests were conducted under various load
and input voltage situations to validate the precision and
efficiency of the suggested controller in operating the DC-
DC buck converter to drive the desired reference voltage.

Developed fuzzy control scheme. The objective of
this work is to construct a T-S fuzzy controller capable of
efficiently controlling buck converter states x = [i, v,]” to
track a specific trajectory x = [irg voq]'. At first, we
construct a digital fuzzy controller utilizing the discrete-
time T-S fuzzy model of a buck converter system.
Afterward, we create a virtual reference model and a
nonlinear controller that drives the considered system to
track the desired voltage. The proposed control scheme is
illustrated in Fig 1.

" iL
Buck X
Converter

Vret| Reference | Xd €

TS Fuzzy Y
Model ]

Controller

Fig. 1. Proposed fuzzy tracking control scheme

Nonlinear state space system model. Figure 2
depicts the buck converter’s schematic, illustrating the
components such as the input voltage V;,, electronic
switch (MOSFET), diode D, capacitor C, load resistor R
and inductor L.

Rm M L R

D L /
PWM Signal

Vin

Fig. 2. Schematic representation of a DC-DC buck converter

To represent the buck converter, we use the
nonlinear state space system form shown below [21]:

{fc(t):f(x(r))x(t>+g(x<t>)u<f>+5; (1
()= p(x(t)),

where
ir (1) " lv- +vp —Rysi; (t)
x(t){ }5= L | gx(@)=|p "D TMLET,
Vo(?) 0 0
1 RR R
- RL+—C}L<r)——vo<r>
L R+R L(R+R
£ = R (ReRe) =,

(awmfo-{ama o

RR. ). R

where R; is the inductor’s winding resistance; Vp is the
diode’s threshold voltage; R is the filter capacitor’s
equivalent series resistance; R, is the transistor’s
resistance (MOSFET). Current flowing through the
inductance, voltage at the output, and duty ratio are
represented by the variables i;, v, and u, correspondingly.

Discreet-time T-S fuzzy model. The creation of the
suggested T-S fuzzy controller necessitated the
conversion of the nonlinear model into a fuzzy model,
utilizing the current of inductance i, as the decision
variable. The nonlinear state space of the buck converter
is expressed in a nonlinear manner:

{x:Acx(t)+Bc(iL)u(t)+Ec; (2)
() =v, =C.x(2),
where
- RL+ RRC - R VD
Lz R+R, LR+R) | p _|—|.
. = s e — L >
R 1 0
C(R+R,) C(R+R,)
1 .
Co=| 2 kg (i =| LV D~ Ryl
R+R. R+R, 0

The suggested control strategy necessitates a discrete-
time model, which can be obtained from the nonlinear model
of the system. This is done assuming that the switching
period is significantly less than the time constants of the buck
converter circuit. The forward Euler approximation is used to
derive the following discrete-time model:

Xk +1) = (1+ T, A)x(k) + T, Bou(k) + T, E,
y(k) = Tchx(k)~

The T-S discrete-time state-space model of the buck
converter can be derived based on this assumption:

{x(k +1) = Ayx(k)+ Byu(k)+ Ey;

3)

4
(k) = Cyx(k), @

where

i (k _ILiVp
x(k) = BL Ek))} E;=|""7 |
0 0
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Suppose the premise variable z(k)

Vin+Vp - RMzL(k))] - {TRRC TR}

= i;(k) has borders
as: iy <i; <iy . In addition, by using the sector

nonlinearity transformation [26], the nonlinear system
given by (1) can be accurately indicated by a discrete T-S
fuzzy model with the inclusion of the subsequent two If-
Then rules:

Rule 1:1F i; is F{1 THEN
{x(k +1) = Ajx(k) + Biu(k) + Ey;
y=Cpx(k).

5
Rule 2:IF iy is Fj, THEN ®)
{x(k +1) = Ayx(k) + Byu(k) + Ey;
y = Cyx(k).

The membership functions £, and F), are obtained by:

ir(k)—ig .
=== Fal)=1-F.  (©)

lL — li

The ultimate result of the fuzzy model is deduced in
the following manner:
r
x(k+1)=Y" h(z(k))(4;x(k) + Bu(k) + E);
o (M)
-
(k) =3 i (k) Cix(k),

i=1

where
l—i[RL+ RR, jTS __RE
Ay = dy = L R+R. L(R+R.) |
RT, __TIq
C(R+R,) C(R+R,)
(m+VD_RMa); (m+VD_RMi£) 5
0 0
-1,V
T,RR T,R s” D
C=Cy=|—— ——L[E=E= [ |;
R+R. R+R, 0

h(z) = w(z)/Za)(z) w;(z)= H

Jj=1

for all k >0, h;(z) >0 and Zh[(z) =1.
i=1

Control design and stability analysis. The
following requirements must be met to design T-S fuzzy
control:

x(k)—x (k) >0ask—> o, (8)

where x,(k) is the desired trajectory variable.

Let us establish the tracking error as:

T (k) = x(k) — x4 (k) .

Subsequently, its equivalent discrete-time derivative
can be expressed as:
Xtk+D)=x(k+1)—x;(k+1). )
By replacing (7) with (9) and including the term:
,
21 (2) 4, (k) = xg (k).

i=1
The first equation of (7) becomes:

(10)

Xk +1)= B (2) (AT (k) + Bu(k) + Axg (k) + E;) —x (k+1) -(11)
i=l
Let’s select a new control variable for (11) that
meets the requirements listed below:

r r
D hiBiAG) = D i (2)(Apxq (k) + Bu(k) + Ep) = x4 (K +1)-(12)
i=1 i=1
By employing (12), the discrete derivative of the
tracking error, as expressed in (11), can be reformulated
in a following manner:
r
F(k+1) = Y i ()AFR) + BAK) . (13)
i=1
The fuzzy tracking control problem is addressed by
the novel controllers, which are designed to:
- Controller rule 1: If i is F}; Then A(k) = K|x(k);

- Controller rule 2: If i; is Fj, Then A(k) = K,X (k).
The final output of the fuzzy controller is as follows:

.
M) = by (kDK F(K) -
i=1
The closed-loop system is represented as follows by
substituting (14) into (13):

r r
X(k+1)=>"> hi(2)h;(2)(4; — BK ;)% (k).
i=1 j=1
By permitting G; = (4; — B,K;), equation (15) can be
restated in the following manner:

r r
Xk+1)=)" > hi(2)h;(2)Gyx(k) .

i=l j=I
Stability analysis. The process of acquiring the
fuzzy controller involves identifying the gains that meet

the conditions stated in the subsequent theorem [27]:

Theorem 1. The system represented by (16) achieves
global asymptotic stability if there exist matrices

x=x">o0,8,=8ks.=sk

>~y ]’l’

(14)
(15)

(16)

verifying the following

linear matrix inequalities: Vi, je {1, ....... r} :

{—X+S,-,- (17

A X + B;Y; -X

T T pT
x47 + !B }o;
—2X+S;+8; x4" +v] Bl +x4] +YBY
* ~2X
Sii Sz Sy

Sz S - Sy

:|<01<] ;(18)

>0. (19)
Slr S2r Srr
The gains of the control law are: K; = V. X~ L
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Virtual desired variables and control law. The
virtual desired variables and tracking control law for the
buck converter system may be determined by (12), which
can be expressed in the following manner:

r r r
DBy (a(k) = AK)) = =3y Apxg (k) = 3 Iy E; + xg (k +1) -(20)
i=1 i=1 i=1
Let’s define aggregated matrices as follows:

r r r
B=Y h(2)B;, A=Y hj(2) 4, E =Y h(2)E; .
i=1 i=1 i=1
Subsequently, equation (20) can be restated in a
concise manner as:
Bu(k)—A(k))=—Axz(k)—E+xz(k+1). (22)
By applying (22) to the buck converter model, we
obtain the following matrix form:

e2y)

T :
I(Vin +Vp — Ryyiy (k) [ua(k)— A](k)=

0
1 RR, ___REL
_ : L(R”RHJTS LR+R) |1a®) |
RT, T vea®
C(R+R.) C(R+R,)
I | Tip e+
1o Tl k1|

From (23) it can be extracted the reference inductor
current as:

]vod (k) +Vod (k + 1)

__RT,
C(R+R¢)

Also from (23) it can be extracted the tracking
control law as:

Tol g, + REc |y, _RE,_

[L(RL+R+RCJ 1}Ld(k)+ LR+ R Voa (k)
T +
TV tVp = Rysii ()

L
C(R+R()

irg (k)= (24)

u(k) =
(25)

+ T + A(k).
fs(Vm +Vp = Rygir (k)

Simulation results. Several simulation tests were
carried out at different load and input voltage conditions to
prove the accuracy of the suggested controller for a DC-DC
buck converter. The used parameters are shown in Table 1.

Table 1
Buck converter parameters
Parameter Values
MOSFET resistance R,,, Q 0.1
Threshold voltage of the diode Vjp, V 0.8
Output capacitor C, uF 270
Output capacitor resistance R, Q 0.18
Inductor L, pH 180
Winding resistance of inductor R, Q 0.1
Resistance load R, Q 25
Input voltage V;,, V 12
Switching frequency f, kHz 31

The first test used a constant reference voltage of 6 V.
The output voltage, inductor current, duty ratio and PWM
signal responses are depicted in Fig. 3,a—d, respectively.
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Fig. 3. Simulation results for a fix reference voltage:
a — output voltage; b — inductor current voltage;
¢ — duty ratio; d — PWM signal

These results show that the output voltage precisely
follows the wished trajectory. Additionally, it has been
demonstrated that the time necessary for the system to
respond to the reference model is brief, specifically 0.4 ms.

In the second test, a variable reference voltage was
used. The output voltage, inductor current, and duty ratio
responses are depicted in Fig. 4,a—c, respectively. From
these results, we notice that despite the random change in
the chosen voltage, the output voltage always follows the
desired voltage with a minimal response time and
limitation of overshoot.
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Fig. 4. Simulation results for variable reference voltages:
a — output voltage; b — inductor current voltage; ¢ — duty ratio

In the third test, another scenario is used to prove the
effectiveness of the proposed controller. A variable voltage is
applied to the input of the buck converter, and observing of
the response of the output voltage. Figure 5 shows the output
voltage response under input voltage variations. Initially, the
input voltage was set to 12 V, and the desired output voltage
was set to a constant 8 V at # = 15 ms. These results show
that the output voltage matches the chosen level quickly and
remains constant even when the input voltage changes.

v,V .

8

8.15

8.1

4 8.05
8

2 7.95

00154 o

0.015

0 L 1
0 0.01 0.02 0.03 004 LS
Fig. 5. Responses of the output voltage for input voltage variable

In the fourth test, we randomly changed the load
resistance value and noted the output voltage response
and how well it followed the desired voltage (Fig. 6).

8177V j:

6
8.1

4 8.05

2 — V|4
8 Vi
00245 0.025 00255 0.026

0 . . . .

0 0.01 0.02 0.03 004 S

Fig. 6. Responses for resistor load variable

In the next scenario, the reference voltage is kept at 8 V.
At time ¢t = 0 s, the converter functions with a load
resistance of 25 Q. Then, at time ¢ = 2.5 ms, the load
resistance is modified to 30 Q. The overshoot in a transient
condition is observed to be brief. Subsequently, the output
voltage remains constant at 8 V. The results produced by
the T-S fuzzy controller, in the last test, are compared to
those obtained by the PID controller [28-30] (Fig. 7).
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Fig. 7. Performances comparison between PID and T-S controllers

Table 2 presents the comparison results. The
performances of the both controllers are evaluate based on
the specified parameters of overshoot (efficiency), settling
time (accuracy and stability), and rise time (speed).

Table 2
Results of the comparison and evaluation between
T-S fuzzy and PID controllers

Method PID controller | Proposed method
Overshoot, % 0 0
Settling time, ms 4 25
Rise time, ms 28 2

The comparison results indicate that the developed
controller provides superior performance and a faster
response compared to the conventional PID controller,
which has numerous drawbacks, such as a slow response
to accurately track the required voltage and significant
oscillations around the desired voltage, particularly during
variations in the resistor load and input voltage.

Conclusions. This paper presents the control of the
output voltage of a DC-DC buck converter. A discrete-time
T-S fuzzy model is used to represent the considered
system’s dynamic and then employed to develop a fuzzy
controller. The concept of virtual desired variables is used
to extract the desired reference model and nonlinear control
law. Sufficient conditions for stability are derived from
Lyapunov’s method, and then they are converted into linear
matrix inequalities to find the controller gains. The
simulation results show that the proposed control can drive
the output voltage to track its reference exactly with a
shorter response time and without any overshooting. A
comparison of the suggested controller with the
conventional PID shows its superiority in terms of time
response and tracking. Exploring practical application and
robustness challenges will take center stage in an upcoming
research endeavor.
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