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Abstract: DC-DC converters are used in many power electronics applications, such as switching
power supply design, photovoltaic, power management systems, and electric and hybrid vehicles.
Traditionally, DC-DC converters are linearly modeled using a typical operating point for their
control design. Some recent works use nonlinear models for DC-DC converters, due to the inherent
nonlinearity of the switching process. In this sense, a standout modeling technique is the Takagi-
Sugeno fuzzy exact method due to its ability to represent nonlinear systems over the entire operating
range. It is more faithful to system behavior modeling, and allows a nonlinear closed-loop control
design. The use of nonlinear models allows the testing of controllers obtained by linear methods to
operate outside their linearization point, corroborating with robust controllers for specific applications.
This work aims to perform the exact fuzzy Takagi-Sugeno modeling of a buck-boost converter with
non-ideal components, and to design a discrete proportional-integral-derivative (PID) controller
from the pole cancellation technique, obtained linearly, to test the controller at different operating
points. The PID control ensured a satisfactory result compared with the stationary value of the
different operating points, but it did not reach the desired transient response. Since the proposed
model closely represents the operation of the buck-boost converter by considering the components’
non-idealities, other control techniques that consider the system’s nonlinearities can be applied and
optimized later.

Keywords: buck-boost; fuzzy Takagi-Sugeno; exact model

1. Introduction

Static power converters require control of their electrical variables, such as voltages,
currents, and powers. To design suitable controllers, one needs to know the plant models of
the power stage of the converter, which are usually in the form of transfer functions [1,2]. In
this case, these transfer functions are obtained from linear differential equations, resulting
from the linearization of nonlinear components bounded around the specific operating
point of the converter power stage [2,3].

Several techniques have been proposed for obtaining the mathematical models of
DC-DC static converters. One of the most popular is that using the average model in state
space, presented by Midlebrook and Cuk in 1976 [4], using a linear approach.

Controller designs are developed based on the linear approach of DC-DC converters.
One of the most popular topologies are PID controllers [5]. Recently, works have been
using optimization techniques to tune PID controllers. Chander et al. [6] proposed an
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auto-tuned discrete PID controller for fast transient response applied to DC-DC converters.
Mirzaei and Mojallali [7] used a chaotic particle swarm optimization (PSO) algorithm for a
boost converter, an approach for auto-tuning an optimum startup response for a converter.
Puchta et al. [8] proposed a robust Gaussian PID optimized via a genetic algorithm applied
to a buck converter.

General fuzzy systems are used in control projects of complex dynamical systems.
Recently, a novel adaptive fuzzy finite control method was proposed. Liu et al. [9] applied
the fuzzy finite-time attitude control strategy to quadrotor UAVs under external distur-
bances and uncertain dynamics. The control technique achieved fast convergence speed,
finite-time property, and was singularity-free, using the Lyapunov theorem to prove the
closed-loop convergence.

Recently, works have used general fuzzy systems to design controllers in a linear
approach for DC-DC converters. Gadari et al. [10] developed a variable gain fuzzy system
to build robust controllers for DC-DC converters, managing variations in supply voltages
and load.

In this way, there is also an interest in using models that consider non-linearities, i.e.,
applications in which control of the electrical parameters of DC-DC converters at different
operating points is required. Based on this premise, the fuzzy Takagi-Sugeno (fuzzy TS)
modeling approach is an exciting alternative for DC-DC converters [11].

Takagi and Sugeno proposed a fuzzy model representing a linear relationship between
the input and output of a nonlinear model by locally valid, interpolated linear dynam-
ical systems [12-14]. Fuzzy TS is widely used for nonlinear systems; one example is in
Liu et al. [15]. The authors presented a suboptimal control with fuzzy TS methods and
reinforcement learning (RL) for slow—fast coupled nonlinear systems. They segmented the
systems into two problems, slow and fast, and used RL neural networks to reconstruct
the non-measurable virtual subsystems through the original measurement systems for
slow issues.

Ghany et al. [16] applied a combo of fuzzy TS and interval type-2 fuzzy sets (IT2-FSs) to
build a new self-tuning fractional-order proportional-integral-derivative (PID). The IT2-FSs
were used to tune the gains, while the fuzzy TS constructed the controller. Three types of tuning
were established under disturbance changes, and the results proved that the proposed idea
could control systems under disturbances and uncertainties. Torres-Pinzon et al. [17] performed
a work applying fuzzy TS based on linear matrix inequalities (LMI) to regulate the voltage in
switching systems. The authors carried out simulations and experiments with a prototype to
validate the method.

In addition, some adaptive PID techniques can be used to improve the performance
of traditional PID controllers. Borges et al. [18] and Itaborahy Filho et al. [19] used
metaheuristic-based optimization to design some robust controllers.

The nonlinear model approximation performs better as the number of local models
increases. However, the larger the number of local models, the more difficult it can become
to control. Therefore, a representation close to the nonlinear model is desirable with as few
local models as possible [1].

A generalized form of fuzzy TS modeling was proposed by Taniguchi et al., which
is based on local models created from the regions that correspond to the maximum and
minimum values of the system. Consequently, there is a decrease in the number of local
models, defined by 2™, where 7l is the number of non-linearities in the system [20]. Recent
investigations already use generalized fuzzy TS modeling applied to DC-DC converters,
aiming to control the electrical parameters at different operating points [11,21-24]. In these
works, exact fuzzy TS modelling was used to design fuzzy TS controllers analyzed by LMI
and validated by the Lyapunov function.

This work aims to develop the fuzzy TS model of a buck-boost converter, considering
the non-idealities of the components [2], to be a test framework of nonlinear scenarios for
a discrete PID controller designed by the pole cancelling method obtained through the
linear model [25,26]. The premise is that the controller output voltage obtained linearly and
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designed to control the voltage only at the typical operating point can be tested at different
operating points. In addition, we desire to stabilize the output voltage as the reference
voltage varies, taking the controller’s design parameters at the typical operating point as
a metric.

The main contribution of this work is to obtain an exact nonlinear model, which
considers the non-idealities of the components of a specific buck-boost converter, and to
combine the traditional modeling and control techniques for DC-DC converters with the
latest techniques.

This article is divided as follows: Materials and Methods are presented in Section 2;
in Section 3 there is the Discrete PID Control Design; Section 4 shows the Results and
Discussion; finally, in Section 5, the main conclusions and future perspectives are presented.
A list of acronyms is shown in Table 1.

Table 1. Acronyms.

Term Acronym

DC-DC Direct Current

TS Takagi-Sugeno

PID Proportional-integral-derivative
RL Reinforcement learning

LMI Linear matrix inequality

PSO Particle swarm optimization

2. Materials and Methods
2.1. Buck—Boost Converter
2.1.1. Overview of DC-DC Converters

DC-DC converters can be conceptualized from a simple system consisting of a DC
voltage source at the input, a DC-DC converter block, and a DC voltage source at the
output. A DC-DC converter is an electronic circuit that processes a direct voltage at the
input and transforms it into a direct voltage at the output, with active elements acting as
switches, and passive components, usually inductors and capacitors, acting as controllers
of the power flow between the sources [2].

The most commonly referenced non-isolated static DC-DC converter topologies in
the literature are: buck, boost, buck-boost, Cik, SEPIC, and zeta. The differentiation of the
topologies is based on their static gain (M) and the polarity of the output voltage, as shown
in Table 2, in which the static gain is given as a function of the duty-cycle (D).

Table 2. Static gain of main topologies of non-isolated DC-DC static converters. Adapted from [2].

Topology Static Gain (M)
Buck D
Boost 1/(D—1)
Buck-Boost D/(1 — D)
Ctik D/(1—-D)
SEPIC D/(1 - D)
Zeta D/(1 — D)

2.1.2. Buck-Boost Converter Project

The present work considers a buck-boost converter with the following design parame-
ters: V; =24V (input voltage), V, = 14 V (output voltage), fs = 50 kHz (switching frequency),
T5 = 20 ms (sampling time), P, = 100 W (output power), AV,% = 1% (percent output voltage
variation) and Al;% = 10% (percent current variation). For the continuous conduction
mode (CCM), and initially considering the ideal converter represented in Figure 1, the
corresponding waveforms of each electrical variable behave as depicted in Figure 2.
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Figure 1. Ideal buck-boost converter. Adapted from [2].
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Figure 2. Waveforms of a buck-boost converter operating in continuous conduction mode. Adapted
from [2].

It is possible to consider the static gain of the buck-boost topology present in Table 2
as the ratio between the input and output voltage; isolating the duty-cycle, one can obtain
the optimal value given by Equation (1):

Vo
D= _—"—_ 203684 1
Vi + V) W

The variation in the inductor current is given by the difference between the average
input current (Equation (2)) and output current (Equation (3)), according to the wave-
forms in Figure 2, assuming the ideal lossless converter (P; = P,). Therefore, the nomi-
nal value of the inductor current (Aip) and output voltage (AV,) variations are given by
Equations (4) and (5), respectively.

. B
=2 = 41667 A 2
i V. )
) P,
= -2 71429 A 3
o = 1/ 3)
Aip = Aip%-(i; +1,) = 1.131 A (4)

AV, = AV,%-V, = 0.14 V ()
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The load resistance (R) is calculated by Equation (6), with the ideal values of capaci-
tance (C) and inductance (L) by Equations (7) and (8), respectively.

2
R:V—ozl.%Q (6)

P,

iy-D
= = 375. F 7
NAE 375.9398 1. )

Vi-D

= = 0.1564 mH

Aiyfo 0.1564 m (8)

Consider non-idealities results in more accurate models, including an accurate sta-
tionary value analysis [2]. With the ideal components set, the schematic considering the
non-idealities of the components is depicted in Figure 3.

+ + VDon pp—
RO§ Vo C= +
- D
B L R,
"M
+ R,
Vi =
S

1
—o

Figure 3. Buck-boost converter with non-idealities. Adapted from [2].

In this case, R; is the series resistance of the transistor (Mosfet), R; is the series
resistance of the inductor, and Vpoyp is the blocking voltage of the diode. The manufacturers
define such parameters through the electrical characteristics of the specified components.

To define the actual capacitor, the commercial value that most closely matches the
calculated theoretical capacitance was chosen, and supported by the maximum required
voltage to which the theoretical capacitor will be subjected. The specified capacitor is the
aluminum electrolytic capacitor B41858C5337M (C = 470 uF) [27].

The diode and transistor are specified from the maximum and minimum required
voltages and currents, as shown in Figure 3. The Mosfet-SUP70090E is the transistor
(Rs =0.089 ) [28] and the MUR1620CT is the diode (Vpon = 0.895 V) [29].

2.1.3. Mathematical Representation by State Space

The state space representation was carried out according to de Kremes et al. [2];
analyzing the circuit outlined in Figure 3, it has two operating stages: stage 1, with the
Mosfet in conduction (Figure 4) and stage 2, with the diode in conduction (Figure 5).

The differential Equations (9) and (10) can be written for stage 1, while Equations (11) and (12)
apply to stage 2:

i

LE:—(RS—FRL)-Z'L-&-Vi )
dv, 0,

C—r = R (10)

L~di = —Rsip — Vo, —Vp (11)

dt
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dv, . To
c2 =4 -2 12
it~ TR, 12
It is possible to represent the equations in the form of a first-order linear differential

equations system matrix, according to Equations (13) and (14), where d(t) is the system input:

] —(Rs+Ry) i Vi

i _ L ML Tl.

v l - [VJ + {0} d(t) (13)
: =R 1 i —Vpon

Ll _ |- L ||k —T .

v, [‘8 el HERNES (9

These differential equations can be presented in a compact form (Equations (15) and (16)),
in which x is the output variables of the system (output voltage and current of the buck-
boost converter), and u is the input variable (d(t)). The matrices A;, By, Ay and B; are
represented by Equations (17)-(20), respectively:

X = Ay-x + Byu (15)
X = Ay-x + By (16)
_(R5+RL) 0
Ay = L h 17
1
0 C-R,
Vi
Bi=|L (18)
0
R 1
A= T 4 (19)
C C-RR,
—Vpon
By = L (20)
0

The matrices A; and Bj refer to the operation interval (0, D x T5) and the matrices
Ajp and By refer to the operation interval (D x T5, Ts). Adding Equations (15) and (16),
one can obtain Equation (21), which can also be written as Equation (22), considering
Equations (23) and (24).

X = [A;"D + Ay-(1—D)]-x + [B;-D + Bo-(1 — D)]-u (21)
X =Ax+Bu (22)

A= AD+ Ay(1-D) (23)

B =B;D + By(1-D) (24)

Replacing the circuit variables into Equation (21), we obtain the linearized state-space
model of the buck-boost converter represented in Equations (25)—(29):

A= (15D) 9 (25)

L C-Ro

—(D-Rs+Rp) (lD)‘|
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B = L (26)
0
01
= ] -
0
D= {0} (28)
—(RsD+R;) (1-D) Vi-D—Vpon+Vpon-D
X+ (¢ 1 (t i pontVpon
A ) [

4[,— -
+ T l fe VDon pe—
Roé V, C= +

) L R

—
155

Figure 5. Stage 2: Diode in conduction (D x T5, Ts). Adapted from [2].

2.2. Takagi—Sugeno Fuzzy Modeling

Takagi and Sugeno proposed a fuzzy model representing a linear relationship between
the input and output of a nonlinear model by locally valid, interpolated, linear dynamical

systems [12].

The generalized form of fuzzy TS modeling was proposed by Taniguchi et al. [20],
and is based on local models created from the operating regions that correspond to the
maximum and minimum values of the system. The number of local models is related to

the number of nonlinear functions of the system.

In the case of the state-space model adopted for the buck-boost converter, the nonlinear
functions are the output voltage and current. To define its maximum and minimum values,
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Equations (30) and (31) are, respectively, the stationary values of the voltage and current,
according to [2].
V= Ror1L=DYDVi = (1= D) Voo 40
D-Rs+ Ry + R,-(1—-D)
(1-D):[D-V; — (1 - D)-Vpon]

D-Rs + Ry + R,-(1— D)?

I, = (31)

To calculate the minimum values of the output current and voltage functions of the
buck-boost converter, the variable D was replaced by 0 in Equations (30) and (31), leading
to Equations (32) and (33):

Ro-(—V,
Vouiy = w —0.8939 V (32)

—V
owy = 7+ iogo = 04561 A (33)

On the other hand, to calculate the respective maximum values, the variable D was
replaced by 0.9, leading to Equations (34) and (35).

_ 0.LRo[0.9-V1 = (0.1)-Vbon] _ 140 0019 v (34)
0.9-Rs + Ry + Ry-(0.1)*

VOMAX

_ 01:[0.9V1 = (01) Voon] _ 1 4a00 4 (35)
0.9-Rs + Ry + Ry+(0.1)?

OMAX

To obtain the fuzzy TS model, it is necessary to use the Tanigushi technique, de-
scribing the equations so that the system input (d(t)) is isolated. By replacing D with
d(t) in Equation (29) and isolating d(¢), it is possible to obtain the model containing the
non-linearities of the system represented by Equation (36):

xl(t) B =Ry 1 _X1(t) —(Rs-x1+x2
Lmj‘l%gilhwﬂ+[

The equations that contain the non-linearities of the system are Equations (37) and (38):

N

+Vi—Vpon
] d(t) (36)

pliay

gy (x(t)) = Rt 22} VL Vbox @)

(38)

(R~

g (x(t)) =

By substituting these equations into Equation
ing the nonlinearities:

—~~

36), it is possible to rewrite it, consider-

O [ ][] Bt

Therefore, using the maximum and minimum values of the output current and voltage
functions of the buck-boost converter, one can obtain the maximum and minimum values
of the functions that contain the non-linearities, as in Equations (40)—(43):

binr = max{g;; (x(t))} = —751.6158 x 10° (40)

bi1p = min{g,; (x(t))} = 153.4716 x 10° (41)
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by11 = max{gy, (x(#))} = 151.9994 x 10> (42)

by, = min{g,, (x(t))} = 5715.2166 (43)

In this way, the nonlinear functions are represented from the pertinences associated
with the maximum and minimum values, as shown in Equations (44) and (45):

811(x(t)) = ay (x(t))-brn + az(x(t))-br12 + az(x(t))-bi11 + aa(x(t)) -b112 (44)

81 (x(t)) = g (x(t))-ba11 + a3 (x(t)) b1z + a2 (x(t))-ba11 + aa(x(t)) -bo1a (45)

It is necessary to consider the relevant local models, considering the scenarios of the global
membership functions, to obtain the local linear models, represented by Equations (46)—(49).

e Scenario 1 (B7):
ap(x(t)) =1, ar(x(t)) =0, as(x(t)) =0, ag(x(t)) =0

By = [b 111} (46)

B, — [bm} (47)

B; = [bm} (48)

a1(x(t)) =0, ax(x(t)) =0, az(x(t)) =0, as(x(t)) =1

b212
The matrices A and C do not contain non-linearities, so for an accurate representation
of the buck-boost converter with fuzzy TS models, they must have the same representation
along the boundary of the model. Equations (50) and (51) present these ideas.

“R, 1
A=Ay =A3=A4=| L, L (50)
C CR,

01
C=CG=CG=C= [1 O] (51)
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Rewriting Equation (39) as a function of the local linear models and the pertinences,
we have Equation (52):

x(t) = A(a)-x(t) + B(a)-u(t); y=C(a)-x(t) (52)

in which
A(oc) = Ara1 + Ap-ap + Az + Agg

B(a) = By-a1 + By-ap + B3-a3 + By-ay

C(a) = Cr-a1 + Co-ap + C3-03 + Cy-tg

3. Discrete PID Control Design

As mentioned in Section 1, the output voltage of the discrete PID controller was
designed for the linear model at the typical operating point, but the design aimed to control
the output voltage at different operating points, by using the TS fuzzy exact model.

For the application of this control technique, the discrete transfer function of the output
voltage is required [18,19]. This is obtained through the state-space linear model.

The linear modeling is found by replacing the duty cycle (D) with its numerical value.
However, the linear model is limited to the linearization point, i.e., the transient and
stationary performance parameters are relative to the linearization point.

Considering the non-idealities of the components, the duty-cycle value of the typical
operating point of the buck-boost converter design is given by isolating the variable D
from Equation (30) and replacing the output voltage by 14 V and the non-idealities of the
components by the defined values. The typical operating point of the duty-cycle value is
D ~ 0.38472 [2].

Similarly, substituting the duty-cycle and the non-ideal component parameters into
Equation (29) leads to the state-space model of the linearized buck-boost converter at the
typical operating point, as depicted in Equation (53):

()| _ [ ~37.8774 39340008 | [x(t)] , [55,515.7359
[x:(t)][1309.1015 1085.5406Hx;(t)] [ 0 ]d(t) (53)

The continuous transfer function of the output voltage (Equation (54)) was extracted
from Equation (53):
B 7.268 x 107
524+ 1123-5+5.191 x 106
Discretizing Equation (54) using the zero-order hold (ZOH) method by applying a

sampling period equal to the switching period of the converter (Ts = T = 20 ms), we obtain
the discrete transfer function given by Equation (55).

Gy(s)

(54)

0.01442-% + 0.01432
Golz) = 5 19762 109778 (55)

To control the output voltage of the buck-boost converter, a discrete PID controller de-
signed by the pole-zero cancellation method was proposed, following recent works [5,24,30].
Figure 6 contains the discrete pole-zero map, with the poles and zeros of the plant (Go(z)).

Knowing the coordinates of the plant poles, the zeros of the discrete controller must
be allocated near the plant poles to cancel the dominant poles’ transient effects and meet
the requested design requirements [5].
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Figure 6. Pole-zero map of output voltage discrete transfer function.

Consider a discrete PID controller from the exact ZOH discretization whose transfer
function is characterized by two fixed real poles at z = 0 and z = 1, and two adjustable
conjugate complex zeros [1,31]. Equation (56) represents the discrete transfer function of
the PID controller:

(kp + kg + ki)-z* — (kp +2-kg) -z + kg

z-(z—1) (56)

K(z) =

The literature establishes the design requirements for the controller in a closed loop
as [31]:
e  Zero stationary error for the reference voltages of —14 V (typical operating point).
e  Overshoot percentage of 10% (buck-boost design parameter).

From these considerations, the conjugate complex zeros of the PID controller (zeros
PID = 0.96 & j0.044) were allocated near the value of the plant poles, as shown in Figure 6.
Moreover, we varied the direct gain of the controller, in order to satisfy the closed-loop
design requirements, resulting in the following controller gains: k, = 0.02188, k; = 0.0011,
and k; = 0.2771.

Figure 7 shows the closed-loop response of the buck-boost converter and the PID
controller with the reference voltage at —14 V.

Control Signal (d(t)
E

b —— Duty-Cycle
0.000 0.005 0.010 0,015 0.020 0.025 0.030 0,035 0.040
Time (s)
01 —— Output Controlled Voltage
5o ---- Output Reference Voltage (-14V)
2
2 6
@
o
Il
= _g-
o
>
_104
-12
g La=3
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Time (s)

Figure 7. Cont.
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Time (s)

Figure 7. Closed-loop response with typical point operation (Vre f = —14 V).

4. Results and Discussion

With the designed controller, stabilization tests were performed at values other than
the typical output voltage point. Figure 8 illustrates the transient simulation of the buck-
boost converter with the reference voltage changing initially from —14 V to —10 V at time
t=0.105s to 20 V at time ¢ = 0.20 s, and returning to 14 V at time ¢ = 0.30 s. This simulation
runs in a Python script using the Python control systems library [32].

Remarkably, the discrete PID controller was able to follow the reference voltage even
when operating at a different point for which it was designed. However, comparing the
response of the controller at its typical operating point with the previous works [5-7,24], the
transient characteristics are compatible. However, if the performance at different operating
points is compared with the works [11,21-24], the PID controller cannot obtain transient
characteristics compatible with the specific operating point.

The fuzzy TS model of the buck-boost converter could represent the converter’s
behavior at different operating points, enabling the testing of the discrete PID controller
obtained by the method of pole cancellation operating under these conditions.

Such conditions highlight the fact that the linearized PID controller cannot manage
the desired current-voltage tracking as designed at its typical operating point, Figure 7.
As shown in Figure 8, overshoot requirements are extrapolated and compared to the
typical operating point.

The linearized technique cannot handle a nonlinear approach, which changes the
poles and zeros of the plant and directly impacts the controller performance. Further-
more, the control is limited to the output voltage, since it was obtained through the
transfer function.

Thus, other control topologies can be proposed, such as optimized controllers,
which are already applied to the control of DC-DC converters [6-8]. By aligning the
optimized control techniques with the exact fuzzy TS model, the controllers can be
optimized to find the best performance at different operating points.

Another control technique that can be applied from the fuzzy TS modeling is
the control using the solution of linear matrix inequalities (LMI), which is a robust
alternative control for nonlinear systems, because feedback is carried out by state space,
enabling multiple control. This technique is currently applied in DC-DC converters
in recent works [11,21-24,33]. The Lyapunov method validates and optimizes such a
control technique, which can lead to a conservative solution [22].

We highlight the fact that the particle swarm optimization (PSO) or genetic algo-
rithms (GA) are interesting candidates to minimize the absolute error integral (IAE)
of the required operating conditions [8,34-37], and can be combined in adaptive PID
controllers, such as GAPID, and fuzzy-PID to minimize the absolute error integral (AIE)
in a non-linear approach.
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Figure 8. Closed-loop response by varying the reference voltage.

5. Conclusions

DC-DC converters are widely used in a variety of engineering applications, such
as switching power supplies, battery chargers, and power flow management for electric
and hybrid vehicles. These converters are traditionally modeled and controlled using
linear models. However, in applications where the converter is required to operate in
different regions, traditional methods are not suitable, as they do not consider the inherent
nonlinearity of the system.

This work obtained the exact fuzzy TS model of a buck-boost converter with specified
non-idealities operating in continuous conduction mode. The obtained exact model was
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used to test the output voltage control found by traditional methods to check the linearly
obtained controller in a non-linear model.

The discrete linear PID controller was able to follow the reference voltage signal, but
did not achieve good transient performance parameters at the switching points. This
occurs because, although the controller meets the requirement of zero stationary error
at the various operating points, the controller parameters are not adjustable and do not
consider the transient characteristics of the different operating points of the model. For
future work, optimization techniques based on metaheuristics can be explored to design a
robust controller applied to DC-DC converters with a non-linear approach provided by the
fuzzy TS model.
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