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Abstract

The researches about solar energy have been developed in the last years due to increasing
of demand of new techniques to decrease our dependence on fossil fuels. Because of this, the
efficiency of the solar panel has been improved in order to reduce the costs and making the
Photovoltaic Systems one of the main renewable energy sources.

In isolated systems, power converters are used to improve the efficiency of the panel,
increasing its voltage with a boost converter or connecting in a bank of batteries with a buck
converter.

This paper presents a buck converter controlled in voltage-mode by a microcontroller
PIC, which uses a PID controller to change the wide pulse of PWM that switches an IGBT.
This system is able to keep the output voltage in 12V.

Two softwares are used to simulate the converter: Matlab/Simulink and Proteus. The first
studies the behavior of the proposed converter on a step-up and step-down voltage, using a
PID controller in closed loop to switch an IGBT, which controls the output voltage; the
second uses a microcontroller PIC to vary the PWM of the switching device. Moreover, the
software PIC-C is used to make all the programming of the microcontroller.

After building of the converter, it is compared the measured results with the results of
softwares Simulink and Proteus to validate the project.

Key words: Buck Converter, Static Converter Self-Controlled, Photovoltaic Systems,

Battery.
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1. Introduction

Power electronics is an enabling technology, providing the needed interface between the
electrical source and the electrical load. The electrical source and the electrical load can, and
often do, differ in frequency, voltage amplitudes and the number of phases. The power
electronics interface facilitates the transfer of power from the source to the load by converting
voltages and currents from one form to another, in which it is possible for the source and the
load to reverse roles [1]. Nowadays it is increasing the use of DC-to-DC voltage conversion.

It is applicable to computers, TVs, electric cars and photovoltaic systems.

1.1. Buck Converter

The buck converter, Figure 1, is one of the simplest power electronic circuits to convert a
DC voltage level to another DC voltage level, less than the first one. Over the past decades,
many researchers have studied new models and control techniques for the process of
switching power supplies [2].

In the circuit the input voltage is represented by an idealized DC source, Vg. The switch is
usually an insulated-gate bipolar transistor (IGBT) and it works as a digital circuit, 0 - 1,
which opens when the control signal is 0 and closes when the control signal is 1.

In the mode on of the switch, Figure 2a, the current flows directly through the load,
because the diode is on reverse mode, i.e., the circuit is open. In mode off, Figure 2b, the
switch is open but the current keeps flowing through the load and diode by the inductor [3].

The purpose of the converter is to quickly open and close the switch, making the current
flow through the inductor to the load, represented by a resistor. If this state of on and off is in
a high frequency, the current to the load cannot build up or decay, making it fairly constant,

producing a dc voltage in the output of the converter [3].

Ich i L R.".
-»—/v\,j D_—--.—rmr\—fv\, r
Rei ™ e i
I — ¢ +

I’g(t) y U C _‘_ RS v c& iload

Figure 1 Circuit of buck converter
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a) Switch in mode on b) Switch in mode off

Figure 2 Operation modes of buck converter

If the current of the inductor does not drop to zero during the conduction mode of the
diode, then the circuit is being operated in continuous conduction mode. Otherwise, the

circuit is in discontinuous conduction mode.

Steady-State Analysis — Continuous Mode

In steady-state, it is presumed that the input voltage, output voltage, output current and the
duty cycle are kept constant. Due to this, the current of the inductor flows during the entire
switching time.

In continuous mode, there are two stages on the buck converter per cycle: the first one is
when the switch is on, Figure 2a, and the diode is on the reverse mode; in the second, the
switch is off and the diode is conducting, Figure 2b [4]. The operation of the devices is
shown in Figure 3.

During the mode on, Ton, the current of the inductor increases linearly with the time, due
to the input voltage Vg and the voltage of the capacitor. During mode off, Toff, the input
current drops to zero, and because of this the current of the inductor decreases, causing a
change of polarity in its voltage, which makes the current flow through the diode.

During Ton, it known that the voltage of the inductor is represented as showed (1) and (2).

Vp=Vg-1V 1)
dl, Al

= = E— 2

=L =Lar @)

During this time, there is a ripple current in the inductor, called as Al; (3).

Vg-V

Al () = Ton 3




Introduction 3

In the same way, in the time off, the ripple of current is calculated by (4).

V—-vd

AL (=) = Toff (4)

L

W

Ton :*—H#—TOFF —F:
— T —¥
Figure 3 Voltage and current of buck converter operating in continuous conduction mode

In steady-state, A, (+) and Al (—) have the same value, and from (1), it results in:

_ Ton

== (5)

The time Ts is the complete cycle of switching of the switch device.

Equation (6) shows the duty cycle, which is the main relation in the buck converter, and

represents the fraction of time that the switch is closed [4].

=D (6)

S <

Steady-State Analysis — Discontinuous Mode
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The discontinuous mode occurs when the current of the load is less than or equal to zero,

Figure 4. The average current is shown in (7) as follows:

1 DT
Iig = > iL(peak) = Z_LS Vi — Vo) (7)

In discontinuous mode operation the duty cycle is a nonlinear function of the output
current, in the load, and it cannot secure the maximum power output [5]. Because of this,
buck converters operating in this mode have lower power efficiency compared to the

continuous mode conduction [6].

Vi

_Vo

ron i‘oﬂ

it | -

Figure 4 and current of buck converter operating in discontinuous conduction mode

1.2. Equations of the Buck Converter
In a model of the buck converter, it is necessary to calculate its inductance and

capacitance. Combining Equations (3) and (4) results in:

Al, Al

Knowing that:

1
Ts = 7 = Ton + Toff (9)
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Substituting (9) on (8) results in an Equation (10) for the inductance of the buck
converter:
V,D(1 - D)
=== 10
Fal (10)
Depending on the value of the ripple current, Al, increasing the value of the frequency

decreases the inductance. According to [4], the voltage on the capacitor can be written by:
1
Vc:EfICdt-l'V (11)

The current variation of the load is almost the same as the variation of the inductor, and

then the average current on the capacitor is:

T
1 [ /2Al
_1 al 12
I, TJO - dt (12)

Substituting (12) in (11) results in:

V,.D(1-D
_BPa-D) (13)
8Lf2 AV,

The Equation (13) is the Equation of the capacitance of the buck converter. As the same

as in (10), increasing the frequency f decreases the value of the capacitance.

1.3. Modeling of Buck Converter

This section shows a mathematical model of the buck converter, Figure 1. In this circuit,
RL is the resistance of the inductor, and Ren is the resistance of the IGBT. The energy losses
on the windings of the inductor and on the switches will be considered [7]. In the sections,

1.3.1 and 1.3.2, the model of both stages of the switch will be developed.

1.3.1. Switch in Conduction Mode
The circuit in Figure 5 represents the case when the IGBT is closed, mode on, and the
diode is on its reverse mode. Using both Kirchhoff's law, voltage and current law, on this

circuit, obtains:



Introduction 6

V,— V,— (R, +Rpp) i—v =0 (14)
v
ic + E‘i‘ iload—i=0 (15)

Substituting (10) and (11) on the Equations (14) and (15) results in:

(R, + Ropn) v
c—— 16
I i=7 (16)

dt

di Y,
L

v _ L _ Vv load (17)

The system equations resulting from (16) and (17), are commonly written in matrix form

as shown in (18) because it makes it easy to make the complete modeling of the system.

di] [ (Ri+Rm) 1 Lo ool

de | _ L Ll i L

dv |~ 1 1 [v]+ oo 1 l_VD (18)
dt c RC cl Liead

The matrixes Al and B1, taken from (18) are defined as follows:

CRutRa) 1

4, = t b (19)
c “RC
! 0 O
By =" ) (20)
0 0 7

These matrices will be used directly in the linearization of the model in section 1.3.3.
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Figure 5 Buck converter for the IGBT in mode on

1.3.2. Switch in Mode off

Figure 6 shows the circuit in Figure 1 when the IGBT is not conducting, making the

current of the inductor flow through the diode, as discussed in 0.
As in section 1.3.1, Kirchhoff's law, voltage and current law will be used in the circuit of

Figure 6, resulting in the following Equations:

di. v R
dt L L
dv o v
dt C RC

di R, 1
dt | _ | L L qi
dv“l 1 1 [v]+
dt C RC

Asin 1.3.1 it was took two matrices from (23), Al and B1 as shown below:

R,
L
AO == 1
c
O _—
BO ==
0 O

1 —
L
1

RC1

(21)
(22)
0 Y
1l . Vp (23)
- Lioad
(24)
(25)
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Figure 6 Buck converter for the IGBT in mode off

1.3.3. Linearization of the model
As shown in sections 1.3.1 and 1.3.2 for each stage of the switch, opened and closed,
there are two different matrices represented by A and B. Using these matrices, the stage

equations can be written as follows:
X=A-X+B-U (26)
A value &, which represents the stage of the switch, will be defined as follows:

{1 switch on mode on 27)
0 switch on mode on

The switched model and its average, is written bellow:
X:(Ao‘l' 6'(A1_A0))'X+(B0+ 5'(B1_Bo))'U (28)
<X>=(Ap+ d- (A1 —Ap)) <X >+(By+ d- (B, —By))<U> (29)

The average value of &is the duty cycle d.
A perturbing has been made in steady stage to make the linearization of the model, which:
d<D X «<xell <u.

d=D+d
<X>=x+ % (30)
<U>=u+1

Substituting (30) in (29), obtains:
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[Ag+D-(4; —Ap)] -2+ [By+D- (B, =Byl -1 +

. +[(Ay —Ag)-x+ (B —By)-ul-d+
<X>= (31)
+ [AO +D " (A1 _Ao)]x-l' [BO +D - (Bl _Bo)]u+

+ (Al_Ao)'a '5C\+(Bl_Bo)'a'ﬁ
Ax+Bu=1-D)-(A4y-x+ By-u)+ (D) (A;"x+ B;-u)=0 (32)

Substituting A = Ay + D - (A, — 4y), B = By + D - (B; — By) in (32) then substituting
in (31) obtains:

<X>=(Ap+ d (A1 —Ap)) <X >+(By+ d- (B, —By))<U> (33)
Knowing that < X > is the same as %, in steady state, and defining:

M= (A —Ay) x+ (B —Bp)u (34)

results in:

. 21 d
2 =A4-%+[B M]-[‘é]:a@)zfl-mst-at (35)

Knowing that B, = [B M] and G, = [l(ii] Applying the Laplace’s transform on (35) and

writing it on matrix form results on the modeling of buck converter, is shown as follows:

7
1] = [ Ea® o) ). 0 (36)
D F1(5) Fy(s) Faz(s) Fou($)] |lioaa

a

The term F,,(s) is the transfer function of the variation of the output voltage in relation to
the duty cycle, and it will be redefined as G,;. F,3(s) is the transfer function between the
variation of the output voltage in relation with the variation of the input voltage, and it will be
redefined as G,4. In the end, F,,(s) is the transfer function between the variation on the
output in relation with a variation on the load, and it will be redefined as Z ;.

= 2 € Zout(s) = -

ﬁgzo’ vg_ﬁg(s) d=o0
ljoad =0 t10ad =0

D(s)

tioad (s) | Vg

Knowing that G,4; = %

_o » then

=0

W

replacing on (36), it results in (37) as follows:
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D(s) = Gya - a(s) + Gvg ) 99(5) — Zout (S) " Ti0aa(s) (37)

The Equation (37) is the variation of the output voltage on the buck converter.

1.3.4. Control Loop

The variation of the output voltage V(s) depends of the variation of duty cycle, input
voltage and load, as showed on (37).

The control loop of the converter is shown in Figure 7. The sensor gain is represented by
H(s). G.(s) is the transfer function of the controller and V), is the size of the PWM.

The output voltage ©(s) calculated by the Figure 7 is shown as follows:

" Ge(s) "
D(s) = [vref(s) —H(s)- U(S)] ’ v Gpa(s) + Ug(S) ’ Gvg — Tioad " Zout (38)
m
i load (S)L

S ——— i

: Zout(S) :

D ,(s) ! i

_:_> Gvg (s) :

Pulse-width : i

5. (5) Compesator modulator 3 E A\ - |
D rer () + J1 s) to D(s) R
Ref‘erence GC (s) L4 @ : g Gvd (S) ke : =

imput - Converter power stage

H(s) - 0(s) H)

Figure 7 Block diagram of small-signals model of buck converter

1.3.5. Ziegler-Nichols Method

The PID controller is the most common control method, which have survived many
changes in technology. Practically all PID controllers made today are based on
microprocessors [8].

This form of feedback is often combined with logic, sequential functions, selectors, and
simple function blocks to build the complicated automation systems used for energy

production, transportation, and manufacturing [8].
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There are some methods, called tuning methods, for control design that can be applied to
PID control. It is essential always to consider the key elements of control, load disturbances,
sensor noise, process uncertainty and reference signals [9].

The most known tuning method is the Ziegler-Nichols Method. This method is applicable
in analog controller, as the PID controller shown in Figure 8, and it is based on process
information in the form of the open loop step response, which is characterized by only two
parameters R and L, as shown in Figure 9. The parameter L is a delay, and R is the maximum

incline which depends of time T and the value reached in steady-state Y'ss, and it is given by

Equation (39).

A 4

R E u Y
(s) >@ (s) > PID(s) (s) &(s) (s)

Figure 8 PID control loop

Using the Equation (39) and the parameter L, it is possible to calculate the controller

parameters: Kp, Ki and Kd from Table 1.

Yss
R= — 39
7 (39)
Step Response
/\I -
g
%-
& R
g 1 Time (sec.)

Figure 9 Characterization of a step response in the Ziegler-Nichols step response method.
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Table 1 PID controller parameters obtained for the Ziegler-Nichols step response method.

Controller Kp Ki Kd
P YL
PI 0%/ RL 03/ RL
PID b2/ RL 05/ RL 0,5 % L

Objective

This manuscript aims the design of a buck converter self-controlled in voltage mode using
a microcontroller. The purpose of the project is use two Softwares to design the model of the
converter: the Software Simulink gives the parameter of the Pl control, which is calculated
using a technique of Ziegler-Nichols and it is used by the controller to modulate the wave that
switches the device of control; and Software Proteus simulates the converter as in the practice
using the components calculated by the equations of the chopper.

After the simulations, the project it will be assembly and the results will be compared
with the Softwares to validate the project.

Moreover, it will be assembly an inductor with a small value of resistance that reduces the

loses of energy into the device which guarantees a better efficiency of the converter
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2. Methodology

2.1. Simulation of the buck converter in Simulink

Two different softwares are used in this project: Matlab/Simulink and Proteus. In the first,
the calculus of the parameter is made according the Equations (10) and (13), section
Equations of the Buck Converter shows the calculated values, considering the resistance of
the inductor. The circuit is shown in Figure 10, which a voltage source is used in this

simulation.

L]

e
@ Ny IGBT1 . l
= | |

PID Controller
+

il

Timer2

o
-

Constant1

PWM
3

Figure 10 Simulation in Software Simulink

The switching control methods pulse-width modulation (PWM) based on fast switching
and duty ratio control is used. Figure 11 shows the strategy of control using a PI control
switching the DC-DC converter to accomplish a zero steady-state error between the output

voltage and the desired setpoint in the presence of input voltage variations and load changes.
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Ron IGBT iL L Ro Load
—Nv—_l Er—»—’ 00 —AN

— 1c A 4 4

VoK &= RSV

PV f &

Sensor
Hi(s) Gain

Gate
Driver

PWM Ge(s)} Y
Compensator 1 Vyef

Figure 11 PID control of the buck converter

2.2. The Pl controller

The parameters of the PI control are calculated by Ziegler-Nichols Method according to
1.3.5. It is necessary to obtain the transfer function Gvd, 1.3.3, and through this function is
possible to obtain the parameters showed in Table 1.

Using the software Matlab, the transfer function Gvd is calculated as follows:

—1.819x 10712 s + 1.215 x 10°

Gud(s) =
V() = 711226 x 1075 + 5.185 x 107

According to this transfer function and using the toolbox rltool of software Matlab, it is

calculated the step response of the system, as shown in Figure 12.

Step Response
T T

25 |

15+ -

Amplitude

05~ |

0 r r r r r r r r

0 1 2 3 4 5 6 7 8 9
Time (sec) %10

Figure 12 Step response of the transfer function Gvd.
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According to 1.3.5, the parameters T, Yss and L are taken from the Figure 12. Knowing

these values, the parameter R can be calculated by (39), as follows:
T =3,5338 x 1072, L =0,4462 x 1074, Yss =10 x 103

Then

Yss 10 x 103

_ _ 5
T ~35338x 102 ~83x10

R =

According to Table 1, the parameters of Pl control can be calculated and they are shown

in Table 2.

Table 2 Calculated values of the parameters of Pl control

Controller Kp Ki Kd
P 0,07919
Pl 0,071273 0,04792
PID 0,095030 0,07987 0,02231

2.3. Devices used in the project

The specification of the project is shown in Table 3. The input voltage is considered 25V
and the converter keeps the output voltage in 12V, working in continuous conduction mode,
as shown in 0. The parameters of the buck converter have been calculated according to the

equations showed in 1.2, and they are shown in Table 4.

Table 3 Specifications of the project

Input voltage 25V
Output voltage 12V
Switching frequency 20KHz
Load resistance 6Q
Current ripple on the inductor - Al 10%
Voltage ripple on the output voltage - AVo 5%
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The duty cycle is calculated by the relation between the input and output voltage

according to (6), as follows:

D= 12V—048
25V

Knowing the value of load and the output voltage kept by the converter, it knows that the

output average current is:

o= _1202
°=%a ~°

Considering that the input power of the buck converter is the same as the output power,
i.e., efficiency of 100%, the current ripple on the inductor and the voltage ripple on the output

voltage, according to the specifications of Table 3, are given as follows:

Al =0,1x2,0 =0,204and AVo = 0,01 x 12,0 = 0,124.

Knowing all the parameters, it is possible to calculate the value of inductance using (10)

and the capacitance of the buck converter using (13). These values are shown in Table 4.

Table 4 Components used in the project

Inductor 1,48mH
Capacitor 20,00uF
Semiconductor IGBT IRG4BC30UD
Photoacoplator 4n25
Diode In4007
Microcontroller PIC18F4550

The inductor is built in this project according the value obtained in (10). Software FEEM

is used to calculate the parameters of the inductor. It knows that:

(40)

L_cp
]

@ is the linkage flux of the coil, which is shown in Figure 13 for each wire size. In this

project, the wire size used is the AWG17
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4.750e-003 : >5.000e-003
4,500e-003 : 4.750e-003
4.250e-003 : 4.500e-003
4.000e-003 : 4.250e-003
3.750e-003 : 4.000e-003
3.500e-003 : 3.750e-003
3.250e-003 : 3.500e-003
3.000e-003 : 3.250e-003
2.750e-003 : 3.000e-003
2.500e-003 : 2.750e-003
2.250e-003 : 2.500e-003
2.000e-003 : 2.250e-003
1.750e-003 : 2.000e-003
1.500e-003 : 1.750e-003
1.250e-003 : 1.500e-003
1.000e-003 : 1.250e-003
7.500e-004 : 1.000e-003
5.000e-004 : 7.500e-004
2.500e-004 : 5.000e-004
<0.000e+000 : 2.500e-004

ensity Plot: |B], Tesla

2

Figure 13 Distribution of magnetic density flux

The curve of Figure 14 shows the relation between the density of magnetic flux, which is
proportional to the flux, and the magnetic field, which is proportional to the current. Using
the value calculated by (10), the software FEEM gives the number of turns of the inductor
that is used to build it.

The value obtained after the built of the inductor is 1,502mH , close to the calculated

value.

0.025

0.02

0.015

B (T)

0.01

0.005

0 0.5 1 15 2
H (Ae/m) x10*

Figure 14 Relation between the density of magnetic flux and magnetic field
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Software FEEM also gives the voltage drop in the coil, and knowing that, the resistance

can be obtained as follows:

v(d
o _ Vdrop)

; (41)

Figure 15 shows the curve of the resistance calculated by software FEEM and plotted in

software Matlab.

I (A)

Figure 15 Curve of the resistance of inductor

The specifications of the device are shown in Table 5.

Table 5 Specifications of the inductor

Indutance 1,502mH
Resistance 0,9Q
Area of the coil 16 cm?
Coil length 6 cm
Number of turns 230
Wire size AWG 17

2.4. Simulation in software Proteus

The switching control of the IGBT is made by the microcontroller PIC specified in Table

4. The microcontroller can read the value of output voltage and compares it with the
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reference voltage, which generate a control signal to vary the pulse-width of the PWM. The
strategy is the same as showed in Figure 11 used in Simulink.

The PIC C Compiler makes the programming and the simulation in software Proteus is
shown in Figure 16. In this project, the IGBT is activated by a photoacoplator that guarantees

the minimum voltage between the source and gate of IGBT.
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R2 4 A RBS/KEH PGM ROSISPPSPIB [—oo-
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Figure 16 Simulation in software Proteus
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3. Results

3.1. Simulated Results

a. Simulation in software Matlab/Simulink
According to the specifications of Table 3, the buck converter of Figure 10 was simulated
in software Simulink.
The input voltage was varied in three different values: 18V, 23V and 32V. The goal is
keeping the output voltage in 12V connected to a load, even with these variations in the input
voltage.

Figure 17 shows the results of this simulation for an input voltage of 12V. The output

voltage was kept in 12V during all the time.

30 r
— Qutput
25 = nput

20

=
o

Voltage(V)
H
(6}
™

0 0.02 0.04 0.06 0.08 0.1
Time(s)

Figure 17 Result in software Simulink for 18V of input voltage

The input voltage was increased for 23V and the control has acted keeping the output
voltage in 12V as shown in Figure 18.
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40 r
— Qutput
35 = nput ]
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Time(s)

Figure 18 Result in software Simulink for 23V of input voltage

Figure 24 shows the results in Simulink for an input voltage of 32V. The control has kept

precisely the output voltage in 12V, in accordance to the purpose of this paper.

40 r
— Qutput
35 == nput [
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Figure 19 Result in software Simulink for 32V of input voltage

b. Simulation in software Proteus
The buck converter of Figure 1 was simulated in software Proteus. The results obtained
with this software are the closest as the experimental tests results.
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As so as in software Simulink, the Ziegler-Nichols’s method was used to calculate the
parameters of Pl control. In software Proteus the PWM control of IGBT was made by the
microcontroller PIC.

In this simulation, the input voltage is not varying as in a. The voltage was kept in 25V
according to the specifications of Table 3.

Figure 24 shows the result of this simulation from an oscilloscope. The control has acted

quickly to keep the output voltage in 12V, in accordance to the purpose of this project.

(V)

12

Figure 20 Results in software Proteus for 25V input

3.2. Experimental Results

After validating the project in softwares Simulink and Proteus it was built the project to
compare with those simulations.

The experimental project is shown in Figure 21. Besides of buck converter, two voltages
sources, one multimeter and one oscilloscope were used.

The first voltage source was used to supply the microcontroller and the input voltage, the
second was used on the photoacoplator that supplies the gate of IGBT. The inductor was built
according to the specifications of Table 5. All the results were taken by the oscilloscope and

showed below.
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Figure 21 Experimental project

As so0 as in a the input voltage was varied and the behavior of the converter was analyzed.
The voltage source used in these tests was the same as shown in Figure 16, and the values
have varied during the time: 18, 23 and 32V.

The experimental results were taken in steady state mode and they are shown as follows.

Figure 22 shows the result for an 18V of input. The output voltage was kept in 12V,

which is the goal of the converter.

Tek S & Stop M Pos: 0.000s MEDIDAS
¥ CH2
Frequiéncia
40,00rHz 7
CH1
Médin
12.5Y
vt = CH2
RS
8.2

CH1
+ MNenhurn

.

I*

CH1
MNenhurn

CH1 s.00%  CH2 2004 M 250ns CH1 7 000y
Pressione um botdo de tela para alterar a medigao

Figure 22 Graphic from oscilloscope for 18V input voltage
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Figure 23 shows the behavior of the converter when the input voltage was increased to

23V. The average value of the output voltage was kept in 12V.

Tek NN @ Stop M Pos: 0,000s MEDIDAS
% CH2

Freqiéncia

e Tk ol s ok s . il i w1
CH1

Média
123
CH2
RS
2243y

CH1
+ Menhum

T4
CH1
MNenhurn

CH1 5.00%  CHZ2 5004 1 500ns CH1 . 0.00Y
26-Maio-12 1823 <10Hz

Figure 23 Graphic from oscilloscope for 23V input voltage

In the end, a high value of 32V of input voltage was kept and the control has acted,

keeping an average value of the output voltage of 12V.

Tek JL & Stop M Pos: 440.0ns MEDIDAS
> CH2

T

' 7 Freqiiéncia
>

CH1
rédin
124

CH2
RS
iz A

CH1
MNenhurn

I* + CH1
MNenhurn

CH1 5.00%  CHZ2 5004 1 500ns CH1 .7 0.00Y
26-Maio-12 1832 <10Hz

Figure 24 Graphic from oscilloscope for 32V input voltage

The same results of Figure 17 were obtained in these tests. The control has kept the output

voltage in 12V, even with the large variations in the input voltage in accordance to the

purpose of this paper.



4. Conclusion

This manuscript has presented a strategy control based on PI control, which is responsible
for the transfer of energy from the input to the output voltage of the buck converter. This
control acts when there is a variation in the input voltage, keeping the output voltage in a fixed
value of 12V.

The goal of this paper was to simulate and built a voltage mode controlled buck converter
able to keep its output voltage in 12V. It was observed that the control has acted in form to
keep the output voltage in the specified value, according to the purpose of this paper. The
simulated results were too close of the practical results validating the project.

Futures works can be applied in a solar system, charging a bank of batteries. In photovoltaic
systems, every variation in the radiation causes a change in the value of the output voltage,

which makes useful a controller converter attached to this system.
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Resumo Expandido

Projeto e Construcdo de um Conversor Buck

Bruno Marin Silveira, Heverton Augusto Pereira

1. Introducéo

1.1. Modelagem n&o ideal

O circuito do conversor Buck para a
modelagem completa é apresentado na Figura 1. A
resisténcia do indutor representada por R;; R,

representa a resisténcia do semicondutor em

saturacdo e V, representa a queda de tensdo no
diodo.

Figura 1: Conversor Boost utilizado na modelagem
completa.

Dispositivo semicondutor em conducao

No caso do dispositivo semicondutor estar
conduzindo em um dado instante (situagdo
idealizada como chave fechada) o circuito
equivalente do conversor serd o apresentado na
Figura 2: Aplicando-se a lei de Kirchhoff das
tensbes (LKT) na malha de entrada obtém-se que:
V= Vo—(R,+Rpp) i—v=0 (L1

A queda de tensdo nos terminais do indutor é

dada pela equacéo (1.2).

V,=L — (1.2)
Substituindo-se (1.2) em (1.1), obteremos:
di Yy Ri+Re) v (13)
dt L L L
Por outro lado, aplicando-se a lei de Kirchhoff

das correntes (LKC) no n6 da carga obtém-se:

v
iC + E + iload —i=0 (14)

A corrente que atravessa 0 capacitor é dada
pela equacdo (1.5):
dv

Dai, substituindo-se (1.5) em (1.4), obtém-se:

v _ LV loa (1.6)

Ren ek SULTS Ii
+
O o

= RSV G Hload

Figura 2: Circuito equivalente para o caso em que o IGBT

em saturacgao.

O sistema de equagdes diferenciais que
descreve 0 conversor Boost com a chave em
condugdo sera:

di Y% RitRy) . v
Ll L L ar
d¢ C RC C

Uma forma muito conveniente de escrever o
sistema formado pelas equages (1.3) e (1.6) é na
forma matricial. Esta notacéo facilita a linearizacéo
do modelo e define grandezas muito comuns na
modelagem de sistemas em geral. A forma

matricial de (1.7) é apresentada na equagdo (1.8).

_ﬂ (RL + Ron) 1
dt | _ L L [l]
dv 1 1 v
dt c RC
+ (1.8)

[1
-0 0 Vg
L v

1 b
_0 0 _E Lioad

Deste modo no momento em que for feita a

linearizagdo do sistema tem-se que:



(1.9)

B,

o~

(1.10)

1.2. Dispositivo semicondutor

em corte

No caso do dispositivo semicondutor estar em
corte num dado instante (situacdo idealizada como

chave aberta) o circuito equivalente do conversor

serd o apresentado na Figura 3.
L R

Figura 3: Circuito equivalente para o caso e que 0

IGBT esta em corte.

Aplicando-se a LKT na malha 1, obtém-se:

—VL—U—RL'i—VD=0 (111)
De posse da equagdo (1.2) podemos reescrever

(1.11) da seguinte forma:

a_ v R W (1.12)
dt L L L
Aplicando-se LKC no n6 A, tem-se a equacao

(1.13).

v
iC + E‘l‘ iload =1 (113)

O uso da equagdo (1.5) em (1.13) resulta que:

dv. i1 v _lioad (1.14)

dt € RC C
Dai o sistema de equagdes diferenciais que

descreve o funcionamento do conversor com a

chave em aberto é:

g¢ L L L (1.15)

Assim, escrevendo-se (1.16) na forma

matricial:
 di R, 17
dt | _ L L] [i
av|= | 1 1 [v]+
Ldt C  RC.
_ 1 ) (1.16)
0 —— 0 Vg

L dv

1 D

_0 0 _E lload_

Deste modo no momento em que for feita a

linearizacdo do sistema teremos que:

R, 17
1.17
po=| £ I (117)
¢C RC
1
0 -7 0
B, = . (1.18)
0 0 -=
CJ

E possivel notar que as equacdes (1.8) e (1.16)

podem ser escritas da seguinte forma:

X=A-X+B-U (1.19)
E
; dt i
Sendo que X = [, | . X=[v]e U=
dt
Vg
Vb
iload

1.3. Modelo chaveado e a linearizacdo do
modelo

Como se pdde verificar anteriormente, para
cada situacdo em que chave se encontra as matrizes
A e B mudam de valor. Deste modo, torna-se
interessante obter uma (nica equagdo para
descrever o comportamento de um conversor e
assim facilitar sua analise.

Foi obtido na se¢do 1.3 que para o IGBT em
corte, a equacgdo de estado para o conversor pode
ser escrita como:

X=A4,-X+By,-U (1.20)

Ja para o IGBT em conducdo, foi obtida a

seguinte relagdo (se¢do 1.2):

X=A,-X+B,'U (1.21)
Seja a grandeza § definida por:



1 seachave esta fechada
6= 1.22
{O se a chave esta aberta ( )

De posse desta grandeza podemos escrever o

modelo chaveado definido pela equagéo (1.23):
X= (A0+ 5'(A1_A0))'X+

(Bo+ 6+ (By—By) U
Calculando-se o valor médio dentro de um

(1.23)

periodo de chaveamento das grandezas da equacao
(1.23), obtemos:

<X>=(Ag+ d (A4, —Ap) <X (129
> +(By+ d-(B; —By))<U>

< X > é o valor médio de X dentro de um ciclo
de chaveamento. O valor médio de & é o tempo
médio na qual o dispositivo semicondutor estd em
condugdo durante o periodo de chaveamento, ou
seja, a razdo ciclica d. Para se realizar a
linearizagdo do modelo do conversor foi feita uma
perturbacdo em regime permanente em cada uma
das grandezas da equacéo (1.24). Assim:

d=D+d

<X>=x+ % (1.25)
<U>=u+1

Onded « D, % < xefl Ku.
Substituindo a relagdo (1.25) na equagdo
(1.24), obteremos:
<X>=(4e+(D+d) (4 —Ap))- (x + %)

+(Bo+ (D +4d)-(By— By))

(u+d) =
<X> [Ag+D-(4 -4+ d
= '(A1_A0)]
X+
+[Ag+D (A, —Ap) + d
'(A1_A0)]
Xt (126
+[Bo+D-(By—By) + d
'(31_30)]
u+
+[Bo+D:(By—By) + d
'(31_30)]

-

Reorganizando-se o0s termos e fatorando
obteremos:
<X> [Ag+D-(4;—A)] %+
= +[Bo+D'(Bl_Bo)]'ﬁ+
+ [(A; — Ag) - x + (By — Bo)
ul-d+
+ [BO + D " (Bl - Bo)]u +
+ (By — By)
-d -1
Neste ponto devem ser feitas duas
observacbes. A primeira é que <X > se reduz

simplesmente a X. Isso é explicitado na equagdo
(1.28), j& que %(x) =0 (x é o valor em regime
permanente). Além disso, é conveniente desprezar
os termos de segunda ordem (d - % e d - 1), pois
cada uma das perturbagdes € pequena.
. d R d d .
<X>= E(x+ X) = E(x)+a(x)
d . 1.28
- S®=t (29
Fazendo-se A=A4,+D- (4, —A4;) e B=
By + D (B; — By) e fazendo uso de (1.28) na
equacdo (1.27) obteremos:

X=AR+B-0
[(A; — Ag)x + (B; — By) " u]
Nota-se que para o termo Ax + Bu pode ser

(1.29)

escrito da forma:
+MD)-(A;x+ B;-u)=0
Pois é a condicdo de equilibrio permanente

(1.30)

(equacgdo (1.24) com x = 0). Finalmente, fazendo-
se (A —Ay) x+ (B, —By)-u=M a equagdo
(1.29) se reduzira a:

X=AR+B-0+ M-d (1.31)
Esta ainda pode ser escrita da seguinte forma:

(1.32)

Sendo B, =[B M]et, = [Z:]



Aplicando-se a transformada de Laplace na
relagdo (1.32) obtém-se que
s-X(s) =A-%(s)+ B, -1, (s) = x(s)
= (sI —A)7" - Bl (s)
Escrevendo-se (1.33) na forma matricial

(1.33)

obteremos:

[i]z Fi1(s) Fip(s) Fiz(s) Fua(s)
D F1(8) Fy(s) Fas(s) Faou(s)

%
0
iload
d
Que é a Matriz Modelo do conversor elevador

Buck.

A variagdo da tensdo de saida no conversor

(1.34)

pode ser escrita da seguinte forma:

b(s) = Gya - dA(S) + Gvg ' 9g(5) - Zout(s)

(1.35)
' lload(s)
_ 2 =X
Onde G,q = al 99=0 v T 5 9| a=o
t10ad =0 lioad =0
_ v(s)
Zout(s) - t10ad () | Pg =0
d=0

G,q € a funcdo de transferéncia da variacéo na
tensdo de saida em relagcdo a variagdo na razdo
ciclica; G,4 € a fungdo de transferéncia da variagdo
na saida em relagdo a uma variagdo na tenséo de
entrada; Z,,, € a funcdo de transferéncia da
variagdo na saida em relacdo a uma variagdo na
carga. Finalmente, comparando-se as equagdes

(1.34) e (1.35) obtemos as seguintes relacdes:

F21(S) = Gvg (136)
Fy3(8) = Zoye (1.37)
F4(s) = Gpq (1.38)

2 Metodologia

2.1 Simulacdo do conversor

buck no Simulink

Para a simulacdo do circuito do conversor
Buck foi utilizado o software Matlab/Simulink,

conforme exibido na Figura 4.

PWM

Figura 4: Circuito simulado no software Simulink.

A Figura 5 exibe a malha de controle utilizada

para controlar a tenséo de saida.

Ron IGBT i L Ro Load

r(s) Sensor

Gain

Jus

Gate
Driver

IIPWMI| II Gc(s)ll )

Compensator Vref

Figura 5: Controle PID do conversor buck
2.2 Controlador PI

Os parametros do controlador Pl foram
calculados através do método de Ziegler-Nichols.
Para tal é necessario conhecer a resposta ao degrau
da funcdo de transferéncia em malha aberta do
sistema, G,q.

Usando o Matlab é possivel calcular a funcéo
de transferéncia G4, COMo segue:

—-1.819 x 10725 + 1.215 x 10°
s2 4+ 1.226 x 10*s + 5.185 x 107
A resposta ao degrau

Gvd(s) = (2.1)

da fungdo de

transferéncia (2.1) é apresentada na Figura 6.



Step Response

Amplitude

05

Time (sec)
Figura 6: Resposta ao degrau de G,,4.
Utilizando-se o método de Ziegler-Nichols,
serdo obtidos os parametros da Table 2.

Tabela 1 — Valores calculados pelo Segundo método de

Ziegler-Nichols.

Pardmetro Kp Ki Kd
P 0,07919
Pl 0,071273 0,04792
PID 0,095030 0,07987 0,02231

2.3 Dispositivos usados no

projeto
As especificacBes de projeto sdo apresentadas

Tabela 2. O projeto foi realizado para que o

conversor trabalhe em modo continuo.

Tabela 2 — Especifica¢des do projeto.

Tensdo de entrada 25V
Tenséo de saida 12v
Frequéncia de chaveamento 20KHz
Resisténcia da carga 6Q
Ripple da corrente no indutor - Al 10%
Ripple na tensdo de saida - AVo 5%

O ciclo de trabalhno nominal do conversor é
dado por:

D= 12v
25V
A corrente na carga é calculada por:

=0,48

o= _s02
°T %6 —“

De acordo com as especificacfes da Tabela 2,
obtém-se que:
Al =0,1x2,0 =0,204
AVo = 0,01 x 12,0 = 0,124.
A induténcia do conversor é calculada por:

VyD(1—-D)
A capacitancia do conversor é calculada
por:
V,D(1—-D
c:%) > C =13,9uF
8Lf" AV,

Tabela 3 — Componentes usados na construgdo do

conversor.
Inductor 1,48mH
Capacitor 20,00pF
Semiconductor IGBT IRG4BC30UD
Photoacoplator 4n25
Diode In4007
Microcontroller PI1C18F4550

Utilizando o programa de simulacdo de
elementos finitos FEMM, foi projetado o indutor
utilizado no conversor, e a Figure 13 exibe a saida
do FEMM. A bitola do fio utilizado foi 0 AWG17.

4.750e-003 : »5.000e-003
4.500e-003 : 4.750e-003
4.250e-003 : 4.500e-003
4.000e-003 : 4.250e-003
3.750e-003 : 4.000e-003
3.500e-003 : 3.750e-003
3.250e-003 : 3.500e-003
3.000e-003 : 3.250e-003
2.750e-003 ; 3.000e-003
2.500e-003 ; 2.750e-003
2.250e-003 : 2.500e-003
2.000e-003 : 2.250e-003
1.750e-003 : 2.000e-003
1.500e-003 : 1.750e-003
1.250e-003 : 1.500e-003
1.000e-003 : 1.250e-003
7.500e-004 : 1.000e-003
5.000e-004 : 7.500e-004
2.500e-004 : 5.000e-004
<0.000e+000 : 2.500e-004

Density Flot: |B|, Tesla

Figura 7: Distribuicéo do fluxo magnético

A curva da Figure 14 exibe a relacdo entre
densidade de fluxo magnético e o campo

magnético.
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Figura 8: Relacdo entre a densidade magnética e o fluxo
magnético
As especificacbes do indutor sdo exibidas na
Tabela 4.

Tabela 4 — Especifica¢bes do inductor

Indutancia 1,50mH
Resisténcia 0,9Q
Area 16 cm2
Comprimento 6 cm
Voltas 230
Fio AWG 17

3 Resultados

3.1. Simulagdo no software

Proteus

O controle de comutacdo do IGBT é feito pelo
microcontrolador PIC especificado na Tabela 3. O
microcontrolador pode ler o valor da tensdo de
saida e compara-lo com a tensdo de referéncia, o
que gera um sinal de controle para variar a largura
de pulso do PWM. A estratégia é a mesmo vista na
Figura 5.

A programacdo é feita através do compilador
do microcontrolar PIC e a simulagdo € realizada no
software Proteus, Figura 10. Neste projeto, o IGBT

¢ ativado por um photoacoplator que garante a

x10°

diferenca de tensdo entre drive a gate do IGBT.

Figura 9: Simulacdo no Software Proteus

Os resultados obtidos com este software s&o as
mais proximas como os resultados de ensaios
experimentais. Assim como no software Simulink,
0 método de Ziegler-Nichols’s foi usado para
calcular os pardmetros de controle PI. No software
Proteus o controle PWM de IGBT foi feita por
microcontrolador PIC. Nesta simulagdo, a tensdo de
entrada ndo estd variando, o valor manteve-se em
25V de acordo com as especifica¢fes. A Figura 10
mostra o resultado desta simulacdo em um
osciloscdpio. Nota-se que o controle agiu
rapidamente para manter a tensdo de saida em 12V,

de acordo com a finalidade deste projeto.

Digital Oscilloscope. i o

Channel €

Figura 10: Resultados software Proteus para uma

tensdo de entrada de 25V

3.2. Simulacéo no Software Simulink

A simulacdo no software Matlab/Simulink foi
realizada de acordo com as especificacbes do
conversor buck. A tensdo de entrada foi variada em
trés valores diferentes: 17V, 23V e 32V.



O objetivo é manter a tenséo de saida em 12V
conectado a uma carga, mesmo com as variacfes
de tensdo de entrada. A Figura 11 mostra 0s
resultados desta simulacdo para uma tensdo de
entrada de 17V.

Nota-se que a tensdo de saida foi mantida em
12V durante todo o intervalo de tempo.

A tensdo de entrada foi aumentada para 23V e
nota-se que o controle agiu mantendo a tensdo de

saida em 12V, como mostrado na Figura 12.
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Figura 9: Resultado do Sofware Simulink para 17V de

entrada
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Figura 10: Resultado do Sofware Simulink para 23V de
entrada
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Figura 11: Resultado do Sofware Simulink para 23V de

entrada

A Figura 13 mostra os resultados em Simulink
para uma tensdo de entrada de 32V. O controle tem
mantido precisamente a tensdo de saida em 12V, de
acordo com as especificacfes do projeto.

3.3. Resultados experimentais

Apo6s a validagdo da técnica de controle
utilizada no conversor buck pelos softwares
Simulink e Proteus colocou-se em préatica o projeto
a fim de comparar os resultados experimentais com
as simulagdes. O projeto experimental € mostrado
na Figura 15. Além do conversor buck, duas fontes
de tensds, um multimetro e um osciloscépio foram
utilizados. A primeira fonte de tensdo foi usada
para fornecer o microcontrolador e a tensdo de
entrada, utilizou-se o segundo sobre o
photoacoplator que fornece o gate do IGBT. O
indutor foi construido de acordo com as
especificacbes da Tabela 4.

Figura 14: Projeto Experimental



A tensdo de entrada foi variada do mesmo
modo que em 3.2, e foi analisado o comportamento
do conversor. A fonte de tenséo usada nesses testes
foi o mesmo, como mostrado na Figura 14. Os
valores variaram durante o tempo: 18, 23 e 32V. Os
resultados experimentais foram tirados no modo de
estado estacionario.

A Figura 16 mostra o resultado para 17V de
entrada. A tensdo de saida manteve-se em 12V, que

¢ 0 objetivo do conversor.
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Figura 15: Graphic from oscilloscope for 18V input

voltage

A Figura 16 mostra o comportamento do
conversor quando a tensdo de entrada aumentou
para 23V. Manteve-se o valor médio da tensdo de
saida em 12V.

Por fim, a tensdo de entrada do conversor
aumentou para 32V e notou-se que o controle
atuou, mantendo um valor médio da tensdo de saida
de 12V.
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Figura 16: Tensao de saida para uma entrada de 23V

Figura 17: Tens&o de saida para uma entrada de 32V

Nos 3 testes realizados, notou-se que o controle
manteve a tensdo de saida em 12V, mesmo com
grandes variagBes na tensdo de entrada de acordo

com a finalidade deste trabalho.

4 Conclusao

Este trabalho apresentou um controle de
estratégia baseado no controle de PI, que ¢
responsavel pela transferéncia de energia da
entrada para a tensdo de saida do conversor buck.
Este controle atua quando hd uma variacdo na
tensdo de entrada, mantendo a tensdo de saida em
um valor fixo de 12V.

O objetivo deste trabalho foi simular e
construir um conversor buck em modo controlado
de tensdo capaz de manter sua tensdo de saida em
12V.

Observou-se que o controle agiu de forma a
manter a tensdo de saida no valor especificado, de
acordo com o propésito deste trabalho. Os
resultados simulados foram muito perto dos
resultados praticos validando o projeto.

Trabalhos futuros podem ser aplicados em um
sistema solar, um banco de baterias de carga. Em
sistemas fotovoltaicos, todas as variagbes na



radiacdo provoca uma mudanca no valor da tenséo
da saida, o que torna Gtil de um conversor de
controlador conectado a este sistema.



