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Abstract: DC-DC Buck converters are used to step-down the voltages in some of the equipment’s that we use in our
daily life such as laptops, PDA’s, mobile phones and also electric vehicles. These converters are a high frequency
switching devices operating on PWM principle. This paper describes an advanced technique known as closed-loop
voltage-mode control method in order to obtain a regulated output voltage of a synchronous buck converter. This
method requires a comparison of a reference voltage and an output voltage. The differential of the compared value
will be used to produce a pulse width modulation signal to control the switch in the buck converter. The real circuit of
the power stage controller shall be constructed on the (Printed circuit board) PCB and the circuits shall be tested to
confirm the result with the theoretical predictions. Experimental work was carried out with a circuit operated in
continuous conduction mode with 12V output voltage, input voltage between 20V~30V and 50 kHz switching
frequency. The test results showed that the proposed design can able to produce a 12V constant voltage.
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Introduction

Direct current to direct current (DC-DC) converter is a power electronics circuit that convert’s direct current (DC) voltage
input from one level to another. This capability allows the converter to pass a low current when we want to use a device with
low voltage level. DC-DC converters are also known as switching converters, switching power supplies. In some cases when a
device is connected such as laptop or charger directly to the rectified supplied from the socket at home, the device might not be
functioning properly or it might malfunction due to over current or overvoltage so in order to avoid unnecessary damage to the
equipments and devices, one need to convert the voltage level to suitable voltage level for the equipments to function properly.
The perfect solution to this dilemma is to use a buck converter for low power application due to the low voltage level at the
output. The control method chosen to maintain a constant output voltage from of the buck converter was voltage-mode control.
Voltage-mode control technique compares the actual output voltage with the reference voltage. The difference between both
voltages will drive the control element to adjust the output voltage to a fix voltage level. This is called voltage regulation.
Voltage regulation is very important in electronic circuit to ensure the load or the connected device can operate properly and to
avoid damage to the equipment from overvoltage and over current.

Buck converters are very important in the modern life. But there is a problem in it which is that there is an unregulated output
voltage being produced. Therefore, to obtain desired output voltage although input voltage is changing, a feedback control
system for power supply control is needed to compare output voltages to a reference and convert the error to a duty ratio.

Synchronous Buck Converter Design Analysis

Figure 1.1 shows the basic configuration of a synchronous buck converter, as opposed to conventional buck converters, can
achieve high efficiency in today's low-voltage, high-current applications because they replace the catch diode of buck
converters with a MOSFET. As a result, the power they dissipate in the off-period is reduced significantly. Since there are two
MOSFETs ‘Q1’ is called the high-side MOSFET and ‘Q2’ the low-side MOSFET. The low-side MOSFET is also referred to
as the synchronous MOSFET while the high-side MOSFET is called the switching/control MOSFET.
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Figure 1.1: Synchronous buck converter power stage.
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Assuming the desired output is 12V, the input is between 20~30V, the switch is operating under 50 KHz, the duty cycle
will be 0.50, the capacitance is 100uF, and the inductor is assumed to be 100uH. The circuit parameters are showed in Table
1.1.

Table 1.1: Design specifications of buck converter with closed loop (VMC)

Parameter Approximate
value
Input Voltage 20~30 V
(Vin)
Output 12V
Voltage (Vp)
Switching 50 kHz
Frequency (fs)
Output 0~3A
Current
PWM period 20 ps
Q)
ON time (ton) 10 ps
OFF time 10 us
(tosr)
Duty Cycle 50%
(D)

Hardware Circuit Design

Group The buck regulator requires only one switch, and it has high efficiency greater than 90%. The di/dt of the load
current is limited by inductor L. However, the input current is discontinuous and a smoothing input filter is normally required.
It provides one polarity of output voltage and unidirectional output current. It requires a protection circuit in case of possible
short circuit across the diode path.

The voltage across the inductor L is, in general,

=L g! 1.1
€L = dt (1.1)
Assuming that the inductor current rises linearly from I, to I, in time t,,

12 — Il AI
V, — Va1 == (1.2)
t ty
Or
t - 10 (1.3)
1= V.-V = 10us .
And the inductor current falls linearly from I, to I, in time t,,
V, LAI L 1.4
=Ly (14)
Or
Al L
t, = v 10us (1.5)

Where Al = I, — I;the peak-to-peak ripples current of the inductor L. Equating the value of Al in equation (1.1) and (1.3)
gives:

_ (Vs = Va)ty _ Vaty

Al =
L L

=1.2~15 (1.6)

Substituting t; = kT and t, = (1 — k)T yields the average output voltage as:
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t
Vv, = vs% =kV, = 0.50 * 30 = 15V (1.7)
Assuming a lossless circuit, Vsl = V,1, = kV,I, and the average input current:
I = KI, (1.8)

The switching period T can be expressed as:

1 Al'L AlL Al LV
T=_=t1+t2=

—— +—=——————=20pus 1.9
f Vs - Va Vs Va (Vs - Va) ( )
This gives the peak-to-peak ripple current as:
Va(vs B Va)
Al = ————==12~1.5 1.10
LV, (1.10)
Or
Vsk(1 -k
Al = Vok(1 90 _ 1.2~1.5 (1.11)
fL
Using Kirchhoff’s current law, the inductor current i;, can be written as:
i, =i +1i, (1.12)

If the load ripples current Ai, is assumed to very small or negligible. Ai;, = Aic. The average capacitor current, which flows

. t t T .
into for 2 + 2 = -, is:
2 2 2

I. = . 1.13
c=7 (113)
The capacitor voltage is expressed as:

1

And the peak-to-peak ripple voltage of the capacitor is:

AIT Al

1 (T2 Al
AVC=VC—VC(t=0)=EJ- Zdt=¥—%
0

(1.15)

Substituting the value of Al from equation (1.9) or (1.10) in equation (1.14) yields:

Va(Vs . Va)
AVp = ———— 1.1
Ve 8LCf2V, (1.16)
Or
Vsk(1 — k)
AVe = —8LcfE 1.17)
This gives the critical value of the inductor L as:
(1-KkR
L.=L= —r - 100uH (1.18)

If V. is the average capacitor voltage, then capacitor ripple voltage AV = 2V,. Using equations (1.6) and (1.16), we get:

V.(1 - Kk

sicrz = 2Va = 2KV, (1.19)
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This gives the critical value of the capacitor C, as:

1-k
C.=C= = 100uF (1.20)

Power Supply Circuit

The circuit is connected to (20~30) of DC source. Then, this voltage stepped down to 12V by a voltage regulator (LM 7812) to
meet the rated voltage to supply the gate drive circuitry by 12V. then the voltage is stepped down from 12V to 5V by (LM 317)
to meet the rated voltage required by the microcontroller (ATMEGAA48). C2, C3 and C4 are filtering capacitors used to supply
energy to the regulator and reduce the current spikes seen by the source. Also it filters the signal from the DC source till it
reaches the microcontroller.
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Figure 1.2: Schematic of a power supply circuit

Controller Circuit

A microcontroller (ATMEGAA48) was selected to produce a set of pulse width modulation signal, because it is having a
successive approximation analog to digital converter, comparator and pulse width modulation generator. Pulse width
modulation signal with frequency 50 kHz can be generated when the microcontoller is driven by a 20 MHz clock cycle. The
PWM signal generated has amplitude of 5V. The PWM signal then will be amplified (35V) by gate drive circuit to function
the power circuit. The microcontroller is responsible for the stabilization of the output voltage at 12V point. This is done by
setting the microcontroller at constant voltage mode; this is performed by certain commands inserted in the program-code
structure. A reference voltage is set on the gate drive circuit, and basically the microcontroller check the reference voltage
every 20us, (50kHz is the switching frequency) and if any changes happens in the output voltage due to the change of the
load by withdrawing extra current, the microcontroller stabilize the situation by changing the duty cycle of the switching
frequency. That is why it is called a close-loop controlling.
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Figure 1.3: the overall construction of the microcontroller.
Gate Drive Circuit

In many applications especially in power supply applications, the simplest way of driving the gate of the main switching
transistor is to utilize the gate drive output of the PWM controller as shown in Figure 3.4. A gate driver is used when a pulse-
width-modulation (PWM) controller cannot provide the output current required to drive the gate capacitance of the associated
MOSFET. Gate drivers may be implemented as dedicated ICs, discrete transistors, or transformers. A remarkable effect can
be seen in both the turn-on and turn-off switching waveforms; the gate voltage exhibits a “step”, remaining at a constant level
while the drain voltage rises or falls during switching. The voltage at which the gate voltage remains during switching is
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known as the Miller voltage, Vgm. In most applications, this voltage is around 4 to 6V, depending on the level of current
being switched. This feature can be used to control the switching waveforms from the gate drive.
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Figure 1.4: Gate drive circuit of the MOSFET (IRF540N)

Results and Discussion

The input and the output voltage of the buck converter closed-loop voltage mode controller are shown in Figure 4.1. The
waveform from buck converter shows that DC output voltage V, of 12 V does meet the expectation results, while the input
voltage Vi, is 22V, the range of the input voltage can be from 20~30V. Figure 4.3, shows the pulse width modulation directly
from pin 16 (PB2) of the controller which has peak to peak voltage of 5V, then the pulses are stepped-up by the gate drive to
35V to trigger the MOSFET as shown in Figure 4.4.

Figure 4.5, shows the pulse width modulation from the MOSFET gate driver without load connected at the output of the
converter. The duty cycle is 50% and the switching period near to 20us.

RIGOL STOP (N P || F 13,20
T T [CurA: 12.60
CurE:@.aayl)
ANz 12.8U
1%
B

CHi= 1@.8U [MaER 16 .68l Time 2.808us 02 .420m=

Figure 1.5: Input and output voltage.
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Figure 1.6: PWM output from control circuit (microcontroller).
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Figure 1.7: PWM output from gate driver circuit.
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Figure 1.8: PWM output without load with 50% duty cycle
Summary

As conclusion, this work had successfully achieved its main objective which is to develop a closed-loop voltage-mode control
of a synchronous buck converter. The closed-loop circuit simplifies the tedious work of controlling the output by
automatically adjusting the duty cycle to regulate the output voltage at a particular level. DC-DC converters and their design
remain an interesting topic and new control schemes to achieve better regulation is continually developed. Step down
switching regulators are the backbone of electronic equipment’s that employ IC’s running at supply voltages lower than 5V.
A key challenge to design switching regulators is to maintain almost constant output voltage within acceptable regulation.
Even though voltage-mode control sense the changes in output and input signal to regulate the voltage at specific level, it still
can be expanded by adding other method such as peak-current control. However, this will add complexity to the design. Thus
further research and studies are required for such expansion. Voltage-mode control is chosen for this work since its design
process is not very complex and not to mention, cheap. The controlling method is also easy to understand since it detects the
voltage change through sense network and feed the signal back to the controller circuit for regulation process.
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