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RESEARCHING THE EFFICIENCY OF
BUCK CONVERTER SYNCHRONOUS
RECTIFIER

Zheliazkov Y.

The object of study is synchronous buck-voltage converter with digital control system. One of the most prob-
lematic things is energy changing and transmission in converters to reach certain numerical range with minimal
losses in the components of the electrical circuit. An enormous calculated parameters of electrical scheme. There
was advised and described both structure and electrical scheme of synchronous converter, which, thanks to digi-
tal system, provides dates with more accuracy connected with an impact on working scheme. There was shown
detailed analysis example with a numerical value for the certain elements of electrical scheme. It’s a fundament
in order to choose certain parts of electrical scheme according to the certain categories.

During research there was used selection of hardware and software tools: elements for buck-converter — key,
diode and capacitor; certain voltage and frequency range for microcontroller; control of the power keys of the
circuit with the corresponding operating parameters for driver. There was analyzed and calculated all over the
possible losses during the process bucking of the voltage to the certain level, an enormous losses in the components
of the converter electrical scheme — induction coil, keys and capacitors. It’s an important part of synchronous
buck-converter. There was calculated power losses and efficiency through the received graphics of keys com-
mutation in electrical scheme. There were received graphic dependence of converter ef ficiency on output power;
time characteristics of the control signal pulse-width modulation (PWM) and output voltage; dependence on
the commutation losses. This is because advised synchronous converter has a set of features. Particularly analog
to digital converter in the capacity of feedback, digital regulation system with a discrete step and rectification
by replacing diodes with actively controlled switches. There are keys of low-side and high-side levels accord-
ing to the passing voltage and current values. Therewith provides possibility for receiving more accuracy value.

In comparison with analogic buck-converters, this converter has voltage parameter with fractional error.
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1. Introduction

Nowadays energy efficient projects are becoming more
popular. An enormous converter, which can be used in
photovoltaic power generation systems, renewable energy
systems and a number of other systems. For example, modern
aircraft use a lot of radio equipment for communication
systems, navigation, landing, meteorological, avoiding the
collision of aircrafts. For obvious reasons, the weight and
volume of this equipment must be reduced. The tradi-
tional construction scheme uses one powerful transmitter
and a number of switched antennas or antenna array. In
addition, there is a constant integration of equipment in
the direction of combining several systems within a single
functional unit [1]. At the same time, of course, the weight
and dimensions are reduced, but additional requirements
are imposed on the element base.

Modern equipment is characterized by a high complexity.
Device requires different voltages in order to supply its
own component parts [2].

Copyright © 2020, Zheliazkov Y.
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When there is electric power supply in order to use
different voltage steps, it is important to use special con-
verters (regulators). The problem for receiving different
voltage supply values is in portable equipment.

There is in mains-powered devices can be build an electric
power supply with the required voltage. By the way portable
devices operate from stand-alone power sources and certain
voltage stages can be received by using DC / DC (DC means
direct current) converters.

Requirement in order to receive huge coefficient of
efficiency is important for devices with a stand-alone po-
wer sources.

It is relevant to study the existing schemes of energy
converter and carry out a comparative analysis, because the
buck converters use the active modes for switching [3].
Thus, the object of research is synchronous buck converter
with digital control system. The aim of the article is the
researching of the scheme and developing the foundations
for construction in order to reach high efficiency level
of buck converter.
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2. Methods of research

2.1. Engineering analysis of buck converter. There is in
Fig. 1 an electrical principle scheme of the buck voltage
converter. Power circuit of converter has transistor VT.
If the key switched on, output current, which flows through
the inductance coil (L), rises. Inductance coil is coupling
magnetic field energy. If the key switched off, coupled
electrical energy in the inductance coil will be send to
the capacitor (C) and load (R,). Bypass diode (VD) lets
the pass for the current to flow.
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Fig. 1. Scheme of the buck converter

In order to realize the scheme it is important to calcu-
late nominals of the elements in the buck converter [4, 5].
Calculation would be finished with a certain parameters:
maximal output current I, .. =0.522 A, frequency switch-
ing f,, =10 kHz, inductive current ripple factor LIR=0.3,
range of input voltage U,,=7-24V and output voltage
U, =6V [6].

Inductance calculation is an important moment during
converter projecting, insofar as there is dependence on values
of maximal input U,, .. and output U,, voltage:

auL 1 1
)
m max f‘SZA“ LIR : Iou[.max

L=(24-6 v6v ! !
=C=0)V 10 12030522

L= (Uin.max - nur)

=2.87 mH,

Peak current of the inductance coil I, solves as:

Alind
Iperzk = Iaut.max + 2 }
0.3-0.522
I =0.522 A+f =0.6 A,

where Al,,; = LIR-1,, ... — variable inductance value.
Output capacitor with a maximum available ampli-
tude swing of ripples of the output voltage AU (accept

AU =100 mV):
C L I Min{l.
out — m nut‘max-"_T )
o __ 287mH 0,529, 21366 2_08 .
w = 100 mV+6y —62 | Tt ) oMk

Capacitance of the input capacitor, including of the load
current I; and swing of ripples of the output voltage U, i :

c L
o 2n,f;l['U(Ju[.l‘i[)[Jll‘ '
0.522 A
C. - =207.8 uF.

2-3.14-10* Hz-40 mV

Duty cycle of the open state power key relative period
of the pulse width modulation:

_ Uau[

OV 05=50%
_Ulﬂ -

12V

2.2. Synchronous rectifier. Pulse regulators are known as
highly efficient power supplies. In order to increase their
efficiency, it is important to understand the basic mechanism
of power loss. This instruction for use explains the coefficients
of electricity losses and methods of their calculation. This also
explains how the relative importance of power loss factors
depends on the switching power supply specifications [2].

Fig. 2 shows a block diagram of a synchronous rectifier
type of DC/DC (DC means «direct current») converter.
Fig. 3 shows the waveform of the voltage node of the switch

where f;, — frequency switching transistor; LIR — inductive  and the current waveform of the inductor. Striped lines are
current ripple factor; I, max — maximal value of output current.  areas where losses can be explained.
High-side
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Fig. 2. Electrical scheme of the synchronous rectification type of JL/0C converter (UL means «direct current»)
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The following nine factors are the main causes of power loss:

1) conduction losses caused by the on-resistance of
the MOSFET Pox u, Pox-1;

2) switching-loss in the MOSFET Psy_y, Poy_r;

3) reverse recovery losses in the body diode Pj,4;

4) output capacitance losses in the MOSFET P.ogs;

5) dead time loss Pp;

6) gate charge losses in the MOSFET P;;

7) operation losses caused by the integrated circuit (IC)
control circuit Py;

8) conduction losses in the inductor Py pery;

9) losses in the capacitor Py, Priou)-

2.3. Buck converter losses

2.3.1. Conduction loss in the MOSFET. The conduction
loss in the MOSFET is calculated in the A and B sections
of the waveform in Fig. 3. As the high-side MOSFET is
ON and the low-side MOSFET is OFF in the A section,
the conduction loss of the high-side MOSFET can be esti-
mated from the output current, on-resistance, and on-duty
cycle. As the high-side MOSFET is OFF and the low-side
MOSFET is ON in the B section, the conduction loss of
the low-side MOSFET can be estimated from the output
current, on-resistance, and off-duty cycle.

© ® o

torr
trn ton ten

Vin

current is higher), the effective current is obtained by
integrating the square of the differential between the peak
and bottom values of the current. These losses can be
calculated in more detail.

The conduction losses Py_y and Py_; are calculated with
the following equations:

, (€= Uou
Poy-n = [szux +pT “Roy-n - U, [W]’
, {€,-Ly) Uou
Poxr = [[azuf +pT “Royr-|1- U, [W]’
where
I _ (Uin _Uuul ) UauL
ST LL U,

is a ripple current of inductor:

AI]_
Ipzlmﬂﬁ‘T or I[,

= qul

— current peak of the induction coil;
I, — minimal value of the induction
current; [, — transistor switching fre-

RonnXlour quency; L — inductance value.

Vsw

2.3.2. Switching-loss in the MOSFET .

The switching-losses can be calculated

into the «C» and «D» sections or

in the «E» and «F» sections of the

waveform in Fig. 2. When the high-

side and low-side MOSFET transistors

y are turned <«ON» and «OFF» alter-

nately, a loss is generated during the
transition of the on-switching. Since
the equation for calculating the area
of the two triangles is similar to the
equation for calculating the power
losses during the rising and falling

Ron-uXIour

Ip(pEar

Ircaverace) — — e =

transitions, this calculation can be ap-
proximated using a simple geometric

——|——- | AL ) o .
equation. The switching-loss Pgy_y; is

IyvaLen

calculated with the following equation:

Fig. 3. Graphic of switching waveform and loss

The conduction losses Pyy_y and Pyy_; could be calculated
with the following equations. In this manner, MOSFET
with a high-side and low-side:

Uouz
Poy-yr =124 Ron-n T[W]’

UouL

_%}m.

According to the last two equations, output current is
the average current of the inductor. As shown in the lower
part of Fig. 3, greater losses are generated in the actual
ramp waveforms. If the current waveform is sharper (peak

})ON—L = ]Zm 'RON—L '[1

t Py =

1
= §Uin[our(tr7H + Z.ffH )fm' [W]7
where ¢, ; and ¢, 5 are High-side MOSFET rise time and
High-side MOSFET fall time.

When the low-side MOSFET is turned ON by the gate
voltage while the body diode is energized and then the FET
is turned OFF by the gate voltage, the load current con-
tinues to flow in the same direction through the body
diode. Therefore, the drain voltage becomes equal to the
forward direction voltage and remains low. Then, the re-
sulting switching-loss Pgy_, is very small, as described in
the following equation:

1
E UDlaut (tr‘—L + tf—L )f:‘““ [W]’

P. SW-L =
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where ¢, ; and ¢, ; are Low-side MOSFET rise time and
Low-side MOSFET fall time; U, — forward direction volt-
age of low-side MOSFET body diode.

2.3.3. Reverse recovery loss in the body diode. When
the high-side MOSFET is turned «ON», the transition of
the body diode of the low-side MOSFET from the forward
direction to the reverse bias state causes a diode recovery,
which in turn generates a reverse recovery loss in the body
diode. This loss is determined by the reverse recovery time
of the diode #zz. From the reverse recovery properties of
the diode, the loss is calculated with the following equation:

Pdiode = UF 'Iout ) tdeadtime : fsm [W]’

where ¢z is a body diode reverse recovery time; I, is a peak
value of body diode reverse recovery current.

2.3.4. Output capacitance loss in the MOSFET. In each
switching cycle, the loss is generated because the output
capacitances of the high-side and low-side MOSFET tran-
sistors are charged. This loss is calculated with the fol-
lowing equation:

1 .
Pross = E(CO&PL +Coss-n )Uiznfsw[W]v

Coss-1 =Cps_1 +Cep-r, Coss—t1 =Cps_ti +Cop_n,

where Cpss_, and Cogs_yy are low-side and high-side MOSFET
output capacitance; Cps_, and Cps_y are low-side and high-
side MOSFET drain-source capacitance; Cgp_, and Cgp,_py are
low-side and high-side MOSFET gate-drain capacitance.

2.3.5. Dead time loss. When the high-side and low-side
MOSFET are turned ON simultaneously, a short circuit occurs
between the U,, and ground, generating a very large current spike.
A period of dead time is provided for turning OFF both of the
MOSFETs to prevent such current spikes from occurring, while
the inductor current continues to flow. During the dead time,
this inductor current flows to the body diode of the low-side
MOSFET. The dead time loss P, is calculated in the G and H
sections of the waveform in Fig. 2 with the following equation:

Py =Uplou(tp +tp) fre [W],

where ¢5, — dead time for rising; ¢,, — dead time for falling.

2.3.6. Gate charge loss. The gate charge loss is the power
loss caused by charging the gate of the MOSFET. The gate
charge loss depends on the gate charges (or gate capaci-
tances) of the high-side and low-side MOSFET transistors.
It is calculated with the following equations:

P =(Qun+Qe1)Uss /e or Po=(Cosy+Cos-1)Uls [

where Ugg — gate drive voltage; Q. and Q, ; —
of low-side and high-side MOSFET.

gate charge

2.3.7. Operation loss caused by the integrated circuit. The
consumption power used by the IC control circuit P is
calculated with the following equation:

})ICZUinICCv

where I is integrated current consumption.

The losses in the integrated circuit are caused by exces-
sive temperature, ionizing radiation, mechanical shock and
many other reasons. In semiconductor devices, problems in
the device package can cause failures due to contamina-
tion, mechanical loads on the device.

2.3.8. Conduction loss in the inductor. There are two
types of the power loss in the inductor: the conduction loss
caused by the resistance and the core loss determined by
the magnetic properties. Since the calculation of the core
loss is too complex, it is not described in this article. The
conduction loss is generated by the DC resistance (DCR)
of the winding that forms the inductor. The DCR increases
as the wire length increases; on the other hand, it decreases
as the wire cross-section increases. If this trend is applied
to the inductor parts, the DCR increases as the inductance
value increases and decreases as the case size increases.
Since the inductor is always energized, it is not affected
by the duty cycle. Since the power loss is proportional to
the square of the current, higher output current results in
a greater loss. For this reason, it is important to select the
appropriate inductors. The conduction loss of the inductor
can be estimated with the following equation:

PL(DCR) = ]3141 -DCR.

Since the output current is used in this equation, the
average current of the inductor is used for the calcula-
tion. Similar to the above-mentioned calculation for the
conduction loss of the MOSFET, the loss can be calcu-
lated in more detail by using the ramp waveform for the
inductor current calculation:

, L)
PL<DCR)=[[;,, 1 12V -DCR[W].

2.3.9. Loss in the capacitor. Although several losses are
generated in the capacitor — including series resistance, leak-
age, and dielectric loss — these losses are simplified into
a general loss model as equivalent series resistance (ESR).
The power loss in the capacitor is calculated by multiplying
the ESR by the square of the root-mean-square (RMS) value
of the AC current flowing through the capacitor:

PCAP(ESR) = ICQAP(RMS) -ESR [W]’

where I¢4p(rus) is root-mean-square (RM.S ) current of capacitor.
The RMS current in the input capacitor is complex,
but it can be estimated with the following equation:

(Uin - Ur)ut )U()ut
[C,,,(RMS) = Inut —U

[A]

The RMS current in the output capacitor is equal to
the RMS value of the ripple current in the inductor, and
calculated with the following equation:

A[L

23’

where AI; — ripple current of inductor:

Ie,, crusy =

(Uill - U()uL ) U()uL

AIL - fSwL Uin [A] '
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2.3.10. Total power loss. The power loss of the IC P is
obtained by adding all the losses together:

P=Pon_y+FPon-i + Py +
+ Poy_, + Piigge + Pross + Py + B +

+ Pic + Prpery + Peiny + Pecour)-

Since the total power loss is obtained, the efficiency
can be calculated with the following equation:

UouL Iou[

Ul +P

2.4. Electrical principle scheme of buck converter synch-
ronous rectifier. There is in Fig. 4 a realization of electrical
principle scheme of buck converter synchronous rectifier
(Fig. 4, a) and its implementation in the software application
Proteus (Fig. 4, b). There was taken [7, 8] as a basis. This
circuit uses a digital control system, because it maintains
a constant output voltage, the controller changes the duty cycle
of the control signal, which is
directly reflected in the effi-
ciency of the electrical circuit.

For the MOSFET in case
of high-side voltage was used
transistor IRF540 and tran-
sistor IRF540N in case of
low-side n-channel voltage
MOSFET. 1t was selected
IR2184S as driver MOSFET
of the high voltage in the
integrated scheme. It can be
controlled by the keys in the
half-bridge and bridge schemes
of the low resistance both with
high-side and low-side volt-
age level. PIC16F877 A scheme
was used as microcontroller
(Fig. 4) [9, 10].

This scheme is very easy to use, coding of this con-
troller is also not difficult. One of the main advantages
is that it can be write-erase as many times as possible
because it uses FLASH memory technology.

3. Research results and discussion

During the simulation of electrical scheme, there were
received characteristics in Fig. 5 with the pulse inter-
val for the graphics of the both MOSFET transistors
T =20 us (20 microseconds).

Fig. 6 shows the switching characteristics of the power
switch in the buck converter, which is regulated by the
control system, in particular for the field-effect transis-
tor IRF540 (a) and the power transistor IRF540N (D).

The driver IR2184S is used as a control system.

Pulsating value of direct current inductance, where
Jw=1/20 us=50 kHz:

U=Up)Upi  (12V=6V) 6V

ol = R

7L T, 50 KizogTmiAav 2 mA

Digital Oscilloscope

Channel B

Fig. 5. Switching graphics in electrical scheme:
a — for FET IRF540; b - for n-channel MOSFET transistor JAFS40N

L
vrt
4 ¢ $ DM 4‘:32540 L1 o Li2)
— R2 2.87mH
1RF540 - ez _Je2 ‘Lil'
uinst2y L7 Tosme |100ne vz s Q2
TaauF IRFS4ON T2y T83F Er IRF540N
& L
L R2
= OSCICLKIN RBO/INT [~ Vb2 - R1 —
OSC2ICLKOUT RE1|- > ’ 0
UT ol UF4004
c4 c5  ADC) RBYPGM—
8 MHz 1 RA0 RBA4 |~ o6
22pF 22pF | RA1 RB5 |- sie] Vb
— RA2 RB6 |~ Lc7
L — RAZ RET |- IN HO—
T rAs - Toarr
— RAS RCO|- S0 vs
RC1[~ com
+5Y REQ RC2 Lo 00 |
— RE1 RC3[—
—| RE2 RC4|— = IR21843 D
RY RC5[
Vpp RC6—
FKOhm RC7I-
Vi
RDO[— _/-\_ VPULSE
RD1|-
RD2[~ 1L
RD3|- a
RD4 [~
RD5 |-
RDS[—
RO7|- _L
PICTEFE77A L

a

Fig. 4. Electrical schematic diagram of the buck converter:
a — with the synchronization scheme; b — with an implementation in the software application Proteus
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a

Fig. 6. Switching graphs in the electrical circuit with numerical pulse parameters:
a — for the field-effect transistor JAF540; b — for the n-channel power MOSFET-transistor [RFS40N

Peak value of induction current:

Al 21 m
1,=1,,+—=0011A+

) : g =215 mA.

Minimal value of induction current:

21m
[V(mllﬂy) or IV =0.011A —T =0.5 mA.

The conduction transistor losses accepting resistan-
ces Roy_y =0.5 Ohm for IRF540 and R,y_;, =40 mOhm for
n-channel MOSFET IRF540N:

, (21.5mA+0.5mA)
Poyy=[(0.011A) + v X

x 0.5 Ohm-0.5=4.03-10"° W.

, (22mA)’
Py = [(0.011 A) +(1H21)J><

40 mOh 6V =3.226-10° W
X m m'm— . . .

From the graphs in Fig. 4, the on-off time for a tran-
sistor with <high voltage» ¢,_; =150 ns (150 nanoseconds),
t;_ =0.25 us (0.25 microseconds) and «low voltage» — ¢, , =
=0.90 us, ¢, ;, =0.55 us. Switching losses for the field-effect
transistor IRF540 and n-channel MOSFET-transistor for
the diode voltage U, =1V in it, respectively, are equal to:

1
Py =512V-0.011 A(150 ns+0.25 us)50 kHz,

1
Py, = 51 V-0.011 A(0.9 us+0.55 us)50 kHz,

PSW—H =1.32 mW, PSW—L =398.75 uW.

According to graphic in picture 4, dead time loss, ac-
cepting dead time for rising ¢, =275ns and dead time
for falling ¢, =0.52 us:

P,=1V-0.011 Ax

% (0.275 us+0.52 us) x

x 50 kHz=0.4 mW.
Reverse recovery loss in

the body diode is calculated
with the following equation:

Pyiote=(0.275 us+0.52 us)x
x0.011A-1V-50 kHz=
=0.43725-10[W].

Capacitance loss in the
MOSFET can be calculated
with the following equation,
b where capacitance values are
Coss-. =167 pF for IRF540 and
Coss—n =295 pF for IRF540N:

1
Pross = (167 pF+295 pF)12*-50 kHz =163 mW.

The gate charge loss for transistors P, accepting volt-
age value for both high-side and low-side voltage transis-
tors Ugs =0:

P, =(10nC+5.4nC)0-50 kHz=0.

Operation loss caused by the control system — inte-
grated circuit with a current consumption value I =40 uA:
P =U,lcc =12-40 uA =0.48 [uW].

The conduction loss in the inductor can be calcula-
ted more detailed from the graphic of inductor current.
Discrete current resistance is equal to DCR=1.95 Ohm.

(21.5 mA+0.5 mA)?
12

P, pery =] (0.011 A)* + -1.95 Ohm,

Pyopery =161.3-106-1.95[W]=315.535-105[W].

Losses in the input and output capacitors Ppp(gsg) =
=I§AP(RM5)-ESR[W], accepting root mean square currents
of the input and output capacitors are respectively equal:

1 =] (Ui"_Uouz)Uou( _
Con (RMS) = (,M,U—m_
o1 aNUZV-BVIEV
ATy e

Peypcesryin = (5 mA)*- ESR,
Peapcesryn = (5 mA)*-0=0,

Al, 203 mA

) P —
Cour (RMS) 2 \/g 2 \/g

Pepp(esryon =(5.86 mA)?- ESR,

=5.86 mA,

Peapcesryou = (5.86 mA)*-0=0.
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As a result, the total value of power loss and efficien-
cy are equal:

P=Pon_yy +Pon-i + Pow_ig + Pow_p, + Piipge + Pross + Pp +
+ PG +P1C +PL(DCR) +PC(in) +PC(ouL) = 0005057 W,

P=4.03-10"°+3.226-10°+1.32-10 +398.75- 10 +
+0.43725-10° +1.663-10° +0.4-10° + 0+ 0.48-100 +
+315.535-10°+0+0=0.005057 W,

Uil oue 6V-0.011A

“U 1. +P 0066 W10.004578 W ~ 3 %

n

There are pictures in Fig. 7, which can describe impact
of losses on the efficiency of buck voltage converter. There
are diagram in Fig. 7, a and graphic of loss in Fig. 7, b.
There are losses, which were received during the develop-
ment of the electrical scheme of buck voltage converter.

Fig. 7, a shows the graphs of the dependence of the
efficiency n on the active power P,, =U,,I,,. Analyzing
graphs for constant values of power loss P=0.005057 W,
without capacitance loss in MOSFET and without taking
into account without capacitance in MOSFET and <high-
voltage» field-effect transistor losses.

An, x100%

0.10

0.05

Pout, W
0 »>
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

a

Diagram of losses

m Pcoss
m PL(DCR)

Psw-H

Psw-L

e \‘
1.07 %/\

8.93% m Pon-

m Pon-H
m Pdiode

27.23%
= P(D)

b

Fig. 7. Losses in buck voltage converter: a — graphic; b — diagram;

1 — all over the losses, 2 — without output capacitances of the «high-side»
and «low-side» voltage level MOSFET, 3 — without output capacitances
of the <high-side» and «low-side» voltage level MOSFET, switching-loss,

reverse recovery loss in the body diode

Fig. 7, b shows a diagram of the power losses that
occurred during the construction of the electrical circuit
of the buck converter (Fig. 4). Thus, the largest value of
losses falls on the output capacitances of the high-side
and low-side MOSFET (35.05 %), switching-loss (36.16 %)
and reverse recovery loss in the body diode (9.69 %).

4. Conclusions

The principles of technical implementation of a semi-
conductor buck voltage converter with a synchronous type
of rectification, which can be used in wireless chargers,
have been developed.

The possibility of creating a power supply based on
the PWM of the DC input voltage is considered.

It is determined that for the practical implementation of
a buck voltage converter based on an inductive-capacitive
converter, it is advisable to use a digital control system.
This scheme has been successfully tested, as evidenced
by the relevant graphs.

The efficiency and loss power of the buck converter
with synchronous rectification type are investigated, in
particular, it is determined that the largest values of losses
relate to the diode, the opening of the transistor gate and
the capacitance of the output capacitor.

Synchronous rectification type of buck converters like
this is widely used for specific loads. An enormous computer,
increasingly power distribution architectures composed of
power electronics are being considered or implemented
for ships, cars, airplanes and so on. There are facilities to
take advantage of alternative energy sources or attempt
to increase efficiency and system availability.
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