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Abstract buck power stage with a drive circuit block included [2]. and
This paper presents the design and analysis of a high efficiencsnore recently in [8]. With the advent of recent applications
PWM (Pulse-Width-Modulation) Buck converters for mobile phonewith more Stringent Speciﬁcations in terms of regu|at0r
applications. The steady-state and average-value models for tB@ttiing time, various approximations to time-optimal control

proposed converter are developed and simulated. A practical desw&ve recently been proposed, e.g., in [9], [11], [19], [20]
approach which aims at systematizing the procedure for the selectig S, ' ' '

of the control parameters is introduced. The switching losses aygq’]ere tlme'omlm.al control is described in terms of boundary
reduced by using soft switching, additionally, a simple analog an&omrOI ,and rev's'teq fo.r the buck Canertel-'. Reference [12]
digital form of the controller for practical realization is provided. It is fe€xamines the switching-surface time-optimal control and
found that this controller adopts a structure similar to thederives analytical equations for the optimal case, similarly to
conventional PWM voltage mode controller. The proposed circuif24]. Recent works in [13], [15] provide a comprehensive
uses a current-mode control and a voltage-to-pulse converter for tagcount of geometric control principles, including limits of

PWM. The circuit, fabricated using a 0.18-um CMOS technologyiime-optimal control for switching converters. In the field of

reaches a peak load regulation of 20 mV/V and line rggulatlon of or-%(e)neral control theory, the fundamentals of time-optimal
mV/V at Current load equal 300 mA. The used 10pH inductance al ntrol, which are directly related to the use of Pontryagin’s

22 F capacitor and requires clock and Vref/\Vramp input of 1,23V. o : . .
. _ - principle, have been studied extensively [16]. Unfortunately, it
éggg{gﬁngggfﬁmmw’ PVWM, Buck converters, Soft Switching, has been recognized that ideal time-optimal control may be
impractical because of the sensitivity to parameter variations,

and unmodeled dynamics [17]. To address this issue, a

1. Introduction concept of proximate time-optimal (PTO) control has been

proposed [18],[21] and successfully applied in, for example,
Several new techniques for high frequency DC-DC conversioflisk-drive  head positioning. The main underlying idea
have been proposed to reduce component stresses SRnsiders saturating the control action to facilitate near-time-
switching losses while achieving high power density an®ptimal response to large-signal disturbances and smoothly
improved performance. The key to reducing powerswitching the controller to a standard continuous-time control
consumption while maintaining computational throughput andiction in the vicinity of steady state. The power switch, Q1, is
quality of service is to use such systems at the lowest possit8@ n-channel MOSFET. The diode, CR1, is usually called the
supply voltage. The terminal voltage of the battery used iatch diode, or freewheeling diode. The inductor, L, and
portable applications (e.g., NiMH, NiCd, and Li-ion) variescapacitor, C, make up the output filter. The capacitor ESR,
considerably depending on the state of their charginfRC, (equivalent series resistance) and the inductor DC
condition. For example, a single NiMH battery cell is fully resistance, RL , are included in the analysis. The resistor, R,
charged to 1.8 V but it drops to 0.9 V before fully dischargedepresents the load seen by the power stage output.
[1], [14]. DC-DC converter convert DC voltage signal from i
high level to low level signal or it can be vice versa depending 7[ |
on the type of converter used in system. Buck converter is or —— A ren
of the most important components of circuit it converts I I—|
voltage signal from high DC signal to low voltage. In buck | controt block | |
converter, a high speed switching devices are placed and tl 7N cri
better efficiency of power conversion with the steady state cat E

be achieved. In this paper work performance of buck converter
is analyzed. Fig.1.1 shows the basic topology of the converter
DC-DC Buck and Fig.1.2 shows a simplified schematic of the

|

mrnd

i

Fig.1.1 Basic Buck Topology
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The duration of the ON state Isx Tg = Ty Where D is the
duty cycle, set by the control circuit, expressed as a ratio of
the switch ON time to the time of one complete switching

L cycle, Ts. The duration of the OFF state is callkgy. Since
C—4 there are only two states per switching cycle for continuous

LA e e e B 4 { oH mode, Togr is equal to(1 — D) x Ts. The quantity (1-D) is

I Rc< sometimes called D’. These times are shown along with the

waveforms in Fig 2.2.
1
I -'-l.IW \I

2.1Buck converter steady-state i Sold I
_ _ _ A R
a) Normal continuous conduction mode (CCM) analysis -

The following is a description of steady-state operation in P

Dreive
Cireuit

Fig.1.2 Buck power stage Schematic

2. Design Consideration

L

continuous conduction mode [10]. The main result of this Jjcr==s
section is a derivation of the voltage conversion relationshiy

for the continuous conduction mode buck power stage. Thi ' IS R S| £
result is important because it shows how the output voltag -
depends on duty cycle and input voltage or, conversely, hov.
the duty cycle can be calculated based on input voltage and
output voltage. Steady-state implies that the input voltage,
output voltage, output load current, and duty-cycle are fixe
and not varying. Capital letters are generally given to variabl

names to indicate a steady-state quantity. _
voltage drop ofVps = I}, X Rpg(ON). There is also a small

Incontinuous conducuon_ mpde, the Buck power Stag'?/oltage drop across the dc resistance of the inductor equal to
assumes two states per switching cycle [2][3]. The ON state is

h . . R;. Thus, the input voltag&; ,mi | V, I
when Q1 is ON and CR1 is OFF. The OFF state is when Q1 E X Ry Thus, the input voltagd; ,minus lossegVps + I,

— Iy —»
Fig.2.2 Continuous-Mode Buck Power Stage Waveforms

eferring to Fig.2.1, during the ON state, Q1 presents a low
resistanceRps(ON) , from its drain to source and has a small

. . . e ), is applied to the left-hand side of inductor, L. CR1 is
OFF and CR1 is ON. A simple I|nea_r circuit can represenpyee during this time because it is reverse biased. The voltage
each of the two states where the switches in the circuit ar,

replaced by their equivalent circuits during each state. Th\gpplled to the right hand side of L is simply the output

S : i oltage, Vp. The inductor currentl;, , flows from the input
circuit diagram for each of the two states is shown in Fig. 2'1'source,VI . through Q1 and to the output capacitor and load

- resistor combination.
TSN (o e Va During the ON state, the voltage applied across the inductor is
I3 DiS{on) L
I constant and equal tg;, = V; — Vpg — [, X Ry, — V,.
5?:. ¥y _' _3 R Adopting the polarity convention for the currdptshown in
T Reg Fig.2.1, the inductor current increases as a result of the applied
voltage. Also, since the applied voltage is essentially constant,
the inductor current increases linearly. This increase in
inductor current duringTyy is illustrated in Fig.2.2. The
= amount that the inductor current increases can be calculated
\ i o Tl by using a version of the familiar relationship:

Ia s
" V=LxZE =D Al =k x AT
The inductor current increase during the ON state is given by:

off | o “ o dt
:1n_|:~ — - -
: Al (+) = (Vi-Vps iLXRL) Vo x Ton @)

State : T— 'd
This quantity, Al (+), is referred to as the inductor ripple
current.

Referring to Fig.2.1, when Q1 is OFF, it presents a high
impedance from its drain to source. Therefore, since the

a3 5

Fig.2.1 Buck Power state states
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current flowing in the inductor L cannot change voltage drop, and the power MOSFET ON-state voltage drop
instantaneously, the current shifts from Q1 to CR1. Due to thare all assumed to be small enough to omit. The duration of
decreasing inductor current, the voltage across the inducttiie ON state i¥oy = D x Tg where D is the duty cycle, set by
reverses polarity until rectifier CR1 becomes forward biasethe control circuit, expressed as a ratio of the switch ON time
and turns ON. The voltage on the left-hand side of L becomes the time of one complete switching cycle, Ts . The duration
—(Vg + 1, xRy) where the quantityVy , is the forward of the OFF state i§gpr = D, X Ts. The IDLE time is the
voltage drop of CR1. The voltage applied to the right handemainder of the switching cycle and is given as

side of L is still the output voltag&,. The inductor current, Ts — Tox — Topr = D3 X Ts. These times are shown with the

I , now flows from ground through CR1 and to the outputyayeforms in Fig.2.3.

capacitor and load resistor combination. During the OFF state,

the magnitude of the voltage applied across the inductor i
constant and equal t¢Vy + V4 + I, X R;). Maintaining our gt

same polarity convention, this applied voltage is negative (o / / / .L
opposite in polarity from the applied voltage during the ON ; | '
time). Hence, the inductor current decreases during the OF s :

time. Also, since the applied voltage is essentially constant [ N #
the inductor current decreases linearly. This decrease i \ \ 'i“

inductor current duringlyzr is illustrated in Fig.2.2. The
inductor current decrease during the OFF state is given by: It Saiid

e S \
AL (-) = YorVaoR) o p ®) N LGN L]

This quantityAl; (—) is also referred to as the inductor ripple

current. In steady state conditions, the current increase . ..
Al (+), during the ON time and the current decrease during *-'“"“'"*‘I
the OFF timeAl,(—), must be equal. Otherwise, the inductor l
current would have a net increase or decrease from cycle

cycle which would not be a steady state condition. Therefore i
these two equations (1) and (2) can be equated and solved 1 e H—
Vp to obtain the continuous conduction mode buck voltage
conversion relationship.

Solving forV,:
Vo = (V; = Vpg) X : To;w —Vy X : TonfrF —ILxR, (3) W|thqut going thro.ugh the detailed _explana'uon as before, the
oN+ToFF oN+ToFF equations for the inductor current increase and decrease are

And, substitutindgls for Toy + Topr, and usingD = TLSN and  given below. A common simplification is to assuifig , Vg4
(1-D) = TOFF the steady-state equation foy is: and R, are small enough to ignore. Settiflys , V4 andR,, to

Fig.2.3 Discontinuous-Mode Buck Power Stage Waveforms

Ts zero. The inductor current increase during the ON state is
Vo=(Vi=Vpg) XD —=Vyg X (1-D)—1I, XRy (4)  given by:
_ (Vi-Vo) _ (Vi—Vo) _
A common simplification is to assumé&g ,Vy andR, are  AL(H) == Ton == XDXTs =l (6)
small enough to ignore. Setting/ps , V4 andR,, to zero, the The ripple current magnituda];, (+) is also the peak inductor
above equation (4) simplifies considerably to: current,Ipg , because in discontinuous mode, the current starts
Vo=V xD (5) at zero each cycle.
The inductor current decrease during the OFF state is given
by:
b) Normal Discontinuons Conduction Mode (DCM) y Vo
Analysis Al (=) = 7= X Topr )

As in the continuous conduction mode case, the current

To begin the derivation of the discontinuous conduction modgcrease Al; (+)during the ON time and the current decrease
buck power stage voltage conversion ratio, observe that theﬂ%ring the OFF timeAl, (—) are equal.

are thrge unique states that the power stage assumes du.rﬂ%refore, these two equations (6) and (7) can be equated and
discontinuous current mode operation [2]. The ON state "Rolved forv,, to obtain the first of two equations (6) and (7) to
when Q1 is ON and CR1 is OFF. The OFF state is when Q1 é)se used to golve for the voltage conversion ratio:

OFF and CR1 is ON. The IDLE state is when both Q1 an ’

CR1 are OFF. The first two states are identical to those of the

continuous mode case and the circuits of Fig.2.1 are Vo =V} X % =V X DDD (8)
applicable except thaygr # (1 — D) X Ts. The remainder of ONTOFF o

the switching cycle is the IDLE state. In addition, the dc

resistance of the output inductor, the output diode forward
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Now we calculate the output current (the output voltige when needed. The efficiency can be Improved a lot especially
divided by the output load R). It is the average of the inductoat very light load. As shown in Fig.2.4 and Fig.2.5

current. burst-mode control produces low-frequency waveform
T _ Vo _ lIpk , DXTs+DyxTs ) pomp_aring to the switching frequency. _Part of_the power loss
0= Lave) T g 2 Ts in this low frequency becomes audible noise. Therefore,
Now, substitute the relationship folpx into the above burst-mode control is not suitable for high power applications
equation (6) and (9) to obtain: such as more than 20 W.
o === = (V= Vo) X 22 X (D + D) (20)
We now have two equations, the one for the output currer
just derived and the one for the output voltage (above), both i /\ /\ /\ /\

terms of V; , D, andD, . We now solve each equation (8) and
(10) forD, and set the two equations equal to each othet
Using the resulting equation, an expression for the outpu

voltage Vy, can be derived. The discontinuous conduction

mode buck voltage conversion relationship is given by:

2
Vo=V X —— (11)

_2xL
T RXTs
The above relationship shows one of the major differences

between the two conduction modes. For discontinuou:
conduction mode, the voltage conversion relationship is
function of the input voltage, duty cycle, power stage
inductance, the switching frequency and the output loac

resistance while for continuous conduction mode, the voltag Burst mode
conversion relationship is only dependent on the input voltag
and duty cycle.

It should be noted that the buck power stage is rarely operate
in discontinuous conduction mode in normal situations, bu
discontinuous conduction mode will occur anytime the load
current is below the critical level.

Burst mode

Where K is defined as:
Fig.2.4 DCM Inductor Currents in Burst Mode and PWM Control

PWM

Fig.2.5 CCM Inductor Currents in Burst Mode and traditional PWM Control
2.2 Burst mode operation

The buck converter is with a bursi-mode control metho{igure 2.6 shows the different inductor voltage and inductor
[22]123]. It means the MOSFET can be completely off for one urrent of normal CCM, DCM and burst conduction mode.

or more switching cycles. The output voltage is regulated b

the overall duration of dead time or non—-dead time over ¢ , v \

number of switching cycles. This feature offers advantages o + - . 1

saving energy in standby condition since it can reduce th
effective duty cycle dramatically. In flyback topology, the
circuit is mainly designed for discontinuous conduction mode
(DCM) in which the inductor current reaches zero in every -
switching cycle. The DCM burst-mode waveform can be 1 «—— | e——s I, o=
represented in Fig.2.4. It is similar to the pulse-width |
modulation (PWM) one. In non-isolated topologies such as |

buck, the circuits are mainly designed for CCM. The CCM
burst-mode waveform is different to the PWM waveform in e
Fig.2.5. Because of this characteristic, burst mode requires
higher peak value of the inductor current in order to have th.
same level of averaged inductor current (or output current). By
using burst mode, the chip will only switch the power devices
when the output voltage needs it to do so. During normal
DCM mode, the switches will be turned on and off at every
cycle. In burst mode, the switches will only be turned on or off

- — L - —r - -
a4 - -

CANT |‘_-.I LA |_|_|I._t_'l|k1_lll__u_|__\ Il BT

Fig.2.6 continuous, discontinuous and burst conduction mode
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3. Synchronous and Asynchronous buck dc-dc package still needs to take care of heat dissipation arising from
converter switching losses associated with the Q1 MOSFET.

In the synchronous topology the Q2 MOSFET's lower

In this module, we will learn the key differences betweerf€Sistance from drain to sourBgs(ON) helps reduce losses
synchronous and asynchronous buck topologies, the®ignificantly and therefore optimizes the overall conversion

advantages, disadvantages and their application consideratiorgficiency. However, all of this demands a more complicated
MOSFET drive circuitry to control both the switches. Care has

3.1 Asynchronous Buck Topology to be taken to ensure both MOSFETSs are not turned on at the
same time. If both MOSFETS are turned on at the same time a

A typical asynchronous buck DC-DC converter circuit is agirect short fromV; to ground is created and causes a
shown in the Fig.1.2 [2],[4]. Q1 denotes a MOSFET beingcatastrophic failure. Ensuring this direct short, which is also
used in the top side with a diode CR1 in the bottom sidezalled cross-conduction or shoot-through, does not occur
These are the two main switches that control power to theequires more complexity and cost within the IC.
load. When the MOSFET is turned ONj charges the
inductor ‘L’, capacitor ‘C’ and supplies the load current. Upon
reaching its set output voltage the control circuitry turns oF#. EXPERIMENTAL RESULT
the MOSFET (hence called a switching MOSFET). SwitchingT o ] )
OFF the MOSFET disrupts the current flowing through thel € circuit has been designed using a standard 0.18-um
inductor. With no path for the current, the inductor will resistCtMOS technology with dual poly and 5 metals. The supply
this change in the form of a catastrophic voltage spike. T¥0ltage ranges from 2.6 to 4.2V. The nominal switching
avoid this spike when the MOSFET is turned OFF, a path iggq_uency is 50 MHz. Experimental _results shc_)w that, at 2.6-V
provided for the inductor current to continue flowing in theMinimum supply, the output regulation range is 0.5V — 2.45V
same direction as it did before. This is created by the diod#ith output current up to 300 mA. The power efficiencies
CR1. When the MOSFET turns OFF, the inductor voltage/€rSus current load are shoyvn in _F|g._3.1 and F_|g.3.2. Higher
reverses its polarity forward biasing the diode CR1 ON,SUPF_’ly causes larger dynamic dissipation and this worsens the
allowing the current to continue flowing through it in the sameefficiency at low currents. However, the low power of the
direction. When current flows in the diode, it is also known a&ontrol (only 35 uA), sustains the overall efficiency at almost
being in freewheel mode. When the output voltage drop@n€ decade below the peak. Fig. 3.3 and Fig. 3.4 show the
below the set point, the control will turn ON the MOSFET anddifferent output and input of the proposed buck converter, load

this cycle repeats to regulate the output voltage to its set valugggulation measurement with output current, ILoad output of
the driver, switched from 0 A to 300 mA by on-off current

3.2 Synchronous Buck Topology control on PCB. The load switching speed is 2 us.

The synchronous topology is depicted in the Fig.1.2 and The 100
diode ‘CR1’ has been replaced with another MOSFET Q2

ad
[5],[6].[7]- The Q2 is referred to as the synchronous MOSFET 80 __,/f :--...

while the Q1 is called the switching/control MOSFET. In /""

steady state, the Q2 is driven such that it is complimentary 70 jf

with respect to the Q1. This means whenever one of these 60 /

switches is ON, the other is OFF. In steady state conditions, — 50 i 4

this cycle of turning the Q1 and Q2 MOSFETs ON and OFF £ 40 A -
complimentary to each other regulatég to its set ’E‘ 30 / ——INT Mode |
value.observe that the Q2 MOSFET will not turn ON & 20 f —  EXT Model—
automatically. This action needs additional MOSFET drive E - ' )
circuitry within the control IC to turn ON and OFF as needed. 1o 1
Compare this to asynchronous topology where the polarity a —

reversal across the inductor automatically forward biases the - nor- =2 = o § % § _gr

diode, completing the circuit.
Current load (mA)
3.3Advantages and disadvantages of these two
tOpOIOgleS Fig.3.1 efficiency in mode on versus current load
The asynchronous topology uses just one MOSFET for the top
side as the control switch. There is no so-called shoot-through
issue. The IC tends to be smaller and relatively inexpensive.
The use of an external diode in most cases eliminates the need
for an expensive thermally enhanced IC package to dissipate
the heat arising during the freewheel mode. However, the
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Fig.3.4 simulation results of the proposed buck converter
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5. CONCLUSION

In this paper, a switched simulation model of the buck
converter is presented. We simulate a buck converter by using
the software SIMetrix including Power System Blocs and We
have realized a novel PWM circuit that can be used to provide
a range of vdd levels for a variety of loads to optimize the
efficiency of the converter in mode on and mode sleep. With
the use of a deferent value of current load and inner feedback
loop between the output and input of the power transistors, we
are able to ensure real-time zero voltage switching. This
enables the reduction of power consumed by these transistors
and achieves power efficiencies over 90% for a variety of
loads. Also, an outer feedback loop is employed in the PWM
circuit to track the reference voltage level.
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