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Abstract — The current tendency in complete
integration of systems employed in Electronic Industry
which seek to be compact, flexible and reliable in
association with lower productions costs has become a
mandatory topic in recent technology issues. In this
sense, VLSl technologies available worldwide show
themselves to be a natural choice. It is through the use
of such technology that a monolithic DC-DC converter
containing fully integrated active devices and using
Smart Power concepts is presented for educational
pur poses.

|. INTRODUCTION

In a time of quickly advancing technology, Smart
Power technologies represent an answer to the ever
increasing market demand of integrated systems where
both the signal processing part and true power actuators
can be combined. The integration of systems brings
several advantages in terms of improved reliability,
reduction of electromagnetic interference (EMI), volume,
weight and manufacturing expenses as well. Moreover,
such improvements and economic requirements are of
great interest from a manufacturer’s point of view [1].

The efforts made to improve logic performance and
power characteristics for a given die size, lead to the
development of some specific Smart Power technologies
which alow for integration of power stages with
optimized device performance and their control circuit
including driver protection and diagnostic elements. These
devices are used for awide range of applications including
automotive systems, lamp ballasts, motor drivers,
automated systems and robotics[2].

The higher voltage and current handling capability
associated with thermal concerns in integrated circuit
applications is the most limiting factor in Smart Power
design. As an alternative approach for implementing
Smart Power systems integrating both the controlling
circuitry and power stages of typical applications like a
step motor driver, the VLSl standard CMOS process
would be agood choice in light of its availability and cost.
Moreover, integrated circuits manufacturers are searching
for better devices in terms of their voltage and current
capabilities. In fact, some foundries present a sub-micron
standard CMOS process and make a high voltage NMOS
transistor available. This device can handle a DRAIN-
Source Voltage up to 50V, which encourages designers to
think about integrating control and power circuits using
standard CMOS technology [3].

In evaluating the feasibility of this technology regarding
its advantages and limitations a conventional DC-DC

switched converter was implemented. In order to achieve
this an arrangement of pre-defined components inside a
monolithic chip, set up to be externally configured for fast
breadboarding, was employed. The active parts of the
power and control circuits are inside the chip, leading to a
simplified assembly of the converter.

I1. PROPOSED CIRCUIT

The main specifications of the monolithic switched DC-
DC converter follow:

-Only passive components external
-Input Voltage: 5V

-Output Voltage: 3.3V

-Maximum output current: 500mA
-PWM control

-Switching frequency: 60KHz

A block diagram depicts the main parts of the DC-DC
forward converter, showing the integrated parts (inside the
dotted lines) and the external ones. The passive auxiliary
components used to set up proper operation are external.
The design follows the guidelines used to implement
conventional converters however a different approach
should be given.
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Fig.1 Generic Diagram of the proposed Circuit
I11. GUIDELINES ANALYSISAND DESIGN

The parts of the proposed circuit are described and
some guidelines are given.

1) Power Transistor: This device is the key to the
design. The parameters needed for design were obtained
from manufacturer process specifications. For a 0,8mm
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standard CMOS currently in use some of them are
summarized in the following table:

TABLE |

PARAMETERS FOR DESIGN-NMOS TRANSISTOR (HIGH VOLTAGE)

Parameter Typical Vaue Unit
Threshold Voltage 0,7 \Y
Breakdown Drain-Source Voltage 50 \
(8m
On Resistance (8m) 60 KW.rm

The Value in parenthesis refers to specified length channel.

Limiting either the power dissipated on the transistor
for full load or the drop of voltage between drain and
Source terminals at the same condition sets a specific
condition for calculating the physical dimensions of the
transistor. For instance, following manufacturer
guidelines, one can choose a maximum level of dissipated
power as 0,5W per encapsulated die. Assuming that all
power dissipated is due the transistor operation, the
equivalent resistance of the transistor channel can be
calculated from the maximum continuous output current
(500mA), resulting a 2W channel equivalent resistance.
This value of resistance would cause a 1V-voltage drop
across the transistor’s terminals, a very high value for the
intended application. In this case, we can choose a suitable
drop and therefore calculate the final resistance. This
procedure lessens the maximum continuous dissipated
power inside the chip to about 150mW. Once the
equivalent resistance has been calculated, the effective
width (for a channel length of 8m) can be solved. Looking
at the table, one can determine an effective transistor
channel width of 10° mm.

The drawing of large integrated transistors in layout
design is suitable from predefined structures that can be
arranged in multiple shapes alowing the designer to
quickly draw a transistor of any size [4]. Part of these
structures is shown in Fig. 2. In such structure a pattern
drawn contains the transistor’s terminals (GATe, DRAIN AND
Source) Which can be connected by levels of metal that
allow individual transistors to be put in parallel. This
CMOS contains 400 individual transistors that can be
arranged in several ways just by drawing the last metal
layer in layout design. Each transistor is 8 mm long per
462.4 mm wide. The total number of transistors that should
be connected to form an effective channel width of 10° mm
is 217. For both safety and practical purposes the number
of transistors connected were 250 leading to a total
channel width W=114080 mm and channel length L=8mm.

1) Charge Pump: As stated before, the voltage supply
is 5V. However, to put the NMOS power transistor into
full conduction, a higher voltage should be applied to Gate
terminal to surpass the threshold voltage (0,7V as
indicated in tab.1) plus the Ssource voltage (less than 5V).
If the transistor is supposed to act as switch, the Gate
voltage applied should be at least two or three times the
5V supply.

A voltage multiplier technique [5] generates a high
enough voltage to switch the transistor on. Fig. 3 shows
the circuit also called Charge Pump and its equivalent
circuit. A switching scheme driven by aclock enables the
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Fig.2 Segment of the structure for the power NMOS
transistor implementation

diodes to tun on and off  synchronously by
pumpingcharges across the circuit so at the end of the
network a higher voltage can be achieved. The higher the
switching frequency the faster the charging process, thus
keeping a nearly stable high voltage at its output.
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Fig.3 Voltage Multiplier (Charge Pump)

The Charge Pump circuit has a non-load voltage output
and a resistance output given by (1) and (2) respectively,
where N is the number of stages, Vp the diode voltage
drop, C the capacitance, f the switching frequency and Vg
the amplitude of clock signal.

Vou = Vin- Vp * Nx(Vf-VD) 1)

N 2

Re= 2
ST Cxf

In a practical implementation, the load current must be
given in order to evaluate the charge pump parameters.
The charge pump load is the Gate-Source capacitance of
the power transistor given by (3)

CL = é xmxcox xW XL (3)

Knowing the dimensions W and L of the power
transistor and the manufacturer’s specs where mC,,=2.03
fF/nf the calculated Gate-Source capacitance is 1.23 nF.
Such capacitance results in an equivalent load resistance
given by (4). By applying the equation, we find an
equivalent load resistance of 13550W.

R.o=_* (4)
eq fXCL

The number of stages of the charge pump must be
limited to the maximum GaTe - Source Voltage allowed by
current technology. In such case, we choose N=3.
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Supposing a diode voltage drop Vp of 0,5V, Vf=5V and
using C=10nF, (1) and (2) give us respectively the non-
load output voltage of V., =18.1V and the output
resistance Rs=5000W. Fig. 4 shows the equivalent circuit.
It is straightforward to deduce the output voltage
effectively applied to the power transistor. The 13.2V
resulting voltage is applied to the circuit driver and hence
to the power transistor Gate terminal. The losses caused by
the next driver circuit were not taken into account in this
calculation. If they had been, an equivalent resistance
would be placed in parallel with the 13550W one. The
output capacitor affects only the start-up and can be set at
10 n¥.
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Fig.4 Equivalent Charge Pump Circuit
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Fig. 5 shows the implemented charge pump circuit. The
diodes and capacitors are external.
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Fig. 5 Implemented Charge Pump

3) Driver: A fully integrated circuit drives the GaTe of
the power transistor. The PWM signal swings between O
and 5V and is applied to driver input, which generates the
high voltage pulses to switch the power transistor on and
off. The Charge Pump circuit supplies the driver circuit.
The availability of only N-Channel High-Voltage
transistors in current technology lead to the “Body Effect”
occurrence in one of the driver's transistors. As
conseguence, a lower output voltage is delivered to the
Gate of the power transistor. Equation 6 shows the
Threshold Voltage for the transistor that affects the driver
output voltage.

Vr=Vio+oxX( 2 - Vgg- v2x) (6)

In (6), V1o is the nomina Threshold voltage (when
Vgs=0), g the body factor and f the Fermi Potential. For
0,8mm NMOS transistor: V1o=0.76V, g=0.78 V*?, f=0,6
V. The Bopv-Source Voltage Vpgs depends from the
transistor operation.

The drain current of a MOS transistor is given by (7),
where Kp=95mA/V2. All of these parameters are given by
current technology.

D=7 (ves: Vi) (7)

The driver circuit is shown in Fig.6 (a). We can suppose
that the Gate voltage swing applied to the transistor (the
transistor subjected to body effect is enclosed by dotted
lines) is 0 to V. The load “seen” by this transistor at its
Source terminal is the equivalent resistance generated by
the charge pumping process into the power transistor Gate
terminal as illustrated in Fig. 6 (b). Equations (6) and (7)
may be used to calculate the effective switched voltage
applied to the power transistor GaTe terminal, or Vg as
indicated, once the charge pump full-load output voltage is
known. We have supposed here that no losses occur in the
driver.
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Fig. 6 (a) Circuit Driver and (b) Equivalent Circuit

Evaluating (6) and (7) on the circuit (b) of Fig. 6 and
using the process parameters already indicated, the two
following eguations can be written:

VT=VTO+gx([2xf-VG-\/2_xf) 8

Ve K
C._PW (VH- Vg- V1) ©)
Reg 2 L

Solving the equations system we can find an effective
switched voltage Vg =10.5V. This level is enough to
switch the power transistor on, keeping loss at a minimum.
Also, the both eguations are solved with a set of V; output
voltage values and the results are depicted in Fig. 7.

Effective Volt. versus Charge Pump Volt.
5T

VG

5 o 15
VH

Fig. 7 Graphing Vg (peak amplitude) versus V

Fig. 8 shows the simulation result that validates the
previous analysis. From the top down, (a) the non-load
charge pump output voltage Vy, (b) the loaded one, (c)
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effective switched voltage V. The simulation shows the
transient response of turning on the converter as well.
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Fig. 8 Simulation Results

4) Current Sensor Circuit: Looking for better
performance and reliability the protection circuit in Smart
Power applications should be integrated [2]. The current
sensor can be implemented as shown in Fig. 8. Since all
transistors have the same characteristics, the current will
be shared between them according their respective areas.
This minor current will cause a voltage drop on a sensor
resistor and integrated supervisor circuits will process this
differential voltage.
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Fig. 8 Scheme to monitor the power transistor current

The processing signal circuit is shown in Fig. 9. The
resistors were implemented externally, however it can be
done monolithically. The current sensor circuit output
signal could activate either afold-back over-load circuit or
an over-current protection one. In this case a Flip-Flop
may be used as memory element forcing a system reset in
case of failure. The DC transfer characteristic of the
circuit isgiven by (10).
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Fig. 9 Current Sensor circuit

Req=RF2

(10)

The internal op-amp compensation capacitor filters out
the rapid transitions of the power transistor current.
Whenever implementing short-circuit protections the amp-
op should be replaced by a non-compensated circuit and
feedback should not be used.
function is

5 PWM Generator This signd

conventional and can be integrated. When looking for a
flexible design, one choice is to draw integrated structures
like op-amps, gates, and current Sources and connect them
outside the chip by means of jumpers. This would be a
good approach for academic purposes and bench tests
allowing designers change the circuit rapidly according
their convenience.
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Fig. 10 PWM generator circuit

The PWM signal is generated as follows. An oscillator
circuit generates a nearly sguare waveform that is
formatted by Gate Nj. Next, the signal passes through a
RC filter which will produces output pulses whenever the
input signal changes rapidly. A Gate N, formats these
pulses generating short positive going pulses that will be
used in next stage of the circuit.

A P-type mirror current feeds a capacitor generating a
linear rising of voltage across it. Externa Ry gives the
slope of voltage variation. The discharging process of the
capacitor is a controlled one given by the external resistor
Raissh connected to an N-type current mirror. The duration
of N, Gate pulsesis approximately given by (11).
Dt = 0.693xR p xC p (12)

Equation (12) shows the design equations to implement
the oscillator. Note that Vr is a constant voltage reference.
It can be chosen around V¢ / 2.

RoxVR (Vo VR) *Ry
VLL= R R VHH = —R R + VR
1+ Ro 1+ R (12)
‘o 1
éVLL- Ved u
2xR xCxInA( LL CC) 4

L
a\ViH - Vedg

The saw-tooth waveform thus generated is compared
with the controlling signal coming from the controller
circuit, which generates the PWM signal.

6) Controller: The design of the controller follows the
classical procedure [6]. Considering the Buck converter
operating at CCM (Continuous Conduction Mode) and the
specifications given above the filter elements can be
calculated. Thisled to L=1.87mH and C=20uF.

789

Pt



R3 c2 Rz
——4#—————«———me——1
R1
v I A
C1
Lf Yo
I M

Yref 200 = Cf fﬂ RL

Fig. 10 Controller Circuit

The transfer function V¢/V o of the controller is given by
(13).

1 (1+sxRyxCq) X(1+sxRgxC))
H(s) = (Ry+ Ry xC ) R XR5%C 1 (13)
1 2 sxge“SX 1772710
e R1*R2 g

Using the design parameters, the open loop transfer
function of the converter is depicted in (11). As we can
see the system isinherently stable.

Phase

R1=10K R2=47K R3=140K

C1=001uF C2=3,33nF

Fig. 11 Open loop gain of the Converter versus
frequency

IV. EXPERIMENTAL RESULTS

To evauate the previous approach in designing a
forward converter with fully integrated active devices
some experimental results are shown. In Fig. 12, the
Charge Pump operation is depicted, showing the transient
behavior of the circuit.
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Fig. 12 Charge Pump Start

In Fig. 13, we can see the output voltage from the driver
circuit whose level reach nearly theinitial value calculated
(around 10,5V) when a switched input of 5V is applied to
it. Note that the driver works as an inverter gate.
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Fig. 13 Driver Circuit Waveforms

Fig.14 shows the PWM generating signals. From top to
bottom, (a) The waveform from oscillator circuit, (b) the
output pulses from the RC filter circuit, (c) the resetting
pulses from the inverter Gate and (d) the saw-tooth
waveform.
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Fig. 14 PWM generator circuit signals

Fig. 15 shows the picture for full load operating point.
From top to bottom (&) the output voltage applied to filter
LC, (b) saw-tooth waveform and controlling voltage, (c)
Output DC voltage.
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Fig. 15 Full-Load Operation
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Fig. 16 shows transient response from non-load to full- processing functions, feasible employing of either

load switching condition. microprocessors or digital circuitry. In both situations, the
standard CMOS technology alows it, however complex
Tek EITH single Seq_25.0ks/s | . the design may be.
— " T A 64gms This work is in development a UNICAMP-
: o q@re.6ams Universidade Estadual de Campinas sponsored by PMU-

Projeto Multi-Usuério in agreement with ITI-Instituto
Nacional de Tecnologia da Informag&o.
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Fig. 17 shows the microphotography of the die.

Fig. 17 Chip Microphotograph

V. CONCLUSIONS

This study aims at advancing towards concept of Smart
Power and its applications, with both its advantages and
disadvantages. Also contributes to the development of
integrated power devices and shows that they are feasible
if restrictions stated by manufacturers are followed. A step
toward a true Smart Power design would be the auto
diagnostic feature of some parts of the circuit. In this
sense, the controlling system could be able to detect a
malfunction of part of the system and for instance take
some decision. This kind of feature would require extra
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