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Generate Realistic Models For LED

Current Versus Voltage

Designers of lighting drivers require a good approach to modeling LED
device performance in the first quadrant of the I/V plane. For engineering

applications, there are three approaches to consider: the linear, bias-voltage
plus resistor equivalent, a quadratic equation, and an exponential equation.

PWM-Based Analog Calculator Provides Four-
Quadrant Multiplication, Division

You can build an analog calculator using a pulse-width modulator (PWM)
to perform accurate four-quadrant multiplication and division. While this
approach won'’t help you ace any math tests, it demonstrates some useful
sub-circuits that extend the functionality of the LTC6992 TimerBloxvoltage-
controlled PWM.

Driven Shield Enables Large-Area
Capacitive Sensor
This low-cost, large-area capacitive sensor is the wide-scale complement to

the ubiquitous, finger-operated touchscreen sensor and can detect presence
through plywood or wallboard.

Do you have Electronic Design is always on the lookout for new ideas. Do
an Idea for you have one? Our Ideas for Design articles are short and to
Design for the point, often with a single figure or program listing to help
Electronic explain the idea. If you would like to submit one, you can
Design? check out the details at

https.//www.electronicdesign.com/contribute.
We look forward to seeing your ideas.
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Generate Realistic Models
For LED Gurrent Versus Voltage

LEDs ARE NONLINEAR devices with I/V curves that resemble the
curves of rectifier diodes. Designers of lighting drivers require
a good approach to modeling the LED device performance in
the first quadrant of the I/V plane.

For engineering applications, there are three approaches to
consider: the linear, bias-voltage plus resistor equivalent; a
quadratic equation; and an exponential equation. Let’s use the
three techniques with Cree’s XLamp XM-L LED as the LED to
be modeled (Fig. I).

THE LINEAR MODEL

This model is the simplest, but the most inaccurate. It con-
sists of a dc bias voltage plus a resistor (Fig. 2a). The equiva-
lent mathematical form is given by:

vF B Vbias

() =at (v, =b) =L m

, Vo2V, =b-aR

You select two data points (v, ig) in coordinate form (i.e.,
3.28V,2.6 A and 2.71V, 0.2 A). Then, R is evaluated and
yields 0.2375. The selection also implies a = 0.2 and b = 2.71.
With all three parameters (a, b, R) properly assigned, the linear
model yields Figure 2b. Evidently, the linear model offers the
advantage of simplicity, but suffers in accuracy.
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THE QUADRATIC MODEL

The curve of Figure 1 has a concave portion that resembles
one arm of a parabolic curve. It can be expressed with a qua-
dratic equation of the form a,vg? + a;vg + a,. The key is the
determination of three coefficients: a,, a;, and a,.

To determine these coefficients, you can use the well-known
Least Square Polynomial Curve-fitting algorithm of linear
algebra. To do this, select more than a dozen data points from
Figure 1 (15 in this case) and place them in two matrixes.

One is a 3x15 rectangular matrix C (Equation 2). The other
is a 1x15 column vector ip (Equation 3) where vF; , for j =0 to
14, are the corresponding LED forward voltages at the selected
forward currents given in vector ig. The three coefficients are
then given by a column vector of:

a=(C-Chy'C-ii" (@)

Using software tools such as Matlab from the Mathworks or
MathCAD from Mathsoft, you can easily compute Equation 4.
For this example, we obtain:

24.849
a=| -20.093 )
4.058
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I. Modeling the 1/V curve of the Cree XLamp XM-L LED with increasing
accuracy is the objective of this analysis.
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2. The linear model (terminal view) is simplest and easiest to understand,
but also the least accurate (a). The linear model results in this “curve,”
which clearly has some shortcomings (b)
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Note that the first element of vector
a is coefficient a, etc., which leads to
the quadratic model of Figure 3. This
approach yields significant improve-
ments in the model across the whole
operating range of the LED.

THE EXPONENTIAL MODEL

Figure 3 appears to bend more near
the low current, which is where the expo-
nential model may offer further improve-
ment. This model comes in the form of
ae®"F + ¢ with three unknown parameters
a, b, and c to be determined. Again, soft-
ware tools such as MathCAD help you
find those parameters numerically.

Under the specialized regression sec-
tion, an exponential regression statement
expfit ( Vg, i vg) can find all three param-
eters, given a data set in vectors and initial
guess value vg, also a column vector. For
this example, a = 9.66 - 107, b = 1.818,
and ¢ = —1.157 are obtained. This results
in the exponential model of Figure 4.

NN,
N N ONOW

Forward current (A)

OO0O0O ===
oMM O ®—AhO®ON

2 22 24 26 28 3
Forward voltage (V)

32 34 346

3. The curve based on a quadratic model curve
is much closer to the reality of the I/V curve for
this LED.

Overall, the best fit near the low-cur-
rent region may be found between the
quadratic and the exponential models. It
is unrealistic to expect a single, perfect

KENG C. WU has a BS from Chiaotung University, Taiwan, and an MS from Northwestern
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4. The exponential model further refines the
quadratic model and provides a better approxi-
mation in the low-current region of the LED.

prediction from any given model, since
almost all such analytical efforts are an
attempt to represent the complexities of
nature.

University, Evanston, lll. He has published four books and holds seven U.S. patents.
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PWM-Based Analog Galculator Provides
Four-Quadrant Multiplication, Division

YOU CAN BUILD an analog calculator +5V
using a pulse-width modulator (PWM) 7 4 " oulé VVcc =5 Vd
to perform accurate four-quadrant TS 75 o EE = groun
multiplication and division. While this o
a h , s G 1 1/374HC4053
pproach won’t help you ace any math 2
tests, it demonstrates some useful sub- 2 '30/0_
circuits that extend the functionality W5V = BV o=
of the LTC6992 TimerBlox voltage- . ger 10 1o reF HI= GND 5?
controlled PWM. 0:100% duty cycle 1 1 Ve
The LTC6992-1 translates a 0-1 V N eaost | 15V 1 ';‘ISD ourlé WM
input at the MOD pin into an output 2 oD I - output
with a 0% to 100% duty cycle at a fre- _I | GND
quency of 3.81 Hz to 1 MHz. A resis- 1 50k ﬂ_LTCé‘m']
tor at the SET pin and a resistor divider 0.1 } —
. . pF GND
at the DIV pin control this frequency. ™
In some applications, the LTC6992 1
will be in the feed-forward path of ]g(])k GND GND
a closed-loop control system (as in AN

a motor-speed controller), so its 1%
typical linearity provides consistent
overall loop performance. I. This basic linearized PWM generator, without an external feedback mechanism, can still provide
Figure 1 shows a basic linearized accuracy of 0.1%.
PWM generator for applications where
accurate PWM is required without an external feed- D A
. P . . D OD O
back mechanism. This circuit easily achieves 0.1%

PWM accuracy. The output of the LTC6992 con-
;roli lonehsectiz)él of a)74H1C4053 triﬁ)le ;ingle—pole 0 0 1 62 5 kHz to 1 MHz Open Short
ouble-throw (SPDT) analog switch whose output
. . 1 0 4 15.63 10 250 kH 976 102
is switched between ground and an LT6654-1.25 ° :
reference. An integrator compares this signal to the 2 0 16 3.906 10 62.5 kHz 976 182
control input. The output duty cycle will settle on 3 0 64 976.6 Hz 10 15.63 kHz 1000 280
a value that equals the fraction of the 1.25-V refer- 4 0 256 244.1 Hz to 3.906 kHz 1000 392
ence .that s present at thp input. The t.eqn.“fractlon 5 0 1024 61.0410976.6 Hz 1000 503
implies that this circuit performs division, as the p 3 TR Tl "I e
output PWM duty cycle is Vi,/Vger. colocas. 1z
Figure 2 extends this concept, with X as the input 7 0 16384 3.81510 61.04 Hz 1000 887
(numerator) and Y as the reference (denominator). 8 1 16384 3.81510 61.04 Hz 887 1000
An LT1991 Clonfigured ina gain Of -1 provi.des a 9 1 4096 15.26 10 244.1 Hz 681 1000
precise negative copy pf Y, extendmg operation to 10 ] 1024 61,0410 976.6 Hz 523 1000
four quadrants (positive and negative X and Y),
with duty cycle =50% x [1 + (X/|Y|)] 11 1 256 244.1 Hz o 3.906 kHz 392 1000
As with any physical realization of division, a 12 1 64 976.6 Hz 10 15.63 kHz 280 1000
zero value for the denominator (Y) will produce an 13 1 16 3.906 10 62.5 kHz 182 976
un.deﬁne.d output. A negative voltage applied to the 12 1 4 15.63 10 250 kHz 102 976
Y input inverts the polarity of the feedback signal
. . . . s 15 1 1 62.5 kHz to T MHz Short Open
to the integrator, which requires another inversion
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2. This enhancement to the circuit of Figure | extends the analog multiplication/division to all four

analog signal quadrants.

0.03
0.02
°
° o
A o o
0.01 ;AAAA:....‘ R
U o ald|s TIPS ]

. o ""n“inﬁ%égi i
= ® e 9 o
Y XXX XXX e o 0 2 3 o & Nli i
SR EEEEEE RIS MU .
i [ I 1

(R |
m n =
01| W ® m ®
=-0.5V =2V ®Y=3V Y=15V
-0.02
®Y=-1V & Y=-25V AY=25V mY=1V
AY=-15V XY=0V =Y=2V Y=05V

-0.03

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 100

Xinput (% of Y)

3. This plot of absolute error shows better than 0.1% for large values of ¥.

somewhere in the loop to ensure feed-
back is negative.

The DIV pin also can invert the
PWM polarity (a 0- to 1-V input =
100% to 0% duty-cycle output), in
addition to selecting one of eight Np;,
values to set the frequency. The Np;,
magnitudes are mirrored around V¢¢/2,
where swapping values in the resistor
divider inverts the transfer function
while maintaining the same divider
value (see the table).

An LT1671 comparator detects the
polarity of the Y input and sets the
polarity by switching the divider poten-
tiometer’s excitation accordingly, main-
taining correct operation. Note that a
10-turn potentiometer works well for
experimentation. You could replace
it with a fixed resistor once you have
selected the desired Np;,.

The “Z” input is multiplied by the
X/Y quotient by supplying the inputs
to another switch with Z and —Z. (Once
again, an LT1991 provides precision
inversion.) This is a “pulse width/pulse
height” multiplier, also with four-quad-
rant operation.

Figure 3 shows the absolute error
of the circuit at a 1.5-kHz frequency,
sweeping X from -Y to +Y for values
of Y from -3 V to +3 V, while holding
Z constant at 5 V. Even with Y at 0.5
V (where error sources are more sig-
nificant), the worst-case error is about
0.6% and rapidly improves with larger
values of Y. Error sources include the
0.04% error of the LT1991, mismatch
in switch resistance between its two
positions compared with the resistance
of the downstream filter’s resistance,
and the response of the LT1991 outputs
to switching transients, whose effect
will vary with PWM frequency. %4

MARK THOREN is
the applications engi-
neering manager for
mixed-signal products
at Linear Technology.
He has a BS in agri-
cultural/mechanical

engineering and an
MS in electrical engineering, both from
the University of Maine.
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Large-Area Gapacitive Sensor

CAPACITIVE SENSORS ARE common in today’s con-
sumer electronics, since they are used in many
touchscreen applications. Most of the circuits
for such applications are designed for small-area
capacitors and finger contact operation.

This circuit is designed for large-area touch R1

plates that can be activated at a distance and hid- 220
den behind walls or inside other structures. It uses
the “driven shield” concept that was popular in the

Cl

early days of audio engineering, when high-imped-
ance sound sources such as crystal microphones
were used. Shielded cables are needed to connect
these devices, but the cable capacitance limits the
high-frequency response.

The solution to this problem is to go back to the
physics of a capacitor to find a way to reduce the
cable capacitance. Driving a conductor between the
outer shield and the inner, signal conductor with the same voltage
as the signal conductor largely eliminates the capacitance. NASA
used this driven-shield idea in a large-area capacitive sensor two
decades ago (John M. Vranish, et al., US Patent No. 5,116,679).

The circuit in Figure 1 performs the main capacitance-
sensing task, while leaving detection to a microcontroller. IC1
is a 555 timer wired as an astable multivibrator with as small
a timing capacitance as possible. With the component values
shown, the frequency is slightly above 10 kHz. IC2 buffers the
voltage on this capacitor to drive a shield plate.

For IC2, resistors R3 and R4 decrease the buffered voltage
by about 1%. This prevents oscillation that may occur because
of the external capacitance. R6 is included since some opera-
tional amplifiers have difficulty driving a capacitive load. IC2

220 pF I

Double-sided

5in. FR4PCB Capacitor plate
7 in 7 in. ¢ Driven shield
Copper tO.] in. Ground

ground

[Flen= 9in.

2. In the constructed sensor, a double-sided printed-circuit board (PCB) has
one conductor as the signal plate and the other as the driven shield. The
semi-infinite ground plane, which is slightly larger in area than the sensing
or shield plates, can be another PCB or an aluminum plate.

DEV GUALTIERI received his PhD in solid-state
science from Syracuse University in 1974. He

now does various computer, electronic, and
embedded systems projects at his consulting

company, Tikalon LLC.
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1. In this large-area capacitive sensor, Cl and any parallel capacitance set the frequency of
the 555 astable multivibrator ICI, while IC2 buffers the voltage at the capacitor to drive
the shield plate. (The pin-outs for ICI are for the “N” package.)

should have a high gain-bandwidth product to allow a faithful
representation of the signal voltage without phase shift.

Figure 2 shows the construction of the sensing plate. These
are the dimensions used in the author’s tests, but quite a lot of
variation is permissible. A practical implementation would be
to build the circuitry onto an edge of the ground plane.

The frequency response decreases in a nearly linear fash-
ion with respect to inverse position (Fig. 3). In the author’s
test, hand contact reduced the frequency to 10.47 kHz. Hand
contact through a 0.375-in. (10 mm) thick piece of plywood
or gypsum wallboard resulted in a frequency change of 10%,
which is easy to detect. Although frequency-detection ICs are
available, a simpler, less expensive solution is to use a micro-
controller to detect a change in signal period. %4

Position (inch)

o] 2 1 0.67 0.5
12.3
Ei 12.2
>
2
3
g
£ 121
12
0 0.5 1 1.5 2

Inverse position (inch™1)

3. The circuit response is a close-to-linear inverse-position relationship
between hand position and the sensing plate.
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Test Setup Checks Transistors’ hyps When Tight
Control Is Important

This circuit uses pulsed current to check transistor hFE on an oscilloscope.
The circuit creates the biasing conditions specified by the transistor’s
manufacturer..

Multiple Power Supplies Fortify High-Side
Gate Control

A switching power supply was devised to ensure high-side FET gate control,
particularly in light of a wildly floating high-side rail. The design’s “VeeDrive”
delivers a sharp and muscular square-wave that’s robust enough to drive

several charge pumps.

High-Side Switch Provides Overvoltage Protection
With Only Four Components

Low-voltage microcontrollers often need to control higher-voltage loads via
high-side switching. This simple two-transistor circuit enables that control and
provides over-voltage protection.

Add Short-Circuit Protection, Diagnostics To
Automotive High-Side/Low-Side Driver

Smart switches for automotive applications are costly, may not be readily
available for 24-V operation, and often come in unneeded dual and quad
configurations. By adding a few standard, low-cost components to a basic
driver, you can make a smarter one which includes short-circuit protection
and built-in diagnostics.

Do you hawve Electronic Design is always on the lookout for new ideas. Do
an Idea for you have one? Our Ideas for Design articles are short and to
Design for the point, often with a single figure or program listing to help
explain the idea. If you would like to submit one, you can
check out the details at

Electronic

Design?
https.//www.electronicdesign.com/contribute.
We look forward to seeing your ideas.
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Test Setup Checks Transistors’ hys
When Tight Control Is Important

THE SPREAD OF hgg values in a batch of
transistors may be wide enough to cause
unreliable performance during mass
production of a system. Consequently,

bench evaluation of hgg may be required
during the system’s development stage.
Designers may have to screen samples
over a spread of several years of date

10V Q1 Vit Vies R1 R2a 27
2N2907A - 12,05W
a R2b 22
Ul
0.22pF | | M385DZ Q2
3 MPSAG3
T R4
10k +Vrc1
RCI
— 7.521
— — — ——0~Vra
“Vea1 Va1 VcEpun) D1 BAT46 Q4
¢ A 2N7000
X1
R7 but 282 I—-f\/\/\,—o
100k Viest Qsz2 1 pF R14 Dummy
T1077,,; i 1 1 100
Vv 3 = = =
499-P44-20
socket
VN2222LL Wells-CTI

D2
+10V 1N4148

c9
10 nF
|
—o Gy ! 1
R15 -
VCC T2B TI1B 100k T2A T1A VQSS oo
A A
Qe BA U3b Falling edge
U3a AA — triggers
Qpl—o0 CD4538 coa S ° scope
CDB
?—’\/\/\/%ORST RST()j
R17 C12
10k 0.1 F
C16
D5 ITnfF 4oy Cl4
4 o O.1pF
Q :l—T U4db
R20 100k b o Go— > D——0 Dummy
HEF4071B
R21 20k L HEF4071B
QAO—{ }T -
C15
D4 1nF
TN4148 I

codes. Sometimes these measurements
are made using pulsed collector current.

This idea describes how to make such
measurements. For example, the QSZ2
transistor (2SB1695) specification states
three biasing requirements on hgg: I¢ =
0.1 A,Vcg =2V, and Aty, = | ms. The
circuit in Figure 1 meets these require-
ments for hgg measurement for a QSZ2
pnp transistor.

Zener Ul and its associated components
form a current regulator that sources 0.1 A
to the succeeding stage. During the test
period (Aty in Figure 2), U2’s feedback
mechanism trims the base resistance of
the device under test (DUT) while main-
taining its Vg at the required 2 V. This is
expressed in Equation 1, in which Rpgg3
is automatically tuned against Igpyr) and,
therefore, hgg and Vggpyr) variations:

VCE(DUT) = VBE(DUT) + Vi, + VDSQ3
=2V

+ Iy pur) (RB] + RDSQ3)
=2V

ey

VBE(DUT)

Equation 2 then allows you to deter-
mine the value of the DUT’s hgg by mon-
itoring Vgpy:

I
I—E=(hFE +1)=hyif hy > 1
B
Wo_ O1A 300 2)
e VRBI VRB]
3x10°

Basically, resistor RB1’s value is set as
large as possible to minimize the oscil-
lation of IgpyT) upon transition and to

1. This test circuit provides the biasing condi-
tions needed to evaluate a transistor’s hgg
according to the manufacturer’s criteria. In

this example, the device under test is a QSZ2
(2SB1695), and the values chosen are specific to
that device.
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2. The actual test period
is during the interval Aty
t during which a 980-us

pulse is generated at Qa.
Aty (about 13 ps) ensures
there is enough time to

t make the measurement.

|:| Complete fest cycle

|:| Pre-bias phuse: Q1, Q2, and Q4 activated

|:| Testing phase: Q1, Q2, Q3, and DUT activated

1 1 1
1 1 1
1 1 1
BB L __-_-_ R L
[Press S1] ! [
1 1 1
1 1 1 t
T T T
0 1 1 1
1 1 1
1 1
Q 1 1
1 1
1 1
0 1 1 1 1 1
[ 1 1 1
[ 1
Q [ L
A Lo N [Trigger]
L1 I
[ 1 1 [
0 [ 1 1 1
1 | |
1 [ [
On 1 1 1
1 1 1
1 1 1 t
T T T
0 [ Aty o Dty -y 1
1 1 1 Dty
1 [ [
1 1 1
1 T
1 | 1
1
[ 1
[ 1

maximize the signal level to ease Vg monitoring. The hgg of
a QSZ2 ranges from 270 to 680, so Igpyr) falls between 147
MA and 370 pA.

Next, assume the worst-case VggpuT) variation of 0.5V to
0.8 V. Then:

(VCE(DUT) _VBE(max)) _ (2—0-8) 3243 kQ (3)
370 pA

Blmin) =
i IB(max)

-+

3. The falling edge of Qp triggers an oscilloscope, which uses Vgg, (trace
A) and VR, (trace B) to calculate hg (trace D).

ELECTRONIC DESIGN GO TO ELECTRONICDESIGN.COM

D Measurement phcse: Q1, Q2, Q3, and DUT activated

(VCE(DUT) _VBE{min)) _ (2—0-5) -10204 kQ (4)
147 pA '

R

B =
) IB(min)

Choose RBI1 so that it is slightly below Rppin).

The circuitry around U3 forms two cascading one shots that,
when triggered by S1, generate a 220-ms pulse (Atg = R16 x
C11) at the Qg output. This is followed by a 980-us pulse, Aty
(determined by R15 and C9), at Q4. The first pulse pre-biases
and stabilizes the current source while the second one provides
the needed test pulse for the DUT.

During A, Q4 is activated to sink the 0.1 A of U1, and R3
is selected so the effective voltage drop across R3, D1, and Q4
(and thus Vcgpur) is slightly less than 2 V (about 1.7 V in this
example). This forces U2’s output and the DUT to stay “low”
and “off,” respectively.

At the end of Atg, Aty starts and Q4 is turned off, transfer-
ring the test current to the DUT. U2 then raises Vcgpur) to 2
V and regulates it.

The high-to-low transition at the Q4 output after Aty trig-
gers the measuring device (in our example an oscilloscope)
(Fig. 3). Vrcy and Vg, which correspond to I and Iy of the
DUT, are recorded upon Qy’s trigger. R21 and C15 create Aty
(about 13 ps), which ensures enough time to make the mea-
surement before Q1 is gated “off.” £%

For more, see “Anoop’s Analysis” with the online version of
this article at electronicdesign.com.

CHEE HUA HOW, design engineer, specializes in ana-
log and power electronics design. He has an MSEE from

Multimedia University, Malaysia, and a BSEE from Coventry,
University, the U.K.
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Multiple Power Supplies
Fortify High-Side Gate Gontrol

FOR A RECENT design project, a robust power supply was needed
to control the gates of high-side FETs. Optocouplers readily
translate the logic signals up to the correct control voltages
to drive the FETs. However, to ensure that the FETSs turn on
and off cleanly, the design required a solid —15 V relative to a
wildly floating high-side rail.

A simple Zener diode and resistor, possibly with a FET buf-
fer to ensure adequate current, might do the job under some
conditions. In certain circumstances, though, the required gate
drive would dip slightly below the lowest other supply rail in
the system, which is in this case GND, since there are no nega-
tive supplies. At other times, it could be almost 100 V above
all other supply voltages. Since the design in question was to
be used in a production scheme, the solution had to stay away
from proprietary, expensive, single-source parts.

The design already included a switching supply to effi-
ciently convert from an incoming supply at approximately 12
V, down to an internal logic supply at 4 V (Fig. ). The switch
node of that supply, at the junction of U610 pin 3, L610, and
D611, swings between the incoming 12-V rail and a diode
drop below ground—approximately —0.5 V. This could pro-
vide the feed for a charge pump. However, the 4-V supply
can’t be lightly loaded, which would cause insufficient drive at
this point to support a charge pump.

To guarantee a solid drive for the charge pump, power is
derived directly from the 12-V supply and ground using tran-
sistors Q610 and Q611. Note that these aren’t configured in
a traditional inverter configuration, which could suffer from
shoot-through when both are turned on simultaneously during
the gate’s voltage transition.

Instead, transistors Q610 and Q611 are simple source-fol-
lowers. As the gate voltage rises more than about a volt above
the present value of net VeeDrive shown in Figure 1 at the
source terminals of Q610 and Q611, Q611 turns on, pulling up
VeeDrive so it remains about 1 V below the gate voltage all the
way up. On the falling edge at the switch node, the gate voltage
falls, Q611 is turned solidly off, and Q610 begins to turn on
as the gate voltage falls about 1 V below VeeDrive. Therefore,
VeeDrive follows the gate voltage down to within about 1 V of
Logic GND.

As aresult, VeeDrive provides a sharp and muscular square-
wave that swings between about 1 V and 11 V (relative to
Logic GND), for a total of 10 V p-p. It’s robust enough to
drive several charge pumps, if the need arises for multiple sup-
plies. In fact, this one square-wave provided all four supplies
required by the design at hand.

Q612 is an optional component. Raising net VeeEnable, the
gate drive to Q612, to a logic high voltage turns on Q612 and
enables the charge pump action. Lowering VeeEnable back to

Logic GND turns off Q612 and disables the low-side drive,
allowing VeeDrive to settle to a steady state just below V12.
This will save power during those times that don’t require the
GateDrive supply.

Figure 2 shows one of the four charge pumps using VeeDrive
to provide a floating supply that follows a specific floating rail
VELoaT- Because the gate drive must be at least 10 V below
VELoaT and some drops occur in the diodes, a two-stage

V12

Q611
S12334DS

VeeDrive

Q610
DMP2160

Q612
S12334DS
VeeEnable
Logic GND
Logic GND
D611
CMS03 v4
TP610
Us10 1610
MIC4680 68pH 1.2 A

Cé15

Vi3 2 s ERN
612
220 pF
cs10 2

1 1 pF
7
1 pF SHDN O FB| + Cé14
220 pF
5 R612
Logic Logic  Logic Logic Logic Logic Logic
GND  GND GND GND GND GND  GND

1. The 12-V downswitcher, which is already in the design, provides a
square-wave to generate VeeDrive from V12 with about a 10-V swing.

VrioaT
T .
L C124 y
™~ 100 pF C125
D120 L 1 pF
D123 18V 150 V
BAS70 GateDrive
C122

T

2. The charge pump generates a robust supply that always tracks 15 V below

VeeDrive

Vroar, even if that voltage is below ground. The voltage also can be placed
above Vi oar by simply reversing the diodes and the polarized capacitors.
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mailto:SteveHx@HxEngineering.com

IdeasForDesign

charge pump is employed. My actual design includes four cop-
ies of the charge pump shown in Figure 2 to produce GateDrive
relative to each of four different floating supply rails. A single
VeeDrive drives all four rails.

Starting with accumulators C123 and C124 discharged,
when VeeDrive goes low (1 V), C121 charges up through C123
and the right half of dual diode D122 to approximately Vg oar
— 1.5 V (after accounting for an approximate 0.5-V drop of
the diode). When VeeDrive goes high (11 V), C121 discharges
through the left half of D122 to Vg oar — 10.5V (11 V — the
0.5-V drop in the diode). As cycling continues, charge contin-
ues to be drawn through C123, gradually charging up C123. In
steady state, with no current being drawn off, C123 will charge
up to 9V, leaving its negative end at Vg gar— 9 V.

The second-stage charge pump, consisting of C122, D123,
and C124, operates similarly to produce an additional 9-V
offset. As a result, GateDrive is 18 V below Vg gar. In actual
practice, of course, some current is being drawn off and there
are more resistive drops, so the actual voltage settles close to
15 V. Should the voltage somehow exceed 18 V, Zener D120
clamps the voltage to no more than 18 V, which guarantees that
the GateDrive’s 20-V maximum limitation isn’t surpassed.
C125 helps to suppress switching noise caused by sudden
loads on the supply during switching.

This arrangement can be readily adapted to many situa-
tions. If Vg oar can change, even fairly rapidly, the large size
of accumulators C123 and C124 relative to flying capacitors

C121 and C122 ensures that GateDrive maintains a fairly con-
stant offset from Vg gar- This will hold true while the flying
capacitors rapidly charge or discharge to the appropriate levels
to continue the charge pump action.

Because the flying capacitors are ceramic (and thus
unconcerned about polarity), GateDrive will remain 15 V
below Vg oats even if Vg gar should fall all the way to Logic
GND or below. The flying capacitors must, however, have a
sufficient voltage rating so that the highest value of Vg gar
can occur in practice.

The output voltage at GateDrive is very consistent in prac-
tice and nicely matches the theoretical values after accounting
for the various drops in the feed. There are several ways to
adjust this voltage, though. Stages can be easily added to or
removed from the charge pump to produce different multiples
of the input voltage. If the input voltage is adjustable, finer
granularity is possible.

It’s easy to configure GateDrive when it must be above rath-
er than below Vg gar. Simply flip the polarized accumulator
capacitors to allow for the new state, and reverse the diodes.
With those simple changes, the design will produce GateDrive
at approximately Ve oar + 15 V. &%

STEVE HENDRIX is the principal engineer at Hx Engineering

LLC. He has a BS in computer science and mathematics from
the U.S. Air Force Academy.
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High-Side Switch Provides Overvoltage
Protection With Only Four Gomponents

ALTHOUGH MICROCONTROLLERS GENERALLY run at low voltages,
such as 3.3V, they often need to control loads running at high-
er voltages like 12 V. If switching the low side isn’t an option,
the microcontroller needs a way to control a high-side switch
from its low-voltage output.

The circuit in the figure provides a simple solution. Besides
using few components, it provides overvoltage protection as a
bonus. As long as the input voltage stays below approximately
15V, the output voltage will equal the input voltage (minus the
tiny Vg drop across transistor Q2).

Once the input voltage exceeds that limit, however, the cir-
cuit begins acting as a low-dropout regulator (LDO), limiting
the output voltage to 15 V. This feature is useful if the input
voltage occasionally exceeds the rated load voltage, but the
load switch needs to remain efficient otherwise.

Transistor Q1 and resistor R1 form a current sink. The
microcontroller’s output voltage (Voy) and Q1’s base-emitter
drop (Vgg) create a stable voltage across the resistor, produc-

ELECTRONIC DESIGN GO TO ELECTRONICDESIGN.COM

ing a current of (Vg — Vgg)/R1, or about 1.2 mA for a 3.3-V
microcontroller. Most of this current flows through Q2’s base,

@2
410 40V 2N4403 Oto 15V
| Vln VOUO >

Microcontroller ¢

The microcontroller turns the load off by controlling a high-side switch formed
by QI and Q2. The current-sink action of QI controls the load voltage.
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which controls the load. This current drops to zero when the
microcontroller output goes low, switching the load off.

Zener diode D1 provides an alternative path for R1’s cur-
rent. If the diode’s breakdown current is V, it will begin to
conduct when the output voltage exceeds V7 + Voy — Vg, or
about 14.6 V for a 12-V diode and a 3.3-V microcontroller.
Since the voltage across R1 is constant, the diode effectively
“steals” current from the base of Q2, reducing the amount of
current flowing into the load. This negative feedback causes
the circuit to act like a voltage regulator.

To apply this circuit to your application, adjust R1 so Q2’s
base current equals the maximum load current (Iyax) divided
by Q2’s gain (), or R1 = 3 x(Vou — Vgr)/ Imax. Be sure to
select a transistor for Q2 that can dissipate the heat generated
during an overvoltage event.

There is no straightforward way to calculate the exact output
voltage, so the quickest approach is to try a few Zener diode

voltages and pick the one that works. A good starting point is
to pick Zener voltage V to equal to the desired output voltage
minus the microcontroller voltage. This is just an overvoltage
protector, so great accuracy should not be necessary.

If the overvoltage protection isn’t important, simply remove
the Zener diode. The resulting load switch uses only three
components and retains the advantage of driving Q2’s base
with an actual current source. Even if the input voltage chang-
es, Q2’s base current remains constant. &7

WILLIAM SWANSON graduated in 2005 with
a BSEE from Cal Poly San Luis Obispo. He cur-

rently designs boards and writes firmware for
an early stage startup company.
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Add Short-Gircuit Protection, Diagnostics
To Automotive High-Side/Low-Side Driver

AUTOMOTIVE APPLICATIONS NEED “smarter” drivers for their
switches, which handle loads ranging from a fraction of an
ampere to several amperes. Not only are these smart chips cost-
ly, but many times, they also aren’t available for the 24-V appli-
cations used in this application area. Further, they usually come
in quads and pairs, so designers are paying for unused switches.

The simple circuit in the figure adds a few low-cost com-
ponents to a “dumb driver” to make it a smart one, with added
short-circuit protection and built-in diagnostics (see the fig-
ure). Transistor Q1 is an inexpensive driver that can withstand
a few hundred volts and drive a few hundred milliamps. The
microcontroller output goes high to latch the transistor on via
the phototransistor of optocoupler Ul. It next configures the
output pin into an input, while U1 keeps the transistor on by
supplying its base current through R2.

Ul has its LED in the load circuit of Q1 for detecting the
short circuit. Under short-circuit conditions, it is “starved” of
current, turning off the phototransistor driving power-switch
Q1’s base and protecting it. The CPU input pin can sample the
occurrence of the short circuit at its convenience as needed,
such as every few seconds.

The voltage at point A changes from a few hundred mil-
livolts during short circuit to 4.7 V during normal operation,
providing a clear indication to the CPU’s input port. For retry-
based recovery from short circuit, the CPU may turn itself into
an output again at its leisure for restoring the “on” status and
recovering the switch from its “trip-off” condition. The CPU
pin again now goes into input mode to sense if the external

Adding a few inex-

pensive components
to a basic switch driv-

er enhances it with *
additional operational |.Z| Load
features. 5 -

optocoupler

-]

5V

Microcontroller
pin D1

MPSA42

short is persisting. Depending on the application, a suitable
retry regime can be worked out based on the end application.

During normal operation, the CPU can easily turn off the
switch by pulling the output low. The CPU can issue a logic
low by turning the pin into output again whenever it needs to
switch Q1 off during normal operation. £

VISHWAS VAIDYA is an assistant general manager of the
electronics division at Tata Motors Ltd. He is based in Pune,

India. He holds a master’'s degree in control engineering from
the Indian Institute of Technology, New Delhi, India.
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SPI Eases Interfacing For 5-By-5 Dot-Matrix Display

The circuit interfaces a display that features four 5-by-5 dot-matrix characters
by using the display’s serial peripheral interface and a programmable system
on a chip (PSoC). The SPI reduces firmware overhead and enhances clock
stability.

Use An LED Dot-Graph Display To Complement
Your DVM Readout

The digital voltmeter is a great tool, but it can show confusing results when
the input voltage is unstable or erratic; by adding an auxiliary circuit driving
a string of LEDs, you can easily also get a sense of the variations in input
voltage.

Lamp Eliminates Need For Limit Switches In Flap-
Motor Control

A flap controller needs current limiting to protect the motor when the flap
reaches full closure. A small incandescent lamp can perform this task without
the need for more costly limit switches or a microcontroller.

Do you have Electronic Design is always on the lookout for new ideas. Do
an Idea for you have one? Our Ideas for Design articles are short and to
Design for the point, often with a single figure or program listing to help
Electronic explain the idea. If you would like to submit one, you can
Desjgn? check out the details at

https://www.electronicdesign.com/contribute.
We look forward to seeing your ideas.
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SPI Eases Interfacing

For 9-By-o Dot-Matrix Display

WHEN DISCUSSING DISPLAYS, seven-segment displays and LCDs
are among the first that come to mind. Each type has its pros
and cons. But generally, seven-segment displays cannot dis-
play letters, and LCDs tend to be bulky. Recently, I came
across a four-character 5-by-5 dot-matrix, serial-input display
(the SCDV5542 from Osram) that has several advantages.

The display can display alphanumeric characters and mea-
sures 10.16 by 19.91 mm (0.400 by 0.784 in.) with 3.12-mm
(0.123-in.) characters. It has a serial peripheral interface (SPI)
and allows high-speed data input. It features eight levels of
dimming, an internal/external clock capability, and decoders,
multiplexers, and an LED driver.

The device consists of a CMOS IC with control logic and
drivers for the four 5-by-5 characters (Fig. 1). Each individual
LED dot is addressable, so the user can create special char-
acters. The device requires only four lines from a microcon-
troller. The IC accepts decoded serial data that is stored in

internal RAM. Asynchronously, the RAM is read by the char-
acter multiplexer at the rate defined by the strobe.

The microcontroller supplies a string of bit-mapped char-
acters (Fig. 2a, b, and c). Each character consists of six 8-bit
words. The first word is the character address. It’s followed by
the row data, which represents the on/off status of each LED
in the column. Each bit of the 8-bit word consists of a 3-bit
opcode (D7-D5) and 5 bits (D4-D0) of column data or charac-
ter address or control word data.

To load data, bring the Load line low, which puts data in the
serial register (Fig. 2d). The shift action occurs on the low-
to-high transition of the serial clock (SDCLK). The least sig-
nificant bit (DO) is loaded first. After one word is transferred,
the Load line is set to high for opcode decoding. The decoded
opcode latches D4-DO0 in the character address register. The time
between loads must be at least 600 ns. The character address
register bits (D0-D4) and row address register bits (D7-D5)
direct the column data bits (D4-D0) to a spe-
cific RAM location.

! Four 5-by-5 characters : The load character address tells the display
: Row decoder 10 |:| |:| D . the location (Table 1). The load column data
I and driver RN 1 controls the individual LED dot (Table 2).
: : This feature allows you to create your own
| 10 1 special symbols.

I —| Column logic and driver | ! The display has seven brightness levels,
: Mux CIK 1/O ———[ = : defined by the perce.ntage of full bright-
I Mux ClockSELO————| unﬁ”,?mi'n; f’o'gic : i ness that can be achieved: 100% (0xFO0),
! Reset @ B”?:r':esfe:"d : 53% (0xF1), 40% (0xF2), 27% (0xF3), 20%
: W"v&f&é&&' . (0xF4), 13% (0xF5), and 6.6% (0xF7). To
I I control the brightness level, change the duty
T T _‘;_I;I __________ DTspI]y_muTﬁpTex; I 7 factor ;)f;he strobe pulse. Table 3 shows an

Serial i i example line.

: data * D;DCZJD:E DA-Ds-dLLQ';DI-Do S I In the power-down mode, the display
: 3el;iu||k +3 " A = : brightness is set to 0% and the clock to the
! :.coc e = L= Eg (mkéari\h ‘% 1 internal multiplexer is stopped, reducing the
: Load 0—@ pisane | Caj;‘:ijr 5 g'; wite 20by 5, | E : quiesgent current, I_cc, to 50 uA ( Table 4).
| | register §§ reed 10by 10) 13| | The display is reactivated by loading a new
I § S 1 brightness level control word into the display.
: L, | Control 2 : During power-down mode, data can be writ-
| vord | 4, | , | tento RAM.

I register I I Table 5 illustrates the operation of the lamp
: | Sofiware [~ F-——==7=-"- ' test mode, which sets all the LEDs to 53%
| ey ! brightness. This operation can be cleared by

I. The SCDV5542 four-character 5-by-5 LED dot-matrix display stores decoded serial data in a 100-
bit internal RAM. Users can address each dot individually so they can generate custom characters.

loading a brightness level control word.
Finally, the software-clear mode clears the
address register and the RAM (Table 6). The
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TABLE 1: LOAD CHARACTER ADDRESS

D7 D6 D5 D4 D3 D2 D1 DO

1 0 1 0 0 0 0 0 AO Character 0
1 0 1 0 0 0 0 1 Al Character 1
1 0 1 0 0 0 1 0 A2 Character 2
1 0 1 0 0 0 1 1 A3 Character 3

TABLE 2: LOAD COLUMN DATA

D7 D6 D5 D4 D3 D2 D1 DO

0 0 0 Co C1 C2 C3 C4 Character 0

0 0 1 co C1 C2 C3 c4 Character 1

0 1 0 Co C1 C2 C3 C4 Character 2

0 1 1 co C1 C2 C3 C4 Character 3

TABLE 3: DISPLAY BRIGHTNES

D7 D6 D5 D4 D3 D2 D1 DO

|

53%

TABLE 4: POWER DOWN

D7 Dé D5 D4 D3 D2 D1 DO

0% brightness

TABLE 5: LAMP TEST

D7 D6 D5 D4 D3 D2 D1 DO

Lamp test

TABLE 6: SOFTWARE CLEAR

D7 D6 D5 D4 D3 D2 D1 DO

Clear

ELECTRONIC DESIGN GO TO ELECTRONICDESIGN.COM
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Example: serial clock = 5 MHz, clock period = 200 ns

|e——— 264 clock cycles, 52.8 ps ———»|

Character O | Character 1| Character 2

(a)

Character 3

[e———— 66 clock cycles, 13.2 ps

Row O
column data

Row 1
column data

Character 0
address

(b)

column data

Row 2 Row 3

column data

Row 4
column data

|[e—— 11 clock cycles, 2.2 ps

f=— 11 clock cycles, 2.2 ps 1

Time
between
o

600I

IOptltodeI
D1 |D2 [D3 D4|D5 D6|

e e
Character address

DO
0

(c) D7

0Ojojo0|O]|1]O]|O

ads
ns (min)
1

O;I)codle
D5| D6

el kit Time
DO | D1|D2 | D3 | D4 between

D7 oads
C4|C3|C2|C1|CO 600 ns (min)
1 1

Load

Serial Clock

clock —

Data
(d)

lo

oo ) o o) ) ) (o2 ) o o e

C

2. The bit-mapped characters supplied by the microcontroller occur within certain timing specifica-
tions. The times in this example are based on the use of a 5-MHz clock (a period of 200 ns).

display is blanked and the character reg-
ister address is set to character 0. The
internal counter and control word regis-
ter are unaffected.

The example circuit uses a Cypress
CY8C27443-24PXI programmable
system-on-chip (PSoC) and a program
written in C. I chose the PSoC because
it enables designers to select individual
hardware blocks. The serial interface to
the display is straightforward and easy.

There are two ways to interface the
display. The first is to connect a micro-
controller via the serial port in mode 0.
The serial port control register will be a
simple shift register. Serial data enters
and exits through the RXD pin, and the
TXD pin outputs the clock.

The second method interfaces the dis-
play via the SPI in mode 0. Besides MISO
(master in slave out) and clock, the dis-
play needs Reset and Load control lines.
I chose SPI for this project because of its
inherent advantages over serial port (Fig.
3). The circuit uses a MAX1232 as a reset
controller, but you can choose any other
method for properly resetting the micro-
controller.

As noted, the PSoC enables you to
choose your own hardware modules,
which speeds development. For this

project I opted for the SPI hardware
instantiation to reduce firmware over-
head. This choice also ensures the clock
is stable and isn’t influenced by other
priority events.

Instantiating SPI simplified the dis-
play’s communication block. Below is
the flow chart for firmware implementa-
tion. (The code for the demo project can
be downloaded from the online version
of this article at electronicdesign.com.)

* Power up the display.

* Bring Reset low (for at least 600 ns)
to clear the multiplex counter, address
register, control word register, user
RAM, and data register. The display
will be blank. The display brightness
will be set to 100%.

« If different brightness is desired, load
the proper display brightness control
word from Table 4.

* Load the character address into the dis-
play (Table 1).

* Load column data into the display
(Table 2).

* Repeat steps 4 and 5 for rest of the digits.

Finally, one display CLK_I/O line

can drive 15 slave CLK_I/O lines, so
you can cascade displays to increase the

ELECTRONIC DESIGN
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3. The author opted to use a SPI instantiation for the display because it reduced the firmware over-

head required.

1

CLKSEL

RSTO
Vee
RST CLK_I/O  CIKSEL RST CLK_I/O
SCDV5542 Upto g:'vtj;ﬁcys SCDV5542
Data SDCLK load 1 Data SDCLK Toad
Data l
o ®
SDCLK
o
0
A0 O——
Al O0—— jddrjss Address decode 1-14
A2 : lecoaer ]5
A3 0——
po—c

4. The display’s CLK_I/O line can drive up to 15 slave CLK_I/O lines, so designers can easily cascade

multiple units.

project’s display capabilities. Figure 4
shows the block diagram for interfacing
multiple displays. &%
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Use An LED Dot-Graph Display
To Compiement Your DUM Readout

LEDS OFTEN ARE used to form a dot/bar graph dis-
play.'** You also can use an LED dot-graph display
as a complement to a digital voltmeter (DVM) with
the LM3914 dot/bar display driver and nine LEDs.>
This is useful where the input voltage is unstable, so
the voltmeter indications are variable and the result
is hard to read and understand.

By adding an associated circuit, the DVM measures
and displays the approximate mean value of the input
voltage, while the LED dot-graph provides informa-

Vin

[+

™
;-/\/\/\,r‘ Digital voltmeter |
Cl

tion about the voltage’s stability. This approach is
suitable for rapidly testing power supplies.

The input signal passes through low-pass filter
RICI to a digital voltmeter (Fig. 7). The filter’s out-
put is the mean value of the input signal, so the volt-
meter indicates it is stable, and it is easy to read. (If
the digital voltmeter has a built-in averaging option,
the low-pass filter is not required.) Capacitor C2
passes the variable component of the input voltage to
Ul, and the LED dot graph that U1 drives indicates
the intensity of these variations.

1pF ; Ul
. RH1 Ve
REF OUT LED]
R LED2
LED3
1.2k LM3914 LEDA
R2 REF ADJ LED5
C2 ™M LED6
1pF P LED7
b 10k LED8
LED9
RLO LED10
Mode
SIGIN Vo
R3
™

+12V
R1

174

I. The LED dot-graph display uses a standard display driver preceded by a high-pass
filter. It visually complements a digital voltmeter's numeric output.

Figure 2 (obtained by simulation) shows how the low-pass REFERENCES
and high-pass filters pass the mean and variable components of 1. “LED bar-graph display represents two digits,” Ajoy Raman,

the input signal, respectively. If the input voltage is stable and
doesn’t have any ripple, only central LED D5 lights up.

As voltage ripples increase, the adjacent diodes begin to
flicker. For larger ripples, more of the adjacent diodes light.

Potentiometer P controls the LED dot-graph’s sensitivity, with 3.

maximum sensitivity of 0.125 V when P is set to 0 (). Nine of
the 10 available LED outputs are used. %]

T R —

2. The simulation of the waveforms of V|, (V[n001]) as well as the volt-
age at the low-pass filter output (junction of RI/C1) (V[n002]) and at the
high-pass filter output (junction of R2/R3/C2) (V[n003]) show how the
low-pass and high-pass filters pass the mean and variable components of
the input signal, respectively.

2.

4.

5.

Bangalore, India, EDN, September 22, 2011.

*PIC microprocessor drives 20-LED dot- or bar-graph display,”
Noureddine Benabadiji, University of Sciences and Technology,
Oran, Algeria, EDN, September 1, 2006.

“Drive 16 LEDs with one I/O line,” Zoran Mijanovic and Nedjeljko
Lekic, University of Monftenegro, EDN, June 9, 2011.

“Drive 12 LEDs with one I/O line,” Charaf Laissoub, Maisons Alfort,
France, EDN, February 4, 2010.

"LM3914 Dot/Bar Display Driver,” National Semiconductor,
February 2003, http://bit.ly/naDCR
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GUNNAR ENGLUND | GKE ELEKTRONIK AB, GRANBERGSDAL, SWEDEN gunnar@gke.org

Lamp Eliminates Need For Limit

A FRIEND OF a friend asked me how to best open and close a
flap at the end of a tube: pneumatics, hydraulics, electrical,
or what? It was an automotive application and no hydraulic
system or compressor was available. So, the answer seemed
obvious: a 12-V dc, small-gear motor.

I. A low-wattage, low-
voltage incandescent
lamp in the flap’s
motor-control circuit

@

Low-voltage
lamp

Vhlus/minus O

DC

. e
eliminates the need moter

for limit switches or a
vMinus/phJs (o,

microcontroller.

The friend said he had tried that already, but he ran into
problems with limit switches. The need for a constant closing
force at the end of travel was another complication. Adding a
microcontroller was too complicated, he said.

There seemed to be no simple answer. But eventually a
solution came to me. And all it requires is a low-wattage, low-
voltage incandescent lamp added to the motor circuit (Fig. 1).

The relationship between voltage and current in a small incan-
descent lamp is very nonlinear (Fig. 2). The tungsten wire in the
lamp has a low resistance when cold. That’s in the region up to
around half a volt. Cursors CI and CII indicate that the slope in
that region is 0.439/1.267 = 0.35, while the slope between the
origin and CIII (nominal voltage and current) is 2.12.

So, the lamp acts as an automatically changing resis-
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resistance six times higher when fully loaded. That’s
exactly what we need to run an actuator without limit
switches, microcontroller, transistors, or whatever.

Figure 3 shows flap position, motor voltage, and
motor current in a close/rest/open/rest/power-off
cycle. The motor current’s variations (red trace) reflect
a badly aligned coupling and noise in the commuta-
tor. That is always present in small dc motors. But the
motor used in this application is worse than most other
motors in that respect. Despite that, the movement
(grey) is smooth and well-defined.

When the flap hits the mechanical stop (flap closed),

2. The lamp’s current-voltage curve (vertical versus horizontal) illustrates the non-

linearity that makes this solution possible.

the motor stops and the back electromagnetic field
(EMF) drops to a low value, which means that current
would have risen to perhaps five or 10 times the run-
ning current, depending on which motor and which
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supply is chosen. That, of course, would destroy the
motor and is why limit switches and controllers are
needed to switch off, or reduce, current.

By adding a simple low-wattage and low-voltage
incandescent lamp to the circuit, you can avoid this
problem and keep the motor current at a low level that
the motor can tolerate indefinitely. You can even use
the lamp as a visual indicator that the flap has reached
its closed (or open) position. And, the reduced current
needed to keep the flap tightly closed comes without
even asking for it. k

GUNNAR ENGLUND, electrical engineer, worked
with ABB and Siemens for many years and is now

3. A plot of the circuit’s operation shows the smooth, well-defined movement
flap despite the variations in the motor’s current.
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an independent consulting engineer. He is mostly
active in research and problem solving regarding
EDM in bearings (bearing currents).
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Single-Cell Regulated Charge Pump Draws Low
Quiescent Current

A charge pump (or Q pump) uses a flying-capacitor architecture to boost a
single cell’s voltage to a regulated 2.5V, yet operates at low quiescent current.
This approach is a good fit for microcontroller applications where the load

is usually in sleep mode and quiescent battery drain is more important than
efficiency at higher loads. The two-stage design has efficiency in the 40 to
70% range—comparable to an LDO—yet consumes just microamps when the
load is not active.

Hex Buffer, MOSFETSs Build A High-Power, Lossless,
Virtual Ground

This circuit uses a standard hex inverter to create an oscillator and Class-D
amplifier, which in turn drives MOSFETs that can efficiently supply the bipolar
rails and sink the ground current.

Graphical, Numerical Techniques Size LED
Array’s Drive

The nonlinear relationship between forward voltage and current in an LED
makes it difficult to properly size the drive current and current-limiting resistor,
but useful analysis can be derived from the exponential diode model.

Do you hawve Electronic Design is always on the lookout for new ideas. Do
an Idea for you have one? Our Ideas for Design articles are short and to
Design for the point, often with a single figure or program listing to help
Electronic explain the idea. If you would like to submit one, you can
Desjgn? check out the details at

https.//www.electronicdesign.com/contribute.
We look forward to seeing your ideas.
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Single-Cell Regulated Charge Pump
Draws Low Quiescent Current

BRUCE D. MOORE | ALERT SOLUTIONS CO., DAVIS, CALF. bmoorealert@att.net

CAPACITOR-BASED CHARGE PUMPS (OR Q-pumps) generally
aren’t useful for sourcing large amounts of current, but they
work well in niche micropower applications where space is at a
premium. They work best in applications where the output volt-
ages are integer multiples of the input voltage. The integer mul-
tiples, then, are operating points that result in peak efficiency.
However, Q-pumps can also work well when they are pow-
ered from a variable input such as a battery, particularly when
quiescent battery drain is more important than heavy-load

efficiency. This might be the case when powering a microcon-
troller that spends most of its time in sleep mode.
Low-voltage microcontrollers such as those in the PIC24
or MSP430 families are generally powered from a regulated
supply voltage such as 2.5 V. If clocked slowly, they might
draw as little as 25 pA or 50 pA. In standby mode with only the
real-time clock running, the current can be vanishingly small,
often less than a microamp. This is a good application for the
regulated two-stage Q-pump described here, which boosts a

VDD
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00.95102.5V Vi 2.5V at 50 pA
[ O
c3 l
< Ry é” "
Cl
10 pF
2 =
2.2 pF 2 2 PF
SN74AUP1G14
‘
NXP3008NBKT
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———————————— 1.65M
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| I
| |
I
R2 R4 i
100k 1.5M I
I i R7
I | 499k
A ' L g
R1 A |
2M V,
R3 s : REF |
MS 100 pF | 1512011 _:
i All diodes = BAS52-02V

1.The low-voltage regulated charge pump uses the “flying capacitor” topology

(C2 and C4) fo “stack” and thus increase the output voltage.

single alkaline or nickel-metal-hydride (NiMH)
cellto2.5V.

The “wings” of a Q-pump, called “flying capac-
itors,” connect first to the input and then to the
output. If the capacitor is stacked on the input
voltage, it forms a voltage doubler. In the case of a
regulated charge pump with a fixed output volt-
age, the voltage across the flying capacitor may
differ significantly from the voltage across the
output-filter capacitor.

When you connect two capacitors that are
initially charged to different voltages, you get
a spark or power dissipation in the switches as
the capacitors equalize in voltage. This is why a
simple voltage doubler typically exhibits better
efficiency than a regulated Q-pump.

This regulated Q-pump has an on-demand
oscillator, a feedback regulation loop made from
an op amp and reference, and a two-stage pump
circuit, plus two flying capacitors, C2 and C4
(Fig. 1). The first pump stage is driven directly by
the Touchstone Semiconductor TS12011 com-
parator, which forms the oscillator, while the
second stage is driven by an inverter powered
from the output voltage of the first stage. The
full-load efficiency varies from 70% to 40% over
a 1- to 2.5-V input range, which is comparable to
alinear regulator.

The TS12011 analog building block requires
very low supply currents (3.2 pA typical) and

ELECTRONIC DESIGN


mailto:bmoorealert@att.net

operates well down at the sub-1-V levels needed for single-
cell operation. The comparator output stage has good drive-
current capability down below 0.8 V Vpp, which is an uncom-
mon feature that allows us to drive the first stage directly from
the oscillator.

The SN74AUP family of logic gates similarly uses super-low
power. The MOSFETs were also carefully chosen for low-volt-
age operation, with low gate-threshold voltage specifications
and low gate-charge characteristics for low switching losses.
Using these high-performance components, the no-load qui-
escent current is a mere 8 pA.

The RC oscillator is stopped when the output is in regula-
tion via its /LHDET latch input (Fig. 2). When the output is
above the regulation threshold set by the reference and feed-
back divider, the op-amp output drives the latch input low,
latching the comparator output in the high state and stopping
the oscillator.

A large hysteresis band was chosen for the oscillator, result-
ing in a large signal swing on the timing capacitor C6. This
achieves the most efficient size-versus-current operating point
for the oscillator. The maximum frequency is nominally set at
1 kHz with the component values shown, but can be adjusted
up to about 3 kHz, where it becomes limited by the propaga-
tion delay through the comparator.

The amount of charge transferred with each cycle and the
switching frequency determine the output current. Accurate
calculations for the output impedance or output current from
a regulated two-stage pump are complex and need a large
spreadsheet, but you can make some oversimplifications to
get into the right range. Assuming the capacitor is completely
charged and discharged with each cycle (which obviously isn't
true), then:

Q=CxV
I=Qxf
S0:
I[I=CxVxF

where C is the flying capacitor value, V is the applied voltage
during the charging phase, F is the oscillator frequency, and
I is the output current you'd get if you could remove all the
stored charge during the discharge phase (roughly equivalent
to a short-circuit load current).

The modified Dickson Multiplier two-stage pump topology
used here is a quadrupler, and both stages must be designed to
transfer the needed amount of charge at the worst-case low-
battery voltage. The first stage is the most important, because
the voltage applied to the capacitor is low. Any drop across the
first rectifier subtracts from the applied voltage with a result-
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2.The oscillator controls how much charge is pumped and thus the
output voltage: Vour (fop waveform), comparator output (middle),
and op-amp output (bottom).

ingloss in headroom, a problem when trying to multiply up to
2.5-V output levels.

The rectifier choice is further complicated in this low-qui-
escent application by leakage currents, which effectively load
down the pump and increase idling current. The BAS52-02V
Schottky diode has a good combination of low reverse leakage,
low forward drop, small packaging, and wide availability.

Reverse leakage current at high temperature is the weakness
of Schottky diodes, but lab measurements show that the typi-
cal BAS52 is very good on this parameter, at less than 1 @A at
50°C. For even lower reverse leakage, there is the BAS40-02V,
but the tradeoff is about 75-mV higher forward-voltage drop.

The capacitor values and switching frequency are chosen to
be somewhat excessive for charge transfer, so they don’t get in
the way of the voltage-drop/headroom issues. As a result, the
frequency is low and the capacitors are relatively large, which
also keeps switching losses in check. More importantly, a long
on-time allows the voltage across the diode to reach a mini-
mum, with the tail end of the forward voltage/current curve
being a little less than 0.2 V for the BAS52.

From the simplified charge-transfer equations above, an
overly optimistic estimate for first-stage current is:

(Vbp - Vewp - Vsar) X C3 x F=
(0.95V -0.2V -0.05V) x 2.2 uF x 1 kHz = 1.5 mA

which is more than sufficient to meet a 50-pA load-current

requirement. The best-possible peak-output voltage that you
can achieve for the intermediate V tap is:

2Vpp = 2VEwD — VsaT1(high) = VSAT1(low)

Similarly, the second-stage peak voltage for Vo is:
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quadruple the lower end of the voltage range
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3.To achieve operation below 0.9V, the first stage is modified by adding a synchro-

nous rectifier across the first diode.

2V = 2VEwp —Vsara(high) = VsAT2(low)

Thus, the best-possible peak-load voltage at the minimum
input voltage is:

Vour =4Vpp - 4Vewp —4Vsar =
(4%0.95V) = (4x02V) - (2x0.05V) = (2x0.1V) =27V

where Vsari and Vsar, are the voltage drops across the com-
parator and the AUP inverter output stages in the ON state,
respectively. Again, this analysis is oversimplified but points
out the limits of operation.

This math shows that there is not a lot of room for tem-
perature variation and component tolerances when trying to

BRUCE D. MOORE is a consulting analog engineer for Alert
Solutions Co., doing new product definition and application
circuit development for amplifier and power-supply ICs. He gradu- :
ated with a BSEET from Heald Engineering College, San Francisco.
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feedback divider

U1 = SN74AUP1G32
U2 = Y2 SN74AUP1G02
U3 = /2 SN74AUP1G02
U4 = SN74AUP1G14
All diodes = BAS52

oVour . . .
of a single cell. We can improve this, and get to

sub-0.9 V operation, by several means: adding
another pump stage; changing the output volt-
age to 2.2 V (but the microcontroller may not be
able operate this low); or adding a synchronous

X rectifier across the first diode.

From The third option is chosen here, due to its

good efficiency at the operating “sweet spots”
(Fig. 3). A low-threshold P-channel MOSFET
with low gate charge shunts the first pump
diode, reducing the forward drop from 0.2 V to
approximately 0.01 V. This adds a few hundred
extra millivolts right at the front end, where it’s
needed most.

A NOR-based logic circuit provides non-
overlapping gate-drive signals to the synchro-
nous switch. The goal is to be certain that the
MOSEFET gate is never driven high when the
flying capacitor is high. The amount of dead
time is set by the 1 MQ x 47 pF RC time con-
stants. Here, the dead time is very long since the
1-kHz oscillator is so slow.

Charge pumps offer an alternative to induc-
tor-based boost regulators and can fit nicely
with the dual nature of many microcontroller
loads, with their low-current RTC mode versus
heavier but infrequent run mode. The challenge
of designing them for low input voltages can
be met by using the right low-voltage components, choosing
sensible switching frequencies, and taking full advantage of
the V-I characteristics of the rectifiers. &
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Hex Buffer, MOSFETSs Build A High-
Power, Lossless, Virtual Ground

LOUIS VLEMINCQ | BELGACOM, EVERE, BELGIUM louis.vlemincg@belgacom.be

A VIRTUAL GROUND IS useful whenever you need to create a
bipolar supply but the dc source is unipolar, as is often the
case with battery-operated equipment. Sometimes, the solu-
tion is as easy as using a high-ohm resistive divider to provide
a mid-supply potential. But if the ground impedance needs
to be lower, the simple approach can be enhanced by using a
buffer amplifier.

When the ground created this way sees high imbalance cur-
rents, though, things become more complicated. The buffer
not only needs to be a power buffer, it will also have to dis-
sipate the result of any imbalance. This is wasteful, and it may
even require bulky, inconvenient heatsinks.

This circuit addresses these issues simply, cheaply, and
effectively (see the figure). It retains the resistive divider plus
buffer configuration, but with a big difference. The buffer is
now a self-oscillating Class D amplifier, capable of provid-
ing many amperes of ground current and of “recycling” any
imbalance back to the supply. The circuit is compact and effi-
cient, while providing a stiff, accurate, and powerful ground.

The oscillator is built around a simple CD4069 CMOS hex
buffer. Most of its inverters act as gate drivers for the power

MOSFETs. Inverter U1 provides the non-inverting input of the
amplifier, as the inverting input is implicit and is represented
by the CD4069’s mid-supply potential. Capacitor C3 provides
positive feedback and allows the circuit to self-oscillate.

The entire control circuit has a floating supply referenced
to the output. Diodes D3 to D6 and resistor pair R6/R7 gener-
ate this supply from the dc input. R2 and R3 create the virtual
ground potential. In this example, they are equal, as will gener-
ally be the case, but asymmetrical supplies also can be created.

For greater accuracy, a trim potentiometer can be added
to the midpoint of R2/R3. With the values shown, the pulse-
width modulation (PWM) frequency is approximately 45
kHz, which can be modified by changing C3.

The power MOSFETSs and inductor must be sized accord-
ing to the expected output current. If a very clean ground is
required, an additional LC filter can be used after L1 and C6/
C7 to clean up the remaining switching residues. ¥4
LOUIS VLEMINCQ works as a design engineer in Physcial
Layer Engineering at Belgacom, Evere, Belgium. :
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Although it requires more components than the conventional resistor-divider approach, this Class D oscillator/amplifier (based on a CD4069

hex inverter) drives power MOSFETs that make the virtual ground much more efficient.
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Graphical, Numerical Techniques
Size LED Array’s Drive

KENG WU | SWITCHING POWER INC. kengchi.goah@gmail.com

LED-BASED LIGHTING IS REPLACING
incandescent and gas-discharge lamps
in many situations. As practical lighting
sources, and considering their direc-
tional nature, LED fixtures usually use
multiple LEDs arranged in an array,
with “m” LEDs in a serial string and “n”
such strings in parallel (Fig. 1). For the
array configuration and the exponen-
tial I-V characteristics model of a single
LED,! it’s additionally possible to have a
similar model representing the loading
of such an array.

Since the single LED is a diode with
a nonlinear forward-voltage/current,
driving it with a fixed voltage source is
generally not recommended. Rather,
a serial (current-limiting) resistor is
needed to equalize the power source and
the load (Fig. 2). However, sizing this
resistor requires a significant analyti-
cal manipulation. Using the single-LED
exponential model, a Kirchoff’s voltage
law (KVL) equation around the circuit
loop gives:

R, (ae™ +c)+V, =V, (1)

which can be rearranged to:

V. -V,
R =—F_
*ae™+c @

where a, b, and ¢ are model parameters
for a selected LED, as defined in the
reference.

This is a challenge to solve symboli-
cally, but it can be solved numerically
with mathematical software tools. Alter-
natively, it can be solved graphically by

separating the two key I-V relationship
Viand Iy =

For example, using a Lumileds Luxe-
on Rebel ES LED with a 3.2-V dc source
and a desired drive current of 0.5 A, the

equations, v+ R Ip = ae® +c.

horizontal current line intercepts the
LED curve at 2.92 V (Fig. 3). Therefore,
the series resistor will be R, = (3.2 -
2.92)/0.5 = 0.56 Q.

However, the graphical approach
would not handle an LED array effec-
tively, and the numerical method works
better. To represent the array current iy,
the exponential model for the (m x n)
array is modified, since voltage drops
across current-limiting resistor R, and
sense-resistor Rgense are usually small
compared with driving-source Vy:

R1 Rn

gl

1. Establishing the correct resistor size for

Sense

each string of an array of n strings, where
each strings has m LEDs, is challenging
due fo the nonlinear nature of the diodes.

b£

iA=n(ae m +c) 3)

With the array model, the switch-
mode buck-regulating current driver
in a closed-loop configuration (Fig. 4)
can be described by a set of equations
starting at the feedback point, circling
around the control loop, and ending at
the driver output:

« Current sensing:
Vi=ia ¢ Rgense  (4)
o Error amplifier:
Ver=A(Vees = V) (5)

« Effective error:

Vef_V —VeoCTR R, (6)
d
e PWM ramp:

Viix — Vi

V t =V- + Max Mmt

Ramp( ) Min 095 ° ,1—; (7)
R, |

— Vs v. ¥

2.Even for a single LED driven by a voltage
source, the exponential current-voltage
relationship complicates selection of the
series-resistor value.
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o Duty cycle, D:
VRa.mp(D *T)=Ves (8)

» Power stage:

VuuN eD=V. (9)
NN .

P
With effort, all the equations can be consolidated into a
single, closed-loop equation. Equation 10 is a transcendental
equation with an exponential term that prevents us from solv-
ing it analytically, but it can be solved using computational
techniques and software tools. &%
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1. "Generate Realistic Models for LED Current Versus Voltage,” Keng C. Wu;
Electronic Design, Vol. 61, No. 1, p. 52, Jan. 10, 2013, http://electronicde-
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3.The intersection of the desired current line and the forward cur-
rent/voltage curve (red) leads to the unique solution to the non-
linear equations of the LED model. (The blue line is the reverse-bias
current/voltage relationship.)
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4. Analysis of the switch-mode buck-regulating current driver in a closed-loop configuration for driving an array yields a set of equations

that are better solved using numerical computation rather than an analytical, closed-form approach.
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Simple Addition Permits Voltage Control Of DC-DC
Converter’s Output

This article presents apples-to-apples test results for noise densities for
several low-noise discrete, SMT n-JFETs. The tests used the same operating
conditions so that designers can make a fair comparison for their applications.

Simple NiCd Battery Charger Includes Charge
Indication

This circuit uses a microcontroller and simple algorithm managing voltage
regulator ICs and discrete components to control charging of nickel-cadmium
batteries. It provides a steady charging current matched to the battery
capacity while avoiding overcharging; it also includes LEDs that indicate the
status of the charging process to the user.

Do you hawve Electronic Design is always on the lookout for new ideas. Do
an Idea for you have one? Our Ideas for Design articles are short and to
Design for the point, often with a single figure or program listing to help
Electronic explain the idea. If you would like to submit one, you can
Design? check out the details at

https://www.electronicdesign.com/contribute.
We look forward to seeing your ideas.
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Simple Addition Permits Voltage
Control Of DC-DC Converter’s Output

EUGENE PALATNIK | ITEC ENGINEERING  epalatn@itecengineering.com

IN A STANDARD DC-DC converter, a resis-
tor divider typically defines a fixed out-
put voltage. However, applications like
programmable output voltage power
supplies and motor control circuits
require dynamic control of the dc-dc
converter’s output voltage. The circuit
described here allows control of the con-
verter’s output voltage, Vo, with a con-
trol voltage, V.

In a conventional dc-dc buck con-
verter, Vo is:

R1 R2
V0u1=Vﬂ) (T) (1

80 Vo is fixed by the values of R1 and
R2 (Fig. 1).

The added circuitry in Figure 2
enables users to control the same dc-
dc converter’s output voltage using V.
In this case, R2 is not connected to the
ground but, rather, to V.. Equation 1
then becomes:

2. The added cir-
cuitry in this ver-
sion of the dc-dc
converter permits

R9
control of Vg; by 20.5k
varying a control
voltage, V¢.

c3
820 pF —

R1 R2 Vou=3Vp -2V, (4

R2

r r

Vou = Vi =(Vo =V, ( ) (2)
R3 and R4 have the same value, 10
Since R1 = 20 kQ and R2 = 10 kQ,  kQ, so amplifier U2’s output voltage is:
Equation 2 can be simplified to:
Vi=2Vge-Ve (5)
Vou - Vi = 3(Vfb - Vr) (3)
where Vg, is the reference voltage gen-

or: erated by U3 after resistor divider R7/R8.

C5 0.1 pF

1. The output voltage in a conventional dc-dc buck converter is fixed and depends on the
resistor divider, R1/R2.

DI | 1 VOuI R3

—
B230-13 A
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Combining Equation 4 and Equation 5:

Vou=3Vgp-4Vgest+2V

To simplify Equation 6, choose components that make:

3Vp=4Vger (7)
Then Equation 6 becomes:

Vouw=2Vc (8)

The internal voltage reference of U1 is 0.8 V. By choosing R7
=10kQ and R8 =3.16 kQ), V.= 0.6 V, satisfying Equation 7.

Finally, C1 lowers U2’s output impedance at high frequencies,

maintaining the stability of U1’s feedback loop.

(6)

The added circuitry allows users to control the buck con-

verter’s output voltage, Vo, in the range of 0 to 5 V with a con-

EUGENE PALATNIK is

an electrical engineer and

president of ITEC Engineer-
ing LLC. He is active in the :
design of electronics for
medical, scientific, and
industrial applications. :

trol voltage, Vc, in the range of 0 to 2.5 V. Similar circuitry can

be designed
for use with a
boost convert-
er, or any other
dc-dc con-
verter, as long
as its feedback
voltage pin is
accessible. &%

Simple NiCd Battery

Includes Charge

ABEL RAYNUS | ARMATRON INTERNATIONAL INC.

RECHARGEABLE NICKEL-CADMIUM (NICD)
BATTERIES are widely used in consumer
electronics because of their high energy
density, long life, and low self-discharge
rate. Standard NiCd cells can be charged
at different rates: a fast charge with high
current, or overnight with low current.
Regardless of the charge speed, a
steady current should be provided to

Charger
Indication

abelr@armatronintl.com

the battery during charging. Also, more
energy must be supplied to the battery
than its actual capacity to compensate
for energy loss during charging.
However, two problems must be
addressed when designing a charger
for them: how to set the proper charg-
ing-current value, and how to stop the
charging process when the battery is

IC2
LM78L05

+5V ]
O]pF/J;

N 1
A\
100% B 2 NS
NN |ED3 5
75% pA4
IC1 Battery
- W~ gpo| 4| McesHCo0sGM ole Sofer
pA3 P charge
AN
o5 01| 6| RI
100k
1

il il

1. The constant charging current is produced by an LDO and resistor and gated by Q1, which

in turn is managed by an output of the microcontroller. A quartet of LEDs, also microcon-

troller-driven, indicates charge status to the user.
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full, to avoid overcharging. This simple
and inexpensive charger overcomes
both problems. The cheapest and saf-
est way to charge a NiCd battery is to
charge at 10% of its rated capacity per
hour for 16 hours. The battery pack
used contained two AA-size 1200-mAh
NiCd cells, so the battery should be
charged with 120-mA current.

In the charging circuit of Figure 1, a
constant charge current is generated by
a current regulator comprising IC3 (an
LM317 LDO) and resistor R3, where R3
is 1.25 V/120 mA, about 10 Q. Switch-
ing MOSFET Q1 (IRF520) was chosen
because of its very low open-state (con-
ductive) impedance of 0.3 Q.

The best charging practice is to use a
timer to prevent overcharging to con-
tinue past 16 hours. This approach does
not require an end-of-charge sensor,
and it ensures a full charge. The tim-
ing function is performed by microcon-
troller IC1, which also reports the state
of charge via the LEDs.

Any microcontroller could be used in
this project. Here, the inexpensive eight-
pin Motorola (Freescale) MC68HC-
908QT1 microcontroller was used.
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Each charging step is indicated by lighting a correspond-
ing LED. The number of steps is determined by the number
of available outputs of the microcontroller, without adding
any extra components. Since the microcontroller has five
outputs, one of them is used for charge triggering, and so
the four can be used for charge indication. To minimize the
number of components, LEDs with built-in resistors are used
(WP710A10YD5V, www.kingbrightusa.com).

To make the process more visual, these LEDs should be
located in line with the outline of the battery drawn around
them, so lighting the LEDs one by one will clearly indicate the
progress of charging. It is reasonable to choose the time inter-
vals to be equal, with the LEDs indicating 25%, 50%, 75%, and
100% of battery-charge time.

The program starts blinking the corresponding LED at
the beginning of each time interval and up to the end of each
interval. After that, it lights the LEDs steady on. When charg-
ing is over, all four LEDs are on, so the user knows the charge
status at any time. (As an optional feature, a buzzer could be
added to provide an audio signal when charging is over.)

The microcontroller program of Figure 2 is straightforward.
The assembler code listing can be found with the online ver-
sion of this article at http://electronicdesign.com/power/simple-
nicd-battery-charger-includes-charge-indication.

The LED blinking period is set at one second. The built-in
oscillator of the microcontroller generates a frequency of 12.8
MHz and provides a one-cycle duration of 312.5 ns. By setting
the timer prescaler to 64 and timer modulo register to 50,000
(C350H), the timer overflow (TOF) period is equal to one sec-
ond (0.3125 pus x 64 x 50,000). The program toggles the LED
at each TOF period.

The overnight “long” charge lasts 16 hours, with counter
constant MAX_CNT calculated as 16 x 60 x 60 = 57,600
(E100H). Any maximum charge time can be set in the same
way. Obviously, it’s not convenient to wait for 16 hours to test
the program, and a period such as 20 minutes, for example,
would be more practical.

For that shorter period, constant MAX_CNT should be set
to 20 x 60 = 1200 (04BOH). The duration of each of four time
intervals will then be automatically set by firmware once the
maximum charge time is entered.

This approach is very flexible and can be applied to charge
any NiCd battery by choosing resistor R3 accordingly. In addi-
tion, nearly any type of microcontroller can be used, because
the program is simple and uses only standard instructions. &%

ABEL RAYNUS is an engineer with Armatron Infernational
Inc., Malden, Mass.

C Stort )

Initialization

[ Start charge |

Main |
¢ No
Yes

| Increment counter |

[ Toggle LED1 |
[

1
[ Set LED on |

N

(o]

[ Toggle LED2 |
[

1
[ Set LED2 on |

[ Toggle LED3 |
[

1
| Set LED3 on |

N

o
[ Toggle LED4 |
[

1
[ Set LED4 on |
[ Stop charge |

2. The flowchart shows the straightforward level-check/step-

through iteration sequence of the code for driving the charge-indi-
cation LEDs.
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Circuit Generates High-Frequency Sine/Cosine
Waves From Square-Wave Input

Direct digital synthesis ICs can convert square waves to sine/cosine waves
but their complexity is a disadvantage. This circuit uses simple CMOS logic
and two switched-capacitor filters to perform the conversion.

Determine Equivalent ESR, Ripple Voltage, And
Currents For Unequal Capacitors In Parallel

Capacitors are used in parallel to provide special performance attributes;
however, it's difficult to determine critical performance specifics of ESR,
high-frequency ripple voltage, and individual RMS currents when they have
unequal values. This numerical approach provides a straightforward solution
to calculating the values based on published specifications.

Graphically Determine The Output Signal Level Of
An RC Filter

The need to know what the output filter’s value will be is especially important
for variable switching power supplies operating at different duty cycles. This
discussion provides a method for calculating that output.

Do you have Electronic Design is always on the lookout for new ideas. Do
an Idea for  you have one? Our Ideas for Design articles are short and to
Desig'n for the point, often with a single figure or program listing to help
Electronic explain the idea. If you would like to submit one, you can
Design? check out the details at

https.//www.electronicdesign.com/contribute.
We look forward to seeing your ideas.
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Circuit Generates High-Frequency

Sine/Cosine Waves From

JOHN R. AMBROSE | MIXED SIGNAL INTEGRATION CORP. john@mix-sig.com

ALTHOUGH QUITE A FEW direct digital synthesis (DDS) ICs can
generate high-frequency sine waves, their complexity excludes
them from many designs. However, designers can use simple
high-frequency CMOS logic and two switched-capacitor filters
to create a sine/cosine generator. With newer filters, a 1-MHz
output at 1.7 V p-p is possible.

The example circuit uses an MSHFS6 5-V, low-power 12.5:1
switched-capacitor filter with selectable Butterworth, Bes-
sel, or elliptic filters in the lowpass mode and full-, 1/3-, or
1/6-octave filters in the bandpass mode. Since the lowpass
mode would cause a 3-dB loss of the signal output, the circuit
uses the 1/6-octave bandpass filter, which is selected by tying
pins 1 and 3 high on the MSHFS6 (Fig. 1).

Square-Wave Input

Two separate divider circuits are used. The 74HC393A
divides the 50-MHz clock to 12.5 MHz. The 74HC390A is a
dual divide-by-2 and divide-by-5 device. By combining the
74HC390 with the 74HC74A dual flip-flop, the 50-MHz clock
can be divided to 500 kHz.

The 74HC74A provides a Q and /Q output at half the fre-
quency of the divide-by-25 output of the 74HC390A. Divid-
ing the 74HC74A output by 2 with the divide-by-2 blocks in
the 74HC390A creates two square waves —90° apart. Figure
2 shows a 100-MHz square-wave input, a 12.5-MHz output
for the filter clock, and 1-MHz sine and -cosine square-wave
output before the dividers. Resistor-divider circuits reduce
the amplitude from rail to rail to prevent generation of distor-

+5V
+5V U3 c7
T 0.1 pF
U4 14 1 ckaa Vopp |4 —|
Vee 2| Rst A ClkAB |15
2lp a2 31 aaa Rt B |12 RI
3 74HC74A 6 4 13 v 10k
v Clk /Q— > Clk BA QAB AMA—8
1 /cie b 3 qea ckes 12 R2
4 P 10 5 1 Cosine out 10k
" Gnd 1 >19¢A QBB — 20 H <
7 - — QDA QCB — 10—
10k 8 Vssp QDB B sy
R12 74HC390A
U2
10k .
FSEL In
2 Out AGnd
3
5V +5V C8 0.1 pF Type Vss
Sine out : ?TT_{ ok Vi
20-H Q7
1o § MSHFS6
12 |—4
c6
lo,] oF 7| 74Hc393a <k
v

1. Instead of a DDS IC, the sine/cosine generator uses simple CMOS logic and two switched-capacitor filters to provide a 1-MHz output at 3.0 V dc.
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2. The 1-MHz sine and -cosine outputs of the generator (channels 3
and 4) result from the 100-MHz square-wave input (channel 1).

tion in the filters. The use of ac coupling at the MSHFS6 filter
inputs ensures smoothed square waves centered around the
filters’ analog ground.

Figure 3 shows the output of the two filters with an input
clock of nearly 50 MHz. If the inverted cosine is not accept-
able, an op amp at the cosine filter output or the inverter at pin
13 of the 74HC390A can correct it.

The Lissajous curve for the two outputs (Fig. 4) indicates
that the phase circle matches the 89.1° reading in Figure 3.

Hoeetbeq  Ing

Fle Ed  Vetical

| chz Position
20 0min

Ch2 Scale
500.0mY

3. Channels 1 and 2 show the outputs of the two switched-filter
capacitors with an input clock of nearly 50 MHz.

distortion on the sine output was only 0.1%. Although the
74HC390A and 74HC393A have a guaranteed maximum
operating frequency of 50 MHz at 6 V, Mixed Signal Integra-
tion Corp. and other companies have found that spec to be
very conservative.

In this application, a 100-MHz input clock achieved the
desired divide-by-4 and divide-by-100 needed to operate the
newer MSVHES6 switched-capacitor filter at 3.3 V. The only
change needed was to reduce Vpp to 3.3 V and replace the 5-V

Using a Krohn-Hite 6900B distor-
tion analyzer and a 1-MHz Krohn
Hite lowpass filter (to remove the
clock), the circuit’s total harmonic

5. The original circuit used the
MSHFS6 switched capacitor, but it
also works with the newer MSVHFS6
version, which runs on 3.3 V rather
than 5.0 V. This screen shows the two

outputs’ phase relationship in time.

| chi Positian
| -500.0mdw

Ch1 Scale
600.0mY

4. The Lissajous curve for the circuit’s two outputs shows that the

phase circle matches the 89.1° found in Figure 3.
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MSHES6 filters with the 3.3-V MSVHFS6.
The input clock was increased to 100 MHz.
Figures 5 and 6 show the filter outputs’
phase relationship in time and as a Lissa-
jous curve. 7

: JOHN R. AMRBOSE s the vice president

of applications and system engineering at :
Mixed Signal Integration Corp.
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6. The Lissajous curve for the circuit using the MSVHFS6 3.3-V filters

shows the outputs’ phase relationship.
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Determine Equivalent ESR, Ripple Voltage,
And Currents For Unequal Capacitors In Parallel

ALEXANDER ASINOVSKI | MURATA POWER SOLUTIONS, MANSFIELD, MASS. aasinovski@murata.com

CAPACITORS OFTEN ARE CONNECTED in parallel in power elec-
tronics to decrease high-frequency ripples, current stress,
power dissipation, and operating temperature, as well as to
shape frequency response and boost reliability. Yet designers
have three critical questions about this technique:

» What are the equivalent values of capacitance C,, and equiv-
alent series resistance (ESR) R.?

» What is the high-frequency ripple voltage?

» What are the individual RMS currents?

If all N capacitors in the parallel connection are identical
(Fig. 1), with equal capacitance values Cy. = C and equal ESR
values Ry = R, then fork =1, 2, ... N the answers are clear:

o Cy. is directly proportional to the number of capacitors N:
Cse = NC, and R is inversely proportional to N: Rge =R¢/N.
« Ripple voltage V (RMS value) is:

V=IyrRZ+x2 (D

for a sinusoidal current excitation i(t) = I V2 sin (27ft) with
frequency f, where X, = 1/(2nfCy,) is the reactance of the
equivalent capacitor C; and RMS value I, and individual RMS
currents in the capacitors are identical: I; = I/N.

When the capacitors in the parallel connection aren’t iden-
tical, with different capacitance Cg and ESR Ry values, the
solution to the problem isn’t trivial. The direct approach is to
obtain an analytical expression for the input impedance of the
parallel connection in the algebraic form Z=Re Z - jImZ =
Z. Z and use the formulas R, = Re Z, X, = Im Z, and C,. =
1/(2nf Xe).

A less complicated approach is based on the conversion of
series Cgo, Ry, connections to equivalent parallel Cpy, Ry con-
nections. To obtain relationships between R and Ry, and
also between Cp and Cg, set the admittance Yy of the parallel
Cplo Rpi pair and admittance Y of the series Cy,, Ry pair con-
nections equal to each other: Y, = Y, Re (Y1) = Re (Y1), and
Im (Y1) = Im (Yg). Then:

C
Cpk = S 2 7
1+ (ﬁ) &)

sk

C.—— C.—/— C53:: CSA:: C.=C,=C
R R

1. For an array of N identical capacitors in parallel, determining the
total equivalent capacitance and ESR values is straightforward. For
unequal capacitors, the calculation can be difficult.

2 2
R, = R + X5 (3)
R

sk

where:
1
2nfC,,

“

sk

is the reactance of the individual capacitor.

After individual parallel capacitances Cy, and resistances
R,
parallel capacitance C,,. can be easily found as the sum of C:

N
C=DCh
k=1

« are calculated according to Equations 2 and 3, equivalent

The real part of equivalent admittance can be found as the
sum of admittances 1/Rp. Ry can be obtained as a reverse
value of that sum:

N (6)
DR

=~

The system’s equivalent series capacitance Cy, and ESR Ry,

can be found by conversion of the parallel C,,, R, connection

pe>
to the equivalent series connection Cg,, Ry.. To obtain relation-
ships between C,. and Cj, and also between Ry, and Ry, set
impedance Z,,. of the parallel Cp, R, and impedance Z,. of
the series Cy, Ry, connections equal to each other: Z,. = Z,

Re Z,.=Re Z, Im Z,. = Im Z.. Then:

X
C.=C_ |1+ (7)
R

se pe
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R _= L
se 2
R
I ®)
Xpe
where:
1
X = 9
* 2afC, ©

is the reactance of the equivalent parallel capacitor C. (Equa-
tion 5).

Based on this analysis, the calculation procedure for equiva-
lent series capacitance C,, ESR R, voltage ripples V, and RMS
currents I} in the capacitors is:

« Calculate reactances of individual capacitances according to
Equation 4.

« Determine equivalent parallel parameters Cpy, Rpy of the
capacitors based on Equations 2 and 3.

« Calculate equivalent parallel capacitance Cp, of the struc-
ture, its reactance X, and equivalent parallel resistance Ry,
according to Equations 5, 9, and 6.

o Calculate equivalent series capacitance C,, and ESR R, of
the structure according to Equations 7 and 8.

o Obtain RMS ripple voltage V using Equation 1.

« Calculate RMS currents Iy in the capacitors based on:

A\
VR + X

Note that ESR values Ry are strong functions of frequency.
A designer should use ESR data specified by capacitor manu-
facturers at a given frequency of operation, such as the data for

I, = (10)

ceramic and polymer aluminum electrolytic capacitors from
Murata Manufacturing Co. Ltd. (MMC) (http://ds.murata.
co.jp/software/simsurfing/en-us/index.html).

To illustrate the calculation procedure, let’s determine
equivalent parameters, voltage ripple, and current distribution
for a parallel connection of three ceramic capacitors (GRM-
21BR60J226ME39L) and one polymer capacitor (ESASD-
40J107M015K00) from MMC (Fig. 2). Using the data f = 200
kHz, C; = Cyy = Cy3 = 22 pE, Ry = Ry, = Ry = 4 mQ, Cyy = 100
UE Ry =8mQ,I=2 A, then:

« For reactance of each individual capacitance according to
Equation 4, we have X; = X;; = X3 = 3.6 mQ, Xy = 0.8 mQ.

« Equivalent parallel parameters Cp, R,y of the capacitors
based on Equations 2 and 3 are Cp,; = Cpy=C3=21.7 uE Ry,
=R, =R,3=331mQ, Cpy = 49.7 yE Ryy = 16 mQ.

GO TO ELECTRONICDESIGN.COM

; | Ci=Cp=Cy=220F 4ma
C,, =100 uF, 8 mQ

2. This example of four capacitors, with three identical and one differ-
ent, illustrates how the computation scheme works in practice.

« For equivalent parallel capacitance C,,, its reactance X, and
equivalent parallel resistance R, of the structure according
to Equations 5, 9, and 6, we calculate C,. = 115 pE X, = 6.9
mQ, Ry, = 13.9 mQ.

 According to Equations 7 and 8, the equivalent series capaci-
tance Cg, and ESR R are C, = 143.4 uF, Ry, = 2.76 mQ.

« For RMS ripple voltage V based on Equation 1, we obtain V
=124 mV.

« RMS currents according to Equation 10 in ceramic and
polymer capacitors are respectively: I} = I, = I3 = 341 mA,
I,=1L1A.

This shows the technique can easily determine the param-
eter values in each of the capacitors. &7

ALEXANDER ASINOVSKI is principal engineer at Mura-
ta Power Solutions Inc., Mansfield, Mass. He holds BSEE and
MSEE degrees from State Technical University, St. Petersburg,
Russia, and a PhD from the University of Telecommunications,
St. Petersburg.
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Graphically Determine The Output
Signal Level Of An RC Filter

GREGORY MIRSKY | ATLAS-MATERIALS TESTING COMPANY mirsky@usa.net

WHEN DESIGNING FILTERS, engineers very often need to know
what the filtered value at the output will be. This is especially
important for variable switching power supplies operating at
different duty cycles. The analysis presented here discusses
the calculation of the filtered output for RC filters, which are
common in feedback circuits, current transformers, output
devices, and other circuits. However, the analysis easily can be
extended to other kinds of filters.

It's well known that for rectangular-pulse inputs the rms
values of the unfiltered output parameters, like voltage and
current, are proportional to the square root of a duty cycle. But
the designer of a feedback filter for a switching power supply
must consider that the filter output is not an rms value but
rather proportional to the pulse’s duty cycle. You can adjust the
filter’s parameters to obtain an rms value, but it would be valid
only for one duty-cycle value.

The analysis employs several assumptions:

« The filter works in a continuous-conduction mode, which
means the filter’s time constant is much greater than the
pulse’s repetition rate (period).

o The filter capacitor’s charge and discharge time constants are
the same. That means the impedance sourcing signal to the
filter is much lower than the filter resistance and the filter’s
load impedance is much higher than the filter’s resistance,
which you can easily obtain by using an operational ampli-
fier as a decoupling component.

o The filter’s voltage grows in exponential steps (charging
and discharging) that become smaller as the output voltage
approaches its limit value.

o The filter is loaded with an impedance that is so high that it
can be ignored.

We did the analysis with MathCAD 15, and anyone with the
appropriate license can reproduce the results.

The expressions for the nth values of the filtered voltage’s
maximum, Vh, and minimum, Vlow, are:

Vh, = Vlow, +(V, —Vlown)-[l—e‘j (1)
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-1
Vlown=th1{e t } 2

where 7 is the filter’s time constant and 1, is the pulse duration
(Fig. 1). For simplicity, define:

—(T-1)

a=e = @

B= 1—e_7ﬁ 4)
y= )
T = DT (6)

where D is the duty cycle of the input pulse train;
T=kT (7)

where k is the number of periods for the filter time constant.
So, Equations 1 and 2 become:

Vh, =V, +Vlow,y (8)

Vh,

Voltage

Vlow,

V|owo

Y

Ry

0 T

Time

1. The plot of the input pulses (dashed lines) and filter output (solid lines)
indicates the definition of the parameters used in the calculations.
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Vlow,, = Vh, ya  (9)

To derive the equation for the limit value of the filter output,
you must use the recurrent equations for the low and high
values and calculate the average, which is based on the initial
parameters only. The equations for six high/low pairs are:

Vhg = V,ap
Vlow, =0

Vh; = VaB(ya +1)
Vlow; = Vapa

Vh, = V,B(y?e® + ya + 1)
Vlow, = VaBa(ya + 1)

Vh; = VAB(y?o® + y2a? + ya + 1)
Viow; = VyBa(y?a? + ya + 1)

Vhy = VaB(ylat + y3a? +ya +ya+1)
Viow, = VaBa(y3a® + y2a? + ya + 1)

Vhs = VaB(yoa® + ylat +ya +y 2a, + ya+ 1)
Viows = VaBa(y*a® + y3a® + y2a? + ya + 1)

Note from the above equations that:

Vh, - Vlow

Y > ) (12)

limit,,

= Vlow, +(

You can calculate the limit for the normalized output volt-
age using MathCAD tools:

D-t 1 D
L. +V,ek —V,ek-V,e &
Limit = —A——A -+ A (13)
VA[2ek—2j
Limit= S =8 _*e =l gy

(See the derivation of Equations 13 and 14 in “Normalized
Output Voltage Limit Derivation,” p. 91.)

Equation 14 is a transcendent equation with two variables,
which is hard to solve symbolically. But you can find the limit
value graphically by fixing the value of k and plotting the limit
as a function of the duty cycle, D. If k = 100.0:

! 1 D] 1
—e e k4e k-1

z[ei_l]

A plot of this function shows that the limit of the normal-
ized RC filter output is the duty cycle, D (Fig. 2). To create an

n-1 . . . .
example, assign values to the variables in Figure 1:
Viow, = VABOL[ (ymor )} (10) Pl assig &
m=0
VA = 1 V
and:
n D=06
Vh, = VB Y (y"e”)| D
o 20 ps
The average for the output voltage is:
=DT
L 10 0.6 k=50
5 08
) T=kT
2306 0.4
o E g
85 04 fimity Then:
Q
(2]
3 0.2 0.2
>o —(T 1)/t _ =0.992
00 02 04 06 08
— -1/
Duty cycle (D) 0 00 200 300 400 p=1-eT""=0012
2. The normalized output voltage of the n
RC filter is the duty cycle value of the 3. The limit value of the filtered voltage is T=e7=0.988
rectangular input pulses. The result does equal to the input voltage’s amplitude times
not depend on the value of k. the duty cycle. Then:
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m=0

To plot the graph for the limit, assign n =
1...400. Then:

n-1

Viow, = VABO{

(v“am)} a7

m=0

Vh, = V&[i(v"‘a"‘)} (18)

m=0

= {Vlown + (th—f\/lownﬂ (19)

Figure 3 shows the resulting plot. (%]

\%

limit,
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NORMALIZED OUTPUT VOLTAGE LIMIT DERIVATION

Equation 12 can be interpreted as:

n—

152 VABa[ 2

0

=
I

Its solution is:
. . 1
signum(V,3,0)(e0) if ot = —
Y

2
1ileAB(W"W"‘1)+VAB“(V"O‘"—l)} 1()

n—eo

if ov#—
2yo—2 2vyo -2 Y

Only the lower expression is of interest:

n—eo

hm[VAB(w“aa“ - 1) .\ VABa(y“oc“ - 1)] 3)
2yo—2 2yo—2

Its solution is:

0if0c=l
Y

V,B(o— oo +1)
2yo -2
V,B(a+1)
2yo.—2

ifl<ya

if ylo] <1

Again, only the lower expression is of interest:

-DT —(T-DT)
V{l—ekT }{e KT +1}
DT ~(T-DT) &)
2 [ekT J(e KT ] =2

which can be converted into Equation 13.
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Specialized Circuit Drives 150-V Piezoelectric
Motor Using Low-Voltage Op Amp

Use a basic op amp and discrete components to drive a piezoelectric motor
and provide circuit protection.

Model Diacs And Triacs For AC-Line Control

Diacs and triacs are often used for control of ac lines and are seeing
increasing use in Internet-enabled line switches. However, the traditional
approach of modeling them using bipolar transistors and diodes, and table-
based models, can be confusing and offers limited success. This article
explores functional models based on the LTspice simulator for improved
results.

Microcontroller Solves Complex Temperature
Polynomial Equations

This fast-executing program and simple circuit allows a PIC MCU to linearize
a thermistor and accurately determine and display the temperature from its
measured resistance.
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Specialized Circuit Drives 150-V Piezoelectric

Motor Using Low-Voltage

ALAN STUMMER | UNIVERSITY OF TORONTO astummer@physics.utoronto.ca

A PIEZOELECTRIC MOTOR is a linear motor with bidirectional
motion. It uses friction to grip the armature while a voltage is
ramped to warp the piezoelectric material and move the arma-
ture. The voltage then is quickly removed.

As the material springs back, it breaks away from the arma-
ture and returns to its zero position, leaving the armature a few
micrometers further along its track. Repeat this at a kilohertz
rate and for thousands of times.

While each of the motions is very small, after several sec-
onds you may see that the armature has moved, if you look
carefully. (Full disclosure: I had never heard of piezo motors
before being asked to make a driver for one.)

There are two drive waveforms, one for forward and the
other reverse: a sawtooth waveform with a slow linear rise
followed by a fast fall, and its complement with a fast rise and
slow linear fall. This was done using an op-amp triangle-wave
oscillator at 1 kHz, with diodes switched in to speed up either
the rising or falling edges to about 5% of the cycle. The driver’s
required bandwidth is only 10 to 15 kHz.

Op Amp

The problem is the voltage. Fortunately, it is unipolar.
Unfortunately, it is +150 V (peak). The required current is
quite small. It has to be only enough to charge and discharge
the 20-nF piezo element. A calculation using charge transfer
(Q) shows that during the ramp phase:

Q=It=CV
where:
t=1ms
C=20nF
V=150V
therefore:
I=CV/t=3mA.

A 600-mW boost converter can be used to switch the +12 V
up to +200 V with a 3-mA load require-

AAN—9 ment. The most straightforward circuit
R2 ) R3 ) +200V uses an op amp rated to at least 200 V. Op
499k 499 R4 amps are available with this voltage rat-
— 16.5k ing, but they are meant for high-current
Cl ¥200V applications and are quite expensive.

C2 10pF RS The ci it in the fi . h

10 pF 16 5k Qi e circuit in the figure is muc
—— ZVN4525G cheaper and based on a common op amp
+12V 4';89 |Piezo used as a non-inverting amplifier. The
v ._/\/\/\,_‘ © %",:zm heart of the circuit is the current mirror

+
) 150V of R7, N-channel FET Q3, and series-
connected R4, R5, and R6. (The rea-
OEP;”O O_V ADEIi%)165AR ZVN%%ZSGTA ?\?P4525G son for using three resistors in series is
R1 V- explained below.)

66.5k With Q3 in a common-gate configura-

A low-voltage op amp can be used to drive a higher-voltage piezoelectric motor. D1 and D2
protect the circuit against load shorts, while resistors in series strings are used to reduce indi-
vidual resistor dissipation and minimize their voltage coefficient of resistance.

tion and the gate at +12 'V, its source volt-
age remains reasonably constant at +10
V (from +12 V less the Vo). Any out-
put of op-amp IC1 less than that +10 V
causes a voltage drop across R7, with the
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current coming from R4 to R6. Since R7 has the same current
as R4 to R, there is a voltage gain of the ratio of (R4 to R6)/
R7 or 33. The voltage at the bottom of R4 to R6 (the Q3 drain)
now has the required voltage swing but a high impedance.

A pair of complimentary FETs acts as followers to lower the
output impedance and boost current output. Negative feedback
is provided via R2 and R3, along with bandwidth limiting by C1.
The overall closed-loop gain is set by (R2 + R3)/R1 + 1 = 16.

There are a few subtleties to the circuit. If something hap-
pened to the piezo motor, such as the user shorting it, Zener
diodes D1 and D2 would protect the FET gates. The current-
mirror high-side resistance provided by R4 through R6 is
split into three distinct devices to handle the power levels so

: ALAN STUMMER designs electronics for the University of Toron-
: to’s quantum optics and pulse laser research labs, after years

: working on analog controls for heavy industry and then telecom. :

0805/2012 surface-mount (SMT) resistors can be used. The
feedback resistance composed of R2 and R3 is split into two
devices to reduce the voltage coefficient of resistance. This is
a somewhat obscure effect, where a component’s resistance
actually changes slightly at higher voltages.

There is a small feedback capacitor directly on the op amp
to provide stability. Without it, the parasitic capacitances
(most notably the Miller capacitances Cqq and the piezo’s
capacitance) would cause enough phase shift for the op amp
to oscillate. Crossover distortion is not a problem because the
piezo element could not react to that bandwidth and does not
require a perfect waveform.

Another problem would be the infinite pole caused by a
purely capacitive piezo element. By taking the feedback direct-
ly from the sources of Q1 and Q2, resistor R8 would add a
more deterministic pole to the load and increase loop stability.

Once the somewhat finicky piezo motor was adjusted, the
final circuit worked well. The armature would move back and
forth with incredibly fine resolution. &%

Model Diacs And Triacs
For AC-Line Control

APPARAJAN GANESAN | CONSULTANT dg1@austin.rr.com

DIACS AND TRIACS often are used for line-voltage control. They
also are getting additional interest as part of Internet- and
cell-phone-controlled power-line switches such as the Belkin
WeMo Home Automation Switch.

The traditional approach has been to model them using
bipolar transistors and diodes.! Table-based models have been
used with varying success.? The functional model approach
shown here works well and has been used extensively with the
LTspice simulator (free, from Linear Technology).

In the diac schematic of Figure 1 and associated Listing
1, there are four parameters (Listing la is for the diac macro-
model; Listing 1b is the diac symbol; listings are available with
the online version of this article at electronicdesign.com):

Vi: voltage at which the diac triggers
I;: current at which it turns off

R,p: resistance when it is on.

R resistance when it is turned off

To turn on, the diac needs the voltage to exceed V. Once
it turns on, it needs the current to go below I to turn off. In
operation, the device starts as an open circuit. When the volt-
age across it exceeds V,, the flip-flop is set, putting the device
in its on state with a low resistance of R,,.

GO TO ELECTRONICDESIGN.COM

The device continues in this state until the current through
it falls below I,. At that point the flip flop is reset and the device
switches once again to its off state, with a resistance R . (Note
that the device is bi-directional.)

The triac is modeled in a similar manner (Figure 2 and
Listing 2; Listing 2a is for the triac macromodel; Listing 2b is
the triac symbol). It has the same four parameters as the diac

LTspice IV - [diac_1Lasc] =10 x
1, Bla Ede Herschy View Semuste ook Window Help =18]2
BE B 5 £
"
B b o L3010, de-D, 0
Tn B (b 3)) N 0, 103
Arenate

1. In the diac circuit, the device starts as an open circuit and remains

open until the voltage across it exceeds V;
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LTspice IV - diac_testrow =10} %

50V-+

Oms 10ms 40ms  S0ms 6Dms TOms BO0ms

2. For the triac, the trigger voltage is on an independent port, in con-
trast to the diac.

component, and it needs the voltage to exceed V, to turn on.
Once it turns on, it needs the current to go below [ to turn off.
The difference between the diac and the triac is that the triac
trigger voltage is on an independent port.

It is difficult to design test circuits for these devices because,
as a result of their negative resistances, they usually oscillate or
provide limit cycles, which in turn makes it difficult for pro-
grams such as Spice to converge. The main diac characteristics
of interest are breakover voltage, voltage symmetry, breakback
voltage, breakover current, and power dissipation.®

In the output file for the diac test circuit, Vy, is initially at
its negative extreme, and Vg, is low, as the device is in its on
state (Figure 3 (top) and Listing 3a, and corresponding schematic

=10] x

100ms]

40ms  50ms T0ms BOms

L =10 x

4. The results (top) of the dimmer circuit (bottom) using a diac and
triac show the operation possible with a standard resistive load.

3. The results (top) of the diac test circuit (bottom) show the sym-

metrical operation of the circuit and allow for user modifications.

Figure 3 (bottom) and Listing 3b). As V1, goes lower, the device
turns off once the current falls below L. It again reaches its on
state once the voltage exceeds V.. The device is bidirectional
and inherently symmetric. Also, the model can be modified to
include current limits on voltages, as well as asymmetries.

For the triac, the popular dimmer circuit is used for test,
with output file Figure 4 (top) and Listing 4a along with cor-
responding schematic Figure 4 (bottom) and Listing 4b. The
load is a typical 100-W bulb, and the RC-time constant deter-
mines when the triac is triggered.

The diac in series with the gate is chosen to ensure the triac
turns off completely. The model can be modified to include
current limits, voltage asymmetries, dV/dt effects, and more.
By varying the RC-time constant, the duty cycle of the output
can be varied from 5° to about 170°, nearly spanning the full
0° to 180° theoretical limit. The device as modeled produces
identical results in the positive and negative half cycles. &7
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Microcontroller Solves Complex
Temperature Polynomial Equations

RICARDO JIMENEZ AND ROBERTO C. SOLORIO | INSTITUTO TECNOLOGICO DE MEXICALI ricardojimenezg@itmexicali.edu.mx

WHEN YOU NEED TO measure temperature using thermistors,
you face the challenge of linearizing their response to get
accurate readings. One of the best methods for linearizing a
thermistor is the polynomial “Steinhart-Hart” equation (S-H),
which has an error of 0.1°C. The temperature range for this
design is from 0°C to 100°C.

Three thermistor coefficients—a, b, and c—are required
to implement the S-H equation. If the manufacturer does not
provide the coefficients, you can obtain them by solving the
S-H equation (Equations 1, 2, and 3) for three different tem-
perature points. In this design, a PIC MCU will solve such
equations to provide accurate readings in 40 ms (Fig. 1).

To illustrate, we will use the negative-temperature-coef-
ficient (NTC) LM103 thermistor, which has the resistance
at three different temperatures shown in Table 1. With these
three measurements, the temperature is converted to the Kel-
vin scale and substituted into three Steinhart-Hart equations:

1

T = 7 (D
a+bIn(R,)+c[In(R))]

1
~a+bIn(R,)+c[In(R,)]’

(@)

|
" a+bIn(R,)+c[InR,)

3

Solving these three equations yields the coefficients a, b,
and ¢ (Table 2). Substituting the coefficients in the Steinhart-
Hart equation, we get the thermistor equation:

1
2.501x10™ +3.505% 10 (Ln(Rt))— 1.415 x 107 [Ln(Rt)]?

“

or:
T 10x10°
Y (2501+3505In(Rt)—1.415Ln(Rt)*)/10

The challenge for the PIC 16F887 microcontroller is to
use Equation 4 to get true temperature readings. This proj-
ect consumes 1227 words of the microcontroller’s memory.

Input ANO is declared as analog, and the rest of the I/O lines
are declared digital outputs. The analog-to-digital converter
(ADC) is configured for 10 bits, with a sampling time of 50 ps.

The thermistor’s voltage reading is stored in binary format
in the variable “volt” with the instruction ADCIN 0, volt.
Then, this reading is multiplied by 48,828 to convert it to dec-
imal, and it is stored in a new variable called “v1.” To obtain
each decimal digit from variable “v1,” the commands DIG3,
DIG2, and DIG1 are used to store these readings in three vari-
ables called dig3, dig2, and dig, respectively.

The code, available with the online version of this article
at electronicdesign.com, shows the software program where
the following variables are declared for processing and stor-
ing the readings: B, A, C, L, volt, v1, v2, pattern, pattern2,
pattern3, I, digit3, digit2, and digit. Two variables (convl
and conv?2) are required for binary-to-decimal conversions.
They include the 10-bit resolution ADC’s least significant bit
(LSB), which is equal to 4.8828 mV.

The algorithm that was developed to get a temperature read-
ing using the Steinhart-Hart equation requires several steps.

First, compute the power supply voltage (v1), which is equal
to 48828 x volt2. Variable volt2 is read with the PIC’s 10-bit
ADC. If the power supply is correct, volt2 = %1111111111,
and then v1 = 49,951,044. Now with the instruction DIV32,

TABLE 1: THERMISTOR RESISTANCE

2.7 23

27.5 8.8

66 2.7
TABLE 2: LM103 COEFFICIENTS

A 2.501x 104

B 3.505x 104

C ~1.415x 1077
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the variable volt2 is divided by 10,000, giving a result equal to
4995, which represents the approximate value of 5 V from the
power supply.

Second, the thermistor’s voltage drop is computed with the
same process from the first step, but with another analog-to-
digital channel. Let’s say we have a reading in the ADC of 2.5
V (adc = 1000000000). The voltage read is then 24,999,936,
which is divided by 10 with DIV32 for a result of 2499, which
approximates to 2.500 V.

Third, we proceed to find the resistor’s value with:

R, xv,

R, =
: E-v,

(6)
To achieve that, we store in a variable called “dif” the power’s
supply voltage minus the thermistor’s voltage. Then we mul-
tiply the thermistor’s voltage by the 10-kQ) fixed resistor, and
we apply DIV32 to divide this last product by “dif;” resulting in
the thermistor’s resistance value.

Fourth, we now compute the base 2 logarithm from the
thermistor’s resistance with

part). To compute it, we need the result of the successive divi-
sions “wu” by 2 (). Nonetheless this operation or process can-
not be applied directly, since dividing 47/2 results in 23.5, and
we lose the fractions part. (PIC Basic Pro does not work with
fractions.) Therefore, to keep the fractions part, we create a
special subroutine that performs the following series:

47/2=1235,23.5/2=11.75,
11.75/2 = 5.875, 5.875/2 = 2.9375, 2.9375/2 = 1.46875

When dividing 47/2 = 23, with a remainder of 1, this “1”
appears in the first division of the five that will be performed.
Therefore, the fraction 1/2° = 0.03125. We cannot work with
fractions, though, so instead of dividing by 1 by 2", we take
the number 10,000 as a numerator, and we create a subroutine
that computes the denominator depending on the number of
division where appears a remainder of 1.

Then, we sum all the results of the divisions. To continue
with this example, we have the following five steps:

Equations 7, 8, and 9: O
s 5y X2 » 26 PortC.7|—| A1 |35
M In Out ® VDD 32 27 PortD.4 — B1 34
Mi=lZw] D RG! . 17 PoriC2— Cl |7 o
7805 Re | 18 PoriC3— DI |6 ©
) Bl |+ MCIR 19 PortD.O— E1 |5 —
M A= R3 25 PortC.6— F1 |36
M, = ool ®) T 100k 24 PoriC5|— G1 |37
M2 ov ] SO
M, = (2_) 9) VSS 32 30 PorD6l— A2 |30
33 PortB.O |— B2 |29
10 PortE2 — C2 |11
where aj, a;, and a, are the v 13 PortA.7— D2 |10 8 @ﬁ]
next-digit mantissa in base 2. oD N 123 Eg:é‘g | E% 31 o
Next, we find the character- . g 28 PortD.5|— G2 |32
o]
. 1 o -
1sF1c ag or log'flrlthms 1nteger 10k ? 2 %0 O 098
with the function NCD, which O i B s o
Y ortB.3 |
delivers the most significant ~ 37 porBa|—| B3 |24
i 6 PortA4— C3 (159
bit (MSB) of a number. If we PortA.0 2 7 pPatAsl— D3 (120 @ﬁ]
decrement it by 1, we get the 8 PortEO}— E3 [13w
base-2 logarithm character- gi EZ::E]Z ] 233 %?
istic. We know, for example, R2 o
. 10k at 25°C ol
that the base-2 logarithm for
number 47 is 5.554 using four Ve ‘21? Eg:gé . Q‘f %(]) m
significant digits. Thus, NCD 22 PoriD3— C4 192 N >
_ SR 23 PoriC.4|—| D4 189 |_|
(47) = 6, where 47 in binary is 5 PortA3L B4 |17n LD
00101111, and the MSB is in gg Eortg.g - 244 %g 0 =
. o rB.5 —
the sixth position from left to °
i i 9  PoriE.1 DP3 | 16
right. If we decremerllt 1t.by 1, L mpEsR
we get number 5, which is the || 40
logarithm’s characteristic.

To get the logarithm, we

need the Mantissa (fractions PIC 16F887 microcontroller.

1.This simple circuit for a high-precision thermometer drives a glass LCD with high efficiency, using the
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2. A signal at 40-Hz delivered by RC2 is used for driving the LCD’s
common pin.

« 47/2 = 23, with a remainder of 1; this is the first division of 5,
10,000/2% = 312.5 = 312

«23/2 = 11, with a remainder of 1; this is the second division
of 4,10,000/2 = 625

« 11/2 = 5, with a remainder of 1; 10,000/23 = 1250

« 5/2 = 2, with a remainder of 1; 10,000/22 = 2500

« 2/2=1, with a remainder of 0; there is no portion to add

In this case the variable “Ja” is equal to 4687, and it still
needs to be incremented by one. Therefore, we divide “Ja” by
1000 and then we add up 1000. Therefore, Ja = 1468, obtain-
ing approximately the original quantity mentioned above,
multiplied by 1000 with four significant digits.

Once we have obtained M, we need to get the mantissa
using the process described in Figure 1. The division by 22"
is not complicated because we are working in base 2, and the
division is performed by 2° or 2'. When raising to the square
power, we must account for where we will multiply M, by M,,
and then we use that division by 1000 with DIV32 because the
result is greater than 16 bits.

After this process is performed a required number of times,
we need to convert a, to a decimal base. To achieve this,
we multiply by the respective weight, 5, 25, 125, and so on
sequentially. And because we cannot work with fractions, we
multiply by 5000, 2500, etc.

Finally, we add all the elements to the Mantissa a, in deci-
mal format and divide the sum of all of them by 10. We sum a
x 1000 and we save it in variable “12,” so “12” stores the value
of the logarithm in base 2 of the thermistor’s impedance. The
last step to obtain the natural logarithm is to apply the equa-
tion shown below to change its base:

LINEARIZATION INSPIRES A SOLUTION

WE ORIGINALLY CONCEIVED of this idea as a solution

to the problem faced by engineers in trying to linearize a
thermistor’s response. We know there are analog methods
to achieve this, such as putting a parallel resistor across the
thermistor, constant current bias, or a combination of both.
Then you get an almost linear response defined by a straight
line. In this case, you have to design a signal conditioning
circuit based on op amps, which adds more hardware to the
project. Another option we had was using the thermistor’s
characteristic equation, but it is not accurate over the entire
temperature range. Therefore, we decided to use the vener-
able Steinhart-Hart equation.

With this in mind, we faced a new challenge: how to get
the logarithm of a voltage reading. This had to be done with-
out getting overflow errors in the microcontroller. After trying
with different methods (Taylor series, Babylonian, etc.), we
found that the most appropriate algorithm for this project was
the one from Dr. G. Mayer in his paper “computing logarithms
digit-by-digit.” So the method was developed in base two,
and at the end of the process, it was converted to base 10.
Once this was achieved, the final step was to substitute the
resulting Ln values into the S-H equation to get accurate
temperature readings.

The total algorithm’s processing time was 32 ms with the
internal microcontroller’s oscillator set at 4 MHz. Some read-
ers have been asking how to reduce the processing time.

It can be reduced to less than 10 ms by selecting a higher
oscillator’s frequency in the algorithm itself.

We decided to drive a numerical LCD directly without
external decoders for energy-saving applications. You can
choose other types of displays to free the microcontroller’s
ports for other control applications. We are currently working
with tiny eight-pin based microcontrollers driving serial dis-
plays. The advantage of designing algorithms is that you can
transfer them to any microcontroller, and you don’t need to
be tied to a specific structured language.

CORRECTION

“BUILD A HIGH-FREQUENCY Portable Spectrum Analyzer
Using Two Filter ICs” by in our Oct. 17 issue repeated Figure
2 as Figures 3 and 4. See http://electronicdesign.com/test-
amp-measurement/build-high-frequency-portable-spectrum-
analyzer-using-two-filter-ics for the correct figures.
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3.The yellow signal is the logarithm’s processing time of 33 ms.The
7-ms blue line is the time required fo get a true reading by the MCU.
Thus, the total processing time is 40 ms.

logox (In2) =Inx

We know that In(2)= 0.6931, so we just need to multiply
“12” by 6931 and then divide it by 10,000 using the DIV32
command to store it in variable “Im,” which is the natural
logarithm of the resistor multiplied by 1000.

To drive the common pin of the LCD, a for-next loop
enables the output RC2 to be “1” (Fig. 2). Then the subroutine
“D” is invoked to convert the decimal data to a seven-segment
code. The LOOKUP function decodes the decimal value of
digit3 to a seven-segment format that is stored in variable pat-
tern3. Now the value of RC2 (stored as a byte in variable L) is
XORED with pattern3 to drive the LCD in phase.

This process is repeated with the other two digits while a
10-ms pause is added. Then, RC2 is turned off and stored as
a byte in variable L. Subroutine D is invoked again and the
process is repeated with the phase output (RC2) changed for
another 10 ms. After every LOOKUP function, every pin is
assigned to the corresponding port’s pin dedicated to drive
each LCD segment. Total time required is 40 ms (Fig. 3). (%]
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