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Summary

Conventional class A and B amplifiers have a very poor power efficiency. The increasing need for
small, efficient and portable amplifiers has encouraged the research for a more energy efficient
way of power amplification. Class D amplification is such a method and an amplifier design based
on this principle is presented here.

Most class-D amplifiers developed at this moment are based on the principle of Direct Duty cycle
Control, which implies a large amplifier sensitivity to internal and external influences. Moreover
the output characteristics of the amplifier are determined by the, for class-D amplification
necessary, output filter.

The design process is started of with an already realized class-D amplifier using the Integral
Pulse Control method. This method ensures that the mean output voltage of the power stage is
equal to the reference voltage. This IPC based amplifier is already insensitive to influences like
power supply and parameter variations, but still does not include the output filter in the control
loop. Consequently the output characteristics are still determined by the output filter.

This IPC method is transformed into a new control method based on hysteresis control of the
output filter capacitor current, thereby including the output filter in the control loop. The applied
way of system control theoretically reduces the order of the output filter by one if, and only if, the
current through the filter inductor L, is controlled perfectly, the inductance no longer has impact on
the output characteristics.

The implementation of this control method requires the measurement of the output filter capacitor
current in a frequency range of 10Hz to 2MHz. Therefore a circuit with a coaxial wound current
transformer and an active load is designed which resulted in a frequency bandwidth of 10Hz to
30MHz within 3 dB. Though this circuit has a bandwidth unnecessarily large for this application,
it's design can be useful to lots of other applications.

Because of the differentiating character of the capacitor current relative to the output voltage, the
principle requires a good suppression of high frequency components of both the differential and
common mode output signal. A suitable output filter combining differential and common mode
filtering in one, small dimensioned, magnetic part is developed.

The secondary circuits of the amplifier all have standard implementation and are discussed only
shortly.

The final amplifier, though not jet optimally dimensioned, has been tested. The test results, like a
power supply ripple suppression of more than 60dB and an output resistance of about 20mQ at
10kHz are very 'promising and this amplifier design certainly has a lot of potential.
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1. Introduction

This report describes the development of a class-D amplifier based on a new control principle.
Compared to conventional class AlB or class-A amplification, class-D has superb power
efficiency, described in paragraph 1.1, resulting in small dimensions and lightweight amplifier
design due to the absence of a large heatsink. This makes Class-D amplification extremely
suitable for portable applications. The applied new control method 'hysteresis current control'
results in a large insensitivity of the amplifier for external and internal influences like: supply
voltage ripple, dead time of the switching devices, narrow pulse effects. Moreover the control
method includes the, for class-D amplification necessary, output LC filter in the control loop,
realizing a perfect control of the current through the filter inductor. Consequently the inductor no
longer has impact on the output and the order of the output filter is reduced to one. As a result
the output impedance of the amplifier is very low, making it insensitive to load variations and
therefore also very suitable for applications other than audio amplification.

This design project is a continuation of research already performed by A. Van den Heuvel1. This
research resulted in a class-D amplifier design based on the principle of Integral Pulse Control
(IPC), described in paragraph 2.1. This control method has the same advantage of insensitivity of
the amplifier for the earlier mentioned external and internal influences. It however does not
include the output filter in the control loop. The output characteristics of the amplifier are
dominated by the filter characteristics. That amplifier design for instance does not allow a no load
situation because the LC output filter would have no damping and risk to go into oscillation.

The good insensitivity to internal and external influences of the amplifier based on the Integral
Pulse Control method was reason to take this amplifier as a point of departure in a new design
project. The mean goal of this new design project was to develop a class-D amplifier which would
have the same insensitivity and but would include the output filter in the control system in order to
achieve good output characteristics like a low output impedance.

Inspired by the results achieved by Michael J. Ryan and Prof. R.D. Lorenz, a control circuit based
on the same principle was applied to the IPC based amplifier. By means of root locus analysis
optimal system parameters for two possible systems are derived in paragraph 2.3. In paragraph
2.3.3 these two systems are simulated and analyzed based on their step response and Bode
diagrams.

By using the IPC based amplifier, developed by A.W. van den Heuvel, as a fixed predetermined
block in the control system design, the resulting circuit is unnecessarily complicated. Furthermore
system response is slow because the control loop which includes the output filter does not
intervene at the high speed loop of the IPC amplifier. Therefore the system design is once again
analyzed now including the internal control loop of the IPC-amplifier (paragraph 2.4). This leads to
a simplified control diagram and a control method which is indicated as hysteresis current control,
described in paragraph 2.5.

In realizing the new amplifier design, the current through the capacitor of the output filter has to
be measured over a large frequency bandwidth (2MHz). Achieving this bandwidth turned out to
be rather difficult. Nevertheless a measurement circuit is developed in chapter 3 capable of
measuring currents in a frequency range of 10Hz to even 30MHz! In the circuit a current
transformer with coaxial windings is used in order to achieve an extremely low leakage
inductance (paragraph 3.4).

1 Heuvel A.W. van den, Ontwerp en bouw van een schakelende breedbandige eindversterker, Eindoven, 1996
(Stageverslag Technische Universiteit Eindhoven, faculteit der elektrotechniek).
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In chapter 4 the output filter is designed. At first an simple LC filter was assumed to be sufficient.
A consequence of the applied hysteresis current control is a large sensitivity of the control circuit
for high frequency components in both the differential as the common mode output signal of the
filter. The full bridge circuit applied in the power amplification stage of the amplifier produces lots
of high frequency components especially in the common mode signal. An additional common
mode output filter is necessary and developed in paragraph 4.2. During the development of the
common mode filter the idea arose to combine the inductors of the differential and common mode
filter into one inductor. In paragraph 4.2.4 this idea is realized resulting in an improvement of the
filter characteristics when at the same time the dimensions and necessary material is reduced.

Finally in chapter 5 the secondary circuitry used in the amplifier design is discussed. Their
implementation is rather standard and needs no extensive explanation.

The last, but perhaps the most important chapters 6 and 7 discusses the result and conclusions.
Though extensive measurements have not jet been performed, the first results are very
promising. A supply voltage suppression of at least 60dB and an output impedance about 20mn
at 10KHz are certainly worth mentioning.

1.1 Conventional power amplification

In conventional class A and AlB amplifiers the power amplification is achieved by semiconductors
in linear operation. A possible output stage circuit is sketched in figure 1.1. Depending on the sign
of is. positive or negative 0 1 respectively O2 is conducting.

iC1 == j3, . i~
ic = R • ib2 1-'2 2

is = i~ + ib2

iR = iC1 +iC2

(if j3, =132 = 13)

=::;>iR ==(j3,+1)"ib1 +(f3z+ 1)"ib2 => iR =(f3+1)"is·

When is>O 0 1 is conducting i
C1

= j3, "is and the potential across 0 1 is: V
ee1

= tVB - iR •R. Due to

the simultaneous presents of current through and potential across the device, power Pdev is
dissipated in the device determined by:

1 T .

Pdev =- JudeV "'devdt .
To

During the positive part of signal is a total power P
Q1

is

dissipated in Q1:

figure 1.1
T %

PQ1 = ; JuCe1 • iC1 dt = ; J(tVB - iR • R) "iR "dt
o 0

and during the negative part of signal is a total power P
Q2

is dissipated in 02

T T

PQ2 =; Juee2 • iC2 dt =fJ(-tVB - 13· iR . R)" iR "dt
o %

10
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With iR(1f2 < t < T) = -iR(D < t < ~6) the total dissipation in the output stage becomes:

%
PQ,andQ2 = ~ f(t VB - iR . R)- iRdt =>

o

TI ~ " r;:;
V. f'2~ V.·i f V. '\j2'!R ( I")Fln = TB iR . sin( (j) . t) .dt = B

2
R sin( (j) . t)- d(j) . t = B 2. . - cos((j) . t) 0 =>

o 1f 0 1f

With !R the RMS value of the output current.

Fln =~ .VB • !R . _(-1 -1) =~. VB . !R
2·1f 1f

;;.
2·R f2' 2 2Pout =-- 'R·dt=!R·R.

T 0

The efficiency of power now is:

Eq.1.1

Eq.1.2

More interesting however is the efficiency of power as a function of output level Pout or Uout
relative to the peak output value tJout or Gout: Pout/tJout or Uout/Gout .

and

(
1)2 2P = "2 VB .R-~

out ~.R - 8.R Eq.1.3

Eq. 1.4

Eq.1.5

Equation 1.2 together with equations 1.4 and 1.5 result in a efficiency of power as a function of
~ut / tJout or Uout /Gout of:

11



1l . R .VB ~ Paut 1l ~ Paut 1l Uout1]= -=_. -=--~-

-/2. VB' 2-/2· R ~ut 4 ~ut 4 Uout

In figure 1.2 this function is put in a graph.

11 [%]
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40r-------7""---
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.

Eq.1.6

figure 1.2 Efficiency of power as a function of relative output level for a conventional class B amplifier

Maximum efficiency of power is 1l ·100% R: 78.5% achieved with full output power. In general an
4

amplifier is normally used in the range of a to 50% output power resulting in a efficiency of power
of only a to 55.5%. In these calculations dissipation due to the bias current flowing through the
output transistors has not been taken into account. A class AlB amplifier normally has a bias

current of R: 40mA resulting in an additional constant power dissipation of Pbias =VB .4.10-2
. For a

class A amplifier this is even worse: 'bias ~ t· iR= 'RI-/2 and Pbias =VB "RI-J2 .
The relatively low efficiency of power of conventional amplifiers has several disadvantages:

• in portable applications the pointless dissipation of power reduces the lifetime of the
energy source, for instance batteries, considerably;

• the heat generated by the dissipation has to be carried away by large cooling bodies,
which mainly determine the dimensions of the amplifier;

• the power dissipated in the amplifier has to be delivered by the amplifiers power supply
in addition to the output power, resulting in larger (heavy) transformers and
components in the supply.

The increasing need for small, efficient and portable amplifiers has encouraged the research for a
more energy efficient way of power amplification.

12



1.2 Class-D amplification

In order to achieve a considerable reduction of the total power dissipation in the amplifier circuit
the dissipation in the output devices has to be reduced. The power dissipation in the output stage
is caused by the principle of linear operation of the output devices. The power dissipation in a
output device is only zero if either the current through, or the voltage across the device is zero.
This situation only occurs when the device is used as a switch with only two possible states:
blocking or fully conducting (saturation).

An amplification principle using only switching devices in the output stage is class-D amplification.
In basics a class-D amplifier generates a square wave output signal of +VBand -VB at a frequency
much higher than the highest input frequency. The pulse width is modulated in a way that the
mean value of the square wave is proportional to the input signal. The high frequency
components of the square wave are removed by a low pass output filter. The resulting filter
output signal represents the mean value of the square wave and thus the input signal amplified
by a total amplifier gain factor G, implemented in the modulator and output stage. In figure 1.3 a
block diagram of the class-D amplification principle is drawn.

illIIIIJIlilllJ ~

/~~ --1~ffi I\ ·18 81 \ 'ID~~ /~
Modulator Output LPF

stage

figure 1.3 Block diagram of a class-D amplifier

In case of ideal switching devices the voltage across the switch during conduction is zero and, the
other way around, when the switch is open and there is a voltage across the switch the current is

T

zero. Consequently the power dissipation in the switch PdeV = !.-fudev . idevdt = O.
To

t

~

t

Udevf---......

the resistance of the semiconductor in conducting
state is not zero but has a value Ron;
due to parasitic capacitors in the semiconductor the
edges of current and voltage have a finite rise and fall
time. This causes overlap of current and voltage of
the device during the process of switching on and psw1
switching off (figure 1.4). Consequently the product of
current through and voltage across the semiconductor __....L..-__-----'-__--.

during the switching process is not zero.
The parasitic capacitors of the semiconductor have to figure 1.4 Device switching loss
be charged and discharged every switching cycle.
This causes additional losses proportional to the switching frequency, the capacitor
value and the voltage across the capacitors.

•

•

•

In practice however the semiconductors used to implement the
switches do not have ideal switching characteristics.
Semiconductor switches incorporate the following non ideal
qualities:

13



The power losses in a non ideal switching device can therefore be subdivided in conduction
losses and switching losses. The conduction losses are determined by the resistance of the
device during the on-state Ron:

T

Peon. = ; Ji~v . Ron' dt = I~ev,on . Ron
o

Eq. 1.7

The conduction losses are almost linear with the output power accept for constant conduction
loss due to the switching current which flows through the output filter and the switching devices.
The conduction losses due to the output current are the variable power losses.

The switching losses are determined by:

Eq. 1.8

The period of overlap of current and voltage is determined by the parasitic capacitor values and
the voltages across these capacitors. The relative duration of the overlap period compared to the
total switching period as well as the switching losses, increases with increasing switching
frequency. The switching losses however are almost independent of the output power level and
form the stationary losses together with the conduction losses due to the switching current.

Minimizing the stationary losses will mainly raise the efficiency of power in the range of small
output levels whereas minimizing the stationary losses will raise the efficiency of power over the
total range of output power levels.

Though the theoretical possible power efficiency can be 100%, an estimation of the practically
feasible is very hard. The power losses are influenced by the choice of a lot of the design
parameters. Efficiency of power values higher than 95% are common with full bridge power
converters.

14



2. Control principle

There are several ways of creating the pulse signal to drive the output stage. Basic principles are:
• DOC: Direct Duty ratio Control;
• DOC with feedback;
• VFC: Voltage Feed forward Control;
• CMC: Current Mode Control with voltage control;
• IPC: Integral Pulse Control;
• hysteresis control.

The qualities of the different principles will not be discussed here. Integral pulse control however
is used in the circuit resulting from a preceding design process2 that is used as the starting point
of this new design process and is described in the next paragraph.

2.1 Integral pulse control

The heart of the class-D amplifier is a full bridge or half bridge circuit with MOSFET switches,
depending on the availability of a symmetrical or asymmetrical power supply. The MOSFETS are
driven by a specific driver IC of the Harris Corporation. Around the driver and bridge a high
frequency control loop is build, based on the principle of integral pulse control (IPC).
The layout of the control loop is quit simple and consist in basics of a summator, an integrator
and a Schmitt-Trigger. The circuit of the control loop together with the driver and full bridge of
MOSFETS is given in figure 2.1.

summator integrator Schmitt-trigger full bridge low pass filter

V,el ----v-------. L -f- Vpuise viS Vbridge

~ ,--------.

K

Vout

figure 2.1 Block diagram of the integral pulse controlled class-D amplifier

The summator delivers a signal relative to the error between the desired and the mean value of
the real, switched, output signal attenuated by the factor K. A summator can be used because the
Schmitt-trigger/full bridge combination is designed to work as an inverter just as in motor drive
electronics. By ways of the integrator the mean value of the switched output always tends to the
mean value of the desired signal because the average input of an integrator in a feedback
system equals zero! This is illustrated by the equal shaded areas in figure 2.2. The integrator
represents a memory function, by integrating the error signal there is always a component
representing the previous switching period by means of the charge still present in the capacitor at
the start of a new switching period, no information on the output voltage is lost. The output signal
of the integrator is then fed to a Schmitt-Trigger which limits the error signal to a pre-set value by
toggling its output and thereby the output of the full bridge. The original information signal wave
form is regained by filtering the output of the full bridge. High frequency components are blocked

2 Heuvel, A.W. van den, 'Ontwerp en bouw van een schakelende breedbandige eindversterker', Eindhoven, 1996
(8tageverslag Technische Universiteit Eindhoven, faculteit der elektrotechniek).
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by the low pass filter resulting in a signal representing the, only slowly changing (information
frequency), mean value of the full bridge output signal. This way of control of the amplifier
assures a correct mean value of the full bridge output, regardless of variations in VB, dead time
effects in the full bridge, narrow pulse problems or non-perfect wave forms. This in contradiction
to the commonly used principle of Pulse Width Modulation (PWM) where the duty cycle t5 is
generated by comparison of the reference signal with a saw tooth signal with fixed frequency f5 .

The output of the full bridge in this situation is assumed to be t5. VB ' clearly showing the

dependence on the supply voltage VB, every variation in the supply voltage is directly copied to
the output. Moreover dead time effects and non-perfect wave forms are not compensated.
Problems with narrow pulses occurs when the output of the amplifier goes to the maximum level.
The duty cycle [) now becomes too small compared to the delay and rise times of the MOSFETS.

Now the accompanying equations and some important parameters like the duty cycle [) and
switching frequency fs will be derived. At the same time a closer look at the circuit will be given on
the basis of some figures and graphs.

B'------ -- -

t

I - - - -- '- --- -

v..

-+----+----t-----t-~__r

figure 2.2 Signals in the IPC based class-D amplifier

For this analysis it is assumed that the switching frequency is much higher than the highest
information frequency, consequently the reference signal can be assumed to be constant over
one period of the switching frequency. The output signal of the integrator then can be described
by the following equation:

Vint =Cj •f(Vie' - K· Vbridge)dt .

Suppose at time t=O the output of the integrator just went from -Vthleshold to +Vthleshold, the full bridge
output is driven from -VB to VB. For t>O the integrator output is:

until t=5Ts and \l;nt < -VthleShold . At that moment the Schmitt-trigger output will go low, also driving
the full bridge output to go low (-VB) again. Now the integrator output is:

16



until the integrator output reaches the high threshold level of the Schmitt-trigger again. The output
of the Schmitt-trigger will go high driving the full bridge output also high (VB) again, completing the
cycle. The resulting integrator output signal Vint has a triangular wave form and "bounces"
between Vtreshold and -Vthreshold (figure 2.2). The steepness of the slopes is determined by the
supply voltage VB, Vref and the integration constant Ci.

Consequently the output high time Thigh is also determined by the same variables. Thigh is deduced
from the time between the full bridge output going from VB to -VB. The integrator output voltage
has to go from VthreShOld to -Vthreshold:

Ttigh

'l;n,(Th;gh) =-Vthreshold = 'lrhreshold + C;' J(Vref - K· VB)' dt ~
o

- 2· VthreshOId = C; . (Vref - K· VB)' Thigh ¢::;>

T. _ - 2 .Vthreshold
h' h -Ig C

i
. (Vref - K.VB)

In the same way the output low time Tlow is determined:
T.

V;n,(Ts) = Vfhreshold = Vin,(Thigh) + Ci · J(Vref + K· VB)' dt ~
Thi;/tJ

T. - T - T. _ 2· Vfhreshold
low - s high - C

i
. (Vref + K .VB)

Now the switching frequency fs is calculated from Thigh and Tlow:

T =T.. + T. = - 2 . 'lrhreshold + 2 .Vthreshold ¢::;>

s hllJh low C/,(V~f _ K.v'B) C (V K \I ).~ i' ref + . vB

f
s

= Ci · (V';f - K
2

. Vi) = Ci . ( K . VB __1_ .V';f)
- 4 . 'lrhreshold . K· VB 4· VthreShOId K· VB

Eq.2.1
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From equation 2.1 the following conclusions are drawn.

• The switching frequency is strongly influenced by the output level of the amplifier as
can be seen from the next equation and the function plotted in figure 2.3.

f (V ) - C,' K .VB _ C, . V2
s ref - ref

4· V threshold 4· Vthresho/d • K· VB

f.

t. ---.----

f f. -1--------------------------------------+-------------------""

'-------r------ir----""-r------t-+ IVrefl
KVB

figure 2.3 SWitching frequency as function of the relative output level

Eq.2.2

The SWitching frequency is not allowed to decrease very much because otherwise the
switching ripple in the output signal would become too large. Therefore without any
switching frequency feedback loop the output level relative to the supply voltage is
strongly limited.

• The switching frequency is also determined by the supply voltage, the supply voltage

ft·· t . a,s c, .Kcoe IClen IS: - = --'-----
aVB 4 .Vthreshold

• Fortunately the switching frequency can also be influenced by the threshold level of
the SChmitt-trigger, offering a possibility of compensating the changes in switching
frequency due the supply voltage and output level fluctuations by means of an
additional feedback loop.

The duty ratio 15 is in fact the relative period that the output of the full bridge is high compared to
the total switching period Ts, consequently ideally the relative period that the output of the full
bridge is low compared to the total switching period Ts is (1-6). By varying the duty ratio the output
voltage can be controlled, therefore the relation between the reference signal and the duty ratio is
determined.

18

15 = Thigh = - 2· VthreShoid • C, . (V~f - K
2

•Vi) = Vref + K· VB ¢:::>

Ts C, . (Vref - K .VB) - 4 . VthreShO/d • K . VB 2 . K .VB
Eq.2.3



<5 =~( Vrer +1)
2 K·Vs

Eq. 2.4

From equation 2.4 follows that <5=0.5 when the input signal is zero and tends to 1 or -1 when the
input signal goes to KVs or -KVs , corresponding to the maximum output level. The definition for
the mean value of the full bridge output signal lead to a general equation for the mean output
value:

Substitution of equation 2.3 gives:

The additional free parameter fs turned out to be used to compensate the changes in supply
voltage.

2.2 The additional control loop over the total amplifier including the output filter

The previous described I)igh frequency integral pulse control loop assures a correct mean value
of the full bridge output. Between this output and the real output however there is the low pass
output filter, strongly influencing the output signal. The series inductance for instance, seriously
deteriorates the output impedance of the amplifier. Therefore an additional control loop has to be
designed including the output filter in the total system process. In this wayan attempt is made to
achieve a low output impedance. Inspired by an article of Michael J. Ryan and Prof. R. D. Lorenz3

a first attempt is made to design a control system based on the combination of output voltage and
output filter capacitor current feedback. The theoretical advantages of this control principle are
explained on the basis of figure 2.4.

VB
+ fPC

full bridge

L, iout
-----+

Duty Cycle

CapacftorCurrentFeedback+---~

Output Voltage Feedback +----------'

figure 2.4 Control feedback signals.

3 Michael J. Ryan & Prof. R. D. Lorenz, A UPS-Style Inverter Controller with Capacitor Current Feedback and "back
EMF" Decoupling, WEMPEC Review, University of Wisconsin, Madison, April 18, 1995.
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The feedback of the output voltage in figure 2.4 is common practice. More special however is the
filter capacitor current feedback. There are several ways of looking at this current feedback loop.
One way is as a feedback of the derivative of the output voltage because:

i = C. dUe = C . dUout
e dt r dt

In a servo system this is called velocity feedback, or in case of a velocity system, acceleration
feedback. The derivatives of the input and output voltage are always ahead of possible changes
in both the input and the output voltage, therefore the control system has a possibility of looking
ahead and react more quickly. Moreover fast variations in the output current due to load
variations mainly return in the capacitor current because the inductor in the output filter prevents
fast changes in the inductor current. Feedback of the capacitor current therefore also ensures a

1

C f ·s
Uoul

ioul 1
--
Zload(S)

A

Ie
full

bridge

, .

UOUI

+

Uin

figure 2.5 Equivalent system block diagram

quick reaction of the amplifier on load changes, preferably even before significant changes in
output voltage occur. A second way of interpretation is as a capacitor current command feed
forward control, which reduces the order of the system by one. In fact, for the control system the
inductance has no impact on the dynamics of the output signal other than filtering the high
frequency square signal. The block diagram of the IPC controlled amplifier, output filter and
control system is drawn in figure 2.5.

2.3 Design of the control system using the root locus method

Now that the equivalent diagram of the control system is determined the transfer function will be
deduced. The root locus method can then be used to analyze the effect of different positions of
the poles and zeros of the transfer function. Also the desired gain factor for obtaining the optimal
system response will be calculated. Two possible implementation will be presented and analyzed
using bode plots and step responses.

The optimal system response itself is determined by a list of system demands formulated by the
designer in a descending order of priority. Getting an optimal system response is a matter of
finding a fine balance between the different positive and negative effects of changing system
parameters.

Our list of system demands in descending priority:
1. constant amplitude characteristic over the full bandwidth;
2. high "dynamic stiffness" or low sensitivity;
3. low total harmonic distortion;
4. good suppression of power supply ripple;
5. constant phase characteristic over the full bandwidth;
6. good efficiency.
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2.3.1 Deriving the system transfer function in poles and zeros

First the block diagram of the total system has to be reduced to a simple diagram with one
forward loop block and one feedback loop block. Therefore the block diagram of figure 2.5 is
redrawn into a diagram with straight transfer function blocks and more physical component values
to simplify system calculations. The differentiating function is modeled by a series connection of a
resistor Re and a capacitor G,.

RcCts N- 13tPtS

RcCf s+1 ic/.A. iciA A(RcCf s+1

ie.error

Kd

+ +

~ Ksa ~ s+i. ~ A ~ GfI(s)Kis
IA

1
A

figure 2.6 Block diagram total control system

The block diagram of the total system in figure 2.6 can mathematically be reduced to one block
with unity feedback.

l 1)K . S+-- +Kd·s

( ) = sa ReG, .(u· _U ):::=>
es l 1) 0 0 .

A- s+-
ReG,
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with:

Next we have:
1
-+s
T·

Va =e(s)· Kj • -'--. A- Gn(s) ~
S

K K ) ( Ksa 1) (1 )Kj • ( sa + d • S + . - . - + S

Va ~ (s+{J+~ T
d

T, .G,(s).(V; -Va) =>

Let's now define:

then we can write:

Va _ Hsys(s)

V; Hsys(s) +1

Eq.2.5

Eq.2.6

Eq.2.7

Eq.2.8

being the standard transfer function for an unity feedback system with open loop transfer function
Hsys(s).

Gn(s) is the transfer function of the second order low pass LC output filter. The transfer function of
a second order LC filter will be determined in paragraph 4.1.1 and will be used here beforehand.

with
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and

__1_~ C __1_ &
C; - CfL, 2 ,jC;[; - 2R, ~C;

This transfer function can be written in terms of poles and zeros:

with

Eq.2.10

Eq.2.11

Eq.2.12

(C;>1)

(C; < 1)

Eq. 2.13

This gives for the total open loop transfer function in terms of poles and zeros:

Eq.2.14

The root locus of the closed loop transfer function begins in the poles Px (x=1 ..4) of the open loop
transfer function Hsys(s) and ends in the zeros nx (x=1 ,2) of Hsyis).

The poles of the open loop transfer function Hsyls) are:

(C;>1);

(C;<1);
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The zeros are:

1n2 =--.
T;

The pole zero gain is:

Before making the next step we make the following approximations and assumptions:
1. the load impedance 2/ is purely resistive and has value 2/ = R/ = 8 n (audio

applications);
2. the resistance of the coil in the output filter is neglected Rf = 0 D,

3. the output filter is designed according chapter 4 with (= t.J2 (to achieve a flat

amplitude characteristic) and con = COb =2Jr8 =2:rfc =~ 1 .
efL,

These assumptions simplify the calculation of the first two poles:

2.3.2 Positioning the poles and zeros of the open loop transfer function.

We start with intuitively chosen positions of the poles and zeros. Next the effects of shifting the
poles and zeros are investigated. The results will be supported by root locus plots of the different
situations. All the plots and calculations are scaled on the basis of the bandwidth Bw of the output
filter.

The start positions of the poles and zeros are:

P1= - t.J2 -tIij determined by the LC-filter;

P2= - t.J2 + t ~J2j determined by the LC-filter;

P3= - 5 including all capacitor currents up to frequencies 5 times B;
P4= 0 integration starting at DC;
n1= - 2.5 simply chosen halfway P3 and 0;

n2= - .10 limiting integration to low frequencies <~ .
40
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The root locus plot of this system is the next figure.
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figure 2.7 Root locus of system with previously chosen positions of the poles and zeros

2.3.3 Shifting the poles and zeros

The two poles of the LC-filter are complex a conjugated pair and are on the line of t; =112 e.g.

45° with the real axis. There position relative to the real axis is dominated by the desired
bandwidth of the filter. The third pole is determined by the constant f d of the differentiating action.

The root locus plots in figure 2.8 to figure 2.10 show that this pole mainly determines the position
of the vertical asymptote along which the closed loop poles go further into the imaginary plane
with rising closed loop amplification. This means that the intersection of the root locus and the line
under 45° with the real axis (t; = 112 ) lies more to the left in the negative real plane and

subsequently the system response is faster. The distance between the pole and the zero of the

differentiating action is established by Ksa therefore a larger distance will mean a large
Ksa +Kd

value for Kd or a small value for Kga . Making Ksa very small would make the signals in the control

system very small and therefore very sensitive to noise and disturbances. On the other hand
making Kd large seams attractive but is limited by the closed loop system gain Kj • (Ksa + Kd )

determined by the intersection of the root locus and the 45° line for t; =1J2 .
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figure 2.8 third pole in -10
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figure 2.9 third pole in -15 figure 2.10 third pole in -30
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The position of the first zero can be used to shape the form in which the root locus tends to the
vertical axis. When the zero is positioned near the pole at the most left, the pole is almost
compensated and the root locus will go almost straight up in the imaginary plane (figure 2.11).
When the zero is shifted to the right it will pull the root locus more into the negative real plane, it
will describe a circle around the zero (figure 2.12). When the zero is positioned even more to the
right the root locus complete the circle and return to the real axis for a short moment to walk back
into the imaginary plane along the vertical asymptote (figure 2.13).
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figure 2.11 first zero in -4.9 figure 2.12 first zero in -1 figure 2.13 first zero in -0.75

The fourth pole in the origin causes an integrating action starting from the lowest frequencies. In
this way a zero DC final error can be accomplished. This integrating action is limited to the
frequency determined by the second zero. The further the zero is positioned to the left the faster
the integrating action will correct errors in the output. It's however not possible to shift this zero
unlimited to the left. When the zero is shifted too much to the left, the root locus is pulled to the
right and the root locus will start with a curl around the to poles of the LC filter. Furthermore our
goal with the introduction of the integrating action is to accomplish a zero DC final error. A too fast
reacting integrating action would make the system unnecessarily nervous.
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figure 2.14 second zero in -0.5 figure 2.15 second zero in -1 figure 2.16 second zero in -3

It's clear that several deliberations have to be made in order to come to an optimal design of the
control system.

On the basis of these results the first adjustments are made to the initial positions of the poles
and zeros of paragraph 2.3.2. Two systems with specific positions of the poles and zeros, stated
underneath, are further investigated.
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System 1:

poles:

P1 =-tJi - tJij;
P2 = -tJi + t-J2j;
P3 = -5;

P4 = 0

zeros:
n1 = -0.5

n2 =-12

gain:
A= 9.5

System 2:

poles:

P1 =-tJi - tJij;
P2 =-tJi +tJij
P3 =-8

P4 = 0
zeros:

n1 = -0.5

n2 = -12
gain:

A =30

The root loci of both systems are plotted in figure 2.17 and figure 2.18.
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figure 2.17 Root locus system 1 figure 2.18 Root locus system 2
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The root locus of the system alone is not enough to come to the right choices. Attention should
also be paid to system characteristics such as bode plots and step response.
Therefore the bode plots and step responses of system 1 and 2 plots are calculated by means of
the program Matlab®.
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figure 2.20 Bode plot of system 1 figure 2.19 Bode plot system 2

The difference between the two bode plots is the bandwidth, which is meanly determined by the
position of the first pole. Placing this pole more to the left and thereby pulling the root locus also
to the left, results in a higher cross-over frequency of the total system apparent in the amplitude
characteristic of both systems. In the angle characteristic a higher cross-over frequency results in
a smaller phase shift for low frequencies. To achieve one of our goals, a small phase shift over
the bandwidth of interest, we could extend the bandwidth of the total system far over the desired
bandwidth and the bandwidth of the output filter. In this way the phase shift over the bandwidth of
interest is small.

By doing so the control systems tries to compensate the attenuation of the output filter by
increasing the amplification before filtering. Clearly this will result in clipping of the amplifier as
soon as the input frequency becomes higher than the cross-over frequency of the output filter.
We can prevent this from happening by blocking these high frequencies at the input. Designing
an input filter for this low power input signal shouldn't be so hard with the use of active filter
techniques.
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The step response is another important characteristic. It gives an impression of the speed of
response of the system and the amount of overshoot involved with this fast response.
Following plots give the step response of both systems.
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figure 2.21 Step response system 1 figure 2.22 Step response system 2

The graphs show clearly that a faster response on changes on the input goes together with an
increase of the overshoot (figure 2.22). Therefore, based on the system demands, a trade off has
to be made between system speed and accuracy.

Finally the sensitivity of both systems is simulated by means of PSPICE~. In this simulation a
current with an amplitude of 1A is injected on the output of the amplifier. The voltage resulting
over the output terminals is plotted in dB relative to the current amplitude of 1A. The resulting
graphs are plotted in figure 2.23. In the figure the lines of the impedances of the filter inductor
and capacitor have also been drawn. The improvement of the output impedance shows clearly
from the distance between the line of the inductor impedance and the line of the output
impedance. In the high frequency area the capacitor impedance has become smaller than the
output impedance and finally determines the output impedance.
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figure 2.23 Sensitivity in dB of systems 1 and 2 relative
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2.4 New control principle

Re-examining the block diagram of the control principle together with the internal feedback of the
IPC amplifier (figure 2.24) more closely the following conclusions can be drawn:

UoutLPFJr-JV(t)'dt

Integral pulse controlled amplifier

v.{B

dV

dt

K j • JV(t)'dt

dV
.----+1

dt

figure 2.24 Block diagram of IPC amplifier and control circuit

• In the feedback signal path there are two successive integrators, making the system
harder to control and system response unnecessary nervous.

• The response time of the control system nevertheless is relatively slow because it is
placed over the high speed feedback loop in the IPC amplifier.

• The feedback path in the integral pulse controlled amplifier can be extended over the
output filter thereby compensating for losses in the filter. The mean value of the output
of the filter now will be equal to the mean value of the PI controlled error signal.

• The purpose of the integral pulse control however was to achieve equality between the
mean values of the input and output signal. Therefore the point of intervention of the
voltage feedback is moved to the input summator. This feedback loop is now parallel
with the original voltage feedback loop of the control system and can be removed.

• One of the three amplification factors Ksa, Kd and K; is superfluous and can be
removed. The ratio between current feedback and voltage feedback can be controlled
by only one amplification factor. Because in the end the output voltage has to be equal
to the reference, or input, voltage it's most obvious to remove Ksa.

All together the system block diagram now looks like in figure 2.25.

dV 14------------------,
dt

v.f}5 LPF UOJt

figure 2.25 Rearranged block diagram of the amplifier and the control circuit

In paragraph 2.2 it already was stated that the current feedback has to be capable of quickly
changing the output state of the full bridge in order to react on changes in the load, input voltage
and even supply voltage changes. Preferably the control system has to be dominated by the
current feedback loop and the voltage feedback only has to assure that the system keeps track of
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the desired DC output level. Moreover the capacitor current figure 2.4 is equal to the filter inductor
current minus the output current which only contains signals in the low frequency range (0
20KHz). In case the input signal is zero the capacitor current even equals the inductor current and
has the same triangular shape. Comparison with the integral pulse control principle now shows
that the output signal of the integrator in the IPC principle is equal to the changes in the inductor
current. Put down in an expression:

iL (t) =~'JUL (t)-dt = ~'f(Uout,ull-bridge -UoutJ-dt+iL (0) <=>, L,' L,' ,

: .J(UoUt,fUII-bridge - Uout )' dt = iL, (t) - iL, (0)

In the high frequency range (100KHz and higher) the capacitor current equals the inductor current
and thus equals the output signal of the integrator in the IPC principle. In the information
frequency range the derivative of the input voltage is subtracted from the derivative of the output
voltage. As already demonstrated in the IPC principle it can be proved that the mean values of
both derivative signals become equal. Now real acceleration control is achieved together with fast
response of the system to changes in input signal, load and supply voltage. Therefore the point of
intervention of the current feedback is moved to the point between the integrator and the Schmitt
trigger. Because the capacitor current holds no DC information the voltage feedback loop now
has the minor task to prevent DC output level shift. In practice the capacitor current signals in the
very low frequency range «500Hz) however will show to be too small and the voltage feedback
loop has to take over the control of the output signal for these low frequencies. In order to
achieve the desired voltage gain of the amplifier an attenuation factor K is applied in the feedback
path. The final block diagram of the amplifier is drawn in the next figure.

dV dV
,-----+1 1+------------,

dt dt

+ + + JrK; . fv(t) . dt via LPF

figure 2.26 Final block diagram of the amplifier control system

The fast response of the system can be made plausible by assuming a positive output voltage
and a decrease of the resistance of the load. The output capacitor won't allow the output voltage
to make a small decreasing step and will react with a supply of charge to the output in order to
keep the output voltage constant. This flow of charge is in fact a change in the capacitor current
and is detected by the control system, resulting in the Schmitt trigger immediate going to (or stay
in) the high output state, driving the output of the full bridge to the positive supply voltage. Within
one period of the switching frequency immediate action is taken at maximum capacity (changing
the full bridge output state). The differentiator in the output voltage feedback loop therefore is a
dedicated high frequency bandwidth differentiator. Simplifying the block diagram by placing one
differentiator parallel to the PI-controller is therefore not allowed. This principle of system control
is called hysteresis current control.
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2.5 Hysteresis current control

First a new expression for the switching frequency is derived. Therefore the following
assumptions are made:

• The input level and thereby the output level Uout = K· U;n is constant over one period

of the switching frequency.
• Consequently the output current is constant over one period of the switching

frequency.
• The Schmitt-trigger just went from a low to a high output state, consequently the full

bridge just went from -VB to +VB.

The voltage across the output filter inductor L, now is:

The change in the inductor current and thereby the capacitor current then is:

t t

iL,(t) = ie,(t) = iL,(O) + ~ .[UL,(t)·dt=iL,(O)+ ~'!(VB-K'U;n).dt~

ie (t) = ie (0)+ VB -KoU;n ot
f f L, Eq.2.15

At time t=t1 the capacitor current crosses the threshold level of the Schmitt-trigger and the output
of the Schmitt-trigger goes low, driving the output of the full bridge to go to -VB. The voltage
across the inductor L, then is:

ULf =Uout"ull-bridge - Uout = -VB - K· U;n

The capacitor current then is:

. (t) . (t) 0 (t) 1 TSsU (t) dt 0 (0) VB - K 0 U;n t VB + K .U;n (t T. )Ie = IL = IL 1 + - 0 L . = Ie + 0 1 - . 1 - s ¢:;>f f f L, f f L, L,
t,

Eq.2.16

The capacitor current decreases until it crosses the negative threshold level of the Schmitt-trigger
driving its output high again. The system is back in the beginning state and has gone through one
period of the switching frequency. The capacitor current at time t=Ts therefore has to be equal to
the capacitor current at t=o and is equal to the negative 'current' threshold level of the Schmitt
trigger -!threshold. All the same the capacitor current at t=t1 has to be equal to the positive 'current'
threshold level of the Schmitt-trigger !threshold. These conditions together with equations 2.15 and
2.16 allow to determine an expression for the switching frequency.
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ie/O) = ie,(Ts ) = -'threshOld } 2.' .L
\I. - K .U. ~ t - threshold'

ie (t1) = 'threshold =ie (0)+ B In ·t1 1 - \I. -K.U., , L, B In

Eq.2.17

Substitution of this expression for t1 in equation 2.16 together with equation 2.17 gives:

. (0) -, -, 1 {2 \I. 2 . 'threshold' L, (\I. K U ) T}Ie, - - threshold - - threshold +_. . B' - B + . in • s ¢:;>
L, VB - K,Uin

VB + K· Uin • To _ 4· VB . 'threshOld ~ T _ 4 . VB . 'threshold . L,
S- ......... s- ¢:;>

L, VB-K,Uin VB-K,Uin VB+K,Uin

f
s

=~ = vi - K
2

• UJn
Ts 4· VB .L, . 'threshold

Eq.2.18

Comparison with equation 2.1 clearly shows the resemblance with integral pulse controlled
system. The switching frequency is also influenced by the output level and the supply voltage.
The only difference is the constant which is in equation 2.1 Ci from the integrator and in equation
2.18 11L, of the output filter inductor. The inductor L, has the same functionality as the integrator

in the IPC model. The relative high time or duty cycle is:

g =~ = t
1

• f
s

= 2· 'threshold' L, . (VB - K· Uin ) • (VB + K· Uin ) = VB + K· Uin ~

Ts VB - K· Uln 4· VB . 'threshold' L, 2· VB

Eq.2.19

The block diagram of the total amplifier circuit is drawn in figure 2.27.
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figure 2.27 Total amplifier circuit block diagram
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Small sketches of the typical wave forms at certain points in the circuit are included. The diagram
is a rearranged form of the block diagram in figure 2.26 and drawn in a way it stands more closely
to the real physical interpretation of the amplifier. The input signal differentiator of figure 2.26 can

in fjgure 2.27 be recognized as the current command amp. The term KjJv(t)· dt in figure 2.26 is

represented by the PI-controller block. The full bridge block includes the Schmitt-trigger. The
output signal is measured by a differential amplifier because of the DC common mode signal of
%Vs on the output terminals. Additional low pass filtering (fc>35KHz) is applied to prevent
disturbing high frequency components from reaching the control circuit. On the input voltage
signal an additional low pass filtering (fc=20KHz) is also applied to prevent high frequencies from
driving the amplifier to its amplification limit. Without this filtering, these high frequencies when
reaching the full bridge output are filtered by the output filter, the control system then will try to
cancel out this attenuation by increasing the amplification. For frequencies much higher than the
cut off frequency of the low pass output filter the amplifier would reach its maximum output power
and go into distortion, when on the other hand the output filter would heat up because of
excessive power dissipation. The amplification of the differential amplifier is adjustable to tune the
current and the voltage feedback to the same level, otherwise both feedback loops would conflict.
The design and dimensioning of the current sensor and the output filter are discussed in separate
chapters, respectively chapter 3 and 4, because of their importance in the functioning of the
amplifier. The other circuit blocks are discussed in chapter 5. Their implementation is rather
standard and needs no additional explanation.
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3. Capacitor current measurement

As stated in earlier paragraph 2.2 a signal, equivalent to the current through the capacitor C, of
the output filter is to be obtained. The design procedure is started with determining the system
requirements.

Available supply voltages are Vb =35V and a symmetric supply of ±12V. The necessary frequency
bandwidth is determined by the two signals of interest in the capacitor current. These are in the
low frequency range the information frequencies DC-20kHz and in the high frequency range the
triangular current waveform at switching frequency. To assure a clear triangular waveform, at
least the third and fifth harmonic of the switching frequency have to be included in the
measurement. With a given switching frequency of 400kHz this leads to a bandwidth demand of
DC to 2MHz. A third restriction to the measuring circuitry is the symmetrical output character of
the full bridge. Both output terminals carry half the output signal superimposed on half the supply
voltage Vb compared to the circuit ground.

There are two possible ways of measuring the filter capacitor current; direct measurement by
placing a sensor or component in series with the capacitor or indirect by measuring the current
through a capacitor parallel to the filter capacitor. An advantage of direct measurement is the
absolute correct representation of the current through the capacitor. However an important
disadvantage in this case is the influence on the characteristics of the filter by any object placed
in series with the capacitor. An important advantage of indirect measurement is the presence of
an additional free parameter Cd instead of a fixed value C, in case of direct measurement. Cd can
be used in the design process to achieve the desired bandwidth and reduce current flow through
the measurement circuit. Nevertheless in both cases current through a capacitor has to be
measured so the problem stays the same.

3.1 Measuring the current through a capacitor

A resistor in series with the capacitor can be used to obtain a voltage drop across this resistor
representing the current through the capacitor. In this way a high frequency cut-off point,
determined by the RC product, is created. The maximum value of R can be calculated from the
capacitor value and the minimum high frequency cut-off demand. The minimum high frequency
cut-off fh> 2MHz. When direct measurement is applied we have:

C, = 680nF

(paragraph 4.1.1 filter design) and for the indirect situation

1
Cd = -C,

x

is assumed. This gives: Zc (f =2MHz) =0.117Q and Rdi~t < Zc ~ R direet < 0.117,, .~ ,
ZCd (f =2MHz) = x· 0.117Q and R indirect < Zc, ~ Rindirect < x· 0.117 .

The signal levels across the resistors can now be calculated. These values for some
characteristic frequencies are given in table 3-1, using R direet=0.1 and Rindireet =0.1· x. The
calculations have been made on the differential mode LC filter of figure 4.2 (chapter filter design)
supposing a load of 8n and SOW output power.
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Frequency U
Ct ICt ICd UR,direct U R,indirect

20 Hz 20V 1.7mA (1.7/x)mA 170"LV 170f.!V
1kHz 20V 85mA (85/x)rnA 8.5mV 8.5mV

20kHz 14.2V (-3dB) 1.2A (1.2/x)A 120mV 120mV
400kHz 0.13A (0. 13/x)A 13mV 13mV

table 3-1 Signal levels in the capacitor current measurement circuits.

The current through C, at switching frequency is calculated by taking only the fundamental
frequency component of the triangular wave form with amplitude determined by eq. 2.18 (chapter

control). This gives -; O,?: A =0.13A.
Jr '\12

From this table we conclude that in both situations the signal levels across R are rather small
especially when one realizes that these are maximum values. Moreover this signal is
superimposed on half of the output signal in the information frequency range DC-20kHz and a
common mode DC voltage of ~Vb, in this case 17.5V. The difference between the output signal

level and the voltage across R in case of a 1Khz signal is 20 log(8.5 .10-
3

) = -61.4dB . With a
10

CMR of 1OOdB the distance between desired signal and disturbing signal in the output of the
measuring circuit is only 38.6dB and in case of a 20Hz signal, only 4.6dB! Besides, a CMR
demand of 1OOdB is even hard to be satisfied by dedicated differential amplifiers.

Another way of getting rid of the CM-signal is the use of a transformer. A voltage transformer can
be used to amplify the signal across the resistor and in the same time block the large common
mode signal (figure 3.3). Another very interesting possibility is the use of a current transformer
directly in series with the capacitor. Again the common mode component is blocked and a voltage
signal is arranged across a resistor placed on the secondary side of the transformer (figure 3.2).

To examine the influence of the winding ratio of the transformer, the series RC circuit (figure 3.1)
is compared with the capacitor / transformer combinations. In all cases the transfer function
Uoutl'c has to be the same. Furthermore at this moment we assume the transformers to be ideal.

The series impedance, in case of the use of a transformer can be reduced by a factor n2 jn1 .

Though theoretically there is no difference between the current and the voltage transformer,
practically the voltage transformer circuit is far more sensible to parasitic capacitors. Moreover in
a current transformer the parasitic capacitors in general are much smaller than in a voltage
transformer due to the necessary higher amount of turns in the voltage transformer. On the basis
of these conclusions and the common mode block property the decision is made to use a
transformer, and more specific a current transformer.
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3.2 Modeling the current transformer

To design a proper current transformer for this application a closer look is taken at the working of
a non-ideal transformer. A generally accepted model of a non-ideal transformer together with the
capacitor and secondary resistor is given in figure 3.4. All components have been transferred to
the primary side of the transformer.

Cintercoil

+

, i
2 r"'''l

~~ M Rcore,oss ( ~) R1oad,sec I i~2 Uout,sec

.........................................VJ----------------'-----'------ n_

2

---v J '!
figure 3.4 General model of a transformer

Here k is the couple factor and AL a core quantity determined by the core area, the magnetic path
length and the relative permeability J..lr .

L1 is the inductance measured on the primary side of the transformer when no load on the
secondary side is present. L2 is likewise on the secondary side of the transformer.

~ - ~M and (~) 2 L2 _ ~M represent the stray magnetic field and !!.L M is the magnetizing
n2 n2 n2 n2

inductance. These inductances are rewritten as follows:
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Eq.3.1

Eq.3.2

and

Eq.3.3

The meaning of couple factor now shows when the stray inductance is divided by the magnetizing
inductance.

Ls = (1- k) . n; .AL = (1 - k)

LM k· n; .AL k
(O<k~1) Eq. 3.4

The couple factor represents the ratio of the total magnetic flux, which is induced by the electrical
currents through the windings, being enclosed by both windings. The remaining part of the flux
(1-k) , induced by one winding but not enclosed by the other one, is call the stray flux. With k=1
there's no stray flux and the coupling is ideal, in practice a value of 0.99 for k is achievable.

Cinterwinding is the parasitic capacitance between the two windings of the transformer and may play
an important role in the common mode rejection ratio of the transformer, though the galvanic
separation is not included in the model. Because of the small value of Cinterwinding it can be
neglected in the calculation of the frequency bandwidth. The resistor parallel to the magnetizing
inductance represents the core losses due to eddy currents and hysteresis effects. The voltage
across the magnetizing inductance in a current transformer is very small therefore the
magnetizing current and accordingly the field in the core is small. There is no risk of saturating the
core as long as a low secondary impedance of the transformer is guaranteed. The most important
design demand left is the frequency bandwidth.
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3.3 Bandwidth design

The combinations of components determining the low and high frequency cut-off points are
deduced from figure 3.4.

In the low frequency range the influence of the impedance of the magnetizing inductor is growing

with decreasing frequency. Moreover the impedance of the stray flux ~ - ~M and the copper
n2

resistance on the primary side together is much smaller than the impedance of the capacitor and
can be neglected. This leads to the simplified model of the circuit for low frequencies in figure 3.5.

C

R,

Where:

figure 3.5 Low frequency model

Low frequency cut-off occurs when the impedance of LM becomes equal to the impedance of the
series connection of Ls and R2. The low frequency cross-over point then is determined by:

2

Ijw . LM I =R1 =:;> 2,,· fL • LM =R1 ~

Eq.3.5

In order to keep this cut-off frequency low:
• the resistance in the secondary circuit should be kept small;
• the magnetizing inductance should be taken as large as possible.

In the high frequency range, the impedance of the magnetizing inductance is very high.
Furthermore, in the frequency range of interest, the core loss resistor is even larger, so their
influence can be neglected. The parasitic inter winding capacitor is estimated to be very small, at
least smaller than 100pF and if the leakage inductance is estimated to be smaller than 100nH the
resonance frequency of this LC combination would still be above 50 MHz!!. Therefore it is allowed
to neglect the influence of Clnterwlndlng. The high frequency cut-off point therefore is determined by
the series connection of:

C" Rcu,Prim, ~ - ~ . M, [~)2 .~ _~ .M, [~)2 .Rcu,sec and (~)2 .Rload,sec .
n2 n2 n2 n2 n2

The series impedance is:

Zin h' = _._1_ + jOJ . (Ls + Ls ) + R cu prim + (~)2 .R cu sec + [~)2 .R/~aA sec .
, }w . C 1 2 ' n ' n """',

2 2

With

Ls,total = LS1 + LS2 = 2· (1 - k). n; .AL
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and

this gives:

Zin,hf =~C + jOJ' Ls,total + R2 ·
}OJ •

The situation is now simplified to a series connection of a capacitor, an inductance and a resistor
like in figure 3.6.

figure 3.6 High frequency model

The transfer function IclUin has three cross-over points which follow very clearly from figure 3.8
and figure 3.7, where the impedances are drawn as a function of the frequency, every
intersection of two impedance graphs results in a cross-over point in the transfer function.

co

R

figure 3.8 Dominant high frequency cut off point is
determined by RC

figure 3.7 Dominant high frequency cut off point is
determined by LR

There are three possible situations:
1. R2 is relatively large and the first intersection of impedances with increasing frequency

is caused by C and R2 (figure 3.8). Because with a current transformer R2 normally is
very small, This situation is not very likely.

2. R2 is relatively small and the first intersection of impedances with increasing frequency
is caused by Ls,total and R (figure 3.7).

3. R2 =OJ· Ls,total =1/OJ' C . This situation seldom occurs in practice, but the transition

area between situation 1 and 2 approaches this theoretical situation. The cut off

frequency now has its maximum value of: OJ = R2 /Ls,total = 1/~Ls,total . C .

If indirect capacitor current measurement is applied the value of capacitor Cd is, within some
limits, free to choose. Therefore the highest cut off frequency is achieved with indirect
measurement and is determined by the dominant parameters R2 and Ls,total :
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f - R2
h -

2:r· Ls,total
Eq.3.6

Attempts to design a current transformer using equations 3.5 and 3.6 which would meet the
bandwidth demand of 20Hz to 2MHz failed. Taking fh=2MHz as point of departure the low
frequency cut-off point turned out to be much to high (± 40kHz), the other way around, taking
"=20Hz as point of departure resulted in a high frequency cut-off point of only 990Hz! After
several attempts a regularity between the values of the high and low frequency cut off points
arose. This mechanism between the high and low frequency cut-off points can be deduced from
the equations for" and fh . The absolute bandwidth does not give a good indication of the design
problem because an 1MHz bandwidth in the range from OHz to 1MHz is totally different from the
same bandwidth in the range from 9MHz to 10MHz. Therefore an expression for the bandwidth in
decades is deduced.

(
2.(1- k))

Bw[dec} =Log(R2 ) - Log(R1) - Log k - Log(2:r· 4,) + Log(2:r· 4,) ¢::>

Bw[dec} = LOg(R2 • k J
R1 2·(1-k)

With the expression R2=RcU,Prim+R1 this becomes:

[(
Rcu prim J k )

Bw[dec} = Log R
1

+1 ·2.(1-k) Eq.3.7

Following conclusions are drawn from preceding equation:
• all efforts should be made to obtain a coupling factor as close possible to unity;
• the secondary resistance R1 should be kept as low as possible.

Earlier conclusions following from the low frequency cut-off demand where:
• the secondary resistance R1 should be kept as low as possible;
• The magnetizing inductance should be taken as large as possible.

Rcu,prim can be used to tune the desired bandwidth by placing an additional resistor in series on
the primary side. It should however be taken into account that the bandwidth is at its maximum

when OJ· (LSf + LS2 ) =_1_ =R 1 + Rcu,prtm .
OJ· Cd
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3.4 Optimizing the coupling factor.

As stated earlier, deviation of the coupling factor from
unity is caused by the existence of stray magnetic field
which is not enclosed by both windings. All efforts to
gain a coupling factor as close as possible to unity,
should be pointed at reduction of the stray magnetic
field.

The geometry of the core and the position of the two
windings to each other plays an important role.
Because the two windings are supposed to eliminate
each others magnetic fields, the area between both
windings has to be as small as possible. From this point
of view it's clear that the windings shouldn't be placed in
separate chambers or layers (figure 3.9).

Assuming the use of normal, enammelled copper wire,
it's better to take two wires at one time and wind them
together to two separate windings. In this way the wires
of the two Windings are as close to each other as
possible (figure 3.10).

figure 3.9 Leakage flux in a normal wound
transformer with 2 compartments

figure 3.10 Leakage flux in a bifilar wound transformer

conductor I

'----------3"nsolation

Cross section of the coaxial structurefigure 3.11

A third method employs a coaxial structure. Here one winding is a conductor placed in the middle
of a cylindrical second conductor, representing the other winding. Around this conductor an also
cylindrical core is placed (figure 3.11).
Supposing a current is forced through the inner conductor"~.

conductor, a circular magnetic field is induced
around the wire. This field exists in the area
between the two windings as well as outside the
outer conductor in the core. This field in the core
is coupled with both windings and induces a
current in the outer winding on the condition that
there is a closed circuit with low impedance.
Though it's possible to construct several
windings in one central winding, the
transformation ratio is practically limited to 1:3,
1:4.
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The part of the field within the area between the windings, which is developed solely by the
current flowing in the inner conductor, does not couple the outer conductor. This results in a
leakage inductance term on the side of the inner conductor winding only. The leakage inductance

caused by the stray field is defined by L = (]j .
I

outer conductor

]-IV
£

inner conductor

insolation__----"

figure 3.12 Leakage field in a coaxial structure

The magnetic flux (]j induced by the inner and not coupled by the outer conductor is calculated
form figure 3.12 and the Maxwell equations.

(]j =II B· dA ¢:;> If PoP, H . dA

From the first law of Maxwell an expression is derived for the magnetic field strength H as a
function of the distance from the middle of the inner conductor.

A discrimination has to be made between the magnetic field strength inside and outside the inner
conductor. Though the current tends to flow at the surface of the conductor with increasing
frequency because of the skin effect. In this situation however the diameter of the inner conductor
is small and almost equal to twice the skin depth at a frequency of 1MHz. Therefore the current is
assumed to be homogeneous divided over diameter of the conductor. This is a worst case
calculation because the leakage inductance will decrease with decreasing integration area and so
with increasing frequency. First the magnetic field strength outside the conductor as a function of
the distance r is calculated before the magnetic field strength inside the conductor is calculated.

The first law of Maxwell applied on the area dr dx outside the inner conductor gives

Eq.3.8

the magnetic field strength on a distance r from the middle of the inner conductor.
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The magnetic field strength inside the conductor is now determined using figure 3.12. Due to the
decreasing current contained by the circle area with decreasing current i, the magnetic field
strength decreases linear with the radius of the circle. On the surface of the conductor at a
distance a from the middle of the conductor the magnetic field strength is:

i
H(a)=--.

2Jr·a

In the middle of the conductor at radius zero the magnetic field strength is also zero, therefore the
magnetic field strength as a function of the radius inside the conductor is:

IHlr) = i 2. rl
2·Jr·a

Integration over the total area between the middle of the inner conductor and the surface of the
outer conductor gives:

8 l . b l .

(/J = (/Jcu + (/JinS =II IJolJr,cu • ' 2' r· dx· dr +II IJOIJr,ins . -'-dx. dr ~
2Jr·a 2Jr·ro 0 8 0

• Ii 8 . Ii b
IJ J.l .,.{. I IJ IJ .,.{. I 1(/J = 0 r,cu . r. dr + 0 r,ins . _ dr ~

2Jr·a 2
0 2Jr 8 r

(/J = IJolJr,cu . i· f .! .a2 + IJOIJr,ins . i· f ./n(r)lb ~
2Jr.a 2 2 2Jr 8

(/J = IJolJr,cu . i . f + IJolJr,ins . i . f /n(~) .
4Jr 2Jr a

The leakage inductance now is:

L = (/J = IJo . f (IJr,cu + IJ· /n(~)J Hjm
s i 2Jr 2 r,ms a Eq.3.9

The layout of figure 3.11 is in practice difficult and expensive
to realize, therefore a different geometry, based on the same
principle, is used. Instead of a cylindrical core a toroidal core
is used and a coaxial cable is wound several times around
the core (figure 3.13). By using a normal small size coaxial
cable the transfer ratio is fixed to 1:1. The loss of the
advantage of series resistance reduction with a factor
n2 jn1 ' will prove to be amply compensated by the reduction

of leakage inductance. figure 3.13 Coaxial cable wound around
the magnetic core.

The choice of using a toroidal core is based on experiences with the influence of external
homogeneous magnetic fields on the transformer. In a transformer based on, for instance, a pot
core, a current is induced in the secondary winding by the external homogeneous magnetic field
(figure 3.15). On the other hand in case of a toroidal core, the current induced in the secondary
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coupled flux

winding by the external field in one leg of the core, is compensated by the current induced by the
external field in the other leg (figure 3.14).

coupled but opposite flux

~

figure 3.14 Homogeneous external field
through a toroidal core.

figure 3.15 Homogeneous external field
through a pot or a EE core.

As mentioned in paragraph 3.3 a large magnetizing inductance should be realized. This
inductance is determined by LM =n; .AL Therefore a toroidal with a large AL is chosen and the

maximum amount of windings is placed on the core. Because there is hardly any field present in
the core, provided that the current transformer is working properly, the core area can be very
small. By the fact that the leakage inductance grows linear and the magnetizing inductance
quadratic with the amount of turns, a thin core with a large diameter and maximum amount of turn
will provide the largest frequency bandwidth.

The current transformer finally realized is based on a toroidal core with following data:

outer diameter
inner diameter
height
AL

Winding data:

number of turns
mean length of turn
used coaxial cable
outer conductor
diameter
inner conductor
diameter

Deduced parameters:

= 16mm;
= 9mm;
=5mm;
= 5000nH.

= 13;
=20mm;
= Filotex 615;

= O.8mm;

= O.35mm.

L - Po·f (Pr.cu I (b)) _4;r·10-
7

'0.26(1 I ( 0.4 )) -72 10-8 -72 H
s -~. -2-+Pr.lns· n a - 2;r "2+ n 0.165 - .' - n .
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From Ls,total = 72nH, a high frequency cut off demand of fh ~ 2MHz and equation 3.6 the

maximum value for Rz is calculated:

Corresponding maximum value for the capacitor C assuming the situation:

1
C = 2 2

4Jr . fh . Ls,total

Rfeedback

Direct measurement of the current through the output filter capacitor C, = 680nF would result in

a unacceptable low value of the high cut off frequency:

1 1 1 ~ 1fh = - = - ~ 720KHz.
2Jr Ls total' C, 2Jr 72.680.10-18

Therefore indirect measurement of the current through C, by means of a parallel capacitor Cd is
inescapable.

From the magnetizing inductance of LM =845pH , the low frequency cut off demand h=20Hz and

equation 3.5 the maximum secondary resistance is calculated:

This still very small value includes the copper resistance of the secondary winding so additional
effort has to be made to reduce the secondary load resistance Rload,sec to a minimum value.

3.5 Minimizing the secondary resistance

To reduce the secondary resistance, an active virtual
load is realized by means of an operational amplifier.
With negative feedback and an ideal opamp both
inputs will have the same potential because of the
infinite gain. The virtual impedance between the non
inverting and the inverting input is zero. This theory
is applied in the circuit of figure 3.16.
The output of the opamp will always, within the limits
of the power supply, source or sink the current
necessary to keep the potentials of both inputs
equal. Therefore the current flowing in the secondary figure 3.16 Current transformer with active

secondary resistance.
winding due to the current in the primary winding is
supplied by the output of the opamp. If the non-inverting input is kept at earth potential the output
voltage will be:

Uout = R'eedbaCk ·/e ·
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3.5.1 Non ideal opamp operation

However in the situation of a non-ideal opamp several problems
arise. First the opamp has an input offset voltage modeled by a
voltage source placed between the non-inverting inputs of the
real and ideal opamp (figure 3.17). Ideally the inverting input
follows the non-inverting input and has the same potential Vos.

The impedance seen from the inverting input is mainly
determined by the copper resistance of the secondary winding
and thus very small. Even the smallest offset voltage will result in +
a relatively large current flowing through the secondary winding.
In its attempt to supply this large current, the output of the
opamp will go to its limit, the supply voltage. Because of the
offset voltage source being a DC source and the current
transformer a DC blocking component, there's nothing against figure 3.17 Non ideal opamp model
eliminating this offset voltage by an additional DC feedback loop.
The output of the signal opamp with offset is fed to an integrator/inverter with a very large time
constant. The output signal of the integrator is supplied to the non-inverting input of the opamp by
means of a resistor add up network (figure 3.18).

Cf

Ie

R Ln
cU,sec

Rf

>--+--0 Uout

figure 3.18 Total capacitor measurement circuit.

The additional feedback resistor Rpr creates a positive feedback which compensates the copper
resistance of the secondary winding Rcu,sec. Moreover the gain of the opamp is limited and
consequently the virtual input resistance of the opamp will not be zero.

3.5.2 Active load transfer function

To examine the influence of the offset compensation and the positive feedback the transfer
function Uoullc and input impedance Zin of the active load including the copper resistance Rcu,sec

is determined. At this moment the gain of the opamp will be assumed to be infinite.
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The transfer function of the offset compensation circuit is:

The input potentials of the opamp now are:

U =( ~- ~ ).u
+ R

1
+ Rp, (R1 + R

2
) • s . Rp; out

and

Eq.3.10

The opamp has a negative feedback and infinite gain thus both input potentials have to be equal:

Uout =R, R1 + Rpf

'in R p,

s s
--:::oR,·---
s + W; S + {O;

Eq.3.11

With the offset compensation circuit cut-off frequency m:

Eq.3.12
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The Bode plot of this is transfer function is sketched in figure
3.19. This however is not the low frequency transfer function
of the transformer and the active load circuit together. The
current I in the active load transfer function is determined by
the parallel connection of the magnetizing inductance Lm of
the transformer and the input impedance Zin of the active
load.

The input impedance Zin of the active load is:

Z. = Usee
In _ /.

In

From figure 3.18 the following equations are deduced:

-90 I-----c"\.. '+ .

-180

arg (U~"1

figure 3.19 Bode plot of the transfer

function Uout / lin .

Eq.3.13

The desired positive feedback resistor Rp, is calculated from demanding the input impedance to
be zero when the frequency goes to infinity.

. R - R1 ·R,
p' - R

cu

This value is substituted in equation 3.13 to obtain an expression for Zin:

Z. =R + R _ R . R1 • Rcu,sec + R1 • R, s <:::>
In cu,sec " R R

l' , S + (Oi

Zin =Rcu,see + R, - (Rcu,sec + R,)' ( s ) <:::>
S + (Oi

Zin =(Rcu,see + R,)' (1- s )::::: R, . ( (Oi )
S + (Oi S + (Oi

Eq.3.14

Eq.3.15
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From this equation a very important conclusion is drawn: when the frequency decreases towards
zero the input impedance increases to:

lim (Zjn ) = Iim{rRcu sec + R,)'(~)}= Rcu sec + R,!
s ....o s ....o' S + {OJ ,

Parallel circuit LM and Zinfigure 3.20

Due to the strong increase of the input impedance the capacitor current will choose to flow
through the magnetizing inductor with decreasing frequency, resulting in a strong decline of the
output voltage of the current measurement circuit (figure 3.20). The offset compensation circuit
thus undermines the functionality of the active load and positive feedback, more strongly, below
the cut off frequency of the offset compensation circuit a passive circuit with just a resistor would
satisfy better. Fortunately if the cut off frequency of the offset
compensation circuit is kept as low as possible; at least <10Hz,
still an impressive decrease of the low cut off frequency is
achieved in comparison to a passive load circuit. However
special attention should be paid to the determination of the
correct parameters of the circuit to assure stable operation. From
figure 3.20 and equations 3.11 and 3.15 the low frequency range
transfer function Uou,j'c can be deduced.

1
------- ¢::>

S . Lm + R, .rs:~)

Eq.3.16

In order to determine whether the poles are real or complex the following equation is solved:

{O,2 _ 4. R, .{OJ = 0¢::> {O . • ({O' _ 4. R,) = 0
L I' Lm m

R, is estimated to be larger than 100 and Lm=845j.iH resulting in 4· R, =4.7 .10 5 » {OJ

Lm
2 R· {O.

Therefore {OJ - 4 ~ , < 0 and the poles are complex and the complex poles then are:
m

{O. i R, . {O. 2
~2 =--' ±- 4 ' - {O., 2 2 L I

m

There are two zeros both in s=O
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Though this analysis of the pole and zero plot of the transfer function is important in order to
optimize the cooperation of the signal amplifier, the offset compensation circuit and the positive
feedback, due to a lack of time, it is not continued at this moment. The active load has been
dimensioned as described in the next paragraph. It is however recommended that in future
research further investigation of the root locus of this transfer function is done.

3.5.3 Calculation of the component values

In advance an important remark is made: the circuit currently realized isn't fully dimensioned
conform the design rules previously presented, because at the moment of realization these
design rules were not completely determined jet. Moreover, from a practical point of view, the
order of calculation of the component values is changed. The offset circuit has to function before
the positive feedback resistor can be introduced and adjusted because without the offset circuit
the output of the signal opamp (AD811) would immediate go to one of the supply voltages.
Therefore some of the choices of component values are, though within the design borders, not
the optimal values. A re-dimensioning of the circuit in the future according to the design rules is
therefore recommended.

The opamp realizing the active load has to have a large frequency bandwidth capability. There
has been chosen for the AD811 from Analog Devices (appendix B). This is a high performance
video opamp with a 140 MHz unity gain frequency bandwidth. The internal circuit of the opamp is
in fact a current driven voltage source and therefore acting like a transimpedance to external
circuitry. The different internal structure has also some effects on the design procedure. The
bandwidth of the opamp is constant over a broad range of gain values. Moreover due to the
internal current feedback the bandwidth is determined by the value of the feedback resistor.
Limiting the bandwidth by means of a capacitor over the feedback resistor is not possible and will
cause the opamp to oscillate. The external components like the input resistor determine the gain
of the total circuit.

This application demands a minimum bandwidth of 2MHz, overshoot and peaking in the
amplitude characteristic of the amplifier should however be avoided. From the datasheet follows
that a minimum value of 1K.n is necessary to prevent the circuit from peaking and overshoot. The
-3dB bandwidth then still is 60MHz, much larger then the necessary 2MHz therefore the
performance of the opamp is in fact too good for the application. Nevertheless this opamp is used
because cost of the circuit is not an issue at this moment.
Following aspects influence the choice of the component values:

•

•

•
•

desired maximum output level 0out;

desired gain G =-'- ~ R,;
Vout

low off set cut off frequency OJ;;

maximum output voltage range of the opamps.

In steady state situations (as for the offset compensation opamp) the output level of an opamp is
theoretically limited to the supply voltage, in situations of dynamic output signals (AD811)
however, the output level should not exceed ±3Volts in order to prevent large slew rates and to
keep a safety margin. The maximum output level occurs either from the highest information
frequency at maximum output level, or from the triangular capacitor current at switching
frequency. Both maximums are determined.
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The maximum output level because the information signal is:

Eq.3.17

The maximum output level because of the triangular switching current signal is given by the
expression:

tJ A Cd
out =R, . , =R, . - . 'threshold

C,

Here C, is the output differential mode filter capacitor and Ithreshold the peak of the triangular
capacitor current, determined by the threshold voltage of the Schmitt trigger.

In paragraph 2.4 (control principle) the relation between switching frequency, threshold current,
supply voltage and filter inductor value is already given in equation 2.18:

1 - \1s = 35 ~ 0.22A
threshold - 4. fs . L, 4.400.10 3 .100.10-6

It is assumed that the switching frequency is stable due to the switching frequency feedback
control loop.

Now the maximum output voltage due to the triangular switching current is calculated:

IOoot~Rf.Cd. 022 ~32.105.Rf.Cdl
680.10-9

Eq.3.18

Comparison of equation 3.17 and 3.18 shows that the maximum output voltage is determined by
the information signal and therefore by the combination of R, and Cd.

The feedback resistor R, has to be larger than 1Kn. In the current circuit design R, has been
given the minimum value of 1Kn because the value of Rf should be chosen as small as possible
to keep the total system stable in the low frequency range, as stated earlier. This value for R,
results in a new condition for Cd:

C ::; 5.26.10-
6

::; 5.26.10-
6 =1.12.10-9

d R, 4.7 .103

The nearest value smaller than 1.12nF is chosen: Cd= 1nF.
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Next the values of the components in the offset compensation circuit C" R" R1 and Rz are
calculated. As mentioned in paragraph 3.5.2 ~ should be designed as small as possible and is
determined by equation 3.12:

In order to keep ~ small R1 should be chosen small and Rz, R, and C,large.

Dimensioning the resister divider R1, Rz attention has also to be paid to the output voltage limits
of the offset compensation opamp. The maximum offset voltage of the signal opamp (AD811) has
to be compensated by the attenuated maximum output voltage of the offset opamp. From the
datasheets of the AD811 (appendix B) a maximum offset voltage of 3mV is read. The maximum
output voltage of the offset compensation opamp is assumed to be 10Volts given a supply
voltage of ±12Volts. The maximum attenuation F by the resistor divider, including a safety margin
of a factor 1.5, is:

Resulting in an expression for the maximum ratio of R1 and Rz.

Eq.3.19

The resistor R1 has intuitively been chosen very small R1=2.Q2. This however is not necessary
concluding from the previous deduced expressions for the transfer function and the input
impedance. The only demand is that Rz should be much smaller than Rpf• This choice should
therefore also be re-examined in a future re-dimensioning of the circuit. Resistor Rz is now
chosen as large as possible within the limit of equation 3.19: Rz ~ 2221· 2.2 ,:::; 4886 within the

E12 series the nearest value is 4K7il.

The integration capacitor C, and resistor R, doesn't influence any other part of the active load
circuit. Therefore the capacitor has be chosen 3.3pF, the largest value available with an
acceptable dimension of 7x7x13mm (LxWxH) and the integration resistor R,= 1Mil. The choice of
R, is somewhat arbitrary because, on the one hand it should be as large as possible but on the
other hand a large value of R, makes the current very small and thus sensitive to external
disturbances.

Every component in the circuit has been determined now except for the positive feedback
resistor. It's value is estimated based on equation 3.14:

R = R1 ·R f = 4700·1000 ,:::; 313Kn
pf R 15.10-3

cu
Eq.3.20

The optimal value is determined by using a resistor 280KO in series with an adjustable resistor
1OOKO and tune the low frequency transfer characteristic of the total circuit (transformer and
active load) using a transfer function analyzer. Starting with the highest resistance the resistance
is decreased until just no peaking at the low frequency cut off point occurs.
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Summarizing the following components have been determined:

R1 = 4.7KQ;
R2 = 2.20;
Rj = 1MO;
Rf = 1KQ;
Rpf = 280KQ+1OOKQ;
Cj = 3.3J.!F;
Cd = 1nF.

In figure 3.21 the measured transfer function of the transformer and active load circuit is plotted.
This a measurement without the series capacitor Cd. A measurement of the transfer function
including the series capacitor over the full range of frequencies is not possible with the used
gain/phase analyzer because of the huge difference between input and output signal over the full
bandwidth. The achieved frequency bandwidth is 18Hz up to 10MHz within -2dB!
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figure 3.21 Bode plot of the transfer function of transformer and active load circuit Uout / Ie

The high frequency cut off point is much higher than necessary for this application. To suppress
unnecessary disturbing high frequencies and noise, the high frequency cut off point is decreased
to 3.4MHz by placing a resistor of 470 in series with the capacitor Cd. It is clear that for this
application the quality of the signal opamp AD811 is more than adequate.
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4. The design of the low pass output filter.

The output of the full bridge is theoretically a symmetric rectangular signal like in figure 4.1. The
Fourier theory shows that such a signal consists of high frequency components. If, for instance,
the input of the amplifier is zero, the output of the full bridge is a rectangular signal with frequency
fs and a mean value zero resulting in a duty cycle of 50 %. Fourier analysis on this signal gives:

( t) 40f.b.-out ( . ( t) sin(3(j)·t) sin(5(j)·t) sin(7(j)·t) )
U,.b.-out (j)' = 1l Sin (j)' + 3 + 5 + 7 +....

VB _ - ,....-- ,...-- .

-t VB .

These higher frequency components are not
allowed to reach the output of the amplifier. This
because of two reasons:
• first these high frequency components cause

unwanted dissipation in the load;
• secondly, the most important reason is the

emission of RF signals by the high frequency
currents flowing through the wires leading to the
load. The emission has to be beneath
international accepted levels laid down by, for
instance IEC, IEEE or CELENEC.

A low pass filter is necessary to cut off all
frequencies above frequency fb , the bandwidth of
the amplifier. Because of the specific goal of audio
application the bandwidth Bw of the amplifier has to
be 20KHz. Therefore the cut off frequency fb of the
output filter is also 20KHz. Moreover the load R1 of
the amplifier is in general a loudspeaker with an
impedance of about ao.

4.1 Design of a simple second order LC filter

Uout

VB ..

-VB

figure 4.1 Output signals of the full bridge

At first a simple second order symmetric LC filter was presumed to be sufficient to fulfill the job.
Normally a second order system needs damping to prevent severe oscillations on the output. As
stated in earlier paragraph 2.2 the applied way of system control theoretically reduces the order
of the output filter by one if, and only if, the current "/" is controlled perfectly because the
inductance L, than no longer has impact on the output. Although it should therefore not be
necessary to pay special attention to the damping of the filter, it's nevertheless included in the
filter design, considering the experimental state of the amplifier at this moment.
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Lf

4.1.1 Calculation of the filter components

In figure 4.2 the filter circuit including the load
resistance R/, which is in fact not a direct part of the
amplifier, is given.

The transfer function of this circuit is:
ru

The same function rewritten for the Laplace domain:

figure 4.2 Low pass LC output filter with load
resistance

For second order functions there's a standard way of writing the transfer function:

With (= _1_ ~L, =damping ratio and "'. ~ ~ 1 =natural frequency
2R1 C, L,C,

the filter transfer function is equal to the standard second order transfer function.

Eq 4.1

The amplitude and phase characteristic of the second order filter can now be determined:

and

Solving the equation IM(wbJI =!...,J2IM(OJI gives4 the following relation:
2

4 VandeVegte, John, Feedback control systems, sec. 8.4, pag. 219.
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Eq.4.3

Now all equations necessary to calculate the transfer function of the filter are present, besides
certain parameters. The next step in the design process is choosing these parameters. In general
it's desired to have a straight characteristic for both amplitude and phase in the frequency range
of interest. In practice a compromise between a straight amplitude or small high frequency phase
shift has to be made. Given the fact the amplifiers' main purpose at this moment is audio
amplification, it's decided to give priority to a straight amplitude characteristic because the human
ear is sensitive to amplitude distortion but insensitive to phase shift. From equation 4.2 the lowest
damping ratio where exactly no resonant peaking occurs is obtained.

The negative value for the damping is not valid leaving only ~ -J2 as the right answer. Knowing

the value of t;, the natural frequency (J)n as a function of the bandwidth (J)b is deduced from

equation 4.2: (J)n =(J)b .

Now specific values for L, and C, are calculated from the equations and the following data:
OJb = 21C' fb =2 '1C' 20000 and R, =8.0.

c; = ~-J2 = _1_~ L, => L, = 128C,
2 2·8 C,

OJn = OJb = 2·1C· 20000 =.J 1 => L,C, = 6.33.10-11

L,C,

These two equations together give:

128C~ = 6.33.10-11 => C~ = 4.95.10-13 => C, = ±7.03 .10-7

The only valid value is C,= 703nF resulting in L, =90pH.

Simulation of the previously dimensioned LC filter gives the following results.

Eq.4.4

Eq.4.5
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Ejvdb(Cl 2)

figure 4.3 Amplitude characteristic of the second
order LC output filter
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figure 4.4 Phase characteristic of the second order
LC output filter
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4.1.2 Realization of the inductance

A practical aspect of the filter design is the realization of the
desired inductance. Because of the symmetrical structure of the
full bridge the inductance L, is split in two identical inductances
of ~L,each, one on each output connection of the full bridge.
The two inductances are wound on the same core. In this way U'm

the two inductances are coupled and need less total turns than
two individual inductances (figure 4.5). Differential mode
currents see a total inductance of:

Com U~

figure 4.5 Symmetrical differential
mode LC filter

with n1=n2 this becomes:

where as common mode currents see only the small parasitic stray inductances. The choice of
core dimensions and material is determined by the current through the inductances. The core
square measure and the total winding diameter are determined by the maximum value of the
current. Core material, individual wire diameter and coil construction by the frequency of the
current. The voltages existing in the circuit don't exceed 100 volts, hence special attention to the
insulation of the windings is not necessary. Secondary aspects like acceptable dissipation and
shielding exert influence on the final dimensions of the inductance. Only the basic calculations
and some topics of special attention are described here.

For convenience in the calculations the total inductance L, is used instead of the two separate
inductances Ln and Ln . The application of the inductance, filtering a large energetic 400KHz

1 2

square wave signal, requires a power applications magnetic material like 3F3 from Philips or N48
from Siemens. To prevent the core from going into saturation the field in the core has to be
limited to about 0.2 Tesla. In combination with an estimated maximum current of 5A and a desired
inductance of 90%1 this is enough to derive expressions for the core parameters. From the
literature we have the following equations5

:

Eq.4.6

Eq.4.7

Eq.4.8

Eq.4.9

Eq.4.10

Eq.4.11

5 Rozenboom, J., Course notes mini vermogenselektronica, sec. VII, pag 37-47.
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From equation 4.6 together with the given parameters L, and 1follows:

Eq.4.12

Choosing a suitable core is somewhat a process of trial and error. From 12
• L vs f air graphs in

the manufacturer's datasheets an indication of the core types possible capable of handling the
desired power is acquired. For a possible core the necessary amount of windings n is calculated
from equation 4.6 given the core area Ae. Knowing n the largest possible wire diameter (equation
4.11) and the dissipation by the copper resistance in the total coil (equation 4.10) can be
calculated. When choosing the wire diameter, possible skin and proximity effects should be taken
into account considering the highest information frequency of 20 KHz. A first check is made by a

rule of the thumb: l/Ad ~ 4A/mm 2
. If the total dissipation is within the design constraints, the

desired AL and air gap fair is calculated from equations 4.7 and 4.8. When the air gap is also

within the limits of the core construction the inductor design theoretically is ready.

Due to changes in the bandwidth objective from 2KHz to 20KHz during the design process, the
desired inductance in this early stage was L,=360j1H based on a 2KHz cut off frequency of the
output filter and a maximum current of 1=3.5A (50Watts in 8n). The final inductor had the
following data:

Core material :

~i

Core type
Ae

Aw

f e

n,
Ad
fair

3F3 (Philips);
2000nH
RM12;
146mm2.
**mm2. ',
56.6mm;

2*22'
**m~2.,
0.96mm;

The construction of the inductor needs some special attention. There are different ways of placing
the two coils of the inductor on the coil sleeve: both separate each in one chamber; one over the
other with or without an intermediate shield and interwoven with each other by taking two wires
and wind them together on a coil former.

Parasitic high frequency signals pathfigure 4.6

The last possibility is strongly advised against
because of the capacitive coupling between the
two coils. The wires of the two coils are head to
tail to each other, creating a parasitic capacitor
from the input connection of one coil to the output
connection of the other coil and vice versa. A path
for high frequency signals is created through the
output capacitor (figure 4.6) undermining the
characteristics of the filter. From a symmetrical
point of view it's best to place both coils in two
separate chambers. The mean wire length, stray field and coupling of both coils then is the same,
resulting in almost identical inductances.
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4.2 Additional common mode filtering

In practice however this filter turned out to be insufficient. The assumption of the full bridge output
signals being as displayed in figure 4.1 turned out to be much too idealistic. In reality the switches
in the full bridge aren't ideal and suffer from reverse recovery effects, parasitic inductances and
capacitances, resulting in deviations of the real output signal wave forms from the ideal square
wave forms in figure 4.1. Moreover, due to by any chance present, or deliberately introduced,
timing deviations of the driver IC and the parasitic components in the full bridge circuit, the state
(on/off) of all the switches in the full bridge isn't changed at the same time. This introduces small
spikes in the common mode part of the full bridge output signal every time the state of the full
bridge is changed. Because of the steep edges these spikes contain many high frequency
components and cause a lot of EMC problems. The simple second order LC filter is in fact a
differential mode filter and leaves the common mode signal undisturbed. Without any common
mode filtering the common mode spikes cause severe disturbance in the control circuit,
measuring equipment like oscilloscopes and even radios and CD-players in the neighborhood of
the full bridge. Additional common mode filtering is therefore necessary.

4.2.1 Qualification of the disturbing common mode signal

Before a good filter can be designed the disturbing signals have to be inventoried. Therefore the
output signals of the full bridge switching at a frequency of 400KHz and a 50% duty cycle have
been measured. In figure 4.7 the measured common mode output signal of the full bridge circuit

1001l15/s 221 Acqs
;1--------- -T- - -- -------J

C1 Pk-Pk
828mv

m ns

figure 4.7 Measured common mode output signal of the full bridge circuit

is plotted. The plot shows clearly a very steep flank in the beginning of the spike because of one
switch of the conducting branch switching off just a faction earlier then the other one followed by
an exponential decay at the end of the spike because of the linear decaying current through a
parasitic inductor. The distribution of the energy in the common mode signal of figure 4.7 over the
higher harmonic frequencies is plotted in figure 4.8. The plot is calculated by means of the fast
Fourier transformation.

60



Tek Run: 25.0MS/s Hi Res
U-+···,_···_·,-l·_···_··-J-··_,·_···_·_..,_··_···_..,-,·'-'''-'''-1

I
I
I'
I
I
I
I
I.
I

i

1
...•1-

.;

r
j
.;

"f-

1

.A: 2.41MHz
@: 2.81MHz

23 Dec 1996
14:20:26Ii1IiIIiIII 10.0 dB 500kHz

figure 4.8 FFT plot of the common mode output signal of figure 4.7

From the plot it can be seen that especially the odd harmonics are very persistent. The decay of
the higher harmonics is very slow, the 13th harmonic (5.2MHz) is only 4dB lower than the
fundamental harmonic of 400KHz. Hence good suppression of the common mode signal above,
say, 1MHz (third harmonic) is essential.

4.2.2 Design of the common mode filter

From an EMC technical point of view it's best to filter the
disturbing high frequency common mode signals as close as
possible to the source, here the full bridge circuit. When the
dimensions of the filter are kept small it's possible to combine
common mode filter and full bridge circuit in one small metal u",
case to screen the exterior from the disturbing signals inside. A
basic ideal LC common mode filter circuit with damping would
look like figure 4.9. The damping is realized by the resistor R(.
The additional series capacitor C( prevents low frequency
«500KHz) differential and common mode signals from flowing u,.
through the resistor and causing needless dissipation.

The circuit is very similar to the differential mode output filter of figure 4.9 Common mode output filter
figure 4.5. An important difference however is the coupling of
the two inductances. In figure 4.9 the inductances are coupled, the other way around compared
to figure 4.5, in a way that differential mode currents don't induce a magnetic field in the core.
Consequently the inductance seen by the differential mode currents is zero where on the other
hand the common mode currents experience an inductance Lcm. Therefore the minimum core
diameter is only determined by the relatively small common mode current and not by the large
differential mode current (SA).
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4.2.3 Calculation of the filter components

The difference between a common mode filter build with individual inductors and with coupled
inductors is sketched in figure 4.10. Suppose all individual inductors in both situation have the
same value, the potentials on the input and output terminals two by two are equal. Those
terminals then can be assumed to be short circuited. With individual, non coupled inductances
the equivalent inductor has a value Lem,equ;v=~Lem. With coupled inductors the wires of the two

L

=T2C

figure 4.10 Coupled and non coupled inductors in a common mode filter

windings can be seen as two parallel wires forming one inductor Lem.

In the equivalent circuit the two capacitors Cem are parallel connected and thus forming an
equivalent capacitor:

ICem,equ;v = 2 . C em I

The parallel connection of the damping series RC results in the equivalent circuit in:

The equivalent damping resistor and capacitor values are:

Eq.4.13

Eq.4.14

Our goal is a maximum cut off frequency of 1MHz, a lower cut off frequency, if possible, is
preferable. To keep the voltage levels across the components due to the oscillations caused by
the combination of Lem and Cem,equiv combination limited, the damping is set to be t;::;; ~ -J2. The

calculations are based on the equations for a second order LC filter already stated in paragraph

4.1.1. Assuming t; =~ -J2 , the natural and cut off frequency are equal: (On = (Ob (equation 4.3).
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From OJb = OJ( S 21r·1·106 and equation 4.5 follows:

1
1----- =:> Lem . Cem,equiv ~ 2.53 ·10-14
Lem . Cem,equlv

Eq.4.15

A second equation results from the damping demand:

(= 1
2· R(,equiv

Lem ~ f-J2
Cem,equiv

Eq.4.16

Together these equations give:

M2.R . < /2.53.10-
14

~ 1.59.10-
7

R C 113 10 7
-v I:. (,eqUlV -"\ C2 . =:> (,equlv' cm,equlv S. . -

j em ,equN Cem ,equiv

Eq.4.17

The combination of equations 4.15 and 4.17 holds a contradiction: equation 4.15 suggests a
large value of Cem,eqUiv whereas equation 4.17 desires a small value of Cem,equiv. Fortunately there
are two other design parameters Lem and R(,eqUiV which however are bound to some limitations,
The value of inductance Lem is limited by a maximum number of turns due to dimensions and
dissipation constraints, the specific inductance AL of the core and possible core saturation.
Damping resistance R(,equiv should be taken large enough to keep the dissipation at a permissible
level. Choosing suitable component values is thus mainly finding a compromise between
dimensions and dissipation.

First the dissipation in the damping resistor R(,equlv is estimated to determine the minimum resistor
value. The dissipation in R(,equlv is meanly caused by the large differential square wave at
switching frequency across the series R(,eqUivC(,eqUiv. The impedance of the capacitor C(,equiv at the
natural frequency of Lem and Cem,equiv fn=fb= 1MHz should be negligible compared to R(,equlv,

Therefore it's assumed that the cross over frequency of the series R(,equivC(,eqUiV is near switching
frequency f~ fs=400KHz and only the fundamental frequency component of the square wave will
cause dissipation in R(,eqUiv.

The current through R;,equiV due to the fundamental harmonic of the differential square wave is:

_ UR; _ 4 Vs 1

R(,eqUiV - 1r ~/2 R(,eqUIv

The dissipation in R; then is:

P. =/2 .R . =(2-!2.Vs ]2. R . =(2-J2'VS)2 1
R;,"'IUN R;."'IuiV (,eqUN . R. (,eqUlv R .

1r (,eqUN 1r (,eqUN

With Vs=35 Volts this becomes:

Eq.4.18
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Equation 4.18 together with equations 4.15 and 4.17 results in a direct relationship between the
dissipated power and the desired Inductance Lem.

1.13.10-7 . PR
R C < 113 10-7 C < ;,equiv 113 10-10 n

t;,equ;v' cm,equiv -.' =:> em,equiv - 993 ~.' . rR;,equiv

L C > 253 10-14 L > 2.53.10-
14

2.23.10-
4

em' em equ;v - .' =:> em - 10 ~ n
' 1.13 ·10- . RR rR

;,equiv ;,equiv

Eq.4.19

In the table below some values for PR;,equiv ' Rt;.equiv, Cem,equ;vand Lem realizing :; = t 12 and

fem=1MHz are given.

R Rt;.equ;v Cem,equ;v Lem
R;,equiV

2 4970 227pF 112J.1H
1 9930 114pF 224J.1H

0.5 19860 57pF 447J.1H
0.25 39720 29pF 894J.1H

0.125 79440 14pF 1.79mH

table 4-1 Values for PR;,equiv ' R(eqU/v, Cem,equiv and Lem realizing:; = t 12 and fem=1 MHz.

The equations and table 4-1 show clearly that, in order to minimize the dissipation the inductance
Lem should be maximized. The inductance Lem is determined by the specific inductance AL and the

amount of turns N: Lem = A LN 2
. The dimensions of the inductor and the dissipation in the

inductor are also determined by the amount of turns N, more turns means using longer wire and
thus a higher resistance. To reduce the resistance, thicker wire or more parallel wires can be
used this however increases the dimensions of the inductor. Therefore first the maximum feasible
AL is examined although the amount of turns N has a larger influence on the value of the
inductance.

From manufacturers databooks following toroidal core data is retrieved:

Manufact Material AL f. Ae Ve Outer Height Inner
urer grade [nH] [mm] [mm2

] [mm3
] diameter [mm] diameter

W[mm] o [mm]
Philips 3C11 1750 24.1 7.8 188 10.4 4.4 5.5
Philips 3H2 1020 35.0 12.3 430 14.5 5.5 8.4
Philips 3E2 2215 35.0 12.3 430 14.5 5.5 8.4
Siemens N30 2770 38.56 19.77 760 16.0 6.3 9.6
Philips 3C11 2700 38.5 19.7 760 16.5 6.7 9.0
Siemens T35 5800 43.6 33.68 1465 20.0 7.0 10.0
Philips 3C11 10000 60.1 112 6723 26.6 20.5 13.5

table 4-2 Data of some toroidal cores with a high AL

From the table the core from Siemens with an AL of 5800nH seams to be very suitable because
of the relatively small dimensions and the nevertheless high AL value. Therefore the first attempt
to realize the inductor is based on this core.
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The inner diameter of the core together with the wire diameter determines the maximum amount
of turns possible in the layer:

N
1;r(0 core - 6wire )

<-------1

2 Dwire
Eq.4.20

where 6wire is the wire diameter including insulation and the factor % counts for the two inductors

to be implemented on the core.

The peak power dissipated in the inductor due to the differential mode current flowing through the
wire resistance is estimated to be:

p. =/2 . R. =(~) 2 2· N·.e e . Pcu ¢:;>

cu WIre -J2 1.-;r. 0 2 .
4 WIre

( )

2 -5
P

cu
= ~ 4.2.N.43.6~1.75.10 ~2.4.10-2~Watts

-,)2 1t. Dwire Dwire
Eq.4.21

where Dwire is in mm and the factor 2 counts for the current flowing through both inductors.

This calculation does not include skin or proximity effects. The proximity effect is caused by
external magnetic field of, most often, other turns in the neighborhood. This effect is stronger
when many turns are put close together in several layers on top of each other. Because only one
layer is used and the turns have relatively lots of space between one another, the proximity effect
is assumed to be not present. The skin effect should however be taken into account. To avoid a
significant influence of the skin effect, the wire diameter should be kept below a certain value
determined by the frequency of the signal and which can be read from standard graphs. In this
situation is difficult to define a fixed frequency on which the diameter of the wire should be based.
The large current of maximum 5A is a signal with relative low frequency <20KHz and depends on
the output level whereas the current flowing through the L, and C, of the differential mode filter is
relatively small (O.25A) but of a high frequency >400KHz and flowing constantly even with no
output at all. As a compromise a frequency of 100KHz is chosen some what intuitive to determine
the maximum wire diameter, resulting in Dwire-<O.7mm. This is the diameter of the copper, the
outer diameter of the wire including the isolation is however larger, from databooks follows
6wire =0.78mm.

The maximum possible amount of turns is:

N <! ;r(10.0 - 0.78) ~ 18.6.
2 0.78

The peak dissipation in the inductor with N=18 then becomes:

The inductance now is:

and from equation 4.18 the dissipation in the damping resistors is estimated at
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= 2.23 .10-
4
~ 0.124Watts

1.8 .10-3

The average dissipation in the inductor should not be much larger or small than the dissipation by
the damping resistors, otherwise the total dissipation in by the filter would not be minimized.
Though the peak dissipation is much larger than PR ,the average dissipation in the inductor is

.;

much smaller because the amplifier normally is not driven at full output power constantly. If a
good deliberation is desired, a power distribution function should be used to calculate for the
different output power levels in time. At this time a total peak dissipation of less then 1W is
acceptable.

Although saturation of the core by the small common mode current is most unlikely, an estimation
of the induced magnetic field is made.

o
~=----

N· OJ· Aemin
Eq.4.22

The voltage across the inductor, 0 =414 mV, is taken from the measurement in figure 4.7 and is
assumed (worst case) to be totally represented by the ground harmonic frequency of 400KHz.
Then:

o 414.10-3

~ =---- = 3 ~ 100,uTes/a« 0.2.
N·OJ·Aemin 18·2,,·400·10 .33.68.10-6

Summarized the following circuit values have been calculated:

Lem
Ccm,eqUiV
R~equiv

C~equiv

=
=
=
=

1.8mH;
14pF;
8KQ;

1 1
----= 3 3 ~50pF.
2".f~.R~ 2,,·400·10 ·8·10

Which results in the following values for the components in the circuit of figure 4.9:
Lcm = 1.8mH;
Cern = 7pF;
R~ = 16KQ
C~ = 25pF
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The resulting common mode filter is simulated by PSPICE®. The amplitude characteristic in figure
4.11 shows peaking around 500KHz. This is because of the series capacitor in the damping
circuit. Without the series capacitor there is no peaking but the dissipation in the damping resistor
due to the large low frequency differential mode signal across the resistor would be very large. To
prevent this peaking the resistor can be chosen a bit smaller or the series capacitor a bit larger
both resulting in more damping but also more dissipation.
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figure 4.11 Amplitude characteristic of the common mode filter transfer function

4.2.4 Combining the differential and common mode filter

•

Ls

The inductor in the common mode filter has been assumed ideal in the previous analysis. In
practice the coupling factor k, among other things, is not 1. In this situation however a non ideal
coupling factor might be of help. If the coupling factor is not
unity, the inductor suffers from leakage inductance. The
magnetic field of the leakage inductance is not coupled in the
core of the inductor but in the air. The equivalent circuit of
the inductor with leakage inductance looks like in figure 4.12.
Because this leakage inductance is not coupled it is felt by
both common and differential mode signals. Especially for the figure 4.12 Common mode inductor
differential mode signals the presence of the leakage with leakage inductance

inductance can be made very useful. The total inductance felt
by the differential mode signal is the series connection of the two leakage inductances.

The leakage ,or stray, inductance can be calculated from:

Eq.4.23
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A minimum coupling factor of 0.98 is realizable so a total stray inductance of 90flH in combination
with a coupling factor of 0.98 demands a minimum value of the common mode inductance of:

L ~ 90.10-
6

=2.25.10-3

em 2.(1-0.98)

Values up to 5mH are commonly realized in common mode net filters, therefore realizing the
differential mode filter inductance in the parasitic stray inductance of the common mode
inductance is possible. The total combination circuit of the common mode filter with the
differential mode filter is drawn in figure 4.13.

L. Lm

u...

Ucm

ru

L. Lm

u-l

u-l

U...

figure 4.13 Combined differential and common mode filter circuit

Using the stray inductance for differential mode filter has the following advantages:
• only one magnetic part is used instead of two;
• the large magnetic field induced by the differential mode signal is not coupled in the

magnetic material of the core, therefore there is no risk of saturation of the core and
the core diameter can stay small;

• the differential mode inductance is realized with a small number of turns which
reduces copper losses in the filter;

• because the high frequency square wave in the differential mode signal is already
damped by the differential mode filter before reaching the common mode filter, there's
less excitation of the series LC in the common mode filter;

• the total dimensions of the two filters together are strongly reduced.

There is however one important disadvantage: realizing a relatively low coupling factor implies
lots of air between the core and the windings in the physical inductor construction.
Moreover a high inductance demands a high value of the specific inductance AL of the core
material. In a core of small dimensions a high specific inductance AL can only be realize when
there is no air gap in the magnetic path; the core has to be of one piece.

The toroidal core is almost the only type of core of one piece. Unfortunately it's very hard to
realize the necessary layer of air between the core and the windings on a toroidal core. Moreover
the construction of the two inductances would be asymmetrical resulting in asymmetry in the filter
resulting in cross coupling of common and differential mode signals. Worst case the amount of
differential mode signal coupled in the common mode signal could saturate the core causing a
decease of the filter function and dissipation in the core.
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In the search for more suitable core types an inductor with a special design was found used in a
net filter of a switched mode power supply. The core has the shape of a normal EE core but is of
one piece, where normal EE type cores, as the type name indicates, are of two pieces with an E
shape. The layer of air between the core and the winding is easy to implement on the middle leg
of the EE core by using a coil former with a large diameter for the winding chambers. Moreover
the winding chambers are small and high, resulting in additional air between parts of the winding.
Because the middle leg of the core is not free accessible for winding the tums, a cogwheel is
implemented on the coil former which is already placed on the core before winding. In this way
the winding of the coil former is realized by placing the cogwheel against a cogwheel of the
winding machine and winding the tums directly on the coil former of the core. This production
process probably is relatively expensive which is the largest disadvantage of this inductor type.
Nevertheless it suits very well for this application and is therefore used.

The inductor found in the switched mode power supply tumed out to satisfiy perfectly the
demands of the combined common and differential mode inductor. Analysis of the inductor
brought up the following data:

Item = 5mHI;

Its = 47pHI;
10wire = O.6mm l;
IReu ,DC =2 ·11OmQI;

Irav,eoilformer ::::: 5.5mm I;

IAe ::::: 12.6mm2 1 (effective core area I);

Deduced parameters are:

Total dimensions of the inductor:

length x width x height =24.5mm x 24.5mm x 19.5mm.

The wire diameter of 0.6 mm is in fact not sufficient to carry the peak current of 5A. Nevertheless
this inductor will be used in this experimental setup because in general the current is much
smaller and there are enough perspectives to realize an inductor based on the same principle in
future optimization processes.
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Eq.4.24

The power dissipation in the inductor due to the triangular switching current of 0.22A peak is:

Ip- = 2· Rw .G.j)' = 2·110·10~3 . 0.11' ~ 2.7mwl

Percentage power efficiency loss due to the copper losses in the inductor is:

L117 = Pcu .100% = I~ut ·2· Reu .100% = 2·0.11 .100%
Pout I~ut . R ioad R ioad

Assuming a load impedance of 8n this becomes:

L117 = 0.22. 100% =2.75%
8

Eq.4.25

As stated before this is too high for a final, highly power efficient design, but good enough at
experimental state of the design. In a future re-dimensioning process making a new inductor with
thicker wire is certainly worthwhile.

A slight change in the earlier calculated filter component values is made because of the different
value of Lem and some practical aspects. The common mode capacitors Cern have been chosen
1nF because this is a standard value of through hole capacitors. The through hole capacitors are
used to bring the signal wires outside the metal case of the full bridge circuit. From equation 4.14
the equivalent capacitor value is calculated:

ICcm,eqUiv = 2·1nF = 2nFI

The cut off frequency of the common mode filter assuming a damping of t; =t 12 now is:

fern =--=------,=:===1====== = 1 ~ 50KHz
2tr· ~Lcm . Cem,eqUiv 2tr· -J5.10-3 .2.10-9

The minimum equivalent damping resistor (equation 4.16) is:

Eq.4.26

R.< Lcm =r;,eqUlV - 2 . C .
em,eqUlv

5 ·10 -3 ~ 1120
2.2.10-9

With equation 4.13 this results in a damping resistor of:

IRr; = 2.Rr;,eQUlv = 2·1120 = 2240.01

The nearest value in the E12 series 2200n is chosen.
Because the high frequency square wave is already reduced to the low frequency information
signal by the differential mode filter the maximum power dissipation in the damping resistor is only
determined by the amplitude of the highest information signal (in case of the existence of a series
Cr;). Without any series Cr; the dissipation in the damping resistor is:
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= 400 ~ 90mWatts
2·2200

-40~

If a series capacitor C( is applied the dissipation in the resistor can be limited to the maximum
value of a Surface Mounting Device resistor: 62.5mWatts. If the cross over frequency of the
series R( and C( is 20KHz is dissipation in the resistor is already reduced to 45mWatts.

The necessary capacitor then is:

Nearest value in the E12 series is: 3.9nF.

The circuit of figure 4.13 with the previous calculated component values is simulated using
PSPICE®. The simulation results are presented in the following figures.

[dB]
~---------------------------------------:--------------------------------------------~

-0 : ,... . _ :
..._M__••_._._··_·__ ••••• ••••• •••••••••••• ••_.·.· ••••••.-...... "' ••• ••_ ••_.~.__ • •• ••• • ••__•• .._ •••_ ••••__••_._•••• ~__ _ _ •••_ __••• •••__••••_ ••__•••:,,,

I,,,,
I,,,,,,,,,
I,,,,,,,,,,

-80, . :
! ,
! r; ,
: :
! '; ,
; ,
; ,
; ,
! , :

-1201 ~- --- -~ ~ __1 ~-----------T-----------,--- -------~

10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 1DMHz 10DMHz

i~i 18 .181+idb(r4)
Frequency

figure 4.14 Differential mode amplitude characteristic of the integrated differential and common mode output filter
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The common mode amplitude characteristic shows a peak of 4dB at 24KHz. This is because of
the series capacitor, which reduces the damping caused by the damping resistor R(.
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figure 4.15 Common mode amplitude characteristic of the integrated differential and common mode output filter

The dissipation in the damping resistor is also simulated, ones for the situation of a maximum
output level 20KHz information signal (figure 4.16), and ones for the high frequency square wave
(figure 4.17).

" ] ···············································n;
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0, 20gs .Ous 60\15 BO'U ll)OIl!li

a ivir2,1)_{r2:2)}_1,r2j
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figure 4.16 Dissipation in the damping resistor due to a figure 4.17
20KHz at maximum output power signal

Dissipation in the damping resistor due to
the 400KHz square wave

The dissipation due to the 400KHz square wave signal only shows a peak at start up because the
two output terminals of the filter have to go to half the supply voltage, in stationary situation the
dissipation due to this signal can be neglected.
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The best proof of satisfactory functioning are in practice measured results. Therefore
measurements of the differential and common mode output signals, before and after filtering
have been made. The results of the combined differential and common mode filter are plotted in
the next figures.
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figure 4.19 Common mode signal before filtering figure 4,18 Common mode signal after filtering

The strange form of the filtered common mode signal is probably cause by differential mode
signals as a result of asymmetry in the filter.
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figure 4.21 Differential mode 400KHz square wave
signal before filtering 25V/div

figure 4.20 Differential mode 400KHz square wave
signal after filtering 100mV/div

The spikes in the filtered differential mode signal are caused by the commutation process in the
full bridge, the spikes are not really present on the output but EMC coupled because of the open,
not shielded, setup of the amplifier. The total suppression 0 of the fundamental frequency in the
square wave signal by the output filter is:

0= LOg[200 .10-
3
J ~ -47dB

~·35
1r
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5. Secondary circuitry

In this chapter the secondary circuitry of the amplifier will be discussed. The secondary circuitry
consist of the following blocks:

1. the Schmitt-trigger;
2. the input amplifier;
3. the current command amplifier;
4. the voltage command amplifier;
5. the differential amplifier;
6. the PI controller;
7. the full bridge.

Because of the standard implementation of these system blocks, the circuitry and dimensioning is
only shortly discussed in following paragraphs.

\ I---'--~-_
I

•••••••••••••••• J I............. '\ /' ,--..L.-...,:··A·············
input amplifier V . 7 'V

PI

... _ - -- "·f -.-- ,- - ------

: voltage command amp : I differential amplifier :

Input

A .
7 'V:

L...-.....--------' : PI.controller

:' S~;;;';i~~~;i~;;e';: ..;~i,' brid~~' ... 'i~~ ~~~~. ":
output filter:

Output

"\ I'
V

• cutTent command amp' add inverter •
..................... 1 _ ...

cUlTI!ntsensor

figure 5.1 Total block diagram of the class-D amplifier

5.1 The Schmitt-trigger with controllable hysteresis window

As mentioned in paragraph 2.4 the switching frequency is influenced by the output level and the
supply voltage. In order to gain an optimal amplifier design and to keep the output ripple limited,
one stable switching frequency, as high as possible, is desired. The swing of the switching
frequency can be controlled by means of a frequency feedback on the hysteresis window of the
Schmitt-trigger. Therefore the hysteresis window of the Schmitt-trigger has to be adjustable by a
voltage signal.
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The realized Schmitt-trigger consists in fact of a set / reset latch with two comparators (figure
5.2). One comparator serves for detecting the crossing by the input signal of the positive
threshold level and one for the crossing of the negative threshold level. The output signals of the
two comparators are the set and reset signals of the set / reset latch.

+5Volt

R

R

D-,-------Ql V.-.

figure 5.2 Schmitt-trigger circuit

The two threshold levels are generated from one hysteresis window control signal by two buffer
amplifiers. Both amplifiers have unity gain but one of them inverts the input signal. In this way a
negative threshold level - 'threShold' GCS = -Vwindow and a positive threshold level

'threshold' Gcs =VWindoW is obtained. The set / reset latch is created in the standard way by two

nand ports with cross connected outputs. Comparator A in figure 5.2 is the reset comparator and
its output will go low of VSignal<-Vwlndow resetting the output of the set / reset latch. Comparator B
is the set comparator and its output will go low if VSignal> V window setting the output of the
set / reset latch.

The input/output diagram of the resulting Schmitt-trigger is drawn in figure 5.3.

Vout

Vwindr:rN Vsign81

figure 5.3 Schmitt-trigger input/output diagram
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Choice and values of the components

The following components and component values have been used.

For the comparator a standard fast switching comparator IC LM319 is used. This IC provides two
high speed comparators. The comparator has an open collector output, therefore external pull-up
resistors are necessary. The value of the pull-up resistors is taken from the datasheets (appendix
F): soon. This value together with the 5Volts pull-up voltage results in a 10mA maximum current
sink, well within the limits of the comparator.

A standard TTL NAND 74132 is used because of its high switching speed and the Schmitt-trigger
inputs. The Schmitt-trigger inputs make the set / reset latch less sensitive to noise on the input
signals.

No special demands apply to the opamps used for buffering and inverting the window signal. The
window signal, which at this moment still is a DC signal, even with future frequency feedback
needs no larger frequency bandwidth than 20KHz. Even the DC-characteristics don't really
matter, therefore a cheap LM324 (appendix G) providing four opamps is used.

5.2 The input filter and amplifier

R in,

figure 5.4 Input amplifier circuit

The input amplifier circuit consists of an adjustable input attenuation P3, a low pass filter to
prevent frequencies higher than the desired bandwidth to reach the control circuit and an
inverting amplifier (figure 5.4). The dimensioning of the circuit is simple. The desired maximum
output level of the amplifier is about 3.5Volts and the maximum input voltage is 1V. A gain Gin of
3.5 is desired. In the discussion of the differential amplifier the possible attenuation by the
differential amplifier section will turn out to be fixed to 10, thereby demanding an input gain Gin of
3. This gain is determined by the ratio of the resistors R,'n ,Rin and P3:

, 2

RinG. =Kp • __2

tn 3 R.
tn,

In order to be able to adjust the input gain
around the desired total gain of 3 by means
of P3, the amplification of the opamp is
chosen a little bit higher, about 3.3.

Choice and values of the components

No special demands apply to the opamp used in the input amplifier circuit. The opamp is
combined with the opamps of the current command, voltage command and PI-controller circuits in
one quad opamp IC. The used IC type is AD713. This is a low cost, low noise, quad opamp
(appendix E).

To the gain demand of Gin=3.3 the following values in the E12 series have been chosen:
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The resistor keeping the non-inverting input of the opamp to the ground level has been
dimensioned the same value as the resistance seen from the inverting input towards the input in
order to compensate for possible opamp bias currents.

The input attenuation resister divider is chosen 10Ka.

The desired capacitor value to form a low pass filter with cut-off frequency 22KHz is:

1 1
C· = = 3 3 ~ 723pF

In! 2".f;n. P3 2".22·10 .10.10

The nearest E12 series value is chosen:

5.3 The voltage command and current command amplifiers

>-....L...--0U""mdeve,

Voltage and current command circuitsfigure 5.5

Both command amplifiers have the same
layout because of their complementary
functionality. The current command
signal has to be exactly the derivative of
the voltage command signal otherwise
conflicting set points will occur making
the total system response nervous. The
differentiating action of the current
command amplifier is limited to a
frequency just high enough above the
maximum information frequency, that
minimum phase shift occurs. As with the
differential amplifier, a cut-off frequency
of 35KHz is chosen. The voltage
command signal has to be low pass
filtered with exactly the same cut-off
frequency, again to prevent conflicting
set-points in the high frequency range.
Therefore the components forming the
high pass filter in the current command amplifier have the same values as the components
forming the low pass filter in the voltage command amplifier. Both the high pass and the low pass
filter are buffered by an opamp circuit. In the opamp circuit of the current command amplifier an
additional amplification Gccmd is implemented in order to achieve a total amplification in the
amplifier of 30.
The transfer function of the current command amplifier is:
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Rcc "GCCmd S
-, =G md" ~- 1 CC S+_1_

Ree +--- ccc, RCCI, s·ccc,

UCCmd =Gin' Gecmd S 1
U s+ -in rccmd

1
In the low frequency range of f < this transfer function is approximated by:

2:r· Z'ccmd

Ueemd ~ G· ·G md ·s·R ·CU. In cc ee, CCI
Ifl

The idealized transfer function of the capacitor current measurement circuit is:

Ues =1000·s,Cd
Uout

Eq.5.1

An expression determining the amplification factors is deduced from these idealized transfer
functions and the amplification demand of 30:

From the cut-off demand a second expression is deduced:

3 1
fecmd = 35·10 = =>

2:r·R ·Ccc, cc,

!R", ,Coc ~ 1 3 ~ 4.55.10~61
' , 2:r·35·10

Equation 5.2 together with equation 5.3 gives:

3.10-5

Gin' GCCmd = 6 ~ 6.6
4.55·10-

Eq.5.2

Eq.5.3

Eq.5.4

The amplification of the input amplifier is estimated to be about 3 because of the limited amount
of possible attenuation factors of the differential amplifier section (paragraph 0). Therefore the
amplification of the current command amplifier has to be:
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Choice and values of the components

As mentioned earlier the opamps are combined with the input amplifier and PI-controller circuit in
one opamp the AD713. The frequency demand is small, only 35KHz.
From equation 5.3 appropriate values for Rex; and Gex; are chosen, reckoning with the maximum

1 1

output current of the preceding input amplifier. From the datasheets (appendix E) the maximum
output current of the input amplifier is obtain lout =25mA. Including a safety margin the output

current should not exceed 10mA. Because the voltage command circuit holds the same
combination of filter components twice the current of one series connection of Rex; and Gex; is

1 1

drawn from the input amplifier. The maximum current through the series connection of Rex; and
1

Gex; is 5mA. This maximum current occurs at the maximum input frequency f;n =20KHz.
1

5.10-3 > 1= Gin ·Oin
1

Rex; +-~A-
1 2tr. f .Gm CC1

3·1=---------,---- =:>
1

Rex; + 3
1 2tr. 20 ·10 .G

ex;1

3
> 3 =600

5·10-
Eq.5.5

This equation together with equation 5.3 gives:

4.55.10-6 1
----+ 4 > 600=>

G 4 ... ·10 ·Gex;1 ,. CC1

The nearest value in the E12 series is chosen:

From equation 5.3 the value of the resistor Rex; is calculated.
1

R = 4.55 .10-
6
~ 253n

CC1 18.10-9

The nearest value in the E12 series is chosen:

The gain Gccmd of the current command amplifier is determined by the ratio of the resistors Rex;
2

and Rcc (figure 5.5):
3

80



RccG =22=-_3
ccmd R

cC2

This gain factor can exactly be obtain by using E12 series resistors because two standard values
of the E12 series are 10 and 22. To minimize the influence of the input impedance of the amplifier
on the preceding filter, the resistors have be chosen in the range of 1001«2 rather than in the
range of 10Kn:

IRcC3 = 220Knl

IRcc2 = 100Knl

The resistor keeping the non-inverting input of the opamp to the ground level has been
dimensioned the nearest E12 value about equal to the resistance seen from the inverting input
towards the filter in order to compensate for possible opamp bias currents.

The voltage command amplifier has the same filter component values but Rand C have switched
places.

leVCl =18nFI

IRvcl = 240nl

The opamp simply serves as an unity gain buffer. The only input resistor is chosen the same
value as Rex; to achieve as much symmetry between the voltage and current command signal as

2

possible.
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5.4 The differential amplifier

The differential amplifier circuit (figure 5.6) differs from the standard instrumentation amplifier in
that the input signal is attenuated. Moreover the attenuation is realized relative to the circuit
ground thereby attenuating both the differential and common mode signal. Attenuation of the two
input terminal relative to each other would reduce the Common Mode Rejection Ratio with a
factor equal to the differential mode attenuation.

The capacitors in figure 5.6 limit the frequency bandwidth of the amplifier. This on one hand
prevents high frequency distortion from reaching the control circuit and on the other hand realizes
a clear define frequency bandwidth, not determined by the opamp characteristics. The bandwidth
of the amplifier has to be large enough that the phase shift occurring at the highest information
frequency (20KHz) is to be neglected, therefore a frequency bandwidth of 35KHz is chosen. A
trimmer, placed parallel to a fixed capacitor on the non-inverting input, is used to perfectly tune
the bandwidth between the inverting and non-inverting input.

In general the amplifier has to be as symmetrical as possible in order to achieve a high Common
Mode Rejection Ratio. Therefore 0.1 % tolerance resistors are used. The PCB layout of the
differential amplifier also has to be symmetrical and the origination of parasitic components
should be avoided.

The used differential mode opamp has to have a large CMRR, preferably more than 100dB.
Moreover the used opamps in general should have low offset voltages. The bandwidth demand of
the opamps is small, a gain bandwidth product of 1MHz is sufficient.

The amplification, or in this case attenuation, of the amplifier can be adjusted by means of the
potentiometer at the output of the amplifier.
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Choice and values of the components

Because of the high DC-performance demands for the differential opamp (IC3, figure 5.6) a
dedicated IC type is used: the AD707. This is a low cost very high DC precision opamp with a
CMRR of 130dB, the offset voltage doesn't exceed 15f.!V and the closed loop bandwidth is
0.9MHz (appendix C).
Though for the two buffer opamps (IC1 & IC2) only a low offset voltage and enough frequency
bandwidth (1 MHz) is necessary, the AD707 is also used to implement these buffer amplifiers.

The main part of the necessary attenuation is realized the ratio of R1/R4 and R~3. Fine tuning of
the attenuation is done by the potentiometer on the output of the differential amplifier. In this case
the maximum amplitude of the differential mode input signal of the differential amplifier is 30Volt.
The maximum amplitude of the output signal of the differential amplifier has to be about 3.5 Volts
(rule of the thumb: 9dB head room), an attenuation of about a factor 8.5 is desired. All resistors
in the differential amplifier have a 0.1 % tolerance. Because of the limited amount of values
available ilJ this type of high precision resistors, the attenuation of the input resistor divider is
taken to be 10, R1=R2=100KQ and R3=R4=10KQ. The gain of the differential amplifier build
around IC3 is taken unity, Rs=R6=R7=Rs=100KQ. The capacitors necessary to achieve a cut off
frequency of 35KHz are calculated from:

1 1
C1 = = 3 3 r::; 45pF

2;r· Fe . Rs 2;r· 35 ·10 ·100 ·10

The nearest value in the E12 series is 47pF. The value of C2 is about chosen 47pF minus half the
value of the adjustable capacitor C3. If an adjustable capacitor of 30pF is used capacitor then C2

is chosen 33pF.

The output potentiometer P1 has a value of soon and forms a part of the adding resistor network
of the PI-controller section. Adjustment of the attenuation is realized by the potentiometer P1 in
this add-up circuit, as will be calculated in the next paragraph.

5.5 The PI controller

The circuit of the PI controller is a combination of a PI-controller and a summator. The input
voltage signal and the output voltage signal are added by the resistor network formed by P1 (the
adjustable resistor of the differential amplifier), R1 and R2. The resistance of P2 is assumed high
enough not to influence the resistor add up network, this is, however not true when the gain of
the PI-controller is increased (thus P2 is decreased). Therefore in a future design process
implementation of a buffer amplifier is recommended. Nevertheless at this moment the influence
of P2 will be neglected and on the basis of the circuit of figure 5.7 the transfer function for both
inputs is calculated.
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PI

Rz

figure 5.7 PI-controller circuit

+

",>-....L..._Ql Vout

First the output of the add up network is determined:

Eq.5.6

This equation shows that the ratio between U1 and U2 can be adjusted by P1 and thereby the
attenuation of U1 relative to U2. Now the transfer function of the PI-controller circuit is determined.
If an ideal opamp is assumed U.=U+=O and the current flowing through P2 also flows through the
feedback loop Ri+C/:

The current Ip through P2 is:
2

Then the PI output UPI,ouf is:

Eq.5.7

with

and
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K = Ri ·(R1 +~)

I (R1 +~).(R2 +P2)+R2 'P2

Eq.5.8

Eq.5.9



The gain K; of the PI-controller can be adjusted by P2 whereas the time constant T; can be
adjusted by choosing an other value for C;. The gain K; is also depending on P1. To avoid this
situation the recommended buffer amplifier should be a differential amplifier and P1 should by
used as a resistor divider with one connection to ground as in figure 5.8. The input connections of
the differential amplifier then are exchanged to compensate for the inverting character of the
differential amplifier of the PI-controller circuit.

R

R

Uz
>-....I...--QJ Uf+Z

R=100Kn

figure 5.8 Recommended buffer/differential amplifier

Choice and values of the components

No special demands apply to the opamp used in the PI-controller circuit. The opamp is combined
with the opamps of the current command, voltage command and input amplifier circuits in one
quad opamp IC. The used IC type is AD713. This is a low cost, low noise, quad opamp.
From the root loci of paragraph 2.3.3 the cut off frequency of the PI-controller is desired to be
adjustable between 50Hz and 1KHz. Moreover the gain Kj of the PI-controller is to be adjustable
between 1 and 20. Adjusting T; is done by exchanging the capacitor C;. For this purpose it is
placed in an IC socket on the PCB to make exchange easy. Consequently the dimensions of the
used capacitors is limited, therefore the value of Cj should not exceed 100nF. This maximum
value of C; in combination with the desired minimum cut off frequency of 50 Hz determines the
minimum value of Rj :

IRj = 47knl

is chosen.

The values of Cj necessary to achieve certain cut-off frequencies of the PI-controller are given in
table 5-3.

f; Hz
50
100
200
400
600
1000

Cj nF
68
34
17
8.5
5.6
3.4

table 5-3 Values of C; to achieve certain cut off frequency f; of the PI-controller
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The gain K; then mainly is determined by the value of P2. Because an unity gain is to be achieved
P2 is chosen 50KO.. The resistors in the add-up network have to be much smaller than P2 in order
to comply with the assumption that P2 doesn't influence the add-up network. They have been
chosen the lowest values the preceding opamps can drive free from problems.

IR1 = 560.01

IR2 =1k.ol

I~ =0 -1000.01

Finally R3 is chosen about the same value as the total resistance seen from the non-inverting
input of the opamp in order to compensate for possible opamp bias currents.

From these component values it can be seen·that if, for instance, the gain K; is to be 10 the value
of P2=4. 7K.o doesn't comply with the assumption of P2 being much larger than R2 and R1+P1.

Therefore application of the differential amplifier buffer of figure 5.8 in a future design process is
recommended. An additional advantage of applying the differential amplifier instead of the
resistor add-up network is that the values of the resistors R1, P1 and R2 can be much higher
thereby lowering the output current and dissipation of the driving opamps of the preceding
circuitry.

5.6 The full bridge

As mentioned in earlier paragraphs the full bridge is build round a full bridge driver IC of the
Harris cooperation. This IC, the HIP8040A is capable of diving a full bridge of MOSFETS with a
maximum supply voltage of 80Volts at a frequency up to 1MHz. The used circuit is almost directly
copied from the datasheets and application notes (appendix A). A bootstrap circuit is
implemented by means of capacitor and a diode. The dead time of both the high side MOSFETS
and the low side MOSFETS are adjustable independently by two extemal resistors. Here a small
modification with respect to the datasheets is made. An additional capacitor is put across the
dead time resistors to ensure a stable dead time. Moreover across one of the resistors an
additional adjustable resistor is applied in order the adjust high and low side dead time in a way
that the mean value of the common mode signal on the output of the full bridge is as close as
possible to zero.

On the signal input a Schmitt-trigger circuit is created by two resistors and a voltage reference to
ensure that a fast and stable switching pulse is provided to the bridge.
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Choice and values of the components

The used MOSFETS are chosen on the basis of their gate capacitance, conducting resistance
Ron, maximum current and maximum drain source voltage. A trade off has to be made between
Ron and gate capacitance. A lower value of Ron always goes together with a higher gate
capacitance. A high gate capacitance means more switching losses when on the other hand a
larger value of Ron results in more conduction losses. Moreover the driver IC is capable of
supplying a maximum current of 2.5A to the gate capacitor. Therefore with higher values of the
gate capacitance the rise and fall time of the MOSFETS increases. There is also a limit to the
gate capacitance I switching frequency combination because of dissipation inside the driver. In
the beginning of the design process the possible switching frequency was not jet known,
therefore the gate capacitance of the MOSFET were preferred to be small. In order to optimize
the MOSFET choice, a comparison has to be made between the conduction losses and the
switching losses. This is however rather complicated because the distribution of the output power
level has to be taken into account.
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figure 5.9 Full bridge circuit

In this situation the amplifier should provide 50Watts in 8n load. This results in a maximum output
current of:

{SO
Tout =J2 'fa ~ 3.6A

The real MOSFET current is some O.22A larger because of the triangular switching current.

The MOSFETS finally have been chosen of the type IRF531. This MOSFET has a maximum
constant drain current of 14A, the gate capacitance is 650pF, the Ron=O.12n and the maximum
drain source voltage is 50Volts.
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The gate resistors Rgate limit the current loading the gate capacitors thereby limiting the raise and
fall times of the gate pulses. If the edges of the full bridge output pulses are too steep they
contain lots of higher harmonics, causing EMC problems. Moreover if the always present parasitic
inductance in the gate circuit is too large, these steep edges will cause ringing of the LC circuit
formed by the MOSFET capacitances and the parasitic inductance.
On the other hand the raise and fall times of the MOSFETS should not be to large because this
will result in an increase of the switching losses. At this moment the gate resistor values have
been chosen 80, but possibly this value can be lowered to about 5 or 60.

The capacitors C1 to C6 should be placed as close as possible to both branches of the full bridge
MOSFETS, in order to minimize the parasitic inductances. Each branch has three capacitors of
increasing value over its power supply. The three increasing values are: 1nF, 100nF, 10J..lF.

Outside the small metal case of the full bridge the is an other large capacitance across the supply
voltage VB of 10000pF.

The two bootstrap diodes have to be fast recovery diodes and capable of carrying an 1A current.
Therefore the fast recovery type diode BYV27-100 is used. This diode has the following data:
URR(max) =100V, IRF(AV)=2A, trr(max)=25nSec, UF=1.07V at 3A, IR=1,uA at UR=100V.
The bootstrap capacitors C7 and C8 should been chosen large enough to supply the necessary
charge for the gate capacitor without significant voltage drop. Therefore the value of these
capacitors is chosen ten times larger than the gate capacitance of the used MOSFETS:
C7=C8=10nF.

The dead time resistors RHDEL and RLDEL have been chosen 100kn parallel to a 200kn adjustable
resistor and 68kn respectively. After minimizing the mean value of the common mode signal on
the full bridge output by adjusting RHDEL , the total value of RHDEL turns out to be 30kn. This results
in a dead time of 14nSec for the high side MOSFETS and 30nSec for the low side MOSFETS.
The difference of about 16nSec compensates for the difference in propagation time between the
high and low side drivers. The capacitors Cg and C10 parallel to the dead time resistors are both
100nF.

The hysteresis window of the Schmitt-trigger is determined by the resistors R1, R2 and the driver
supply voltage: +12Volts according to:

~VltJteshOId high - VltJreShOId low = - .12Volts .. 'R
2

To ensure good noise immunity a hysteresis window of 1Volt is chosen. Consequently:

This equation is exactly met by the E12 values 10 and 12, therefore the resistors R1 and R2 have
been chosen 10kn and 120kn respectively. The high threshold level is determined by R1• R2 and
Vrefwhich is determined by R3, R4 and the driver supply voltage: +12Volts according to:

The input signal is a TTL signal with 5Volts amplitude. Therefore the hysteresis window of 1Volt is
centered around 2.5Volts (half the input pulse signal amplitude), resulting in a high threshold level
of 3Volts. From previous equation an expression for R3 and R4 is derived:
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Again this is exactly met by the E12 values 10 and 33, therefore the resistors R3 and R4 have
been chosen 330kn and 100kn respectively.

Summarizing the following component values have been used:

IR1 = 10k.oI

IR2 =120k.oI

IR3 = 330k.oI

IR4 = 1OOk.oI

IRgate = 8.01
IRHDEL = 100k.o / 1200k.o(log)I

IC1 =C4 =1nFI

IC2 = Cs = 100nFI

IC3 =C6 = 1O.uFI
Ie; = C8 = 10nFI
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6. Results

Measurements of the performance needs accurate equipment not directly present at the design
laboratory. Separate appointments with other departments possessing the appropriate equipment
have to be made. At that moment the amplifier should have reached a certain level of completion.
Since the amplifier is still in the design process and not all the goals have been achieved jet
accurate measurements on the amplifier have not been done. An important goal still to be
achieved is the stabilization of the switching frequency by means of a frequency feedback.
Therefore performance measurements would be subjected to all kinds of secondary effects due
to shift of the switching frequency. Nevertheless some interesting measurements, demonstrating
the potential of the amplifier design have been made and presented here. It should be noticed
that the amplifier in these measurements is still a precursor of the one dimensioned in the
previous paragraph, therefore the bandwidth is limited to about 17KHz!
Measurements have been made of the amplifier output with different input wave forms, different
frequencies and loads. The results are plotted in the following figures.
First measurements have been done with block signals.
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figure 6.1 100Hz block signal 2V/div;
OWatts output power

figure 6.2 100Hz block signal 2V/div;
10Watts output power
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figure 6.3 1KHz block signal 2V/div;
OWatts output power

figure 6.4 1KHz block signal2V/div;
10Watts output power
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figure 6.5
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10KHz block signal 2V/div;
OWatts output power

figure 6.6 10KHz block signal2V/div;
10Watts output power

The same measurements have been made now with a sinusoidal signal.
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figure 6.7
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100Hz sinusoidal signal 2V/div;
OWatts output power

figure 6.8 100Hz sinusoidal signal 2V/div;
10Watts output power



figure 6.9
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1KHz sinusoidal signal 2V/div;
Watts output power

figure 6.10 1KHz sinusoidal signal 2V/div;
10Watts output power

figure 6.11 10KHz sinusoidal signal 2V/div;
OWatts output power

Output impedance

figure 6.12 10KHz sinusoidal signal 2V/div;
10Watts output power

Two different methods have been used to measure the output impedance. The first method used
is to measure the voltage over the output terminals in the situation of load and no load operation
and the current through the (small) load, in the situation of load operation. From the difference in
output voltage in no load and load situation and the current in load situation the output
impedance is calculated using:

R - Uout,no-Ioad - Uout,1oBd _ L1Uout
out - -

lout,load L1lout
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The inaccuracy involved in the subtraction of two large signals makes the measurement
unreliable. Nevertheless the results are displayed in table 6-1.

Frequency
100Hz
1KHz

10KHz
20KHz

Uout,noload [Vj
8.45
8.41
7.40
6.58

Uout,/oad [Vj
8.53
8.46
7.11
6.08

lout,load [Aj

3.221
3.180
2.639
2.20

L1UoutfmVj
·80
-50
29
50

Rout [mnj
-24.8
-15.7

11
22.7

table 6-1 Output impedance of the amplifier at different frequencies

In the second measurement setup a current is injected on the output terminals of the amplifier by
means of an external current source. The amplifier input is held zero, thus the output of the
amplifier should also be zero volts. Deviation of the zero voltage output is due to the output
impedance of the amplifier. Now the measurement of the output voltage is considerably more
accurate. It should be remarked that the measured output voltage signal is low pass filtered to
suppress the switching ripple. The low pass filter cross-over frequency is 130kHz.
Now a totally different result is obtained:

Frequency [Hz] Current [RMS] Output voltage Impedance
[mVolts] mO

100 0.5 5.5 11
100 1 6.2 6.2
500 0.5 8 16
500 1 13.2 13.2

1k 0.5 13.1 26.2
1k 1 24.5 24.5
2k 0.5 24 48
2k 1 47.5 47.5
5k 0.5 57 114?
5k 1 165 165

10k 0.5 110 220
10k 1 233 233
15k 0.5 168 336
15k 1 344 344
20k 0.5 217 434
20k 1 433 433

table 6-2 Output sensitivity of the amplifier

In general the output impedance is linear with the frequency, which can be modeled by an
inductance. This is totally contrary to the results in the first measurement. This contradiction can
be explained using the vector diagram of figure .... In the first measurement the amplitude of the
vectors Oout,nO-load and Oout,load is measured. The difference in amplitude is very small

representing the voltage drop across the resistive part Rout of the output impedance Zout. The
second measurement gives the amplitude of the difference vector 0ZOll = Oout,no-Joad - Oload' This

vector consists of the voltage drop across the resistive part R uit of Zuit and the reactionary part X uit.

The value of this reactive part is calculated from the measurement results in table 6-2.

Probably this inductance is caused by the small time delay L1t of half the switching period Ts in the
systems' response, which is inherent to the hysteresis principle. If this theory is assumed to be
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true the corresponding resistance Rout which together with the output inductance Lout forms the
output impedance Zout can be calculated. For a fout=10kHz output signal the corresponding phase
shift qJ is:

qJ = & .360°= t Ts .360°= 125)1Sec .360°= 4.50
Tout Tout 100)1Sec

This phase shift has to correspond to the series connection of Rout and Lout.

t (900 4 50) 2 Jr ·10 .10
3

. Lautarc an -. = <=::>
Rout

R = 2Jr .10
4

. Laut = 2 Jr • 3.5 ·10-
2
~ 18mn

out atan(85.50
) 12.07

This value of the output resistance Rout corresponds quite well with the results of the first
measurement.

In a future design project compensation of this time delay in the control system can be
considered. One should however consider that this inductance L out=3.5pH corresponds to a
loudspeaker cable with a length of about 3 meters.

The fast response of the amplifier shows very clearly from the next figure. It shows the response
of the amplifier on a sudden change of the load. The output power changes from OWatts to
25Watts what results in only a very short dip of the output voltage. The graph shows also clearly
the direct response of the current loop.
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figure 6.13 System response on a load change of 0 to 3.16A (verticaI2V/div).
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With a gain-phase analyzer the transfer function of the amplifier is measured. The bode plot of
the amplifier is drawn in figure 6.14.
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Phase
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Frequency [Hz]

figure 6.14 Measured Bode plot of the transfer function of the realized amplifier
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7. Conclusions & recommendations

Though not all of the goals of the design project have been reached in time, important progress in
the realization of a class-D amplifier based on the hysteresis control method is achieved.

The, at first underestimated, important problem of the output filtering has been solved very
successfully. Not only an effective solution has been found, but the solution makes the
implementation of this amplification method more general applicable because of the small size of
the filter.

Furthermore a circuit for measuring a current signal is developed with a frequency bandwidth and
accuracy that can be call impressive: 15Hz-30MHz (-3dB)! Though largely over dimensioned for
this application, there are lots of other applications where this circuit can be very useful.

The first results of the amplifier it self are very promising, though not jet fully optimal dimensioned
the performance of the amplifier is comparable with other commercial amplifiers in the quality mid
range. Together with the three important advantages of the class-D amplifier: economic with
energy, small physical dimensions and the small weight gives this amplifier design lots of
potential.

Moreover the application area of the amplifier extends the audio applications. Because of this low
output impedance, the amplifier is capable of driving all kinds of loads. Other possible
applications therefore are: driving motors, valves or light or even as the programmable power
supply.

Recommendations

All together enough reasons to continue the design process to come to a final optimal amplifier
circuit. In this future design project should be focused on the following tasks:

• First of all a frequency feedback has to be realized at the existing amplifier, reducing
all kinds secondary effects due to shift of the switching frequency.

• Further research on the total transfer function of the current transformer together with
the active load. An interesting development on drawing the systems root loci which will
provide crucial information on the optimal dimensioning of the circuit have been
stopped because of a lack of time.

• The use of the coaxial current transformer and the high performance opamp
AD811 makes the design unnecessary complex and expensive. Because of the over
dimensioning of the current measurement circuit simplification of the circuit design
should be possible.

• At this moment the used inductor in the output filter is an inductor taken from a
switched mode power supply. Though coincidentally its value served well in this
amplifier, an alternative has to be found.

• The lay-out of the PCB for the control circuit can be improved. All kinds of internal and
external disturbances make the operation of the amplifier unstable at this moment.

• Further more, in the interest of circuit protection an over current protection circuit
should be implemented.
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FB
IPC
LPF
PCB
PWM
RF
VFC

Trademarks

PSPICEIID

MATLAB®

Current Mode Control;
Common Mode Rejection Ratio;
Direct Duty ratio Control;
Full Bridge;
Integral Pulse Control;
Low Pass Filter;
Printed Circuit Board;
Pulse Width Modulation;
Radio Frequency;
Voltage Feed forward Control;

Registered property of Microsim Corporation.

Registered property of The MathWorks Inc.
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Features

• Drives N-Channel FET Full Bridge Including High Side
Chop Capability

• Bootstrap Supply Max Voltage to 95VDC

• Drives 1000pF Load at 1MHz In Free Air at +50oC with
Rise and Fall Times of Typically 10ns

• User-Programmable Dead Time

• Charge-Pump and Bootstrap Maintain Upper Bias
Supplies

• DIS (Disable) Pin Pulls Gates Low

• Input Logic Thresholds Compatible with 5V to 15V
Logic Levels

• Very Low Power Consumption

• Undervoltage Protection

Applications

• MedlumlLarge Voice Coli Motors

• Full Bridge Power Supplies

• Class D Audio Power Amplifiers

• High Performance Motor Controls

• Noise Cancellation Systems

• Battery Powered Vehicles

• Peripherals

• U.P.S.

HIP40BOA
80V/2.5A Peak, High Frequency

Full Bridge FET Driver

Description

The HIP4080A is a high frequency, medium voltage Full Bridge
N-ehannel FET driver IC, available in 20 lead plastic SOIC and
DIP packages. The HIP4080A includes an input comparator,
used to facilitate the "hysteresis" and PVVM modes of operation.
Its HEN (high enable) lead can force currentto freewheel in the
bottom two external power MOSFETs, maintaining the upper
power MOSFETs off. Since it can switch at frequencies up to
1MHz, the HIP4080A is well suited for driving Voice Coil
Motors, switching amplifiers in class D high-frequency switch
ing audio amplifiers and power supplies.

HIP4080A can also drive medium voltage brush motors, and
two HlP4080As can be used to drive high performance step
per motors, since the short minimum "on-time" can provide
fine micro-stepping capability.

Short propagation delays of approximately 55ns maximizes
control loop crossover frequencies and dead-times which
can be adjusted to near zero to minimize distortion, resulting
in precise control of the driven load.

The similar HlP4081A IC allows independent control of all 4
FETs in an Full Bridge configuration.

The Application Note for the HIP4080A is AN9404.

Ordering Information

PART TEMPERATURE
NUMBER RANGE PACKAGE

HIP4080AIP -40oe to +85°e 20 Lead Plastic DIP

HIP4080AIB -40oe to +85°e 20 Lead Plastic sOle (W)

Pinout Application Block Diagram
HlP40BOA (PDIP, SOIC)

TOP VIEW
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Vcc DIS
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HIP4080A

Functional Block Diagram (1/2 HIP4080A)
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Specifications HIP4080A

Thermal Information
Thermal Resistance

SOIC Package .
DIP Package .

Maximum Power Dissipation at +850 C
SOIC Package 470mVV
DIP Package 530mVV

Storage Temperature Range -650 C to +150OC
Operating Max. Junction Temperature +1250C
Lead Temperature (Soldering 10s) +300OC

(For SOIC - Lead Tips Only)

Absolute Maximum Ratings
Supply Voltage, VDD and Vee -o.3V to 16V
Logic I/O Voltages -0.3V to VDD +0.3V
Voltage on AHS, BHS -6.0V (Transient) to 80V (25°C to 125OC)
Voltage on AHS, BHS -6.0V (Transient) to 70V (-55°C to 125°C)
Voltage on ALS, BLS -2.0V (Transient) to +2.0V (Transient)
Voltage on AHB, BHB VAHS, BHS -0.3Vto VAHS, BHS +VDD
Voltage on ALO, BLO VALS BLS -0.3V to Vee +0.3V
Voltage on AHO, BHO VAHS, BHS -O.3Vto VAHB, BHB +0.3V
Input Current, HDEL and LDEL -5mA to OmA
Phase Slew Rate 20V/ns
NOTE: All Voltages relative to VSS' unless otherwise specified.

CAUTION: Stresses above those listed in "Absolute Maximum Ratmgs' may cause permanent damage to the device. This is a stress only rating and operation
of the device at these or any other conditions above those indicated in the operational sections of this specification is not implied.

Operating Conditions
Supply Voltage, VDD and Vee +9.5V to +15V
Voltage on ALS, BLS -1.0V to +1.0V
Voltage on AHB, BHB VAHS, BHS +5V to VAHS, BHS +15V

Input Current, HDEL and LDEL. -500jJA to -50jJA
Operating Ambient Temperature Range -400C to +850C

Electrical Specifications VDD = vee = VAHB = VBHB = 12V, Vss = VALS = VBLS = VAHS : VBHS: OV, RHDEL = RLDEL = 100K, and
TA : +250 C, Unless Otherwise Specified

TJ= -40°C
TJ = +25OC TO +125DC

PARAMETERS SYMBOL TEST CONDITIONS MIN TYP MAX MIN MAX UNITS

SUPPLY CURRENTS AND CHARGE PUMPS

VDD Quiescent Current IDD IN- : 2.5V, Other Inputs: OV 8 11 14 7 14 mA

VDD Operating Current
'
DOO Outputs switching f'" 500kHz, No Load 9 12 15 8 15 mA

Vee Quiescent Current Icc IN- = 2.5V, Other Inputs: OV, - 25 80 - 100 jJA

'ALO = IBLO = 0

Vee Operating Current leeo f: 500kHz, No Load 1 1.25 2.0 0.8 3 mA

AHB, BHB Quiescent Current- IAHB,IBHB IN- : 2.5V, Other Inputs = OV, IAHO = -50 -25 -11 -60 -10 jJA
Qpump Output Current IBHO=O, VDD=Vee=VAHB=VBHB= 10V

AHB, BHB Operating Current 'AHBO,'BHBO f = 500kHz, No Load 0.62 1.2 1.5 0.5 1.9 mA

AHS, BHS, AHB, BHB Leakage Current
'
HLK VBHS = VAHS '" SOV, - 0.02 1.0 - 10 jJA

VAHB = VBHB = 93V

AHB-AHS, BHB-BHS Qpump VAHB - VAHS IAHB = 'AHB'" 0, No Load 11.5 12.6 14.0 10.5 14.5 V
Output Voltage VBHB-VBHS

INPUT COMPARATOR PINS: IN+, IN-, OUT

Offset Voltage Vos Over Common Mode Voltage Range -10 0 +10 -15 +15 mV

Input Bias Current liB 0 0.5 2 0 4 jJA

Input Offset Current los -1 0 +1 -2 +2 jJA

Input Common Mode Voltage Range CMVR 1 - VDD 1 VDD V
-1.5 -1.5

Voltage Gain AVOL 10 25 - 10 - V/mV

OUT High Level Output Voltage VOH IN+ > IN-, 10H : -250jJA VDD - - VDD - V
-0.4 - 0.5

OUT Low Level Output Voltage VOL IN+ < IN-, IOL : +250jJA - - 0.4 - 0.5 V

Low Level Output Current 10L Vour : 6V 6.5 14 19 6 20 mA

High Level Output Current 10H Vour'" 6V -17 -10 -3 -20 -2.5 mA

INPUT PINS: DIS

Low Level Input Voltage V1L Full Operating Conditions - - 1.0 - 0.8 V

High Level Input Voltage V1H Full Operating Conditions 2.5 - - 2.7 - V

Input Voltage Hysteresis - 35 - - - mV

Low Level Input Current IlL VIN : OV, FUll Operating Conditions -130 -100 -75 -135 -65 jJA

High Level Input Current IIH VIN '" 5V, Full Operating Conditions -1 - +1 -10 +10 jJA

3
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Specifications HIP4080A

Electrical Specifications VDD = vee = VAHB = VBHB = 12V, v ss = VALS = VBLS = VAHS = VBHS = OV, RHDEL = RLDEL = 100K, and

TA = +250 C, Unless Otherwise Specified (Continued)

TJ =.40oC
TJ = +2SoC TO +12SoC

PARAMETERS SYMBOL TEST CONDITIONS MIN TYP I MAX MIN MAX UNITS

INPUT PINS: HEN

low level Input Voltage V1L Full Operating Conditions - - 1.0 - 0.8 V

High level Input Voltage V1H Full Operating Conditions 2.5 - - 2.7 - V

Input Voltage Hysteresis - 35 - - - mV

low level Input Current IlL V1N = OV, Full Operating Conditions -260 -200 -150 -270 -130 J.lA

High level Input Current IIH V1N = 5V, Full Operating Conditions -1 - +1 -10 +10 J.lA

TURN-ON DELAY PINS: lDEl AND HDEl

lDEl, HDEl Voltage VHDEL,v IHDEL = ILDEL = -100J.lA 4.9 5.1 5.3 I 4.8 5.4 V

GATE DRIVER OUTPUT PINS: AlO, BlO, AHO, AND BHO

low level Output Voltage VOL lOUT = 100mA 0.7 0.85 1.0 0.5 1.1 V

High level Output Voltage Vee - VOH lOUT'" -100mA 0.8 0.95 1.1 0.5 1.2 V

Peak Pullup Current 10+ VOUT= OV 1.7 2.6 3.8 1.4 4.1 A

Peak Pulldown Current 10 - VOLrr = 12V 1.7 2.4 3.3 1.3 3.6 A

Under Voltage, Rising Threshold UV+ 8.1 8.8 9.4 8.0 9.5 V

Under Voltage, Falling Threshold 'UV- 7.6 8.3 8.9 7.5 9.0 V

Under Voltage, Hysteresis HYS 0.25 0.4 0.65 0.2 0.7 V

Switching Specifications VDD = vee = VAHB = VBHB = 12V, v ss = VALS = VBLS = VAHS = VBHS = OV, RHDEL = RLDEL = 10K,
CL = 1000pF, and TA = +250 C, Unless Otherwise Specified

TJ =-40"C
TJ = +2SoC TO+12SoC

PARAMETERS SYMBOL TEST CONDITIONS MIN TYP MAX MIN MAX UNITS

lower Turn-off Propagation Delay (IN+/IN- to AlO/BlO) TLPHL - 40 70 - 90 ns

Upper Turn-off Propagation Delay (IN+/IN- to AHO/BHO) THPHL - 50 80 - 110 ns

lower Tum-on Propagation Delay (/N+/IN- to AlO/BlO) TLPLH - 40 70 - 90 ns

Upper Tum-on Propagation Delay (IN+/IN- to AHO/BHO) THPLH - 70 110 - 140 ns

Rise Time TR - 10 25 - 35 ns

Fall Time TF . 10 25 - 35 ns

Turn-on Input Pulse Width TpwN•ON 50 - - 50 . ns

Tum-off Input Pulse Width TP\MN-OFF 40 - - 40 . ns

Disable Turn-off Propagation Delay TDISLOW - 45 75 - 95 ns
(DIS - lower Outputs)

Disable Turn-off Propagation Delay TDISHIGH - 55 85 - 105 ns
(DIS - Upper Outputs)

Disable to lower Tum-on Propagation Delay TDLPLH - 45 70 - 90 ns
(DIS - AlO and SlO)

Refresh Pulse Width (AlO and BlO) TREF•PW 240 380 500 200 600 ns

Disable to Upper Enable (DIS - AHO and SHO) TUEN - 480 630 - 750 ns

HEN-AHO, SHO Turn-off, Propagation Delay THEN.PHL RHDEL - RLDEL = 10K - 40 70 - 90 ns

HEN-AHO, SHO Turn-on. Propagation Delay THEN-PLH RHDEL = RLDEL = 10K - 60 90 - 110 ns

TRUTH TABLE

INPUT OUTPUT

IN+ > IN· HEN UN DIS AlO AHO BlO BHO

X A A 1 a a a a
0 0 0 0 1 0 0 0

1 1 0 0 0 1 1 0

0 1 0 0 1 0 0 1

1 0 0 0 0 0 1 0

X X 1 X 0 0 0 0

4
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Pin Descriptions

HIP4080A

PIN
NUMBER SYMBOL DESCRIPTION

1 BHB B High-side Bootstrap supply. External bootstrap diode and capacitor are required. Connect cathode of boot-
strap diode and positive side of bootstrap capacitor to this pin. Internal charge pump supplies 30J.1A out of this
pin to maintain bootstrap supply. Internal circuitry clamps the bootstrap supply to approximately 12.8V.

2 HEN High-side Enable input. logic level input that when low overrides IN+/IN- (Pins 6 and 7) to put AHO and BHO
drivers (Pins 11 and 20) in low output state. When HEN is high AHO and BHO are controlled by IN+/IN- inputs.
The pin can be driven by signal levels of OV to 15V (no greater than Voo). An internal100J.1A pull-up to Voo will
hold HEN high, so no connection is required if high-side and low-side outputs are to be controlled by IN+/IN-
inputs.

3 DIS DISable input. logic level input that when taken high sets all four outputs low. DIS high overrides all other inputs.
When DIS is taken low the outputs are controlled by the other inputs. The pin can be driven by signal levels of
OV to 15V (no greater than Voo). An internal100J.1A pull-up to Voo will hold DIS high if this pin is not driven.

4 Vss Chip negative supply, generally will be ground.

5 OUT OUTput of the input control comparator. This output can be used for feedback and hysteresis.

6 IN+ Noninverting input of control comparator. If IN+ is greater than IN- (Pin 7) then AlO and BHO are low level out-
puts and BlO and AHO are high level outputs. If IN+ is less than IN- then AlO and BHO are high level outputs
and BlO and AHO are low level outputs. DIS (Pin 3) high level will override IN+/IN- control for all outputs. HEN
(Pin 2) low level will override IN+/IN- control of AHO and BHO. When switching in four quadrant mode, dead
time in a half bridge leg is controlled by HDEl and lDEl (Pins 8 and 9).

7 IN- Inverting input of control comparator. See IN+ (Pin 6) description.

8 HDEl High-side turn-on DElay. Connect resistor from this pin to Vssto settiming currentthat defines the turn-on delay
of both high-side drivers. The low-side drivers turn-off with no adjustable delay. so the HDEl resistor guarantees
no shoot-through by delaying the tum-on of the high-side drivers. HDEl reference voltage is approximately 5.1 V.

9 lDEl low-side turn-on DElay. Connect resistor from this pin to Vss to settiming currentthat defines the tum-on delay
of both low-side drivers. The high-side drivers turn-off with no adjustable delay, so the lDEl resistor guarantees
no shoot-through by delaying the tum-on of the low-side drivers. lDEl reference voltage is approximately 5.1 V.

10 AHB A High-side Bootstrap supply. External bootstrap diode and capacitor are required. Connect cathode of boot-
strap diode and positive side of bootstrap capacitor to this pin. Internal charge pump supplies 30J.1A out of this
pin to maintain bootstrap supply. Internal circuitry clamps the bootstrap supply to approximately 12.8V.

11 AHO A High-side Output. Conned to gate of A High-side power MOSFET.

12 AHS A High-side Source connection. Connect to source of A High-side power MOSFET. Connect negative side of
bootstrap capacitor to this pin.

13 AlO A low-side Output. Connect to gate of A low-side power MOSFET.

14 AlS A low-side Source connection. Connect to source of A low-side power MOSFET.

15 Vee Positive supply to gate drivers. Must be same potential as Voo (Pin 16). Connect to anodes of two bootstrap
diodes.

16 Voo Positive supply to lower gate drivers. Must be same potential as Vee (Pin 15). De-eouple this pin to Vss (Pin 4).

17 BlS B low-side Source connection. Connect to source of B low-side power MOSFET.

18 BlO B low-side Output. Connect to gate of B low-side power MOSFET.

19 BHS B High-side Source connection. Connect to source of B High-side power MOSFET. Connect negative side of
bootstrap capacitor to this pin.

20 BHO B High-side Output. Connect to gate of B High-side power MOSFET.

5
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HIP40BOA

Timing Diagrams
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HIP40BOA

Typical Performance Curves Voo = Vee = VAHS = VSHS = 12V, VSS = VALS = VSLS = VAHS = VSHS = OV, RHOEL = RLDEL =
100K, and TA = +2SoC, Unless Otherwise Specified
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HIP4080A

Typical Performance Curves VDD"' Vee"' VAHB"' VBHB "' 12V, Vss "' VALS "' VBLS"' VAHS "' VBHS "' OV, RHDEL"' RLDEL"'
100K, and TA"' +2SoC, Unless Otherwise Specified (Continued)
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HIP4080A

Typical Performance Curves VDD =Vee =VAHB =VBHB =12V, Vss =VALS =VBLS =VAHS =VBHS =OV, RHDEL =RLDEL =
10K, and TA = +250 C, Unless Otherwise Specified
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HIP4080A

Typical Performance Curves Voo =Vee =VAHB =VBHB =12V, Vss =VALS =VBLS =VAHS =VBHS =OV, RHOEL =RLDEL =
100K, and TA= +250 C, Unless Otherwise Specified
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HIP4080A

Typical Performance Curves VDD =Vee =VAHS =VSHS =12V, Vss =VALS =VsLs =VAHS c VsHs =OV, RHDEL =RLDEL =
100K, and TA = +250 C, Unless Otherwise Specified (Continued)
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,.ANALOG High Performance
W DEVICES Video Op Amp

1 A_D8_11---J1

16-Pin SOIC (R-16) Package 20-Pin SOIC (R-20) Package

~!a!B

NC4032 1 20 1. 18NC

NC 5 AD811 17 NC
-IN 8 18-W.
NC7 15NC
+IN 8 14 aJTPUT

9 1 1 2 3

~~B~
NC • NO CONNECT

-W.

8 aJTPUT

5NC

16 HC•

AD811

HC • NO CONNECT

NC • NO CC»INECT

HC 1

CONNECTION DIAGRAMS
8-Pin Plastic (N-8) 20-Pin LCC (E-20A) Package

Cerdip (Q-8)
SOIC (SO-8) Packages

FEATURES
High Speed

140 MHz Bandwidth (3 dB, G = +1)
120 MHz Bandwidth (3 dB, G = +2)
35 MHz Bandwidth (0.1 dB, G = +2)
2500 V/p.s Slew Rate
25 ns Settling Time to 0.1% (For a 2 V Step)
65 ns Settling Time to 0.01% (For a 10 V Step)

Excellent Video Performance (R L =150 0)
0.01% Differential Gain, 0.01° Differential Phase
Voltage Noise of 1.9 nV;fHz

low Distortion: THO = -74 dB @ 10 MHz
Excellent DC Precision

3 mV max Input Offset Voltage
Flexible Operation

Specified for:l:5 V and :l:15 V Operation
:l:2.3 V Output Swing into a 75 0 load (Vs = :l:5 V)

APPLICATIONS
Video Crosspoint Switchers, Multimedia Broadcast

Systems
HDTV Compatible Systems
Video line Drivers, Distribution Amplifiers
ADC/DAC Buffers
DC Restoration Circuits
Medical-Ultrasound, PET, Gamma & Counter

Applications

PRODUCT DESCRIPTION
The AD811 is a wideband current-feedback operational ampli
fier, optimized for broadcast quality video systems. The -3 dB
bandwidth of 120 MHz at a gain of +2 and differential gain and
phase of 0.01 % and 0.01 0 (RL = 150 n) make the AD811 an
excellent choice for all video systems. The AD811 is designed to
meet a stringent 0.1 dB gain flatness specification to a band
width of 35 MHz (G = +2) in addition to the low differential
gain and phase errors. This performance is achieved whether
driving one or two back terminated 75 n cables, with a low
power supply current of 16.5 rnA. Furthermore, the AD811 is
specified over a power supply range of±4.5 V to ±18 V.

B 7 8 • 10 11 12 13 14 15
SUPPLY va..TAGE - ±Volta

G··Z I I
r- RLa 150n Vs • ±15V r--RGaR FB 1\

1\ 1\
VS·±5V ........ \

\'
\

1_

NC • NO CONNECT

10M
FREClJENCY - H2

-l;
1M

The AD811 is also excellent for pulsed applications where tran
sient response is critical. It can achieve a maximum slew rate of
greater than 2500 V/IJ.S with a settling time of less than 25 ns to
0.1% on a 2 volt step and 65 ns to 0.01% on a 10 volt step.

The AD811 is ideal as an ADC or DAC buffer in data acquisi
tion systems due to its low distortion up to 10 MHz and its
wide unity gain bandWidth. Because the AD811 is a current
feedback amplifier, this bandwidth can be maintained over a
wide range of gains. The AD811 also offers low voltage and
current noise of 1.9 nV/-{HZ and 20 pN-{HZ, respectively, and
excellent dc accuracy for wide dynamiC range applications.
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AD811-SPECI FICATIONS (@TA= +25°C andVs= ±15 Vde. RtOAo = 150 n unless otherwise noted)

AD81lj/At AD811S l

Model Conditions Vs Min Typ Max Min Typ Max Units

DYNAMICPERFO~ANCE

Small Signal Bandwidth (No Peaking)
-3 dB

G; +1 RF1I ; 562 n ±15 V 140 140 MHz
G; +2 RF1I ; 649 n ±15 V 120 120 MHz
G; +2 RF1I ; 562 n ±5V 80 80 MHz
G; +10 RF1I ; 511 n ±15 V 100 100 MHz

0.1 dB Flat
G ;+2 RF1I : 562 n ±5 V 25 25 MHz

RF1I ; 649 n ±15 V 35 35 MHz
Full Power Bandwidth3 VOUT : 20 V pop ±15 V 40 40 MHz
Slew Rate VOUT : 4 Vp-p ±5 V 400 400 V/IJS

VOUT : 20 V POp ±15 V 2500 2500 V/IJS
Settling Time to 0.1 % 10 V Step, Av:-I ±15 V 50 50 ns
Settling Time to 0.01% 65 65 ns
Settiing Time to 0.1% 2 V Step, Av;-I ±5V 25 25 ns
Rise Time, Fall Time RF1I : 649. Av ; +2 ±15 V 3.5 3.5 ns
Differential Gain f: 3.58 MHz ±15 V 0.01 0.01 %
Differentiai Phase f; 3.58 MHz ±15 V 0.01 0.01 Degree
THO @ fc : 10 MHz VOUT : 2 V pop, Av ; +2 ±15 V -74 -74 dBc
Third Order Intercept4 @ fc : 10 MHz ±5 V 36 36 dBm

±15 V 43 43 dBm

INPUT OFFSET VOLTAGE ±5V.±15V 0.5 3 0.5 3 mV
TMIN IO TMAJ( 5 5 mV

Offset Voltage Drift 5 5 JiVioC

INPUT BIAS CURRENT
-Input ±5V,±15V 2 5 2 5 JJ.A

T MIN to TMAJ( 15 30 JJ.A
+Input ±5V,±15V 2 10 2 10 JJ.A

T MIN to T MAX 20 25 JJ.A
TRANSRESISTANCE T MIN to TMAJ(

VOUT ;±IOV
RL ; 00 ±15 V 0.75 1.5 0.75 1.5 Mn
RL ; 200 n ±15 V 0.5 0.75 0.5 0.75 Mn

VOUT ;±2.5 V
RL ; ISO n ±5V 0.25 0.4 0.125 0.4 Mn

COMMON-MODE REJECTION
Vas (vs. Common Mode)

TMIN to T MAX VCM ; ±2.5 ±5 V 56 60 50 60 dB
T MIN to T MAX VcM :±IOV ±15 V 60 66 56 66 dB

Input Current (vs. Common Mode) T MIN to T MAX I 3 I 3 JJ.A/V
POWER SUPPLY REJECTION Vs :±4.5Vto±18V

Vas T MIN to T MAX 60 70 60 70 dB
+Input Current T MIN to T MAx 0.3 2 0.3 2 JJ.A/V
-Input Current T MIN to TMAX 0.4 2 0.4 2 JJ.A/V

INPUT VOLTAGE NOISE f; I kHz 1.9 1.9 nVl~Hz

INPUT CURRENT NOISE f: I kHz 20 20 pAl~Hz

OUTPUT CHARACTERISTICS
Voltage Swing, Useful Operating RangeS ±5V ±2.9 ±2.9 V

±15 V ±12 ±12 V
Output Current TJ ; +25°C 100 100 mA
Short-Circuit Current ISO ISO mA

Output Resisrance (Open Loop @ 5 MHz) 9 9 n

INPUT CHARACTERISTICS
+Input Resistance 1.5 1.5 Mn
-Input Resistance 14 14 n
Input Capacitance +Input 7.5 7.5 pF
Common-Mode Voltage Range ±5 V ±3 ±3 V

±15 V ±13 ±13 V

POWER SUPPLY
Operating Range ±4.5 ±18 ±4.5 ±18 V
Quiescent Current ±5 V 14.5 16.0 14.5 16.0 mA

+ IS V 16.5 18.0 16.5 18.0 mA

TRANSISTOR COUNT # of Transistors 40 40

NOTES
'The AD8111R Is specified With ± 5 V power supplies only, wIth operation up to ± 12 volts.
'See Analog DeVIces' mll1tary data sheet for 883B tested specifications.
'FPBW: slew rate/(2ltVPFAK).

40utput power leve~ tested at a closed loop gatn of two.
'Useful operatlng range Is defined as the oulpul voltage at whIch linearity begins 10 degrade.
Specifications subject to change WIthout notice.

-2- REV.C
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AD811

METALIZATION PHOTOGRAPH

ESD SUSCEPTffiILITY
ESD (electrostatic discharge) sensitive device. Electrostatic
charges as high as 4000 volts, which readily accumulate on the
human body and on test equipment, can discharge without de
tection. Although the AD811 features proprietary ESD protec
tion circuitry, permanent damage may still occur on these
devices if they are su bjected to high energy electrostatic dis
charges. Therefore, proper ESD precautions are recommended
to avoid any performance degradation or loss of functionality.

MAXIMUM POWER DISSIPATION
The maximum power that can be safely dissipated by the
AD811 is limited by the associated rise injunction temperature.
For the plastic packages, the maximum safe junction tempera
ture is 145°C. For the cerdip and LCC packages, the maximum
junction temperature is 175°C. If these maximums are exceeded
momentarily, proper circuit operation will be restored as soon as
the die temperature is reduced. Leaving the device in the ·over
heated" condition for an extended period can result in device
burnout. To ensure proper operation, it is important to observe
the derating curves in Figures 17 and 18.

While the AD811 is internally short circuit protected. this may
not be sufficient to guarantee that the maximum junction tem
perature is not exceeded under all conditions. One important
example is when the amplifier is driVing a reverse terminated
75 n cable and the cable's far end is shorted to a power supply.
With power supplies of ±12 volts (or less) at an ambient tem
perature of +25°C or less, if the cable is shorted to a supply rail,
then the amplifier will not be destroyed, even if this condition
persists for an extended period.

'"".•..
7

,
......T

Contact Factory for Latest Dimensions.

Dimensions Shown in Inches and (mm).

_-------- ....(MI)-------

,
.....lIT

ABSOLUTE MAXIMUM RATINGS 1

Supply Voltage ±18 V
AD81l]R Grade Only ±12 V

Internal Power Dissipation2 ...•••.. Observe Derating Curves
Output Short Circuit Duration Observe Derating Curves
Common-Mode Input Voltage ±Vs
Differential Input Voltage ±6 V
Storage Temperature Range (Q. E) -65°C to +150°C
Storage Temperature Range (N, R) -65°C to +125°C
Operating Temperature Range

AD81l] O°C to +70°C
AD811A -40°C to +85°C
AD81lS -55°Cto +125°C

Lead Temperature Range (Soldering 60 sec) +300°C

NOTES
IStresses above those listed under "Absolute Maximum Ratings' may cause
permanent damage to the device. This is a stress rating only and functional
operation of the device at these or any other conditions above those indicated in the
operational section of this specification is not implied. Exposure to absolute
maximum rating conditions for extended periods may affect device reliability.

28-Pin Plastic Package: aJA ~ 90°CIWatt
8-Pin Cerdip Package: aJA ~ llO°ClWatl
8-Pin SOlC Package: aJA ~ 155°CIWatl
16-Pin SOlC Package: aJA ~ 85°CIWatl
20-Pin SOlC Package: aJA - 80°ClWatl
20-Pin LCC Package: aJA = 7O°ClWatl

ORDERING GUIDE

*E = Ceramic Leadless Chip Carrier; N = Plastic DIP; Q = Cerdip:
SO (R) = Small Outline IC (SOlC).

Temperature Package
Model Range Option*
AD811AN -40°C to +85°C N-8
AD811AR-16 -40°C to +85°C R-16
AD81lAR-20 -40°C to +85°C R-20
AD81l]R O°C to +70°C SO-8
AD811SQ/883B -55°C to +125°C Q-8
5962-9313001MPA -55°C to +125°C Q-8
AD811 SE/883B -55°C to +125°C E-20A
5962-9313001M2A -55°C to +125°C E-20A
AD81l]R-REEL O°C to +70°C SO-8
AD81l]R-REEL7 O°C to +70°C SO-8
AD81lAR-16-REEL O°C to +70°C SO-8
AD811AR-16-REEL7 O°C to +70°C SO-8
AD811AR-20-REEL O°C to +70°C SO-8
AD811ACHIPS -40°C to +85°C Die
AD811SCHIPS -55°C to +125°C Die

REV.C -3-
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AD811-Typical Characteristics
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AD811
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AD811-Typical Characteristics
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Typical Characteristics, Noninverting Connection-AD811
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Figure 19. Noninverting Amplifier Connection Figure 20. Closed-Loop Gain vs. Frequency, Gain = +1
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Figure 21. Small Signal Pulse Response, Gain =+1 Figure 22. Closed-Loop Gain vs. Frequency, Gain =+10

Figure 23. Small Signal Pulse Response, Gain = +10 Figure 24. Large Signal Pulse Response, Gain = +10
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AD811-Typical Characteristics, Inverting Connection
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Figure 25. Inverting Amplifier Connection Figure 26. Closed-Loop Gain vs. Frequency, Gain = -1
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Figure 29. Small Signal Pulse Response, Gain., -10 Figure 30. Large Signal Pulse Response, Gain = -10
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AD811 APPUCATIONS
General Design Considerations
The AD811 is a current feedback amplifier optimized for use in
high performance video and data acquisition applications. Since
it uses a current feedback architecture, its closed-loop -3 dB
bandwidth is dependent on the magnitude of the feedback resis
tor. The desired closed-loop gain and bandwidth are obtained
by varying the feedback resistor (RFB) to tune the bandwidth.
and varying the gain resistor (Rc) to get the correct gain. Table I
contains recommended resistor values for a variety of useful
closed-loop gains and supply voltages.

Table I. -3 dB Bandwidth vs. Closed-Loop Gain and
Resistance Values

Vs = ±15 V
Closed-Loop -3dBBW
Gain RFB Rc (MHz)

+1 7500 140
+2 6490 6490 120
+10 511 0 56.20 100
-1 5900 5900 115
-10 511 0 51.1 0 95

Vs = ±5 V
Closed-Loop -3 dB BW
Gain RFB Rc (MHz)

+1 6190 80
+2 5620 5620 80
+10 4420 48.70 65
-1 5620 5620 75
-10 4420 44.20 65

Vs =±10V
Closed-Loop -3dBBW
Gain RFB Rc (MHz)

+1 6490 105
+2 5900 5900 105
+10 4990 49.90 80
-1 5900 5900 105
-10 4990 49.90 80

Figures 11 and 12 illustrate the relationship between the feed
back resistor and the frequency and time domain response char
acteristics for a closed-loop gain of +2. (The response at other
gains will be similar.)

The 3 dB bandwidth is somewhat dependent on the power sup
ply voltage. As the supply voltage is decreased for example. the
magnitude of intemaljunction capacitances is increased, causing

Applications-AD811
a reduction in closed-loop bandwidth. To compensate for this,
smaller values of feedback resistor are used at lower supply
voltages.

Achieving the Flattest Gain Response at High Frequency
Achieving and maintaining gain flatness of better than 0.1 dB at
frequencies above 10 MHz requires careful consideration of sev
eral issues.

Choice of Feedback and Gain Resistors
Because of the above-mentioned relationship between the 3 dB
bandwidth and the feedback resistor, the fine scale gain flatness
will, to some extent. vary with feedback resistor tolerance. It is.
therefore. recommended that resistors with a 1% tolerance be
used if it is desired to maintain flatness over a wide range of pro
duction lots. In addition, resistors of different construction have
different associated parasitic capacitance and inductance.
Metal-film resistors were used for the bulk of the characteriza
tion for this data sheet. It is possible that values other than those
indicated will be optimal for other resistor types.

Printed Circuit Board Layout Considerations
As to be expected for a wideband amplifier, PC board parasitics
can affect the overall closed loop performance. Of concern are
stray capacitances at the output and the inverting input nodes. If
a ground plane is to be used on the same side of the board as
the signal traces, a space (3/16" is plenty) should be left around
the signal lines to minimize coupling. Additionally, signal lines
connecting the feedback and gain resistors should be short
enough so that their associated inductance does not cause
high frequency gain errors. Line lengths less than 1/4" are
recommended.

Quality of Coaxial Cable
Optimum flatness when driVing a coax cable is possible only
when the driven cable is terminated at each end with a resistor
matching its characteristic impedance. If the coax was ideal,
then the resulting flatness would not be affected by the length of
the cable. While outstanding results can be achieved using inex
pensive cables, it should be noted that some variation in flatness
due to varying cable lengths may be experienced.

Power Supply Bypassing
Adequate power supply bypassing can be critical when optimiz
ing the performance of a high frequency circuit. Inductance in
the power supply leads can form resonant circuits that produce
peaking in the amplifier's response. In addition, iflarge current
transients must be delivered to the load, then bypass capacitors
(typically greater than 1 J,LF) will be required to prOVide the best
settling time and lowest distortion. Although the recommended
0.1 J,LF power supply bypass capacitors will be suffiCient in many
applications. more elaborate bypassing (such as using two paral
leled capacitors) may be required in some cases.

REV.C -9-
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-",ANALOG
WDEVICES Ultralow Drift Op Amp

AD707 I

NULL

CONNECTION DIAGRAMS

TO-99 (H) Package

-v.
NC • NO CONNECT

NOTE: PIN 4 CONNECTED
TO CASE

SOIC (R) Package
Plastic (N) and

Cerdip (Q) Packages

FEATURES
Very High DC Precision
15 ILV max Offset Voltage
0.1 ILvrc max Offset Voltage Drift
0.35 ILV pop max Voltage Noise 10.1 Hz to 10 Hz)
8 V/ILV min Open.Loop Gain
130 dB min CMRR
120 dB min PSRR
1 nA max Input Bias Current

AC Performance
0.3 V/ILs Slew Rate
0.9 MHz Closed·Loop Bandwidth
Dual Version: AD708
Available in Tape and Reel in Accordance with

EIA-481A Standard

APPUCATION IDGHLIGHTS
1. The AD707's 13 V/lLV typical open-loop gain and 140 dB

typical common-mode rejection ratio make it ideal for
precision instrumentation applications.

2. The precision of the AD707 make!> tighter error budgets
possible at a lower cost.

3. The low offset voltage drift and low noise of the AD707 allow
the de!>igner to amplify very small signals without sacrificing
overall system performance.

4. The AD707 can be used where chopper amplifiers are
required, but without the inherent noise and application
problems.

5. The AD707 is an improved pin-for-pin replacement for the
LTlOOI.

PRODUCT DESCRIPTION
The AD707 is a low cost, high precision op amp with state-of
the-art performance that makes it ideal for a wide range of
precision applications. The offset voltage spec of less than 15 lLV
is the best available in a bipolar op amp, and maximum input
offset current is 1.0 nA. The top grade is the first bipolar
monolithic op amp to offer a maximum offset voltage drift of
0.1 lLV/oC, and offset current drift and input bias current drift
are both specified at 25 pArC maximum.

The AD707's open-loop gain is 8 V11LV minimum over the full
±10 V output range when driving a 1 kQ load. Maximum input
voltage noise is 350 nV p-p (0.1 Hz to 10 Hz). CMRR and
PSRR are 130 dB and 120 dB minimum, re!>pectively.

The AD707 is available in versions specified over commercial,
industrial and military temperature ranges. It is offered in 8-pin
plastic mini-DIP, small outline (SOIC), hermetic cerdip and
hermetic TO-99 metal can packages. Chips, MIL-STD-883B,
Rev. C, and tape & reel parts are also available.

NULL

-IN

+IN

-v.
NC. NO CONNECT

NULL

OUTPUT

NC

REV.S

Infonnation furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties
which may result from its use. No license is granted by implication or
otherwise under any patent or patent rights of Analog Devices.

Cl Analog Devices, Inc.• 1995

One Technology Way, P.O. Box 9106, Norwood, MA 02062·9106, U.S.A.
Tel: 6171329-4700 Fax: 6171326-8703
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AD707-SPEC IFICATI ONS (@+25°C and ±15 Y, unless otherwise noted)

AD707J/A AD707KJB
Conditions Min Typ Max Min Typ Max Units

INPUT OFFSET VOLTAGE
Initial 30 90 10 25 JlV
vs. Temperature 0.3 1.0 0.1 0.3 JlV/oC

TMIN to TMAX 50 100 15 45 JlV
Long-Tenn Stability 0.3 0.3 JlV/month
Adjustment Range R2 = 20 ill (Figure 19) ±4 ±4 mV

INPUT BIAS CURRENT 1.0 2.5 0.5 2.0 nA
T MtN to T MAX 2.0 4.0 1.5 4.0 nA

Average Drift 15 40 15 40/40/40 pN°C

OFFSET CURRENT VCM = 0 V 0.5 2.0 0.3 1.5 nA
T MIN to T MAX 2.0 4.0 1.0 2.0 nA

Average Drift 2 40 1 25/25/35 pAloC

INPUT VOLTAGE NOISE 0.1 Hz to 10 Hz 0.23 0.6 0.23 0.6 JlV p-p
f= 10 Hz 10.3 28 10.3 18 nV/~Hz

f= 100 Hz 10.0 13.0 10.0 12 nV/~Hz

f= 1 kHz 9.6 11.0 9.6 11.0 nV/1HZ

INPUT CURRENT NOISE 0.1 Hz to 10 Hz 14 35 14 30 pAp-p
f= 10 Hz 0.32 0.9 0.32 0.8 pAl~Hz

f= 100 Hz 0.14 0.27 0.14 0.23 pAl1HZ
f= 1 kHz 0.12 0.18 0.12 0.17 pAl~Hz

COMMON-MODE
REJECTION RATIO VcM =±13V 120 140 130 140 dB

T MIN to TMAX 120 140 120 140 dB

OPEN-LOOP GAIN Vo =±10V
RLOAD ~ 2 kil 3 13 5 13 V/JlV
T MIN to TMAX 3 13 3 13 V/JlV

POWER SUPPLY
REJECTION RATIO Vs =±3Vto±18V 110 130 115 130 dB

T MIN to T MAX 110 130 110 130 dB

FREQUENCY RESPONSE
Closed-Loop Bandwidth 0.4 0.9 0.4 0.9 MHz
Slew Rate 0.12 0.3 0.12 0.3 V/~

INPUT RESISTANCE
Differential 24 100 45 200 Mil
Common Mode 200 300 Gil

OUTPUT CHARACTERISTICS
Voltage RLOAD ~ 10 ill 13.5 14 13.5 14 ±V

RLOAD ~ 2 kil 12.5 13.0 12.5 13.0 ±V
RLOAD ~ 1 kil 12.0 12.5 12.0 12.5 ±V
RLOAD ~ 2 kil
T MIN to T MAX 12.0 13.0 12.0 13.0 ±V

OPEN-LOOP OUTPUT
RESISTANCE 60 60 il

POWER SUPPLY
Current, Quiescent 2.5 3 2.5 3 rnA
Power Consumption, No Load Vs =±15V 75 90 75 90 mW

Vs = ±3 V 7.5 9.0 7.5 9.0 mW

NOTES
All min and max specifications are guaranteed. Specificalions in boldface are lesled on all production units al final electrical tes!. Results from those lests are used 10
calculate outgoing quality levels.

Specifications subjecI 10 change withoUl nOlice.

-2- REV.S
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IIlIIIIIIIII ANALOG Precision, Low Cost,
W DEVICES High Speed, BiFET Op Amp

1 AD7_11_1

Vu- TRIM

CONNECTION DIAGRAMS

tHYERYING
INPUT

NCININIIB<t1NG
NPIJT

Plastic Mini-DIP (N) Package
Plastic Small Outline (R)

and
Cerdip (Q) Package

Nt

TO-99
(H) Package

INVERTING 2
.NNT

-Va
NOTE: P... 4 CONNECTED TO CASE

NCaNOa-ECT ~

L....@-Iev

PRODUCT HIGHLIGHTS
I. The AD711 offers excellent overall performance at very

competitive prices.

2. Analog Devices' advanced processing technology and with
100% testing guarantees a low input offset voltage (0.25 mV
max, C grade, 2 mV max, Jgrade). Input offset voltage is
specified in the warmed-up condition. Analog Devices' laser
wafer drift trimming process reduces input offset voltage
drifts to 3 /lV/oC max on the AD711 C.

3. Along with precision dc performance, the AD711 offers
excellent dynamic response. It senles to to.OI % in I IJS and
has a 100% tested minimum slew rate of 16 V/IJS. Thus this
device is ideal for applications such as DAC and ADC
buffers which require a combination of superior ac and dc
performance.

4. The AD711 has a guaranteed and tested maximum voltage
noise of4/lV p-p, 0.1 to 10 Hz (AD711C).

5. Analog Devices' well-matched, ion-implanted }FETs ensure
a guaranteed input bias current (at either input) of 25 pA
max (AD7 I IC) and an input offset current of 10 pA max
(AD7I IC). Both input bias current and input offset current
are guaranteed in the warmed-up condition.

Extended reliability PLUS screening is available, specified over
the commercial and industrial temperature ranges. PLUS
screening includes I68-hour bum-in, as well as other environ
mental and physical tests.

The AD711 is available in an 8-pin plastic mini-DIP, small out
line, cerdip, TO-99 metal can, or in chip form.

FEATURES
Enhanced Replacements for LF411 and n081

AC PERFORMANCE
Settles to ±0.010/0 in 1.0 \Ls
16 V/\Ls min Slew Rate (AD711J)
3 MHz min Unity Gain Bandwidth (AD711J)

DC PERFORMANCE
0.25 mV max Offset Voltage: (AD711C)
3 \LVrC max Drift: (AD711C)
200 V/mV min Open-Loop Gain (AD711KI
4 \LV pop max Noise, 0.1 Hz to 10 Hz (AD711CI
Available in Plastic Mini-DIP, Plastic SO, Hermetic

Cerdip, and Hermetic Metal Can Packages

MIL-STD-883B Parts Available
Available in Tape and Reel in Accordance with

EIA-481A Standard
Surface Mount (SOICI
Dual Version: AD712
Quad Version: AD713

PRODUCT DESCRIPTION
The AD711 is a high speed, precision monolithic operational
amplifier offering high perfonnance at very modest prices. Its
very low offset voltage and offset voltage drift are the results of
advanced laser wafer trimming technology. These performance
benefits allow the user to easily upgrade existing designs that use
older precision BiFETs and, in many cases, bipolar op amps.

The superior ac and dc performance ofthis op amp makes it
suitable for active filter applications. With a slew rate of 16 V/IJS
and a senling time of I IJS to to.OI %, the AD711 is ideal as a
buffer for 12-bit DIA and ND Converters and as a high-speed
integrator. The senling time is unmatched by any similar IC
amplifier.

The combination of excellent noise performance and low input
current also make the AD711 useful for photo diode preamps.
Common-mode rejection of 88 dB and open loop gain of
400 V/mV ensure 12-bit performance even in high-speed unity
gain buffer circuits.

The AD711 is pinned out in a standard op amp configuration
and is available in seVen performance grades. The AD711J and
AD711 K are rated over the commercial temperature range of
O°C to +70°C. The AD71IA, AD711B and AD711C are rated
over the industrial temperature range of -40°C to +85°C. The
AD711 S and AD711T are rated over the military temperature
range of -40°C to + 125°C and are available processed to MIL.
STD-883B, Rev. C.

REV.A
Information furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties
which may result from its use. No license is granted by implication or
otherwise under any patent or patent rights of Analog Devices.

One Technology Way, P.O. Box 9106, Norwood, MA 02062·9106, U.S.A.
Tel: 617/329-4700 Fax: 617/326·8703
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AD711-SPECIFICATIONS
ELECTRICAL CHARACTERISTICS (Vs = ±15 V@TA =+25°Cunlessotherwise noted)

jlAlS KlBIT C
Parameter Min Typ Max Min Typ Max Min Typ Max Units

INPUT OFFSET VOLTAGE'
Initial Offset 0.3 211/1 0.2 0.5 0.10 0.25 mV

TMINto TMA){ 3/212 1.0 0.45 mV

vs. Temp 7 20/20120 5 10 2 5 IlVI"C
vs. Supply 76 95 80 100 86 110 dB

TMIN to TMA){ 76/76/76 80 86 dB
Long-Term Stability IS IS IS IlV/Month

INPUT BIAS CURRENT2

VCM = 0 V IS 50 IS 50 IS 25 pA

VCM=OV@TMA){ 1.1/3.2/51 1.113.2/51 1.6 nA
VCM=±IOV 20 100 20 100 20 50 pA

INPUT OFFSET CURRENT

VCM = 0 V 10 25 5 25 5 10 pA

VCM=OV@TMA){ 0.6/1.6/26 0.6/1.6/26 0.65 nA

FREQUENCY RESPONSE
Small Signal Bandwidth 3.0 4.0 3.4 4.0 3.4 4.0 MHz

Full Power Response 200 200 200 kHz

Slew Rate 16 20 18 20 18 20 VIlIS
Settling Time to 0.01 % 1.0 1.2 1.0 1.2 1.0 1.2 lIS
Total Harmonic Distortion 0.0003 0.0003 0.0003 %

INPUT IMPEDANCE
Differential 3 x 10'2115.5 3 x 1012115.5 3 x 10'2115.5 nllpF
Common Mode 3 x 10'2115.5 3 x 10'2115.5 3 x 10'2115.5 nllpF

INPUT VOLTAGE RANGE
Differential3 ±20 ±20 ±20 V

Common-Mode Voltage4 + 14.5, -11.5 + 14.5, -11.5 +14.5,-11.5

TMINto TMA){ -Vs +4 +Vs -2 -Vs + 4 +Vs -2 -Vs + 4 +Vs -2 V

Common-Mode

Rejection Ratio

VCM=±IOV 76 88 80 88 86 94 dB

T MIN to TMA){ 76/76/76 84 80 84 86 90 dB

VCM=±llV 70 84 76 84 76 90 dB

TMINto TMA){ 70/70170 80 74 80 74 84 dB

INPUT VOLTAGE NOISE 2 2 2 4 IlV p-p
45 45 45 nVl~Hz

22 22 22 nVl-vHZ

18 18 18 nVl~Hz

16 16 16 nV/~Hz

INPUT CURRENT NOISE 0.01 0.01 0.01 pAl~Hz

OPEN-LOOP GAIN 150 400 200 400 200 400 VlmV
100/100/100 100 100 V/mV

OUTPUT CHARACTERISTICS

Voltage +13, -12.5 +13.9, -13.3 +13, -12.5 +13.9, -13.3 +13, -12.5 +13.9, -13.3 V
±12/±12/:tl2 +13.8,-13.1 :1:12 +13.8, -13.1 :tl2 +13.8, -13.1 V

Current 25 25 25 rnA

POWER SUPPLY
Rated Performance ±15 ±15 ±15 V
Operating Range :1:4.5 :1:18 :1:4.5 :1:18 :1:4.5 :1:18 V
Quiescent Current 2.5 3.4 2.5 3.0 2.5 2.8 rnA

NOTES
'Input Offset Voltage specifications are guaranteed after 5 minutes of operlUion at T. = +25°C.
'Bias Current specifications are guaranleed maximum at either input after 5 minutes of operation at T. = +25°C. For higher temperatures, the current doubles every 10°C.
'Defined as voltage between inputs, such that neither exceeds ± 10 V from ground.
'Typically exceeding -14.1 V negative common-mode voltage on either input results in an OUtput phase reversal.

Specifications subject to change without notice.
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IIIIIIIIIIII ANALOG Quad Precision, Low Cost,
W DEVICES High Speed, BiFET Op Amp

1 AD_71_3I

CONNECTION DIAGRAMS

The AD7l3 is offered in a 16-pin SOIC, 14-pin plastic DIP and
hermetic cerdip package, or in chip form.

PRODUCT lDGHUGHTS
1. The AD7l3 is a high speed BiFET op amp that offers excel

lent performance at competitive prices. It upgrades the per
formance of circuits using op amps such as the TL0741
TL084, LT1058, LF347 and OPA404.

2. Slew rate is 100% tested for a guaranteed minimum of
16 VIJ.lS A, A and S GTades).

3. The combination ofAnalog Devices' advanced processing
technology, laser wafer drift trimming and well-matched
ion-implanted ]FETs provides outstanding dc precision. in
put offset voltage, input bias current and inpUt offset current
are specified in the warmed-up condition and are 100%
tested.

4. Very dose matching of ac characteristics between the four
amplifiers makes the AD7l3 ideal for high quality active filter
applications.

NC • NO CONNECT

SOIC (R) Package
Plastic (N) and

Cerdip (Q) Packages

FEATURES
Enhanced Replacement for LF347 and TL084

AC PERFORMANCE
1 p.s Settling to 0.01% for 10 V Step
20 V/ p.s Slew Rate
0.0003% Total Harmonic Distortion (THD)
4 MHz Unity Gain Bandwidth

DC PERFORMANCE
0.5 mV max Offset Voltage (AD113K)
20 p.V/"C max Drift (AD713K)
200 V/mV min Open Loop Gain (AD713K)
2 p.V pop typ Noise, 0.1 Hz to 10 Hz
True 14-Bit Accuracy
Single Version: AD711, Dual Version: AD712
Available in 16-Pin SOIC, 14-Pin Plastic DIP and
Hermetic Cerdip Packages and in Chip Form
MIL-STD-883B Processing Available
Standard Military Drawing Available

APPLICATIONS
Active Filters
Quad Output Buffers for 12· and 14·Bit DACs
Input Buffers for Precision ADCs
Photo Diode Preamplifier Applications

PRODUCT DESCRIPTION
The AD7l3 is a quad operational amplifier, consisting of four
AD7ll BiFET op amps. These precision monolithic op amps
offer excellent dc characteristics plus rapid senling times, high
slew rates, and ample bandwidths. In addition, the AD7l3 pro
vides the dose matching ac and dc characteristics inherent to
amplifiers sharing the same monolithic die.

The single-pole response of the AD7l3 provides fast settling:
I J.lS to 0.0 1%. This feature, combined with its high dc precision,
makes it suitable for use as a buffer amplifier for 12- or 14-bit
DACs and ADCs. It is also an excellent choice for use in active
filters in 12-, 14- and l6-bit data acquisition systems. Further
more, the AD7l3's low total harmonic distortion (THD) level
of 0.0003% and very dose matching ac characteristics make it
an ideal amplifier for many demanding audio applications.

The AD713 is internally compensated for stable operation at
unity gain and is available in seven performance grades. The
AD7l3J and AD7l3K are rated over the commercial tempera
ture range ofO°C to +70°C. The AD7l3A and AD713B are
rated over the industrial temperature of -40°C to +85°C. The
AD7l3S and AD7l3T are rated over the military temperature
range of-55°C to + l25°C and are available processed to
Mll..-STD-883B, Rev. C.

REV.S

Information furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties
which may result from its use. No license is granted by implication or
otherwise under any patent or patent rights of Analog Devices.

One Technology Way, P.O. Box 9106, Norwood, MA 02062·9106, U.S.A.
Tel: 617/329-4700 Fax: 617/326·8703
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AD713-SPECIFICATIONS (Vs = ±15 V@TA= +25°C unless otherwise noted)

AD713JIAIS AD713K1BIT
Parameter Conditions Min Typ Max Min Typ Max Units

INPUT OFFSET VOLTAGE1

Initial Offset 0.3 1.5 0.2 0.5 mV
Offset T MIN toTMAX 0.5 2/2/2 0.4 0.7/0.7/1.0 mV
vs. Temp 5 5 20/20/15 /lV/"C
vs. Supply 78 95 84 100 dB
vs. Supply TMINtoTMAJ{ 76/76176 95 84 100 dB
Long-Term Stability 15 15 /lV/Month

INPUT BIAS CURRENT2 VCM=OV 40 150 40 75 pA
VCM = OV@TMAX 3.4/9.61154 1.7/4.8/77 nA
VcM=±IOV 55 200 55 120 pA

INPUT OFFSET CURRENT VCM = OV 10 75 10 35 pA
VCM=OV@TMAX 1.7/4.8/77 0.8/2.2/36 nA

MATCHING CHARACTERISTICS
Input Offset Voltage 0.5 1.8 0.4 0.8 mV
Input Offset Voltage TMINtoTMAJ{ 0.7 2.3/2.3/2.3 0.6 1.0/1.0/1.3 mV
Input Offset Voltage Drift 8 6 25 /lV/"C
Input Bias Current 10 100 10 35 pA
Crosstalk f=lkHz -130 -130 dB

f= 100 kHz -95 -95 dB

FREQUENCY RESPONSE
Small Signal Bandwidth Unity Gain 3.0 4.0 3.4 4.0 MHz
Full Power Response Vo = 20 V p-p 200 200 kHz
Slew Rate Unity Gain 16 20 18 20 V/lIS
Settling Time to 0.0 I% 1.0 1.2 1.0 1.2 lIS
Total Harmonic Distortion f= I kHZ; RL~ 2 kfl; 0.0003 0.0003 %

Vo = 3Vrms

INPUT IMPEDANCE
Differential 3xlO'2115.5 3xlO'2115.5 QllpF
Common Mode 3x1012115.5 3xI0'2115.5 QllpF

INPUT VOLTAGE RANGE
Differential3 ±20 ±20 V
Common-Mode Voltage4 + 14.5, -11.5 + 14.5, -11.5 V

TMlNto T MAX -II +13 -11 +13 V
Common Mode VCM=±IOV 78 88 84 94 dB
Rejection Ratio TMINto T MAX 76/76176 84 82 90 dB

VCM=±IIV 72 84 78 90 dB
TMINto TMAJ{ 70/70170 80 74 84 dB

INPUT VOLTAGE NOISE 0.1 Hz to 10 Hz 2 2 /lV p-p
f= 10 Hz 45 45 nVdHz
f= 100 Hz 22 22 nVdHz
f= I kHz 18 18 nV/-ffiZ
f= 10 kHz 16 16 nV/-ffiZ

INPUT CURRENT NOISE f= I kHz 0.01 0.01 pN~Hz

OPEN-LOOP GAIN Vo=±IOV;RL~2ill 150 400 200 400 V/mV
TMINto TMAJ{ I DOll 00/1 00 100 V/mV

OUTPUT CHARACTERISTICS
Voltage RL~ 2 ill +13, -12.5 + 13.9, -13.3 +13, -12.5 + 13.9, -13.3 V

T MIN to TMAJ{ ±12/±12/:12 +13.8, -13.1 :t12 +13.8, -13.1 V
Current Short Circuit 25 25 rnA

POWER SUPPLY
Rated Performance ±15 ±15 V
Operating Range :4.5 :18 :4.5 :18 V
Quiescent Current 10.0 13.5 10.0 12.0 rnA

TRANSISTOR COUNT # of Transistors 120 120

NOTES
'Inpul Offset Voltage specifications are guaranteed after 5 minutes of operation at TA = +25°e.
'Bias eurrenlspecifications are guaranteed maximum at either input after 5 minutes of operalion at T A = +25°e. For highertemperatures, the current doubles every JOoe.
'Defined as voltage between inputs, such that neither exceeds ± 10 V from ground.
"Typically exceeding -14.1 V negative common-mode voltage on either input resuhs in an output phase reversal.
Specifications subject to change without notice.
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1:.7LlnFArt LTl19A/LT319A
U \K LMl19/LM319

TECHNOLOGY~----D-U-a-I-C-O-m-p-a-ra-t-o-r

FEATURES DESCRIPTion
• Guaranteed Maximum 0.5mV Input Offset Voltage
• Input Protection Diodes
• Operates From Single 5V Supply
• 25mA Drive Capability
• 80ns Response Time

APPLICATions
• Window Detectors
• High Speed One Shot
• Relay/Lamp Drivers
• Voltage Controlled Oscillators

The LT119A is an improved version of the LMl19 dual
comparator. It features lower input offset voltage and
offset current. higher voltage gain, guaranteed common
mode rejection, and input protection diodes.

The LT119A is capable of operation over a supply range
from 5V to ±15V and can drive 25mA loads from each open
collector output. A separate ground pin allows the LT119A
to isolate system grounds.

Linear Technology Corporation's advanced processing,
design techniques and reliability make the LT119A1LT319A
an ideal choice over previous devices in most comparator
applications.

TYPICAL APPLICATiOn

Window Detector· Response Time for Various Input Overdrives
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I II. / m l
20mVI. T 5mv

I/.V
'ILl

Vs=±15V -;.
':~ Rl = SOOO---':;'

y++ = 5V

TA= 25t -
I I

6

5

$" 0
E

5:: 100
0.<':>
~;5 50

~ 0

o 50 100 150 200 250 300 350

TIME (ns)LT'111319TAl

5000

VOUT =5.0V FOR
VLT :$ VIN:$ Vl11
Vour =OV FOR
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• ALLOWED WINDOW FOR SINGLE +5V SUPPLY IS 1.2V TO 3.8V
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PACKAGE/ORDER inFORMATiOn

LT119A/LT319A
LM119/LM319

ABSOLUTE MAXIMUM RATinGS
Supply Voltage 36V
Output to Negative Supply Voltage 36V
Ground to Negative Supply Voltage 25V
Ground to Positive Supply Voltage 18V
Differential Input Voltage (Note 5) ±5V
Differential Input Current (Note 5) ±SmA
Input Voltage (Note 1)
Output Short-Circuit Duration lOs
Operating Temperature Range

LT119A, LMl19 - 55°C to 125°C
LT319A, LM319 O°C to 70°C

Storage Temperature Range - 65°C to 150°C
Lead Temperature (Soldering, 10 sec) 300°C

TOP VIEW
v+

HPACKAGE
10-LEAD TO-5 METAL CAN

TjMA){ = 150"C. 8111 = 150°C/W, aje = 45°C/W

TOP VIEW

J PACKAGE NPACKAGE
14-LEAD CERAMIC DIP 14-LEAD PLASTIC DIP

T....AX = 150°C. ajA = 100°C/W (.I)

T-"lAX = 85°C. ajA = 100°C/W (N)

ORDER PART
NUMBER

LT119AH
LMl19H
LT319AH
LM319H

LT119AJ
LM119J
LT319AJ
LM319J
LT319AN
LM319N

ELECTRICAL CHARACTERISTICS (Note 2)

Consult factory for Industrial and Military grade parts.

LT119A LTl19
SYMBOL PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS

Vos Input Offset Voltage Vs =±15V, VCM =0 0.3 0.5 4 mV

Vos Input Offset Voltage (Note 3) 0.5 1.0 0.7 4 mV

• 1.2 2.0 7 mV
CMRR Common-Mode Rejection Ratio 90 106 dB

los Input Offset Current (Note 3) 20 40 30 75 nA

• 75 100 nA

IB Input Bias Current (Note 3) 150 500 150 500 nA

• 1000 1000 nA
Av Voltage Gain 20 40 10 40 V/mV

Response Time (Note 4) 80 80 ns

VSAT Saturation Voltage VIN $ -5mV, 10 =25rnA 0.75 1.5 0.75 1.5 V
V· ~ 4.5V, V- =OV

VIN $ -6mA, ISINK $ 3.2mA
TA~ O°C 0.23 0.4 0.23 0.4 V
TA$ O°C 0.6 0.6 V

Output Leakage Current VIN ~ 5mV, VOUT =35V 0.2 2 0.2 2 lJA
• 1 10 1 10 lJA

Input Voltage Range Vs =±15V • -12 ±13 12 -12 ±13 12 V
V· =5V, V- =OV • 1 3 1 3 V

2
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ELECTRICAL CHARACTERISTICS (Note 2)

LT119A/LT319A
LM119/LM319

lT119A LT119
SYMBOL PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS

Differential Input Voltage • ±5 ±5 V

Is Supply Current V· =5V. V- =OV 4.3 4.3 rnA

Is Positive Supply Current Vs =±15V 8 11.5 8 11.5 rnA

Is Negative Supply Current Vs =±15V 3 4.5 3 4.5 rnA

Vas Input Offset Voltage Vs =±15V. VCM =OV 0.3 0.5 8 mV

Vas Input Offset Voltage Rs $ 5k 0.5 1 2 8 mV
(Note 3) • 2 10 mV

CMRR Common-Mode Rejection Ratio 90 106 dB

los Input Offset Ctrrent (Note 3) 30 40 80 200 nA

• 60 300 nA

IB Input Bias Current (Note 3) 150 500 250 1000 nA

• 1000 1200 nA

Av Voltage Gain 20 40 8 40 V/mV
Response Time (Note 4) 80 80 ns

VSAT Saturation Voltage VIN $ -10mV. ISINK =25mA
Tp 25°C 0.75 1.5 0.75 1.5 V

V· ~ 4.5V. V- =OV
VIN $ -10mV, ISINK $ 3.2mA • 0.3 0.4 0.3 0.4 V

Output Leakage Current VIN ~ 10mV, VOUT =35V 0.2 10 0.2 10 l!A
Input Voltage Range Vs =±15V • ±13 ±13 V

V· =5V, V- =OV • 1 3 1 3 V

D~ferential Input Voltage • ±5 ±5 V

Is Supply Current V· =5V, V- =OV 4.3 4.3 rnA

Is Positive Supply Current Vs =±15V 8 12.5 8 12.5 rnA

Is Negative Supply Current Vs = ±15V 3 5 3 5 rnA

The • denotes specifications which apply over the full operating
temperature range.
Note 1: For supply voltages less than ±15V. the maximum input voltage is
equal to the supply vollage.
Note Z: Unless otherwise noted, supply vollage equals ±15V and
TA = 25OC. The ground pin is grounded. Note that the maximum voltage
allowed between the ground pin and V· is 18V. Do not tie the ground pin
to V- when the power supply voltage exceeds ±9V. The offset voltage,
offset current and bias current specifICations apply for all supply vollages
between ±15V and 5V unless otherwise specified.
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Note 3: The offset vollages and currents given are the maximum values
required to drive the output within 1V of either supply with a 1rnA load,
thus these parameters define an error band and take into account the
worst case effects of voltage gain and input impedance.
Note 4: Response time specified is for a 100mV input step with 5mV
overdrive.
Note 5: Inputs are protected with back-to-back 5.6V zener diodes. This
limits maximum diflerential input voltage to ±5V if current is unlimited.
Larger differential input drive is allowed if input current is limited to ±5mA
with external resistance.
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45 nA

100 dB
1 MHz

December 1994

OV to V+ - 1.5V

Features
• Internally frequency compensated for unity gain
• Large DC voltage gain
• Wide bandwidth (unity gain)

(temperature compensated)
• Wide power supply range:

Single supply 3V to 32V
or dual supplies ± 1.5V to ± 16V

• Very low supply current drain (700 I1A)_ssentially in
dependent of supply Voltage

• Low input biasing current
(temperature compensated)

• Low input offset voltage 2 mV
and offset current 5 nA

• Input common-mode voltage range includes ground
• Differential input VOltage range equal to the power sup

ply VOltage
• Large output voltage swing

LM 124/LM224/LM324/LM2902
Low Power Quad Operational Amplifiers

Advantages
• Eliminates need for dual supplies
• Four internally compensated op amps in a single

package
• Allows directiy sensing near GND and VOUT also goes

to GND
• Compatible with all forms of logiC
• Power drain suitable for battery operation

t!1National Semiconductor

General Description
The LM124 series consists of four independent, high gain,
internally frequency compensated operational amplifiers
Which were deSigned specifically to operate from a single
power supply over a wide range of VOltages. Operation from
split power supplies is also possible and the low power sup·
ply current drain is independent of the magnitude of the
power supply voltage.

Application areas include transducer amplifiers, DC gain
blocks and all the conventional op amp circuits which now
can be more easily implemented in single power supply sys·
tems. For example, the LM124 series can be directly operat
ed off of the standard +5V power supply voltage which is
used in digital systems and will easily provide the required
interlace electronics without requiring the additional ± 15V
power supplies.

Unique Characteristics
• In the linear mode the input common·mode voltage

range includes ground and the output voltage can also
swing to ground, even though operated from only a sin
gle power supply VOltage

• The unity gain cross frequency is temperature
compensated

• The input bias current IS also temperature
compensated

Connection Diagram
Dua 1·1n-Line Package

Otl""T 1 I""UT ,- _UT 1+ vt '"",r 2# llfUT r GU1PUll

:lUT t:==~i:l..".nl~~===OlJH'M ,~ 1""-

1M 1+

••0

1M 2+

1"2- :===~j"""l::::~===''''J-0012 ~~

TUH/92GEl-32

Order Number LM12.(AE/883 or LM12'(E/883
see NS Package Number E20A

TUH/9299-1

TOp Vi_

Order Number LM12.(J, LM12.(AJ, LM12.(J/883"",
LM12'(AJ/883", LM22.(J, LM22.(AJ, LM32.(J, LM32.(M,
LM32.(AM, LM2902M, LM32.(N, LM32.(AN or LM2902N

See NS Package Number J1.(A, M1.(A or Nl.(A

OLTPUT 1 OUTPUT ..

1"~T'- Iw:aUy ....

I"'RoT , .. l,PUI".

,- ••0

IfIIPlT:l:+ IN"UTJ'"

INPlT:<- IN;ouT J-

DUll'll 2 DUTPLIT J

-LM124A tlyailable per JM38510/11006
""LM1Z4 8vBiIobie per JM38510/11005

TUH/9290-33

Order Number LM12.(AW/883 or LM12.(W/883
see NS Package Number W14B

@,n5NaIiOhldS8micondudorCorportrl:ion TL/H/92H
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Absolute Maximum Ratings
If Military/Aerospace specified devices are required, please contact the National Semiconductor Sales Office/Distributors for availability and specifications.
(Note 9)

LM124/LM224/LM324 LM2902 LM124/LM224/LM324 LM2902LM124A/LM224A/LM324A LM124A/LM224A/LM324A
Supply VOltage, V+ 321/ 26V Storage Temperature Range ~6S'C to + 150'C -6S'Cto + IS0'C
Diflerentiallnput Voltage 321/ 26V Lead Temperature (Soldering, 10 seconds) 260'C 260'C
Input Voltage -0.3V to + 321/ -0.3Vto +26V Soldering Information
Input Current Dual-In-Line Package

(VIN < -0.3V)(Note 3) SOmA SOmA Soldering (10 seconds) 260'C 260'C

Power Dissipation (Note 1) Small Outline Package

Molded DIP 1130mW 1130mW
Vapor Phase (60 seconds) 21S'C 21S'C

Cavity DIP 1260mW 1260mW
Infrared (IS seconds) 220'C 220'C

Small Outline Package 800mW BoomW See AN-4S0 "Surface Mounting Methods and Their Effect on Product Reliability" for

Output Short-Circuit to GND other methods of soldering surface mount devices.

(One Amplifier) (Note 2) ESD Tolerance (Note 10) 2S0V 2S0V
V+ ,;; ISVandTA = 2S'C Continuous Continuous

Operating Temperature Range -40'C to + 8S'C
LM324/LM324A O'Cto +70'C
LM224/LM224A -2S'Cto +8S'C
LMI24/LMI24A -SS'Cto + 12S'C

Electrical Characteristics v+ = +S.OV, (Note 4), unless otherwise stated

Parameter Conditions
LM124A LM224A LM324A LM124/LM224 LM324 LM2902

Units
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Min Typ Max Min Typ Max

Input Offset Voltage (Note 5) TA = 25'C 1 2 1 3 2 3 2 5 2 7 2 7 mV

Input Bias Current I'N(+)or IIN(-), VCIA = OV,
20 SO 40 80 4S 100 45 150 45 250 4S 250 nA

(Note 6) TA = 25'C

Input Offset Current IIN(+) - IIN(-), VCIA = OV,
2 10 2 15 5 30 3 30 5 SO 5 50 nA

TA = 25'C

Input Common-Mode V+ = 3OV, (LM2902, V+ = 26V),
0 V+ -1.S 0 V+-l.S 0 V+-l.S 0 V+ -1.5 0 V+-l.S 0 V+ -1.S V

Voltage Range (Note 7) TA = 25'C

Supply Current Over Full Temperature Range
RL = 00 On All Op Amps

mA
V+ = 30V (LM2902 V+ = 26V) 1.5 3 1.5 3 1.S 3 1.5 3 l.S 3 l.S 3
V+ = 5V 0.7 1.2 0.7 1.2 0.7 1.2 0.7 1.2 0.7 1.2 0.7 1.2

Large Signal V+ = 15V, RL Z 2 kO,
SO 100 50 100 25 100 SO 100 25 100 25 100 V/mV

Voltage Gain (Vo = Wto lW), TA = 25'C

Common-Mode DC, VCIA = OV to V+ - 1.5V,
85 65 85 50 70 dBRejection Ratio TA = 25'C

70 85 70 85 65 85 70

Power Supply v+ = 5Vt030V
Rejection Ratio (LM2902, v+ = 5V to 26V), 65 100 65 100 65 100 65 100 6S 100 50 100 dB

TA = 25'C



Electrical Characteristics v + = + 5.0V (Note 4) unless otherwise stated (Continued)

Parameter Conditions
lM124A lM224A lM324A lM124/lM224 lM324 lM2902

Units
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Min Typ Max Min Typ Max

Amplifier-ta-Amplifier f = 1 kHz to 20 kHz, TA = 25'C
-120 -120 -120 -120 -120 -120 dB

Coupling (Note 8) (Input Referred)

Output Current Source VIN + = IV, VIN = OV,
20 40 20 40 20 40 20 40 20 40 40

V+ = 15V. Vo = 2V, TA = 25'C
20

mA
Sink VIN = IV, VIN+ = OV,

10 20 10 20 10 10
V+ = 15V, Vo = 2V. TA = 25'C

20 10 20 20 10 20

VIN = IV, VIN + = OV,
12 50 12 50 12 50 12 50 12 50 12 50 p.A

V+ = 15V, Vo = 200 mV, TA = 25'C

Short Circu~ to Ground (Note 2) V+ = 15V, TA = 25'C 40 60 40 60 40 60 40 60 40 60 40 60 mA

Input Ollset Voltage (Note 5) 4 4 5 7 9 10 mV

Input Ollset RS = Oil 7 20 7 20 7 30 7 7 7 ,.vrc
Voltage Drill

Input Ollset Current 'INI+) - IIN(-), VCM = OV 30 30 75 100 150 45 200 nA

InputOllset Rs = Oil
10 200 10 200 10 300 10 10 10 pArC

Current Drill

Input Bias Current IIN( + ) or IIN(-1 40 100 40 100 40 200 40 300 40 500 40 500 nA

Input Common-Mode V+ = +30V
0 V+-2 0 V+-2 0 V+ -2 0 V+-2 0 V+-2 0 V+-2 V

Voltage Range (Note 7) (UoA2902. V+ = 26V)

large Signal V+ = +15V
Voltage Gain (Yo Swing = IV to llV) 25 25 15 25 15 15 V/mV

RL ~ 2kll

Output Voltage VOH v+ = 30V IRL = 2kll 26 26 26 26 26 22
Swing (UoA2902, V+ = 26V)

IRL = 10 kll
V

27 28 27 28 27 28 27 28 27 28 23 24

VOL V+ = 5V. RL = 10 kll 5 20 5 20 5 20 5 20 5 20 5 100 mV
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Electrical Characteristics v+ = + 5.0V (Note 4) unless otherwise stated (Continued)

Parameter Conditions LM124A LM224A LM324A LM124/LM224 LM324 LM2902
Units

Min Typ Max Min Typ Max Min Typ Max Min Typ Max Min Typ Max Min Typ Max

Output Current Source Va = 2V VIN+ = +lV,
10 20

VIN- = OV, v+ 15V
10 20 10 20 10 20 10 20 10 20

=
mAI--

Sink VIN = +IV,
5

VIN+ = OV, v+ = 15V
10 15 5 8 5 8 5 8 5 8 8

Hole 1: For op9rsUng at high temperatures, tho lM324/lM324A/UA2902 must be dareted based on B + 12S"C maxtrrum JuncUon temp9r8t\1'8 IJI"d 8 thermal resistance of 88°CtW which applies for the device sotd9r9d In Bprinted
clrcutt board, operating In 8 slill air ambient. Too lM224/UA224A and lM124/LM124A CI!In be derated based on 8 + 15O"C maximum junction temperature. The diss;p8tion Is the total of all 'our 8mplifier~UgeextGrnal reststors,
where possible, to allow the amplifklr to saturate 0' to reduce the power which Is dissipated in the Inle~led arouit

Hole 2: Short circuits 'rom the output to V+ can cause excessive heating and eventual destrucUon. When considering short circuits to SJOund, ttle mutrnum output CUlTent is approximately 40 rnA Independent 01 !.he magnitude of
V+ . At values of supply YoltllQ9 In exceS9 of +-15V, continuous ,hort.drculls can exceed the power dissipation ratings and cause 9'l8ntual destruetton. Destructiw dlsslplJ1ion can result from ,;multaneous shorts on all alllJlfter9.

Note 3: ThIs Input current wtll only exist when too VOItBge at any of the Input leads is driven negative. tt is due to the colI9ClOf-b8ge junction of the input PNP transistors becoming forward bissed and thereby acting as Input diode
clamps. In addition to this dkxle aelion, there is also lateral NPN parastllc tranststor action on the IC chip. This transistor Bction can CillJSB the outpUt VOItBges 0' the op Brnpsl0 go to the V.+ voltl!lg9 lewl (or to ground tor a large
overdrive) for the tlmB duration that Bn Input Is driven negatlw. Thi, Is not destructive and normal output states wtll re-99tBbllsh when the input voltl!lg9, which was negatwe, again returns to a value greater than -O.3V (at 2S~).

Nole 4: These spectrlcatlons .ellrrited to -5S~ s:. TA s:. + 12S-C for the LM124/LM124A. WIth the LM22.4/LM224A, Bn te~at1.I'e spedficationsarB IlmltBd to -2S-C s:. TA S +85~. the LM32.4/LM324A ternparaltJe
9pecHIcallons arB limited to o-c s TA S + 700c, Bnd the LM2902 speclflcaUons are limited to - 4C)-C s:. TA s:. + as-c.
Note 5: Vo a- 1.4V, Rs = 00 wtlh V+ 'rom SV to 30V; and over the tullinput common·mode range ~V to V+ - 1.5\') for LM2902, V.+ from SV to 2fN.

Note 8: The di'ectlon of the Input aJI'T'Gnt Is out of the Ie due to the PNP Input slage. This current Is essentially constBnl., irtdependerd 0' the slate of the output 90 no loedlng change ntsls on the Input lines.

Note 7: The input corrvnon-m0d9 voltage of e1therlnpul9lgnal voltage should not be allowed to go negative by more than O.3V (at 2S-C). The upper end Of the common·mode vollag9 rengels V-+ - 1.5V (at 2S-C). but IHther or both
Inputs can go to + 32V without damage (+ 26V for LM2902), Independent of the mBgnitude 0' V+ .

Note 8: Due to prmdrntty of external components, insure thet coupling Is not originaUng via stray capadtance between these external parts. This typtcelly can be detected as this type of capacitance k'1Cr8aS9S BI higher frequendes.

Note 8: Refer to RETS12.4AX for LM12.4A military speciflcaUons and refer to RETS124X for LM12.4 military !iPecHlcatlons.

Note 10: Human body model, 1,S k.O In series with 100 pF.

Schematic Diagram (Each Amplifier)
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Appendix H

HM28
Common Mode Choke

Buckle style core

149



MODEL HM28

Common-Mode Choke

Buckle Style Core

OUTSTANDING FEATURES

• Compact size, large inductance._-------
• Excellent frequency characteristic
• Low magnetic flux leakage
• Complies with UL, VDE safety requirements

APPLICATIONS

• Switching power supplies
• Video and audio equipment

'------------
• Office equipment---.-.------_._------------------
• Communications equipment and other electronic devices

OUTLINE DIMENSIONS Clnch/mmJ

FIGURE 1

.030±.002
O)6±0--:05"
Dia. Typ. ',T1'--=---'TT

(3) (2) --1 ' (2)

~:510±.010. I 1_.1~7 .390±.010 J
, 13.0±0.25! 4.0 100±0.25 '

ELECTRICAL/ENVIRONMENTAL

Voltage Rating 120/250 VMax.
Insulation Resistance, Minimum 100 Megohm
------c--------------
Insulation System Class S, 130°C
------------------------ --
Temperature Rise, Maximum 40°C

_._-_._------------ --. -.-_._-------

OUTLINE DIMENSIONS Unch/mm)

FIGURE 2

.87
220

SCHEMATIC

(4)~(3)

(1)~(2)
SpecificatIOns subject to change without nolice.

.51 0±.01 0
13.0±0.25

T
I
I
I

.87
22:0

.030±.002
b.76:tOOS
Dia. Typ.

-r
1157

4.0

!Ji feehnoloaies 6·29
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OUTLINI DIMINSIONS IInch/mmt OUILINI DIMINSloNS IInch/m..t

FIGURE 3 FIGURE 4

1.18- 3M--

(2) (11.

I- ,790±,010 _
I 20,O±O,25

,030±,OQg"
0,76±005
Dia, Typ,

1 18
30,0

---,-
r--- ~40±i>1.Q. __ .ill

240±0,25 4.0

98
I---,----r-,.----I 25'0

(2)

~- ~55!l~OO~~ i

,- .. . 103.

I 260

..Q~±002. _'
0.76±005
Dia. Typ.

OUtLINE DIMENSIONS llnch/mm) OUtLINE DIMENSIONS CInch/III")

.030, ':'::
(2) (1) ./" 076;( :;

U
Oia.T,:

i ]90i,010
10.0iO,25

--.-'.
! ,197

,510±,010 ; - 5.0
- 13,0±0.25 r---

FIGURE 6

118----- -30:0- .-.-,75r-- ----
i 190 i

.030±002
L....-,......----,.........J . 076~0-:-65

(2) Dia, Typ,
I
: ',390±,01°
---- 10,0±025

1,26
32,0

!
.---'--

--,---
I

FIGURE 5

OUTLINE DIMENSIONS tlnch/mmt

FIGURE 7

I .142 Ir- --- 361)' --I
I !

:_ 1,06_,
27]

,..------, --,--

1,65
42.0

I

1

ih-J.,-,-L..J...,-,-J...J...,.,J-,-\...-l...-

(3) (2)

~
'415' '. ,---T~197

'10:5 :- '1'-,,-50-
&~±,01Q 1----- Reinforcing Pin
210±0.25 I (Optional)

,030=. 002
.- o76±005

Dia, Typ,

51 tecltnolos!!! 6·30 Model Series H~
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. SPICIFICAIIONS" . ,c. . . - 't-',.' :',~~':

Weight

(Oz.IGm)

Fig.Resistance

Max. (Ohms)

InductanceCurrentModel

Rating at1.0 KHz

(Amps AC) Min. (mH)
.. _---------'--_ .._"- - --~-_. -- --_.. _._-----~.-- -',- -----_.~------ ----------.. ---- ------~_.•.._,--_._--_._~--_._.-

HM2B·20001 0.50 9 1.40 1 0.53115
- -- .. ~ ._- . -------~._-~-_._._- . _.-._-,-,_'- _.. ~_._--. -_.~_.._-~-,---_. __._._---_._--~-- ---.'----,- ---,------,--_._-
HM2B·20002 0.60 4.5 0.75 1 0.53/15

- ,----._--- -
HM2B·20003 0.70 2.5 OAO 1 0.53/15

'---~--"----"------- - ---------- ---------- ------~------
HM2B·20004 0.90 1.1 025 1 0.53/15

- - ------"_._------,---,.' ---,----- _._~---,-_._-------- - -----_.--- -,-_._-- ----'.----"--_.------- -- -----_. - --_.~.- -_. _._-
HM2B-20005 1.0 0.45 0.13 1 0.53/15

_..__._------_.__._-~ ..__ . -----_.._._---_..----- ---_.._--- --- - ._._--,,-----------~---.__._--_..~--- ------
HM28·24006 0.50 9 1.40 2 053115

- ---_._--~----~."._-- _._.__.. ---- ..._-_.--_._~.- .-.~--------_ ..-------_._---_._-._---~-~_._-

HM28·24007 0.60 4.5 075 2 0.53115
~. ,--------- - ,--,-------_.- ... - ._-,.._--,--~----------- -_._-,---~--_._-_._--

HM28-2400B 0.70 2.5 0.40 2 0.53/15
------~.__ . ---- _. -.-.. ----- .._------~----_._- -_.- _. -----_._._--

HM28·24009 0.90 1.1 0.25 2 0.53tH
---- ------_.-.~--------- .

HM28·24010 1.0 OA5 0.13 2 0.53/1!

HM2B-24011 0.50 36 270 3 0.90/21

_. -'--'- ----_._----- _._----~---

HM28-24012 0.60 24 1.60 3 0.90/2
-_._-------_.._-------- - ..--------~--_.---- ._._----------_..-.-- -_._---~,-----

HM2B-24013 0.70 9.2 0.75 3 0.90/2
.---------------------- --------_.__._--_._----.-- -----------~--- .----~ ----------. -----------------~

HM2B-24014 090 7.8 0.50 3 0.90/2-_._.__._---_...,,--------------_._--_._---- ._-- --- -----~--_.. , .._----~-------_._--
HM28-24015 1.0 5.2 0.34 3 0.901,

------.- -----_._----_.~~-------- ---------_._,.--,._------ -----.-_ .._-------~._-..~_ ..- ---

HM28-24016 1.50 3.6 0.25 3 0.901;
---- - ------------- - _._-------- --------
HM28-24017 2.0 3.2 0.20 3 0.90/:

HM2B-32018 0.50 36 2.70 5 0.90/:
._- ---_._-'- .----------~ ---_. --_. ._-----,-----

HM28·32019 0.60 2~ 1.60 5 0.901
- ~ --------_ ..---- - - ._---------- --~-,-- --

HM2B·32020 0.70 9.2 0.75 5 0.901
.-- ----------- --_._. ._-----------_.-- ._-_..-.__._--_._---------------_._._-----_.- - --

HM2B-32021 0.90 7.8 0.50 5 0.901
-----_._---._--_.. -_._----------- ------ ,_._-------------------_._-----_....- .

HM2B·32022 1.0 5.2 034 5 0.901. - - ~~ - - .__.. .. . ._. . ~_____ _0"_
HM2B·32023 1.50 3.6 0.25 5 0.90,
- - ---- ----------.._--------~-- ------------------------_.-
HM28-32024 2.0 3.2 0.20 5 0.90

----.- ------- ---- -------- -- -------
HM28-25025 0.50 120 2.60 4 1.4

51 fecltnolog!!! 6·32 Model Seri4

152



Model Current Inductance Resistance Fig. Weighl

Rating a11.0 KHz Max. (Ohms) (Oz./Gml

(Amps AC) Min. (mH)
28-25026 0.60 92 2.0 4 1.4/40
28-25027 0.70 66 1.50 4 1.4/40
-
128-25028 0.90 36 0.80 4 1.4/40
128-25029 1.0 25 0.60 4 1.4/40

--

128-25030 1.50 15.5 0.32 4 1.4/40

128-25031 2.0 10 0.25 4 1.4/40
128-25032 2.50 8 0.19 4 1.4/40
128-25033 3.0 5 0.10 4 1.4/40
128-35034 0.50 120 2.60 6 1.4/40
128-35035 0.60 92 2.0 6 1.4/40
--~_. --
~28-35036 0.70 66 1.50 6 1.4/40
~28-35037 0.90 36 0.80 6 1.4/40
~28-35038 1.0 25 0.60 6 1.4/40

------

128-35039 1.50 15.5 0.32 6 1.4/40
--

..128-35040 2.0 10 0.25 6 1.4/40
-

..128·35041 2.50 8 0.19 6 1.4/40

..128-35042 3.0 5 0.10 6 1.4/40
11128-42051 1.50 33 0.50 7 2.7/76
11128-42052 1.80 22 0.40 7 2.7/76

--"-----
V128-42053 2.0 18 0.30 7 2.7/76
V128-42054 2.50 12 0.20 7 2.7/76
\1128-42055 2.70 10 0.15 7 2.7/76
-

\1128-42056 3.0 8.1 0.12 7 2.7176
M28-42057 3.50 6 0.10 7 2.7/76
M28-42058 4.0 4.7 0.08 7 2.7/76
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