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Figure 12. Hysteretic current mode controlled bidirectional converter

switching noise immunity, a comparator, a lossless
inductor current sense means and a converter. A
circuit using the inductors internal resistance for
sensing the current through an inductor in a
lossless manner is described. The circuit preserves
both DC and dynamic current information while
incorporating the RC time constant, difference
amplitier and signal amplification, all using only
one amplifier. This circuit provides excellent com-
mon mode and differential noise immunity, while
still having a high bandwidth and small group
delay of the current signal. A method to accom-
plish stability of a current mode controlled convert-
er when closing the loop to control the output
voltage with very high accuracy and gain is de-
scribed.
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BACKROUND

' The advantages of current mode control in a DC-DC converter or DC-AC inverter are well
known in the literature. It for most practical purposes reduces a second order system to a first
order system making its control and current limiting easier to implement. Peak current or valley
mode control are two typical methods of achieving this. These methods either detect only the
peak or trough of the inductor current and make assumptions for the other side's limit by having
constant off times etc. These methods would be difficult to implement for true bidirectional
current mode control as one direction of the current would remain unlimited or uncontrolled.
Hence, to attain true bidirectional current mode control, the instantaneous current flowing
through the active inductor element should be known at all times (i.e. for both switching
cycles) and the inductor ripple current controlled on both sides of the desired set point. This
requires that the current through the inductor 1s measured continuously with as little time delay
as possible so as to obtain a true representation of it, and then controlled using both an upper
and a lower limit around the desired set point. '

This patent sets out a method and circuitry for lossless measurement of inductor current in a
converter and using it for hysteretic type true instantaneous bidirectional current mode control.
It can be used in many configurations where there is an inductive energy storage element
driven by a switching circuit. Typically, this will be a half or full bridge used in a non-isolated
buck, boost, buck/boost or inverter configurations. '

The first part details a method and circuitry to measure the instantaneous bidirectional current
through an inductor in a lossless manner. The second part details a system and circuitry to
control the current with true bidirectional hysteretic type control with very good noise
immunity. The third part details a method and circuitry to accomplish stability when closing the
loop to control the output voltage of a hysteretic current mode controlled converter with a very
high gain and accuracy. :

SUMMARY OF INVENTION

A circuit for sensing the current through an inductor in a lossless manner using the inductors
internal resistance is described. The circuit preserves both DC and dynamic current information
and incorporates the RC time constant, difference amplifier and signal amplification into one
circuit using one amplifier. This circuit provides excellent noise immunity, while still having a
high bandwidth and small group delay for the current signal. Equations are provided to design
the RC circuit values to match the time constant of the inductor's inductance and internal
resistance.

A system and circuit for achieving bidirectional hysteretic current mode control with constant
hysteresis 1s described. The system comprises a summer, comparator, inductor current sense
means and a converter. A circuit for implementing the system and summer above with added
switching noise immunity is described.

A method to accomplish stability when closing the loop to control the output voltage of a
current mode controlled converter when using a very high gain is described. It uses a simple
proportional difference amplifier between the desired output voltage set point and the actual
output voltage and only a feedback resistor setting the high DC gain. Parallel RC stages are
then added across the feedback resistor to roll gain off in such a manner that the phase margin
always remains above forty five degrees.
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BRIEF DESCRIPTION OF DRAWINGS

Figure 1. Prior method of lossless inductor current sensing using an RC circuit
Figure 2. Shows the RC time constant circuit integrated into the difference amplifier circuit
Figure 3. Equivalent RC time constant with difference amplifier

Figure 4. Cascading amplifiers to increase GBW product

Figure 5. Method to add symmetrical and constant hysteresis

Figure 6. Summer circuit with added switching noise immunity

Figure 7. Summer and current sense amplifier waveforms

Figure 8. Ideal voltage controlled current source bode plot

Figure 9. Bode plot with instrumentation amplifier added

Figure 10. Voltage control loop compensation circuit

Figure 11. Final bode plot with loop compensation

Figure 12. Hysteretic current mode controlled bidirectional converter

DETAILED DESCRIPTION OF INVENTION

Current Sense Amplifier

The first part of this invention is to measure the instantaneous current through the inductor and
obtain a voltage representation of it for use in the control circuitry. Firstly, the measurement
should be done with as little time delay as possible so as to have as close as possible
representation of the instantaneous current through the inductor. Large group delays in the
signal mean that the true current could considerably overshoot before control action happens.
Delays also add to phase lags and make it more difficult to accomplish overall circuit stability.
Secondly, for bidirectional control the current should be measured during all switching cycles.
Thirdly the current measurement should add little or negligible additional loss to the converter.

Adding a current sense resistor in series with the inductor, with suitable amplification, will
allow us to attain the first two requisites. However, it adds another lossy component, which for
low voltage (<12V) and high current converters can be a significant percentage of the total loss.
This sense resistor will therefore decrease efficiency, add cost and increase the size and weight
of the converter.

To avoid the disadvantages associated with a current sense resistor, lossless inductor current
sensing has been introduced previously in the literature. It is done by realising that the
inductors own internal resistance and its inductance have an exponential type current rise,
similar to the voltage in a RC circuit. Hence an RC circuit is placed across the inductor so that
the time constant RyenseCiense = L/R;, where L is the inductance of the inductor and R; is the
internal DC resistance of the inductor. This is illustrated in figure 1. If the RC time constant is
- correct then the voltage across the capacitor, Vense, is directly proportional to the instantaneous
current (both DC and dynamic) in the inductor. The actual current value is the voltage across
the capacitor divided by the inductor DC resistance, I;= Viense/ Ry .

For example, an inductance with an internal resistance of Imilliohm, the voltage across this
capacitor, Viense , will be 1mV per Amp. This is a fairly small voltage in close proximity to
switching circuits and switching voltages. The Vs voltage also has a common mode voltage
equal to the output voltage, V..
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The challenge is to now use this voltage, Viense , across the capacitor and amplify it enough in
presence of a relatively large common mode voltage, switching noise sources and large voltage
spikes. One end of the inductor is tied to a switching node and other either being a DC output
or a AC inverter output, hence both ends will have large voltage swings. In addition to make a
bigger challenge this has to be done with as little group delay as possible and with a very high
bandwidth. '

As we are referring to a switch mode circuit, the current through the inductor will have a ripple,
usually triangular. Since we are trying to obtain a true representation of this current and its
ripple, the bandwidth we need will be considerably higher than the switching frequency. For
example, if switching frequency is 200kHz, the current waveform will be a triangular shape at
200kHz, and in order to amplify this with reasonable signal integrity, we would have to amplify
at least the fifth and probably the seventh harmonic, which is 1.4 MHz. Assuming we have a
inductance of 1milliohm internal resistance, giving 1mV/A, and we want to. amplify it to
S0mV/A, we need a gain of 50. This means the overall Gain Bandwidth we need is
- approximately 50*1.4MHz = 70 MHz. The maximum slew rate of the amplified signal must be
also be considered to select amplifiers required.

These requirements present a considerable challenge as we have to amplify a small signal
difference in presence of high noise, with a wide bandwidth, meaning we can not use any
traditional circuits and low pass filters to reduce noise. In addition it has to be done with as low
a component count as possible to reduce cost and power requirements. The DC voltage
difference information must also be kept, and hence using capacitors to decouple the common
mode voltages is not an option.

Many different circuit configurations were attempted but had problems such as too much noise,
too many amplifiers, too much group delay etc. The circuit of figure 2 was found to work very
well and attains a good balance of all the above requirements. It incorporates the Resistance
and capacitance required by the RC time constant circuit into the difference amplifier circuit it
self, which allows it to provide noise filtering as well.

It can be understood by looking separately at the common mode signal response (AC and DC),
and differential signal response (AC and DC). As this is a difference amplifier circuit, the
requirement is that there is no output change to common mode voltages. Hence both inputs (L.«
and L.) must respond identically to common mode (both AC and DC) signals. In order for this
to happen then all values on positive input side must equal all values on negative input i.e. (Ry,;
» Ri2 , Rar , Cy) on positive input MUST equal respective values (R, Ri2 , Rap , Co) on the
negative input side. Given that (Ry,1 , Ri2 , Rar , C,) on positive input equal respective values
Ru,1, Ri2, Rop, Co) on negative input, then one of the main reasons the circuit worked very
well in practice, is because common mode AC noise is filtered equally on both input paths.
Having positive and negative input paths filtered equally appears to be critical in practice and is
the reason many other circuit implementations did not perform very well.

The amplifier response to common mode DC signal can been seen by simply ignoring all
capacitors. The circuit can then be seen to be a standard difference amplifier with a gain of
Rur / (Ry,1 + Ry2), and common mode DC signals will not be amplified. If C, on both sides are
equal, then the impedance of the input path on both sides will be identical for common mode
AC signals (assume Vamp = Vyer). Hence there will be no difference in the voltages at the two
inputs to the amplifier, and all that happens is that the common mode voltage takes longer to
appear across the two capacitors to ground. This is actually desirable as it slows down the
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appearance of the common mode voltage to amplifier inputs i.e. it low pass filters common
mode voltages.

The response to DC differential signals can also be seen by simply ignoring the capacitors.
Again it can be seen to be a standard difference amplifier circuit with a gain of Rag / (Ry,; +
R 2). Hence for DC signal or DC current through the inductor, the output amplifier voltage will
be Vimp = I * Ry, *Rap / (Ri + Ry2), where I is the current through the inductor, and Ry is it's
internal DC resistance.

The response to AC differential signals is a little more complex. To aid in the analysis we can
first look at equivalent circuits. To find the equivalent RC time constant circuit we will just
look at the input circuit stage up until the inputs of the amplifier. To analyse this to a first order
approximation, we can assume the since the two inputs of the amplifier are at the same
potential, we can tie them together. The equivalent input circuit is then shown in figure 3. In the
case that Ry,; = Ry2 = Ryin Which is the case shown in figure 3, then the time constant of this
circuit can be shown to be Ry, *(Ci, + 1/2 C,). However the voltage appearing across Ciy 1s
only half the voltage that would appear across a simple RC circuit. This is then compensated
for by the fact that the gain of the difference amplifier from the Cj;, onwards is actually twice
that of the input (as now only have half the input resistance). The overall response to AC
difference signals is then exactly the same as for DC difference signals. Hence provided Ry, =
R 2 = Ryin, then for both DC and AC difference signals, the amplifier output will be

Vamp =Ir * R * (R2r / 2R i)
and the time constant should be selected so that
Riw*(Cin+12C)=L/R;

Different resistances on the input side lead to a complex analysis, but can possibly be tuned
correctly using circuit simulations. The circuit can be connected either way across inductor, but
-may be advisable to connect the positive input side of amplifier to the side of the inductor with
slower voltage swings, usually Vout. This means there will be slightly less common mode
voltage swing on the inputs. However in practice using a high bandwidth amp, connecting the
circuit either way did not make any observable difference to signal fidelity. The circuit is fully
bidirectional and will provide a positive or negative current signal biased around V... A ground
based reference with negative supply to amplifiers could also be used. The common mode input
range of the amplifier should at least equal the range of the output voltage. The bandwidth
should be as high as necessary to obtain signal fidelity and group delay required at the
switching frequency. The amplifier can be cascaded with normal amplifying circuits to increase
overall gain bandwidth product such as shown in figure 4. If the total gain required is then split
equally across the amplifiers then the overall group delay can be reduced. As we can now sense
and measure both dynamic and DC inductor current with little delay, the second part of this
patent deals with the problem of using this information to actually control the current.

Bidirectional Hysteretic Controller
As mentioned previously, the advantages of current mode control of a DC-DC converter or a

DC-AC inverter are well known in the literature. True current mode control assumes that the
current level can be set instantly. In other words the circuit should act as an ideal controlled
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current source and the instantaneous current has to be known and changed instantly (or fast
enough to not affect rest of circuit) to the desired set point.

As this is a switch mode type circuit, the current will have a triangular ripple shape around the
average value. Various methods of current mode control exist, such as peak or valley mode
control. Both of these sense only either current peaks or current troughs (valleys) but not both.
Hence, neither of these methods are suitable for a bidirectional converter.

To attain the fastest and tightest control possible over the inductor current in a switch mode
type converter, the current should ramp up or down a fixed amount around the set point i.e. the
controller should detect in real time when the current reaches the specified level above the set
point, and then switch the input or bridge, so that the current ramps down. Similarly as the
current is decreased, the controller should detect in real time when the current reaches the
specified level below the set point, and then switch the input or bridge, so that the current
ramps up. This is essentially hysteretic type control with an upper and lower limit around the
set point.

The implementation of a simple hysteretic controller is usually done with a comparator, with
set point being feed into the positive input and desired control variable being feed into the
negative input. The comparator should have some hysteresis so that there is some time in
between switching events. Although this is a very simple circuit, it is not very versatile or
adaptable, and has many practical problems with noise, hysteresis etc when using it in a switch
mode converter.

Therefore in order to control the current in a more precise manner with a very constant and set
amount of hysteresis around the desired set point, a better method was required.

. The conceptual control diagram in figure 5 illustrates how this was attained. The current set
point is feed into a summer with a gain of 1. The output of the comparator which is assumed to
be +1 or -1 is also feed into the summer but with a gain of 0.1, referred to as the hysteresis
gain. This is adjustable and it determines the amount of hysteresis added and hence the peak to
peak current ripple. If the output of the comparator is high (+1), then output of the summer will
be (set point + 0.1) and the current in the inductor will ramp up until it reaches this point. At
this stage the comparator will switch to low (-1), and the output of the summer will then be (set
point - 0.1), and the current will ramp down until it reaches this point, switching the
comparator again and repeating the cycle.

Thus it can be seen that the peak to peak ripple current is always constant at 0.2, and is
symmetrical around the set point. The switching frequency will be determined by the amount of
hysteresis which sets the peak to peak ripple, the input and output voltages and the value of the
inductor. It can also be seen that this circuit is completely bidirectional, and the current set -
point can be positive or negative. A bidirectional current limit can be attained simply by
limiting the maximum and minimum level of the current set point.

Actual peak to peak current ripple = volts per amp gain (V/A) * hysteresis gain *2
The fixed amount of hysteresis in the method of figure 5 will inherently provide a certain

amount of noise immunity. The amount of hysteresis required is determined by the operating
voltages, the inductor and the desired peak to peak current ripple or switching frequency.



WO 2012/109680 PCT/ZA2012/000006

However, even though the hysteresis provides some noise immunity, a problem arises as we are
sensing a relatively small current signal and amplifying it with a reasonably high gain (~>50)
and a very high bandwidth (>50MHz). This means the current sensing circuitry is unavoidably
susceptible to noise, and in addition it has to be in close proximity to the switching power
. stage. Hence during and just after the switching transition there will be noise and ringing on the
current sense signal. This can be seen in figure 7 where the triangular inductor current
waveform has ringing on it after the switching transitions. Consequently the method of figure 5
alone does not provide enough noise immunity in practise.

This problem could be solved in a variety of ways, for example, using one shot timing circuits
and logic gates and forcing the comparator to latch for a period just after a switching event.
Many of these solutions required a fair amount of additional circuitry and/or added delays to
switching signal chain. A very simple solution was devised that only required two extra
capacitors, a resistor and proved to work very well in practise. It did not add any extra delay to
the switching signal chain and it simply entailed adding an extra RC circuit of correct values to
the summer used in the method of figure 5. The full summer circuit is shown in figure 6 with
the RC circuit that provides the extra noise immunity.

The hysteresis resistor in figure 6 sets the hysteresis gain and should be selected to provide the
peak to peak current ripple required. It is calculated using the voltage output swing of
comparator times the hysteresis gain. As a starting point for the noise immunity RC circuit, the
resistor Ry, should be selected to roughly equal R (of current set point) and the capacitor Ciy
selected so that the time constant of R;»Cin is approximately 1/6 of the switching period. These
values can then be refined by simulation. The idea is that when the current set point is zero,
then the output of the summer swings almost rail to rail after the switching transitions. This
provides the maximum noise margin possible right after each switching event. However it
should return to correct level before current reaches it, which it will do if the R;,Cin time
constant is designed correctly . As the current set point changes, then after a switching event
the output of the summer will then saturate for a while on one rail, which will also prevent the
comparator from false triggering. With correct R;,C;y,, time constant, the summer should come
out of saturation in time to bring its output back to the correct switching level. The operating
waveforms of the circuit can be seen in figure 7, which shows the output waveforms of the
summer, and the output waveforms of the current sense amplifier. The first plot of figure 7 is at
zero average inductor current, the second at close to maximum negative current and third at
maximum positive current.

The feedback capacitor Cy across the feed back resistor is not entirely necessary, but it does
help stop the summer from ringing when it comes out of saturation. Its value should be roughly
one tenth of Cjy, or less so as to not slow down the summer response. The amplifier used for the
summer should have a high enough bandwidth to yield the correct output at the desired
switching frequency. The summer circuit in figure 6 is also inverting and hence we have add
appropriate inversions to bring overall control system back to the correct polarities.

In this method of control, if the supply voltages are increased, the rate of rise of inductor
current will increase, which will increase the switching frequency. The noise immunity circuit
has another benefit in that it will limit the amount the frequency increases as it effectively
increases the hysteresis if the period becomes too short.

The hysteretic current mode controller circuit was found to work very well in practice,
achieving full bidirectional control of current with some excellent benefits. It has the fastest



WO 2012/109680 PCT/ZA2012/000006

theoretically possible current response and essentially simplifies the control. It always limits
current to Max/min during all start-up, transients and short circuit conditions which prevents
damage to switching devices. This gives a automatic soft start by limiting current to its
maximum. In addition, the actual switching instants have a small time uncertainty because of
noise, which means the switching frequency is naturally dithered around its average operating
point. This provides the added benefit of spread spectrum noise reduction. This type of
hysteretic controller can be used with other methods of current measurement, provided the
current measurement is of required bandwidth and does not add too much group delay.

Voltage Control Loop

If the bidirectional hysteretic current mode control circuit described above is working correctly,
then the response to a current signal step input will be as fast as it is theoretically possible for a
switch mode converter to be. For example for a positive step input, the high side switch will
stay on until the current reaches it sets point. Hence it will have a rising di/dt given by (Vce -
Vout)/L. For example, a 12V source with a 5V output and a 1pH inductor, would have a rising
di/dt of 7A/us. For most applications, we can assume that it acts very nearly like an ideal
controlled current source, and we can model it as such for most voltage control loop purposes.
The gain of the current source will be the inverse of the current sense amplifier gain V/Amp.
As an example, if we consider a buck/boost converter with an output capacitance of C,,, equal
to 100uF, driven by a controlled current source with a gain of 10, then the spice circuit model
and bode plot response for an AC analysis is given in figure 7. The phase lag is a constant
90degrees and the gain goes through zero db at 15kHz. If we consider the di/dt limit is 7A/us,
then the dv/dt input limit is (7/20) V/us, which means the gain and phase of this circuit would
only start to be rolled off at 55kHz. In this case it is a fair assumption to model the hysteretic
current controller as an ideal voltage controlled current source. If really fast voltage loops with
a small output capacitances are needed it will be necessary to include the current di/dt limits
which will roll off the gain more and roll off the phase more than 90 degrees at the frequency
the di/dt limit is reached. :

A simple proportional control circuit would suffice to control this circuit, provided the
proportional controller did not add any more phase lag before overall gain goes through Odb.
For reasonable gains and normal output voltage regulation of +/- 0.5%, many amplifiers could
control the above system easily in a simple proportional only configuration.

However, if we require very tight voltage control tolerance of the output voltage, then much
larger gains with low offsets will be needed. For example, using a buck boost converter in a
battery cell balancer application requires the output voltage to be regulated to within ImV,
(approximately 1mV/5V = +/- 0.02%) with total system offsets of only a few microvolts. This
means the voltage difference amplifier must have gain of approximately 5000 and offsets of
less than a 2-3uV. This mandates the use of instrumentation type amplifiers that usually use
switched capacitor circuits to reduce the input offsets. These type of amplifiers do not have a
very high bandwidth and will add considerable phase lag when used with such high gains. As
an example of this, figure 8 show a typical instrumentation amplifier added to current source
circuit of figure 7 with a pure proportional gain of 1000. The system is unstable as when the
phase of V¢ goes through zero degrees, there is still more than 30db of gain.

To make this system stable, ideally we would like the phase margin to always be 45 degrees or
more for the system to be critically damped i.e. the phase margin should remain above 45
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degrees from DC until the gain goes through 0dB. Many traditional methods were attempted to
solve the control loop above when using very high DC gains with a low offset amplifier. For
example, the first is simply adding a RC to roll off gain. However, in order to roll off the gain
enough, the resistance of the RC circuit must be considerably lower than (<1/100) the feedback
resistor R;, and this will cause the phase margin to go below 10 degrees while gain is still fairly
high. Although in theory this is still stable, in practice it will be very marginal and most likely
oscillate. As we are trying to maintain DC information, we also can not add any form of
blocking capacitor to advance phase, only lead RC circuits in parallel. Various combinations of
lead and lag circuits, filters etc were tried but all did not provide adequate phase margins.

The circuit of figure 9 addressed the problem adequately. It comprised of carefully rolling off
the gain with cascaded RC stages so that the phase margin always remained above 45 degrees.
The first RC stage comprises R; and Cs, and R; should be selected to be roughly between 1/3
and 1/2 the value of R,. Much less than 1/3 and the phase margin will be reduced to less than
45 degrees, and any more than 1/2 means you are not taking full advantage of the roll off
capability. The same is true for all subsequent RC roll off stages i.e. R, should be in region of
1/3 to 1/2 R;3, Rs should be in region of 1/3 to 1/2 R4 etc. The actual values of resistors can be
tuned to get exactly a 45 degree phase margin for all RC stages as seen in figure 10.

The capacitors should be selected to be approximately 1/3 the previous value i.e. Cy should be
1/3 C3;, Cs should be 1/3 C4 etc. which means the RC cut off frequencies are then almost a
decade apart (or 9 to 10 x previous frequency). This gives a optimum frequency spacing
between RC stages, allowing them to roll off gain as fast as possible, but not letting the
previous RC stage add phase lag to bring the phase margin below 45 degrees. Making capacitor
more than 1/3 of the previous RC stage means the two circuits will add phase lags. Making it
less than 1/3 means the phase margin will increase beyond 50 degrees between RC stages
which is unnecessary, and more amplifier bandwidth will be required to include all RC stages.
The number of RC stages required will be quite application specific but as many stages as
necessary can be added until the desired roll off is attained. Rolling the gain off from 5000 all
the way to 1 takes approximately 8 to 9 stages. Only one RC stage's capacitor value has to be
selected and this will determine the rest. However, selecting this capacitor value is quite
application specific and requires some engineering judgement. As a guideline the last RC roll
off should happen before the amplifier itself starts to roll off phase.

The design procedure can be done by sequentially adding RC stages until the final gain is
reached, while observing the bode plot to maintain phase margins. The capacitor for the first
RC stage is estimated, but if the amplifier starts to roll off phase itself before the last RC stage,
then all the capacitor values must be increased until the last RC stage is within the bandwidth
of the amplifier.

The bode plot of the compensated circuit is shown in figure 11 and it can be seen that the phase
margin is always above 45 degrees. This method of loop compensation has added benefits of
" helping the amplifier come out of saturation without oscillations. This overall system is also
unconditionally stable and any amount of output capacitance can be added to the converter. The
. added output capacitance will simply roll off the gain faster and have no effect on phase. Hence
it is suitable for attaching directly to super capacitors or batteries which appear as super large
capacitances. The same compensation method above can easily be used with normal gains and
less RC stages to obtain optimum voltage response and control loop bandwidth in normal
power supply applications.

Figure 12 shows by way of example only, one embodiment of a corﬁplete converter using the
lossless current sense circuitry, the hysteresis combined with noise immunity circuitry, and the
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voltage loop compensation circuitry. It is a bidirectional converter between V;, and V,,, and
controls the inductor current directly in true hysteretic mode. Also shown by way of example
only, switch S allows the converter shown in figure 12 to be used to control either the output
bidirectional current or the output voltage. The above mentioned embodiment merely illustrates
the principles of the present invention. Clearly, numerous other embodiments of converter
controllers may be made by those skilled in the art without departing from the scope of this
invention.
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What is claimed is:

1. A lossless inductor current sensing and signal amplification circuit, comprising

a resistor with its first end connected to the first end of an inductor

a second resistor with its first end connected to second end of said inductor, said second resistor
being of equal value to said first resistor

a capacitor connected between second end of said first resistor and second end of said second
. resistor

a second capacitor connected between second end of said first resistor and ground

a third capacitor of equal value to second capacitor, connected between second end of said
second resistor to ground

a third resistor connected between second end of first resistor and the negative input of an
amplifier

a fourth resistor, of equal value to said third resistor, connected between second end of said
second resistor and the positive input of said amplifier

a fifth resistor connected between the negative input of said amplifier and its output

a sixth resistor, of equal value to said fifth resistor, connected between the positive input of said
amplifier and a reference voltage

2. The circuit of claim 1, wherein the values of said first, second, third and fourth resistors and
said first, second and third capacitors are all selected so it's time constant is comparable to the
time constant of the inductance and internal resistance of said inductor

3. A system for achlevmg bidirectional hysteretic current mode control with constant hysteresis
comprising

a converter driving an inductor to increase or decrease current

a means to measure the current in said inductor and provide a inductor current 51gnal

a set point for said inductor current

a comparator with a positive and negative input, and a output driving the input of said converter
with either an increase (+) or decrease (-) signal

a summer with two inputs, the first input from said set point and second input from said
comparator, the relative gain between the two inputs being variable and determining the
amount of hysteresis

said comparator having the positive input driven by the output of said summer and the negative
input driven by the inductor current signal

4. The system of claim 3, where in the inputs of comparator are reversed, and/or the summer
output is inverted, and appropriate signals inverted elsewhere to bring the whole system back to
correct mode of operation

5. A circuit for implementing the summer of claim 3 with added switching noise immunity,
comprising

a first resistor connected between the current set point and the negative input of a amphﬁer
said amplifier having its positive input connected to the reference voltage

a second resistor connected between the negative input and output of said amplifier

a first capacitor connected between the negative input and output of said amplifier

a third resistor connected between the comparator output and the negative input of said-
amplifier

a fourth resistor and a second capacitor connected in series between the comparator output and
the negative input of said amplifier

10
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- 6. The summer circuit of claim 5, wherein all said resistors and capacitors are selected to
provide the correct amount of hysteresis and noise immunity at the operating frequency

7. A method to attain stability when closing the loop to control the output voltage of a current
mode controlled converter when using a very high gain, comprising of:

a difference amplifier between the desired output voltage set point and the actual output voltage
said difference amplifier having a first feedback resistor connected between the output of the
amplifier and its negative input

said first feedback resistor setting the DC gain of the difference amplifier

said difference amplifier having a first RC stage added in parallel across said first feedback
resistor _

said first RC stage comprising a second feedback resistor in series with a first feedback
capacitor connected in parallel across first feedback resistor

said second feedback resistor being approximately 1/3 to 1/2 the value of said ﬁrst feedback
resistor

said difference amplifier having a second RC stage also added in parallel across said first
feedback resistor

said second RC stage comprising a third feedback resistor in series w1th a second feedback
capacitor also connected in parallel across first feedback resistor

said third feedback resistor being approximately 1/3 to 1/2 the value of said second resistor

said second feedback capacitor being approximately 1/3 or less the value of said first capacitor

8. The difference amplifier of claim 7, havmg further RC stages connected in parallel across
said first feedback resistor, up to the N™ stage whereby

said N™ feedback resistor being approximately 1/3 to 1/2 the value of said N" -1 feedback
resistor

said N -1 feedback capacitor being approximately 1/3 or less the value of said N™ -2 feedback
capacitor

11
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