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Module - 04
Variable Frequency Control Methods

Lecture - 24
Light Load Control Methods and Interactive MATLAB Simulation

This is lecture number 24 in this lecture we are going to talk about Light Load Control
Methods and Interactive MATLAB Simulation.
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Concepts Covered

* Major sources of losses in SMPC
®* Impact of switching losses in DCM
* Light load control methods and comparative study

* MATLAB model development and simulation case studies

So, here we will first talk about the major sources of losses in switch mode power converter
then impact of switching losses in discontinuous conduction mode, then light load control
method and comparative study. And MATLAB model development and simulation case

studies.
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Sources of Power Losses in a Buck Converter

Power Loss

| |

Conduction Loss Switching Loss
* On-resistance of MOSFET * Switching transition

* Capacitor ESR C'“#‘%‘w) * Output capacitance

¢ Inductor DCR - * Dead time
* Diode forward voltage drop ¢ Gate drive loss

* Diode reverse recovery

So, first we will identify what are the sources of power losses in a buck converter or any
DC-DC converter it mean. So, here all the formula we are going to derive for a buck, but we
can do the same thing for boost and other topologies also. So, the power loss can be divided

in broadly into two category one is the conduction loss and the other is the switching loss.

Under the conduction loss, the losses due to the on state resistance of the MOSFET the ESR
of the capacitor. Although this is a sort of negligible; this is negligible under high load or
medium load. But this can be somewhat you know these may not be negligible when you go

for very very low light load.

And if you continue to operate in continuous conduction mode, then the inductor DCR that
can that due to the DC resistance of the inductor conduction loss. And if you take a diode
based DC-DC converter, not the synchronous one, then the diode forward drop will also

contribute to conduction loss.

Under the switching loss, we will have a switching transition loss because you know the real
switches they do not turn on and off immediately. So, the switch takes some time to let us say

when the switch is on, the current was flowing through the switch from drain to source.

And the so, voltage across the drain to source was almost 0, but when you turn off the switch,
then the drain to voltage source drain to source voltage will slowly rise and it will reach to the
voltage which is applied across the two terminals. And the current will slowly go from you

know the full like a whatever it was there to zero value and that slew up and slew up and slow
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down process that will overlap between this nonzero current and voltage, which will lead to

switching loss ok.

And if you have faster rise time, then you can reduce the switching loss. The output
capacitance loss you know if we consider a MOSFET and its output capacitance means,

particularly the capacitance drain to source capacitance of the MOSFET.

Because when you turn on the switch, then the MOSFET capacitor because MOSFET is drain
to source voltage is 0, and the capacitor is discharged. But once the switch is off then
whatever voltage appears across the drain to the source that will and the capacitor will charge

to that voltage.

And again, if you want to turn on then that capacitor has to be discharged because once it is
fully on then the capacitor voltage should be 0 and that energy will be lost. So, that is the lost
due to the output capacitor and if we do it more frequently, then the losses in the capacitor
because the energy loss actually the losses which is corresponds to the energy loss that will
increase. That means, the power loss due to the capacitive loss during for fast switching will

be higher.

Then dead time loss so, dead time means since if we talk about synchronous rectifier
synchronous DC-DC converter we have a high side switch and low side switch. And both
switches should not be turned on and off because there has to be some dead time and as I said
that MOSFET takes time to you know from full voltage to full current to zero current it takes

some time.

And then once the high side MOSFET is turned on then you should turn on the low side
MOSFET. So that means it is like a break and make and during that time that body diode can
be activated. So, if the dead time is quite large, then the body diode will be activated and that

will create additional losses.

But if the time dead time is very low, then it can actually there can be a scenario when both
the switches will be on and the supply can be shorted to the ground and it will actually result
in a high shoot through current. So, you have to consider the dead time very carefully, then

the gate drive loss.
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So if you increase the switching frequency, the gate capacitance of the MOSFET need to turn
on rapidly. Then you need to provide initially high spike current in order to charge the gate
capacitance and then create the channel and that faster you know turning on and off the

MOSFET.

And if we use a high current gate drive circuit, then the drive a loss can be significant. I
mean, that is a function of switching frequency. And of course, the diode reverse recovery
loss if you take either you take a body diode or you take a conventional diode base, you know

DC-DC converter.

(Refer Slide Time: 05:43)
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So, in conduction loss, if I take continuous conduction modes, it can be written as i S rms
current if you talk about the conduction loss of the switch into r on. And we have actually
discussed in lecture number 7 how to derive rms current for any waveform, which takes the

form of a piecewise linear waveform right, that you can very easily find the rms current.

So, the expression of this rms current this expression we will see that this is an expression of
the rms square of the inductor current, that multiplied by on time D that is a duty ratio the
portion of the time when the high side switch is on into is r on. So, that means the switch rms
current square is nothing but inductor rms current square into duty ratio. If you take the
inductor rms current square, this is exactly I told this expression is here ok into r L which is

the DCR.
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Then if you take the conduction loss of the capacitor ESR, so, capacitor average current is 0.
So, it only has a ripple current and then its rms value will be simply delta i L square by 2 by

12; delta i L square by 12. And that into r C will be the conduction loss due to the ESR.

Now, when you are talking about very light load condition because there are scenarios you
know if you talk about LED driving dimmable LED that particularly if you are talking about
you know the PWM dimming then the LED string will be connected and disconnected.

So, once it is disconnected, suppose a buck converter is driving a LED, then the output
current of the buck converter is 0. And if the output current of the buck converter is 0 and if it
is running under synchronous conduction mode; that means, if I talk about a scenario where
this is my capacitor current and the capacitor current will be same as inductor current if the

load is removed in a synchronous.

That means the power will back and forth. It will flow between the source and the load, sorry
because there is no load. So, the capacitor will actually re circulate the energy through the
source, ok. But, if we take a diode base implementation, then this problem this will be a
problematic because the diode will not allow negative current and you have to be very careful

about the closed loop control.

Otherwise, your output voltage can drastically increase and it can go set to the input voltage

ok. So, you have to be very careful. So, under synchronous configuration, the law says if you
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continue to operate the converter in CCM mode as I said in PWM dimming you want to turn

on and off the LED very fast.

So, you may need to operate CCM continuously. In that case, this loss may not be very low
when you are talking about almost no load condition. Otherwise, for a nominal condition the

capacitor ESR loss is negligible.

The conduction loss due to the forward voltage drop; that means, if you take a diode base
architecture, then the forward voltage into the average current during the off time, which is
same as the inductor current. The average inductor current is same as the load current. And

this diode will conduct during 1 minus D. So, this corresponds to 1 minus D, ok.

(Refer Slide Time: 09:18)
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But, if you take discontinuous conduction mode, so we will have conduction loss of the
inductor current conduction loss of the switch and the conduction loss of the diode, but here
the ESR loss is negligible. Next, if you take the conduction loss of the switch inductor current
then again you can draw the inductor current waveform and we have discuss earlier; that

means, this is the inductor current waveform, right.

So, and this has a piecewise linear approximation since we divide into sector and then you
obtain the rms current. Similarly you can obtain the switch current and you can also find out
the conduction loss of the diode because the diode is also turning on and off ok. But here you

know this is the time when the diode is you know activated that is a during the off time.
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Switching Losses
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Switching loss: If we take the main switch the switching loss is the that switching transition
loss can be written like this and where, t R and t F are the rising and the falling slope of the
MOSFET. So, I am not going because these are very standard and you can go to any data
sheet or application note you will get all this formula. Then the driver loss sorry diode reverse
recovery loss which corresponds to the input voltage and reverse recovery current and the

reverse recovery time ok.

So, if the diode has a larger reverse recovery time then the more losses will be there ok, but it
depends on the switching frequency; that means, how often you turn on and off this diode.
So, the reverse recovery process will happen you know more frequently if you increase the

switching frequency for a given interval of time.

(Refer Slide Time: 11:07)
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Similarly, if you take the output capacitance loss so, this output capacitance loss primarily
decided by the drain to source capacitors ok. Because this capacitance will be charged to the
voltage across the V DS when the switch is off and it has to be discharge when the switch is
on. And that energy will be lost and that can be computed and you know energy by time is

the power. So, this is the power associated with the in the output capacitor loss.

Then the gate drive loss. So, gate drive is the Q G; that means, the total gate charge
requirement and it depends on this Q G can be very low so; that means, a very high; that
means, if you take a MOSFET. And we know the figure of merit figure of merit figure of
merit FOM typically this is r ds on into Q G; that means, if you select a MOSFET with higher
r ds on then Q G can be reduced and if you select a MOSFET with lower Q G then rds on will

increase ok.

And this is particularly important because if you go for very high switching frequency then
you need to reduce the Q G. But at the same time if you want to operate the MOSFET for a
higher current then the conduction loss the r ds on be high because you are reducing Q G. So,
r ds on will go up if you want to reduce Q G and if you operate this MOSFET for a higher
current application then this r ds on will contribute to a significant increase in the conduction

loss.

So, this FOM figure of merit is that is the tradeoff between the conduction loss and the
switching loss and it is associated with the driver loss. So; that means, if you can reduce the

Q G you can reduce the driver loss, but for a given Q G and given gate to source voltage then
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your switching frequency how often you are turning on and off switch. So, gate drive loss

will be associated with that.

And we will see this gate drive loss, switching loss these are the major problem when you
operate pulse width modulation, when you operate a DC-DC converter under discontinuous

conduction mode using a pulse width modulation ok.

(Refer Slide Time: 13:32)
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So, comments on switching loss if you take the efficiency of the converter it is the output
power divided by output power by losses plus losses so; that means, the total power. But, now
if we go so, all switching losses we saw it is a frequency dependent and if you the power
level is very low; that means, if we take a portable device where, most of the time it under
you know it is either in standby mode or very light load condition when the output power

requirement is very very low.

But, if you cannot reduce the switching loss because you are turning on and off the MOSFET
at a very fast rate 10 megahertz switching frequency. Then the losses of this due to the
switching can be comparable in some cases it can be higher than the output power
particularly, under very light load condition when the efficiency can degrade significantly.

And it can be in the order of some 10 percent or 20 percent like that.
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So, the switching loss is dominated by you know the under light load condition the switching
loss dominate. Then switching loss can be reduced by reducing the switching frequency and

that is the motivation for going for light load control.

(Refer Slide Time: 14:45)

I —
Popular Light Load Control Methods

* Pulse frequency modulated (PFM) control methods
* Pulse skipping modulated (PFM) control methods
* Burst mode control methods

. ||yslm'sis control

So, the popular light load control using pulse frequency modulation technique, pulse skipping

modulation technique, burst mode control and then hysteresis control.

(Refer Slide Time: 14:56)
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So, we will take one by one in pulse width modulation we know that this is pulse width
modulation and we want to avoid this pulse width modulation under very light load. Because
if we maintain this time period throughout high load and light load and which is designed
reasonably high switching frequency then your switching loss can be significantly high and

efficiency will fall drastically ok.

And in fact, if you go through any product datasheet and if you draw the tentative suppose,
this is your nominal current I mean not nominal, nominal current can be high. So, you will
find generally the efficiency curve like this and here it falls drastically this side. That means
at some point you will get some optimal efficiency, but if you increase this is with load

current variation and this is the efficiency plot.

So, if we increase the load current then slightly it will decrease because our higher load
current your conduction loss increases. But if you decrease the load current and if you
maintain the pulse width modulation your switching loss dominate and your efficiency can

fall drastically and that is this is something not acceptable.

So, you know in most of the commercial product they extend it by means of PFM. So, they
operate you know PFM or sometimes pulse skipping modulation, but this time it is operated
in PWM. So, there is a multimode scheme; that means, two control techniques are merged

together.

So, if you take the discontinuous conduction mode under pulse width modulation we have
already seen that duty ratio is a function of load current and all; that means, if L T output
voltage input voltage everything is constant then duty ratio is directly proportional to square
root of i 0. That means, if the load current decreases the duty ratio decreases and if the duty

ratio decreases this will become smaller and smaller ok.

That means, it is not necessary to operate at a high switching frequency because your duty
ratio is become very low. And in output voltage is proportionally varies with the load current
if your switching frequency is constant, but why do we need to reduce the output voltage?
Because your output voltage has some specified band right some specified voltage band will
be given to you as long as you can maintain the output voltage within the band then you are

safe.

(Refer Slide Time: 17:25)

1125



Constant On-Time Modulation in DCM .
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So, constant on time control if you take where, the on-time is constant and the time period
will vary. And you can we already we have seen the switching frequency under constant on
time control can be written like this where, if you keep the input output voltage constant. If
your on time is already fixed an inductor is fixed then switching frequency is actually linearly

proportional to load current.

That means if the load current decreases your switching frequency decreases as a result your
switching loss decreases and this technique is very popular in commercial product where they
move to PFM when you go to light load operation. Another interesting thing if you take the
output voltage ripple.

Because in this case as you go more and more light load condition, it can be shown that the
average inductor current is very low so, the your current ripple can be very very larger than

the average inductor current. If this is true then, output voltage can be approximated like this.

And you see the output voltage under constant on time control is independent of load current;
it is independent of load current. That means, under light load condition if you maintain the
constant on time you are getting the benefit of high efficiency by reducing switching
frequency when the load current decreases. At the same time you are keeping the voltage
ripple within the band because the voltage ripple is not changing ok. And we will see this in

simulations case study.
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Steady State Characterization of a Buck Converter in DCM
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So, the steady state characteristic, if you take a constant on time control and the pulse width
modulation the output voltage is more or less independent of load current and switching
frequency varies proportionally with the load current. And you have a real problem in PWM
under light load when your switching losses are high, but this quantity if you see it is input
voltage dependent. So, suddenly if your input voltage increases then your ripple can be

drastically affected ok.

(Refer Slide Time: 19:40)
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ILint=0; Ve im=1;

sim(enter_file_name); cle;

= t=buck_result.time; t_scale=1*1¢3;
x=huck_result.data;

(a1 V_eap=x(:2): V_o=x(:3); VI=x(id);

(O ot _buck_simulation;

So, we will see in case of you know if you go to MATLAB case study. So, I want to show

you.

(Refer Slide Time: 19:50)
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agn_con -1 )

Go=tf(num_con.den_con):
op2="buck_conv_COT_VMCalx'

%% Timing parameters for COT VMC
i_ripple=t T_on=(L*i_ripple)/(Vin-Vref);
T off min=1/100;

I
0p3=buck conv_COT CVMCalx';
1_peak=5:

opd="buck_conv_PSM.slx’;
i_peak=3; T on=(L*i_peak)/(Vin-Vref);

; D=T_ow'T;
31 e
B2=  op5=buck_conv_burst_madeslx’; i
BI- v b=0.05 1 peak=3; i
“Ba- Tonl=(L*I_peak)/(Vin-Vref); i
35 DIET onl/T; ]
i g
by
B8~ op6=buck_conv_VHCC sl i
39~ v band=0.01; | e

I mean I will go to the actual one minute. So, I will go to the actual case study, but I want to

show that if this is the constant on time control under light load control.

(Refer Slide Time: 20:11)
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op3=buck_conv_COT_CVMC.slx';
1 peak=5:
opd=tbuck cony_PSM.slx’;
i_peak=3; T_on=(L*i_peaky/(Vin-Vref);
D=T_on/T;
op5="buck_conv_burst_mode.slx’;
v_b=0.05; T_peak=3;
T_ont=(L*]_peak)/(Vin-Vref);
DI=T onl/T; g ":
op6=buck_cony_VHCCslx'
g v_band=0.01; |
10 it
“A1- enter file_name=op2 i
12 i
03 %% Transient paramelers
14
5 Usim=ded; Ustep=led;
46~ delta_lo=-30e.3; delta_Vin=0: delta_Vref=0; . B

So, this is the constant on time I am trying to now this is our option 2 constant on time

control and operating constant on time control.

(Refer Slide Time: 20:27)
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cle: clear; close all:

%% Loading parameters
buck_parameter;
Vin=12; Vref=1:
T_07100e-3; R=Vref/l_o;

8- DCM_En=1:

9
10 %% Listing light Ioad controllers
11-  opl=buck cony_peak CMCal;
12
13 %% PWM current mode control

14- K p=50; K_ic180000;
15~ num_con=[K_pK_i;
6= den_con=(10]

17- Ge=ti(num_conden_con);
i
“h9- op2=buck conv COT VMCslx';
20
21 %% Timing parameters for (COT VMC
2= ivipple=d T on=(L*i_ripple)/(Vin-Vref);
23 T off min=T/100; v

Now, I am applying a load transient it is initially at 100 milli ampere then changing from 50

milli ampere and [ want to run this simulation and check what happen.

(Refer Slide Time: 20:38)
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So, this is I am running with constant on time control and you will see this; that means,

before 2 millisecond and after 2 millisecond.

(Refer Slide Time: 20:46)
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So, before 2 millisecond the load current was 100 milli ampere and after 2 milliseconds the
load current becomes 50 milli ampere. And you can see the time period here is and time
period here. So, here time period is double compared to this. That means your switching
frequency become half and you will see the output voltage ripple is more or less constant and

what we have discuss.

(Refer Slide Time: 21:14)
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And if you go to the inductor current waveform you will find the inductor current if I

maintain the peak reference current. So, it is perfectly fine.

(Refer Slide Time: 21:22)
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This is my inductor current reference ok. So, whether you go before 2 and after 2 the current

remains same because your on time is fixed.

(Refer Slide Time: 21:38)
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op3='buck_conv_COT_CVMCslx';
1 peak=5:

opd="buck conv_PSM.slx’;
i_peak=3; T_on=(L*i_peak)/(Vin-Vref):
D=T_ow/T:

op3="buck_conv_burst_mode.slx';
v_b=0.05; T_peak=3;

T_onl=(L*1_peak)/(Vin-Vref);
DI=T onl/T; e
o
o
i
)
op6=buck_conv_VHCCslx; i
v band=0.01; |
o
q i
enter_file_name=op2; i
v
%% Transient parameters o
i
tsim=le3; 1 stop=2o-3; s
delta_lo=0¢ deita_Vin=0; delta_Vref=0; 4 s

Now, I want to show under 100 milli ampere. Now, instead of load transient we apply a
supply transient. That means, it is initially let us say it is initially for example, 8 volt or

maybe 6 volt. Now, your input voltage has change to I applied another transient of 6 volt.

(Refer Slide Time: 21:45)
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cle; clear; close all;

1
2

3 %% Loading parameters
4= buck_parameter;
5= Vin=6] Vref=1;
6
1
4=

1_0=100e-3; R=Vref/I_o;

DCM_En=1;

10 %% Listing light load controllers

11-  opl=buck conv_peak CMCaslx’

12

13 %% PWM current mode control o

14 Kp=50; K_i=180000; i

15 num con=[K pK_if; i

16 den_con=[10}; il

17 Getf(num_conden_con); i

i il
TR9- op2=buck cony COT VMCaly' ok

20 e

21 %% Timing parameters for COT VMC o

p2 i_ripple=d; T on=(L*i_ripple)/(Vin-Vref); Y

23 T off min=T/100; i

ba

And let us run and see what happened. That means, I have increase the input voltage from 6

volt to 12 volt.

(Refer Slide Time: 21:55)
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You see that due to the increase in the input voltage the ripple has increased significantly and
it has a quadratic effect. And which actually goes beyond the ripple specification and it may

violate the ripple specification ok.

(Refer Slide Time: 22:17)

1133



P S ——
e

ol

JuWe 4@ 09¢4 Q08000 [P ———— o

e
Inductor currefit (A

7
Time (ms)

So, that is this is something which is not acceptable ok.

(Refer Slide Time: 22:25)
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And also the peak current has increased drastically and it may go beyond the current rating of
the device because if you design for low current application. Then, what is the solution? So,
this is one of the drawback if you set the peak current directly using a on time timer. But, now
if we can adopt the on-time then we can reduce the ripple voltage impact ok when there is a

change in input voltage. How do you do that?

So, we want to do using a peak current base approach where earlier our on time was set by a

timer, but now we are setting the on time by fixing a current peak reference peak current
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reference. And if we keep the peak current reference and this is my actual inductor current;

this is my actual inductor current inductor current when it hit.

So, if my input voltage and output voltage are constant then; that means, under steady state
what is my and we already know the output voltage expression of a buck converter under

constant on time control we have discuss in the previous slide.

So, this is our expression that I am rewriting again. Now, what is my on time? Here my on
time will be my peak current by m 1, and what is m 1 for a buck converter? So, m 1 for a
buck converter is V in minus V 0 by L ok V in minus V 0 by L. Now, if you substitute m 1
here then you will get this expression and if you substitute this T on expression here and the

rewrite this delta V 0.

So, we will get like this where, this K v is the voltage gain where K v is the voltage gain V 0
by V in. So, under high input voltage because if you take 12 volt to 1 volt right and then your
K v is 1 by 12, which is around 0.083 it is very it is smaller than 1 then; that means, if I take

K v to be very low then my output voltage expression there.

So, this can be this expression will be simplified to this because this is very very smaller than
1. So, this can be approximated to be 0 and is 1. So, you see this expression shows that; that
means, delta V 0 is L 1 peak square by 2 CV 0. So, it is independent of input voltage it is
independent of load current; that means, it takes the benefit of both. And if we go to the my
simulation case study again now I have implemented this logic using a peak current base

approach.
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op3="buck_conv_COT_CVMCslx';
I peak=3:

opd="buck_cony_PSM.elx’
i_peak=3; T_on=(L*i_pesk)(Vin-Vref):
D=T_ow'T;

op5="buck cony_burst_mode.slx's
v_b=0.05; T_peak=3;
T_onl=(L*1_peak)/(Vin- Vref);
D1=T onl/T;

op6=buck_conv_VHCCslx;
v_band=0.01;

<M1= enter file_name=op3; i
12 ]
43 %% Transient parameters ol
4 it
15 Usim=de:3; 1 step=2e-3; s
46~ delta_lo=-50e-3: delta Vin-(k delta_Vref-0: ;

That means, let us use this technique this is a peak current base approach a constant on time.
So, this is option 3 and I am using a 3 ampere to be my peak current and I am using option 3.

And now, this option 3 first we will apply a e minus 3 a load transient.

(Refer Slide Time: 25:54)
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¥4l enter_file_name=op3;
a2
43 %% Transient parameters
a4
a5 tsim=de-3; 1 stop=2e-3; s
46~ delta_lo=-50e-3: delta_Vin=0: delta_Vref-0: 3 ol

So, what is this?

(Refer Slide Time: 25:56)
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If you go inside I will show you here it is a constant on time, but on time is generated from a
peak current reference this is my I peak and which you are setting from the MATLAB file

here. So, if I run it.

(Refer Slide Time: 26:11)
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And if I run the load transient you see. Again we are setting the peak current to be 3 ampere
and it is perfectly maintained; that means, your 3 ampere is maintained before and after load

transient.

(Refer Slide Time: 26:19)
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And you can see that your time period has doubled; that means, your switching frequency
become half, which means it is consistent with our traditional constant on time where the

frequency is linearly proportional to load current. When it decreases by 50 percent the

switching frequency will also decrease by 50 percent.

(Refer Slide Time: 26:47)
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opd="buck_conv_COT_CVMCasly';

I peak=3

opd="buck_conv_PSM.slx’;
i_peak=3; T_on=(L*i_peak)/(Vin-Vref);
D=T_on/T;

op5="buck cony_burst_mode.slx';
v_b=0.05; T_peak=3;
T_onl=(L*1_peak)/(Vin- Vref);
D1=T onl/T;

op6="buck_conv_VHCCslx';
v_band=0.01;

enter_file_name=op3;

wient puramelers

Usim=de-d; 1 step=lod;
delta_lo=0: delta Vin=D: delta Vref=0;

Now, we want to see what happen if you increase this input voltage; that means, you know
now you are increasing the input voltage by some 6 volt to, initially it is 6 volt now to 12

volt. So, we want to run the same simulation which we did earlier.

(Refer Slide Time: 27:01)
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Now, you see there is a very minor change except.

(Refer Slide Time: 27:08)
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And if you check the inductor current wave form the current ripple remains same before and

after transient and you see the current ripple remain same.

(Refer Slide Time: 27:15)
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There is a change in slope, but the current ripple; that means, if you go to the output voltage

ripple they are more or less same.

(Refer Slide Time: 27:23)

Output voltage (V)

Earlier it was a drastically different waveform, but there is a slight deviation because we have
used approximated expression not the exact, but here we can maintain the output voltage
within the specified limit ok. So; that means, we can take the best benefit out of both constant

on time as well as it can be adaptive on time when the input voltage varies.
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If you go to pulse skipping modulation it can improve the light load efficiency by skipping
pulses; that means, we can go for charge pulse and skip pulse. So, this uses the same method
of PWM this is a PWM, but with an additional logic of pulse skipping. So, if your output

voltage goes above V ref; that means, if it is let us say greater than if this is greater than 1.

That means, if your reference voltage is higher than output voltage; that means, your output
voltage is smaller, then this is high and if this is high at the rising edge of this gate D latch D
flip flop the Q actually becomes equal to D it passes D and if it is 1 then q psm will be 1.

So, the q will simply take this clock; that means, the PWM clock, but suppose if the output
voltage is higher than the reference voltage this will become 0, if this become 0 this q psm 0

will be set at the rising edge of this PWM clock and when it is 0 it will simply skip ok.

So, this is a pulse skipping operation and we want to see this pulse skipping operation using

our MATLAB simulation.

(Refer Slide Time: 29:12)
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op3='buck_conv_COT_CVMCslx';
I peak=3;

opd="buck_conv_PSM.slx’;

P9 i_peak=3; T_on=(L*i_peak)/(Vin-Vref);
Bo-  D=T_owT:

31

B2~ op5='buck conv_burst_mode.slx’;

33 v_b=0.05; T_peak=3;
34~ T_onl=(L*I_peak)/(Vin-Vref);
35 D1=T onl/T;

56 Bt

i
B7 0
B8~ opb="buck_conv_VHCCslx’; i<

B9 v_band=0.01;

Ao
© a1 enter_file_name=opd;

e a2
a3 % Transient p t

ol na

a5 tsim=do-3; 1 step=le-3;
A6~ delta_lo=-50e-3: delta_Vin=0: delta_Vref-0:

So, we can go back and here we have a pulse skipping operation here. So, again I am making
a load transient of 100 to 50 milli ampere and we are going for pulse skipping. So, my pulse
skipping is option 4. So, I will choose option 4 this is my option 4. Now, I will run it and

check the simulation this is now under pulse skipping modulation.

(Refer Slide Time: 29:32)
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So, here I want to show you two things, first thing I want to first show you that.
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So, here this switch will be on during the on time of this PWM clock you see this is a on time
of this clock the switch is on. And then next on time; that means, the red one is the actual
PWM signal which is like a open loop duty ratio. And this is coming with a time period t
which is same as our 2 microsecond time period after every 2 microseconds time period our

clock is coming switching clock.

And we are using a duty ratio D for the switching clock which is set from this MATLAB
logic ok. So, I am setting a duty ratio D which is coming because I want to ensure that for this
duty ratio I want to achieve 3 ampere current [ can directly set the value of the duty ratio, but
here I am using an indirect logic. So, it is setting sort of 3 ampere current. Next after this you

know whenever the next pulse comes.

So, here it will compare ok and let us say if we take you know some clock here let us say
around 1 millisecond. So, let us consider in this clock ok. So, 1 millisecond ok or we may
take close point where the actual switching happening ok. So, we will take here somewhere
here. So, here we are talking about like a 4.94 switch is on, but then again the turning on of

this pulse will come after a long time.

So; that means, first if you take between 2. So, here we call it as a charge pulse it will turn on
for one cycle and it will go back to 0 and then inductor the current will that is pulse the
switches the clock will be skipped; that means, switching clocking will be skip for this entire
duration again it will be activated here. Because this logic is coming from you know this if I

take this particular PSM logic.
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This logic is coming from this D flip flop; that means, this D flip flop and which you have

discussed ok, and we are going to check ok.

(Refer Slide Time: 32:03)
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The another thing you will find here; that means, there is a charge and if the load current
decreases more number of skip cycle happens. But this pulse skipping modulation has a
problem of non monetary spectral composition you see, because a number of charge and skip

pulse may not be exactly balance for any arbitrary load and input voltage condition. And if
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they are not exactly balance when after subsequent number of charge and skip pulse it can

undergo an additional charge pulse or additional skip pulse.

So, that portion I am not discussing, but we have reported that this can lead to a non
monotonic you know spectral composition and this can be addressed and we have you know
develop of like a customized pulse skipping technique, which will you know overcome this
technique. But the objective here the pulse skipping modulation can improve the light load

efficiency by skipping more number of pulses and this aspect we have discussed.

(Refer Slide Time: 32:58)
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So, the Burst Mode Control in the burst mode control it takes the hysteresis control along

with the PWM pulse that means.

(Refer Slide Time: 33:10)
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Burst Mode Control (contd...)

If I take the waveform if the output voltage is within this band ok; that means, if it is going
down if it hit the peak limit it will go down when it hit the lower limit, then it gives multiple
that PWM pulses until it hit the peak limit when it hit the peak limit again it will go down ok.
So, this is called burst mode. So, it is a combination of hysteresis control as well as PWM
control and we can go to our simulation of this. So, you also have a burst mode control which

is option 5.
(Refer Slide Time: 33:44)
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29 opd="buck_conv_COT_CVMCasly';

26 1 peak=3;

21

268~ opd="buck conv_PSM.slx";

29~ i_peak=3; T_on=(L*i_peaky(Vin-Vref);

30~ D=T.owT; i
a1 .
B2~ op5='buck conv_burst mode.lx'; i
B3 v_b=0.05; T_peak=3; ol
34- T onl=(L*I_peak)/(Vin-Vref); e
35~ DI=T_onl/T; w:
36 pe
B

B8 - op6="buck conv VHCCslx';
B9 v_band=0.01;

“f1-  enter_file_name=op5; |

13 %% Transient parameters

(&) tsim=do-3: tstep=2e-3:
A6~ delta_lo=-50e-3; delta Vin=0; delta_Vref=0;

So, let us go to option 5 and check our burst mode control logic.
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So, this burst mode control logic if you see that it has multiple charge pulse. So, you see

within one cycle it undergoes.

(Refer Slide Time: 34:00)
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And there is a hysteresis band. So, when it hit the lower limit then it undergoes multiple
PWM clock and then when it hit the upper limit it is simply turn off. And again this process
continue ok and under light load you see the effective switching frequency is decreased or the

time period has increase.
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And if you go to the inductor current waveform I will show you if you zoom one particular
part here, you will see multiple burst pulses will come when the output voltage will hit the
lower limit. And this multiple burst pulses will rise will raise the input voltage and when the
input voltage will hit the upper limit then it will simply again start falling and that time the
cycle will be skipped ok.

So, here the skip cycle is happening by means of a hysteretic comparator. So, it is

synonymous to pulse skipping the only difference in pulse skipping it was totally
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synchronized with the switching clock. But here it is an asynchronous operation between you

know the charge pulse and the skip pulse is realized using a hysteresis block ok.

(Refer Slide Time: 35:15)
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So; that means, we can go hysteresis and here I have shown the MATLAB simulation file.

(Refer Slide Time: 35:20)
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You can use the current mode control PWM technique under light load and this already we

have discuss multiple time.

(Refer Slide Time: 35:24)
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MATLAB Simulation of Constant On-Time Control

] Input votage Input curent
Vin
¥ Gate signal Inductor current
Vi_step > buck_result
DCM enable Capacitor votage —»
To Workspace Vre!_step
Load currert Ouipu voltage
DCN_En

load  Buckconverter
L Constant ondime VMC
1R
F VoM

Gale puse

lo_step

Viel (&

Then we can go for constant on-time control which already I have discuss. And if you go
inside this block this is the block and in this case you remember since you are operating in

discontinuous conduction mode.

(Refer Slide Time: 35:30)

MATLAB Simulation of Constant On-Time Control

Gate pulse

Edge Detector

A

Logical
QOperator

So, you have to enable the DCM; that means, if you go to of this. So, I have enabled the
DCM at the very beginning; that means, I want to operate this buck converter like a
conventional buck converter not asynchronous buck converter ok. So; that means, if you go

to inside this block we have already discuss ok. And this is the control logic and this control
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logic again we have discuss that this minimum off time when constant on time is set here and

this is a ripple base control the output voltage is directly compared to the reference.

(Refer Slide Time: 36:12)
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And if you go to the peak current base approach it is same as constant on time, but we are not
setting the on time by a timer. Rather we are getting the on time by means of a current

controller.

(Refer Slide Time: 36:22)
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How? Here the on time is coming from by comparing the inductor current with a ok, by
comparing the inductor current. So, there is an inductor current DCM like this and this is
coming. So, this is i axis, so I can draw using ok. So, here it is my ok let me draw again. So, |
am drawing here, and if I draw the inductor current like this and here I am realizing this peak
current this is my i peak, which is this guy ok. So, it is coming; that means, here the on time
is set by this constant peak current difference this is a constant current difference ok, as is a

logic.

(Refer Slide Time: 37:26)
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We can also do pulse skipping I told you how to realize pulse skipping. So, everything is

same only this block we are changing multiple time.

(Refer Slide Time: 37:32)
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MATLAB Simulation of Pulse Skip Modulation
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Logical .
meorq "Dj"l 1 @

gate puise QI

Capctar

yyyyy

So, here pulse skipping this is the pulse which has a fixed duty ratio pulse; that means, so,
this pulse we are setting some duty ratio D. So, we are setting some duty ratio D, D into T,
ok. So, it is your choice how do you set D, but remember during this on time your inductor
current will rise; that means, if I draw the you know the inductor current waveform during

this time your inductor current will rise and then like this. So, if you set this is my DT time.

So, if you take a larger DT then it may have so happen that peak inductor current can be quite
large. So, you have to be careful about this choice. Once this that mean this is my PWM
clock; that means, this is my q PWM which is coming my PWM logic then this is my D flip
flop.

So, D flip flop is activated this is my activated signal activating then I am comparing output
voltage is a reference voltage. So, if my reference voltage is higher than the output voltage;
that means, if my voltage output is less than equal to V ref then this goes high this

comparator goes high.

And if this goes high at the edge of this at this edge of this clock because this is an this is a
flip flop this work on the edges of the clock edges it will simply pass this; that means, your Q
will become you know D it will store D in this case when the edge comes. And this we call it
as a q PSM ok and then this is our ¢ PWM and this is my effective q. So, if this PSM logic is
0 then its simply skip the pulse and if it is 1 it will simply pass the PWM pulse.

(Refer Slide Time: 39:35)
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MATLAB Simulation of Voltage Hysteresis Control

{Input valtage Input current

— Gate sgnal Inductor current »

b buck_reault
DCM enavle Capacitor volage ey

b To Workspace Vref_step

load Buck converter

VM)QE hysteress control
Vold

Gate puse

Load current Qulpdt volage ‘

Vel e

Then we can also implement voltage hysteresis control under light load where it is purely
hysteresis band; that means, the voltage can be maintained within this is like your; that

means, what we are trying to do we are trying to maintain the voltage ok.

(Refer Slide Time: 39:40)
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So, this is my output voltage this is the time. So, you are trying to maintain the output voltage
within some hysteresis band sorry, within some hysteresis band. So, this is our delta V H

band ok.

(Refer Slide Time: 40:20)
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MATLAB Simulation of Burst Mode Control

Input voltage Input currert

Gale signal Inductor current

DCM enable

lo_step

(Refer Slide Time: 40:22)

Then the burst mode we have discussed. So, the burst mode use the same logic of hysteretic
controller ok and the hysteretic controller will act like a q PSM logic it is the same as earlier
and this is like your ¢ PWM logic and this is a q. That mean this is after this point it is
identical to PSM, but in PSM the q PSM are generated in synchronism with the clock by
putting a D latch and comparing V 0 and V ref at the every rising edge of the clock.

Whereas in burst mode this q PSM is generated by a hysteresis block so, this is an

Load c urrent

K
Capacilor voltage. —H

3 To Wokspace Vel step

buck_result

load

Cutput voltage |
Buck converter
@7 Burst mode control

gale puse

V_oje-

Vviet

asynchronous block. So, this is an asynchronous block ok.
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So; that means, the control method regarding switching loss reduction, PWM it is a fixed
frequency it is not suitable for light load. So, switching loss domination then if you go to
PFM variable frequency control this is good for light load, but not good for high load may not
be constant on time offer switching frequency proportional to load current. High light load

efficiency it is a very popular choice.

(Refer Slide Time: 41:22)
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o Variable switching frequency
o Constant on-time offers fs“, x4
o Offers high light load efficiency

o Popular choice for light load
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And we have two architecture one is purely on time set by timer another is the on-time set by
peak current. And this is the most popular one because it takes care about the adaptation in

the on time when the input voltage changes.

(Refer Slide Time: 41:52)

Control Methods for Reducing Switching Loss (contd...)

* Pulse skipping modulation (PSM)

o Variable frequency operation but is synchronized with PWM clock

o Skip more pulses with decreasing 7,
o Offers high light load efficiency

o Popular choice for light load efficiency

7/

o Suffers from monotonic spectral composition
—t

Then pulse skipping modulation it is a variable frequency operation, but it is in synchronism
with the PWM clock that we have discuss skip pulses increases when the load current
decreases it offer highlight load efficiency, it is also very popular choice. But only suffer from

monotonics non monotonic suffer from non monotonic spectral composition.

Because, we saw some like you know little bit of you know the periodic behavior has not
repeating because of extra charge and skip pulse after subsequent number of charges skip
pulses, but that can be address there are method propose. So, then this technique is also very

popular.

(Refer Slide Time: 42:34)
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* Burst mode control LLM

1\
o Variable switching frequency Nm, A0
o Combine hysteresis control and PSM

o Offers high light load efficiency

The burst mode control is also very popular it is a variable frequency control it combined
hysteresis and PSM offer highlight load efficiency this technique is also very you know I
would say non monotonic; that means, spectrum monotonic. That means in this technique it is
very difficult to control the power spectrum that is why you know many industry may not

prefer because the in managing the power spectrum.

Although on low power that spectrum amplitude itself is low, but here the problem is that you
know that spectrum because there can be some non monotonic behavior that you have seen in

the simulation.

(Refer Slide Time: 43:18)
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Now, provision for multimode; that means, 1: if we want to consider a wide load current
range. So, the PWM will operate at high load PFM will operate at low load and here you can
use a current based or voltage based approach. Combined PWM and PSM so, PSM technique
is an integral part of PWM the only we have to enable the skip operation.

And if you make the duty ratio of this PSM coming from the loop then it is a you know
voltage control or current control PSM technique and there are technique that that are

proposed we have proposed multiple technique on that. So, you can combine this technique.

So, this technique can also be used for a wide load current range then combined ripple based
and burst mode control. That means, if we use a purely ripple base let us say voltage
hysteresis based control, then it will purely operate in voltage hysteresis mode when under
nominal load current. And when go to light load in addition to ripple hysteresis control we

can introduce some burst mode operation; that means, PWM clock.

And then option 4 either you can go for completely ripple based; that means, you go for
constant PFM constant on time throughout ok or you can change between constant on time
off time, but it is totally ripple based or you can go for adaptive PWM mode. That means you
can adjust the time period of the pulse width modulator so that it behave like a constant on

time control ok.

So, I want to show one of the work that we have propose here in our majority most of the
problem in this multimode product they use separate controller for PWM and PFM as a result
what are the drawback more resource are required, more resources are required. And there

can be wind up problem when you change from one controller to other controller.

So, in order to avoid wind up controller; that means, if you want to achieve anti wind up or
smooth transition or if you want to save resource the best way you use a single controller or
at least the controller means the voltage controller for the whole operation for multimode and

that is what we are going I mean this technique.

(Refer Slide Time: 44:51)
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Constant On-Time Multimode Digital Control
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K. Hariharan, et. al., “Constant on-Time Multi-Mode Digital Control ..." APEC 2019

Here only it is a mixed signal current bit architecture where the voltage controller is digital
and it is common and your current because it is in analog current loop. So, that DAC is there
ok, and the current reference is coming from the DAC. So, the single DAC single controller
the only and only one mono shot timer; only one mono shot timer and this timer can be

loaded either with on time or off time.

If you want to configure to constant on time and constant off time, because this is just a
digital number you have to just program it right rewrite the memory. Then the mode
transition is just changing the edge of the clock because we have proposed a even base

sampling and here if you dry a finite state machine.

So, when it go from light load to high load then I have discussed that the constant off time is
superior than constant on time. In order to improve the step up transient when you go from
high load to light load you can reconfigure to constant on time, remember in all cases our
controller and you know the mono shot timer everything is common only the timer value can

be updated ok.

And then when you go to discontinuous conduction mode because it is current mode control
in DCM the current will be 0 at the base value. So, then voltage base logic will be enabled
right and in this technique just whole modulator can be configured and you can adjust the on

timing using an all digital PL.
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(Refer Slide Time: 47:34)
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So, you can take; that means, under high load it will constant off time light load it is constant
on time and you can use a peak current based approach, because you are generating the peak
reference from the digital controller. So, you can use a current base PFM. So, that it takes

care about the ripple efficiency everything that we have discussed ok.

(Refer Slide Time: 47:57)
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* Only one mono-shot timer, one common controller
* Only change in event-based sampling points
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And the transient response; that means, when it go from light load to high load since we are

enable constant off time. So, it is rising like you know almost without any problem and it is a
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boost converter and it offer because we may not be able to increase the gain significantly

because of the right half plane 0 and it is changing drastically from light load to high load ok.

And when it go from high load to light load then we can actually enable, because if we go to
this control light it is a boost converter that we are using. That means, you can we can use a

synchronous configuration this is coming from constant off time to constant on time.

So, here it is constant off time and here it is constant on time and here we will allow the
synchronous to operate for some time. So, that these charge can be extracted faster the
overshoot can be substantially reduced and then it we bring back the dc operation when the

switching frequency get automatically adjusted.

So; that means, it is only one mono shot timer, one controller and only the logic changes with
the even based sampling we are using only the sampling point is getting changed. And this
technique inherently achieve smooth controller transition because the controller is common

ok.

(Refer Slide Time: 49:18)

S. Kapat, et. al., “Voltage-mode Digital Pulse Skipping Control of a DC-DC Conv. ..." TPEL 2016
N

The other technique also we have proposed that in which that you can reconfigure; that
means, a voltage control pulse skipping voltage mode where the number of charge and skip
pulse, because we saw in pulse skipping there are the non monotonic spectral composition.
That means the waveform was not repeating in every cycle there is a slight changes and it

will create some kind of high periodic behavior.
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But if we can configure the number of skip cycle and charge cycle in this technique you can
apriori set it by which you can optimize the energy in efficiency and you can achieve

perfectly periodic behavior.

(Refer Slide Time: 49:57)

= Various losses in SMPC - discussed

* Various light load control techniques - presented

® Few simulation case studies — demonstrated

* Need for dedicated light load control methods discussed

* Multi-mode control for wide operating range

So, in summary we discussed various losses in switch mode power converter we have discuss
various light load control techniques few simulation case studies also we have demonstrated
then need for dedicated light load control methods are also discussed. And multi mode
control for wide operating range we are discussed and we have also discussed few of our
technique which one controller can actually be used throughout the entire light load and high

load.

So, that it takes care about you know programmable switching frequency, high light load
efficiency, first transient response and inherent current loop stability. So, it can be used for a
wide load current and wide input voltage condition without need for any a ramp

compensation. So, with this [ want to finish it here.

Thank you very much.
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