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Module - 04

Variable Frequency Control Methods
Lecture - 20

Constant On-Time Control Methods

Welcome, today we are going to take lecture number 19. In this lecture we are going to

discuss Constant On - Time Control Method.

(Refer Slide Time: 00:37)

* Single-loop constant on-time control
* Two-loop constant on-time control
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L, /\duplivv on-time control

And I am going to first talk about single-loop constant on time control, two- loop constant on
time control, constant on time control in discontinuous conduction mode and adaptive on

time control.

(Refer Slide Time: 00:51)
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Constant On-Time Control Building Block
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So, in constant on time control, I think earlier in week 2, we learn about constant on time
modulation. So, we already know about the basic concept of constant on time modulation and
today we also want to show I want to show the MATLAB building block, how to build
constant on time. And we will identify there are you know there is a problem in constant on

time control. So, we need to incorporate minimum off time.

First constant on time, if we take the gate signal, this is the gate signal q in this gate signal
that instead of duty ratio we will take this on time, this is my on time and this on time is
constant. And the smaller time indicate this is the off time which will be adjusted from the

feedback loop ok.

So, a building block; that means, if we take two signal x 1 and x 2, here two signals are
compared and the comparator output q c actually the edge positive edge of this q c is
detected. And then this output goes to a monoshot timer and the monoshot timer gives us the
actual gate signal, ok. So, it is a comparator, now it required an edge detection circuit and

monostable multivibrator.

(Refer Slide Time: 02:17)
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Simplest Voltage Based Logic
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The simplest voltage based logic. So, here we are going to consider the output voltage and the
reference voltage. So, the output voltage and reference voltage both are compared. This is our
output voltage, and this is our reference voltage. Both are compared. And the output of the

comparator, which is q ¢ that actually goes to the constant on time modulator.

How does it work; that means, if we take a single loop feedback control, this is a DC-DC
converter and you can take any DC-DC converter. So, in the example case study we are going
to take a buck converter, but you can take boost as well as other converter as well. So, here,
we are taking the feedback loop. This is my feedback loop and output voltage is directly
compared with the reference voltage. This is my reference voltage. And the comparator

output goes to constant on time modulator.

(Refer Slide Time: 03:09)
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Constant On-time Modulation
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Now, we discuss the very simple basic constant on time modulator. Suppose this is the
waveform. Here we are going to show the output voltage when it crosses; that means, it's try
to go below the reference voltage. That means, if the output voltage goes below reference
voltage, then we can find a positive edge of this; that means, it goes high and this edge
detection detects a positive edge here. That means there will be a positive edge when there is

a when the output voltage tries to go below the reference voltage.

Then this trigger the monoshot timer and the monoshot timer is loaded with a constant on
time; that means, a fix value and this is my constant on time. So, this is the duration of on

time when the switch is on and this value is loaded in the constant on timer.

So, I will go, I will show you the MATLAB implementation of this logic. Once the on time is
elapsed that means the timer finishes it is counting then it turns switch turns off, this q goes
low and then output voltage again tries to decrease again when it crosses v ref then switch

turns on ok.

(Refer Slide Time: 04:29)
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Problem with Constant On-time Implementation
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But in this method, let us consider a scenario where the converter undergoes a load step up
transient. That means the load current has increased. So, let us say at this point there is a
change in load state; that means, it undergoes a load step transient of delta i 0, earlier it was i
0, now it is 1 0 plus delta i O that is a load current. So, first thing what happens if v 0 is less
than v ref; that means we know the logic when output voltage crosses; that means, this is the

direction of output voltage it crosses v ref the monoshot timer detect.

That means the edge detection circuit detects a positive edge. This is the edge detection
circuit output. And this turn on, this enables this monoshot timer and the monoshot timer
goes high for the duration, which says by it constant on time and then it turns off. When it
turns off, then because there is a load step of transient in general in under steady state, it is

supposed to increase the output voltage.

That means the output voltage was supposed to increase and it should go above v ref that was
our traditional waveform under steady state. But because of the load transient step-up
transient, the capacitor current is negative for a certain duration when the output cannot
increase. So, it will decrease. So; that means, in this time v dash the output voltage is lower
than v ref. So, the output of the comparator remains high at high and we cannot get any

positive edge here.

Then what will happen? Then we cannot turn on the timer again; that means, the timer cannot
turn on as a result no on time; that means, the switch remains off. That means, if v dash is

less than v ref this is my v dash ok. At t equal to t dash then what will happen? The q ¢
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remain high and no rising is detected and this will cannot this cannot enable the timer. This
monoshot timer cannot be enabled. As a result, the q gate signals remain low or it is turned
off, it remains off. Then the output voltage will further decrease and ultimately voltage will

collapse.

So, this process of simple constant on time implementation cannot be used in general circuit
because it will lead to the collapse of the output voltage, particularly during load step-up

transient.

(Refer Slide Time: 07:20)

Solving Implementation Problem
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So, that is why in most of the commercial products, in order to solve this problem, what do
we have to do? We have to introduce a minimum off time. After that we need to check the
status if after a certain that means, once the switch is turned off, it will wait for certain time
and check whether the comparator output is still remain high or not. If it is high; that means,
output voltage is smaller than reference voltage, then we have to provide another trigger

pulse to turn on this monoshot timer ok.

That means, how does it work? So; that means, this part is a minimum off-time that should be
introduced and that we have discussed in the very previous class in week 2, how does it
work? So, we should check the status of the gate signal ok; that means, when the switch was
on; that means, the monoshot timer was high, then at some point when the timer finishes its
timing value or the counting value. Then the switch turns off and that time you detect a

falling edge of the switching signal.
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This falling edge is delayed by a time tau d and this delay can be realized using a shift
register. So, this is a delayed edge detection signal which detects a negative edge of the
switching gate signal and that is delayed by tau d. And this delay time is nothing, but this tau

d is nothing, but our minimum off time we will discuss ok.

So, then it checks with the output of the comparator as I said after this delay time if that the
comparator output is high; that means, our v 0 is less than v ref it indicate we need to turn on
the switch because output voltage is going down. So, this is high, then this output will go
high, this will go high at this time and then it actually it is also ended with the actual trigger

signal.

So, that if either of them is high, this will go high, if any edge is detected either the edge of
the rising edge or the delayed falling edge is any of these edge detected high edge this edge is
now used for the monoshot timer. That means earlier we are using this was our earlier trigger

pulse, but now it is modified by introducing a minimum off time, ok.

(Refer Slide Time: 10:06)

Solving Implementation Problem (contd...)

Objectives:
* Turn ON problem in Constant on-time
1. Identify the falling-edge (f;;) of q(output of monoshot timer)

[SS]

. Delay fi; by a time delay 7,

3. Compare delayed-edge £, with g, (output of voltage comparator)
Make an ‘AND’ operation

4. The output of ‘AND’ gate ‘OR’-ed with f,, to generate f,/

1 . g .
5. Use fi, as the trigger pulse for the monoshot timer

So; that means, the turn on problem in constant on time we need to identify the falling edge
of the gate signal, then we need to delay and then we need to AND with the output of the
comparator. And this will actually OR, the output of the AND gate is OR-ed with the original
rising edge of the trigger pulse and then the resultant output of the OR gate that is the

resultant trigger pulse is used to trigger the monoshot timer ok.
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Inside a Constant On-time Modulator
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So, inside a; that means, monoshot timer we have a shift register, and this is this what we
have discussed positive edge detection, negative edge detection, a time delay, a gate signals

require a minimum off time to be set and the constant on time to be loaded.

(Refer Slide Time: 11:01)

&

T
250075

P
|

¥ %

/[ Minimum off-time | f, [Monoshot

B

detection Limer

<le
T
=
(<]

Edge Detector onostablel  Edge Detector
P o

e&

So, how to realize in MATLAB? In MATLAB, this can be realize by this comparator. You
can see this comparator is nothing, but this comparator ok and MATLAB you will get the
greater than less than the equality sign. Here, if we v ref is greater than v 0 that logic is

implemented here, this is the reference voltage, this is the output voltage in the MATLAB.
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So, first edge detection circuit this circuit is realized here and the minimum off time
generation is the whole circuit here. So, this is the minimum off time generation circuit this is

here and what is the input to the minimum off time?

The one input you can see is the output of the comparator, that is a q c; that means, this is my
q ¢, the other input is the gate pulse which is q; that means, this is also q the other input is q.
And for the OR input, we are using the f tr that is rising you know edge detection circuit. The

output of the positive like rising edge detection circuit and this is ORed.

And this is actually the original monoshot timer; that means, if I take about this one. So, this
is this block and in MATLAB we can get this monostable where the on time will be set
according to the on time constant on time value and if we go inside this block, what is this?

That means this is analogues circuit in the schematic and this is a MATLAB implementation.

Now, what is there inside this block? So, this block I am talking about this particular block, if
you take this block again, it takes q and q c as the input and q c directly ANDed that we
know.

And there is a negative edge detection circuit which is nothing but this one; that means, if we
take this one, this is our negative edge detection circuit. And this delay time is realized by
these two blocks in the MATLAB, this is my delayed signal is realized ok. And then this is
the AND gate and the overall thing is ORed here; that means, this is an OR signal, and this is
our OR signal ok.

So, this we can implement the MATLAB and I will show you how to realize in MATLAB.
Now; that means, if we go back to the MATLAB.

(Refer Slide Time: 13:50)
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4 %% Loading and settin
5= buck_parameter;
oo 6= lo=l; R=Vrefllo;
7= DOM_En=0;1_cc=0: V_m=10;
8
9-  K_p=30: K_i=20000;
10 %% Initialization
11~ e
12= Ustart=0; t sim=le-
13- sim('buck_conv_PWM_CMC); cle;
14
15-  t=buck_result time; t_scale=t*le3; x=buck_result data;
16~ LL=x(.1): V_eap=x(:2): V_o=x(:3):
17 %% Plot subroutine
18- subplot(2.1.1)
19 plot(t_seale L0, Linewidth' 2); hold on; grid
20~ xlabel(Time (s, FontSize', 15), vlabel(nductor current (A}, 'FoutSize, 15,
¥[21
e 22+ subplot(21.2)
et P23 pottseale o b Lanesdih 2: ol on: prd
0 24~ Glabel('Time (ms ], FontSize', 15); vlabel(Ontput voltage (V) FontSize', 15);
(. 25
R o®wQ o P

Let us go back to the MATLAB.

(Refer Slide Time: 13:54)
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I want to show you the implementation of constant on time ok.

(Refer Slide Time: 13:59)
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So, this converter block we already discuss; that means, you know this converter we have
already discussed. And DCM enables everything we else we have discussed in the input
voltage. You know how to make this model and this is your load resistance, resistive load. We
can use any other load also, let us take it a little bit this side ok. This is a resistive load and

then this is a constant on time control if you go inside, which we have discussed now ok.

(Refer Slide Time: 14:33)
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So, here what are you doing? Two reference signals and volt output voltage they are
compared. This is the first positive edge detection circuit. And this whole block actually

implement that delay time. That is the minimum off time, then this is the actual monostable
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multivibrator. If you go the constant on time you can set it from here and this is a gate pulse

ok.

(Refer Slide Time: 14:55)
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So, we can check this simulation by using this constant on time in the simulation model.

(Refer Slide Time: 15:12)
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%% Loading and setting parameters
buck_parameter:

lo=100e-3; R=Vref/lo;
DCM_En=1; I_cc=0; V_m=10;

sim('buck_converter COT}; e

t=buck_result time; t_scale=t*1e3; x=buck_result.data;
cap=x(:.2): V_o=x(:3):

%% Plot subroutine

subplot(2,1,1)
plot(_scale L.
slabel(Time (s,

mewidth', 2); hold on; gnd

FontSize!, 15), vlabel(lnductor current (A, FoutSize', 15);

subplot(2.1.2)
plot(t_scale.V o
slabel(‘Time (ms "'l

ewidih' 2): hold on: grid
15iz¢', 15), vlabel(Output valtage (V). ‘FontSize’, 15)

So, we can use a DCM enable to be 1 under discontinuous conduction mode, you can use

Ak 1]

milliampere current and let us see how does it work.

(Refer Slide Time: 15:24)
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buck_converter COT/Constant on-time cont”
buck_converter COT/Constant on-time conts
‘buck_converter COT/Constant on-time cont |,

‘buck_converter COT/Constant on-time cont: |
‘buck_converter COT/Constant on-time cont:
‘buck_converter_COT/Constant on-time cont:

buck_converter COT/Constant on-time conti |11
‘buck_converter_COT/Constant on-time conts |

‘buck_converter COT/Constant on-time conts [11
buck_converter_COT/Constant on-time cont: |-+

‘buck_converter COT/Constant on-time conts {4
"buck_converter_COT/Constant on-time conti |t

“buck_converter COT/Constant on-time cont: |-
“buck_converter_COT/Constant on-time cont; |
‘buck_converter COT/Constant ou-time conts
‘buck_converter_COT/Constant on-time cont:

‘buck_converter COT/Constant on-time cont:
‘buck_converter_ COT/Constant on-time conti | [+

‘buck_converter COT/Constant on-time conti | [1+s

‘buck_converter COT/Constant on-time cont;

‘buck_converter COT/Constant on-tlime cont;

This algebranc loop may be resolved when the | 1+
Warning Discontinuitios detected
within algebraic loop(s). may have
trouble solving
In buek cony PWM CMC simulation (line
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So, you can see this is a constant on time where the switching frequency will vary.

(Refer Slide Time: 15:33)
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So, you can see this is a constant on time which is set and we can decide based on our

requirement.

(Refer Slide Time: 15:45)
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But, interestingly you will find, how does it work this logic?
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If you zoom this one of the cycle output voltage cycle.
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So, initially whenever the output voltage.

(Refer Slide Time: 15:59)
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So, if we check that whenever the output voltage tried to cross this particular reference

voltage which is one volt, then switch turns on and that turns on for certain on time duration.

(Refer Slide Time: 16:10)
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And then ok, if I take let us say this is my duration.

(Refer Slide Time: 16:25)
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Let us say if we take around 0.5 ok one cycle you can take, so around 0.5 let us take ok.

(Refer Slide Time: 16:37)
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So, we will take from 0.505 to 50 here and I take here 505 to 5053 ok. So, you see, whenever
the output voltage actually tried to cross this reference voltage here then switch turns on for a
fixed on time duration. Then whenever the on time is elapsed, the switch turns off it hit the 0
current discontinuous conduction mode. And output voltage actually slowly decreases

because the load current is very low whenever again it hit then again it turns off.

So, this process the constant on time logic part in this process; that means, now we

understood that how does it work?
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The next part is that ok, so now, we have implemented the single loop voltage mode control
where this output voltage here now output voltages compared to the reference voltage and
then the comparator output goes to the modulator. And then modulator generates the gate

signal and that turn on and turn off the DC-DC converter.

(Refer Slide Time: 17:44)

Simulation of under Varying Load Current

Simulate:

(a) Steady-state conditions with v,; = 1V, v, = 15V and 8V at R =0.10)

——

(b) Steady-state conditions with 4, = 12V, v,,= 1V, R =0.1 . and 10 Q
e riy ~Lisicn Semirses v

(c) Transient simulation at v, = 12V, v,,,= 1V and R changes from

n

1062 to 0.05() and back

(d) Transient simulation at R =0.1Q, v, = 1V and v, changes

from 12V to 8V and back

Now we want to simulate like you know we have already implemented this for constant on
time control. We want to simulate for different input voltage. That means our reference

voltage is 1 volt input voltage is 15 volt and then input voltage again is 8 volt and our load
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resistance is 0.1 that means, hundred you know 0.1 ohm. This is for continuous conduction

mode ok.

Then we will also run the steady state condition at different load current then we will do
transient simulation ok. Let us first go to the MATLAB and check ok. So, what are you going
to discuss the first condition we will take where input voltage is 15 volt and 8 volt for R equal

to 0.1 ok let us go there?

(Refer Slide Time: 18:47)
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%% Loading and setting parameters
5~ buek_parameter:

lo=100e-3: R=Vref/lo: R=0.1:
= DCM_En=1: T ee=0: V_m=10;

9 %K_p=30; K_i=20000;

%% Initialization
11-  1Lint=1; V_c_int=1;
L2 tstart=0; t_sim=le-3;
13- sim(buck_converter COT'); ele;

15~ t=buck_resultjtime; t_scale=t*le3; x=buck_result.data;
L6~ iL=x(1): V_cap=x(.2); V_o=x(:3):

0 label(Time (ms )", FouSiee', 15); yvlabel( Tnductor current (A)', 'FontSize', 15)

So, if I take R equal to 0.1; that means, let us take directly R equal to 0.1. So, I have already
explained this MATLAB implementation. So, I am not going to repeat this and this controller
in this case does not make any sense because we have not provided any controller here, you
can see if you go inside there is no controller here it is just a simple input and output
comparison. Then so, R equal to 0.1 ohms. So, initially we want to run for one condition

which is V in equal to ok 15 volt.

(Refer Slide Time: 19:29)
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4 %% Loading and setting parameters
5-  buck_parameter: Vin=15]
| Ll 6~ . R=Vref/lo; R=0.1;
e Tce=0; V_m=10;
8 I
9 %K_p=30: K_i=20000;
Lo %% Init
-
2= tstart=0; ¢ sim=le-
13- sim('buck_converter COT'); cle:
L4
15~ t=buck_result time; t_scale=t*1e3; x=buck_result data;
L6~ iLL=x(:1): Vi eap=xi:2): V_o=x(:3):
7 %% Plot subroutine
8- subplot(2.1.1)
19~ plot(t_seale.i L5 Linewidth, 2); hold on; grid:
0~ xlabel(Time (ms], 'FontSice, 15); vlabel(lnductor current (A}, i
oo v @1
2-  subplot(2.1.2)
o137 Pl ¥_o.b anewdh 2 hold on: i
4= xlabel(Time (ms)" e, 15), ylabel(Output voltage (V). ‘Fontsiae', 15);
5

Fl'o™

‘buck_converter COT/Constant on-time cont”
‘buck_converter COT/Constant on-time cont
‘buck_converter_COT/Constant on-time conts
‘huck_converter_COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont:
‘buck_converter_COT/Constant on-time cont:
‘buck_converter COT/Constant on-time conts
‘buck_converter COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont
"buck_converter_COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont:
"huck_converter_COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont:
‘buck_converter_COT/Constant on-time cont!
‘buck_converter COT/Constant on-time cont!
‘buck_converter COT/Constant on-time conti
‘buck_converter COT/Constant on-time cont!
“buck_converter COT/Constant on-time conti
TIC
This algebrac loop may be resolved when the

‘buck_converter C stant on-time conti

Warning Discontinuitios detected
within algebraic loop(s). may have
troubl solving
In buek cony PWM CMC simmlation (line

s 3

That means, here we will set V in equal to 15 volt let us run it.

(Refer Slide Time: 19:38)
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So, we want to show this is for V in equal to 15 volt and we want to overlap this waveform

for V in equal to 8 volt ok.

(Refer Slide Time: 19:48)
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%% Initialization

1L int=1: V_c_int=1:
tstart=0; t_sim=le-
sim('buck_converter COT; le;

t=buck_result time; t_scale=t*le3; x=buck_result data;

iL=x( L) Voeapex(:2); V_omx(.3);

%% Plot subrautine

subplot(2,1,1)

plot(t_seale.s L' Linewidth', 2): hold on; grid:

slabel(Time (s, ‘FontSize', 15), vlabel( Inductor current (A, FontSize', 15);

subplot(2,1.2)
plot(t_seale.V o " Linewidth' 2). hold on: grid:
xlabel(‘Time (s, FontSize' 15). vabel(Output voltage (V) FontSize’, 15):

P
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sclear dle; dlose all

%% Loading and setting parameters
buck_parsmeter; Vin=;
To=100e-3; R=Vref/lo; R=0.1;
DOM_En=1: T_cc=0; V_m=10;

%K_p=30; K_i=20000;
%% Initialization

1L int=1: V_c_int=1;
tstart=0; t_sim=
sim(buck_converter_(

1
T dle

t=buck_result time; t_scale=t*1e3; x=buck_result.data;

PL=x ) Voeapax(:.2): Voomx(.3);

%% Plot subroutine

subplot(2,1.1)

plot(t_scale. L' 'Linewidth’, 2) hold on: gnd.

xlabel(Time (ms], 'FontSize', 15), vlabel(Inductor current (A),'FontSize, 15);

subplot(2.1.2)
plot(t_seale.V o, Linewidth'. 2): hold on: grid.
15). ylabel(Output voltage (V) FontSize', 15);

slabel(‘Time (ms)", Fomts

[ S—— B

“buck_converter COT/Constant on-time cont”

‘buck_converter COT/Constant on-time cont:

“buck_converter COT/Constant on-time conti |\ s,

"buck_converter COT/Constant on-time cont:

‘buck_converter_ COT/Constant on-time conti [1tn
“buck_converter_COT/Constant on-time cont: | 1
‘buck_converter_ COT/Constant on-time conts |1,
“buck_converter_COT/Constant on-time cont

‘buck_converter COT/Constant on-time cont!

‘buck_converter_COT/Constant on-time cont: ||
‘buck_converter COT/Constant on-time cont: 4!
‘buck_converter_COT/Constant on-time conti [ 1o

“buck_converter COT/Constant on-time cont
“buck_converter COT/Constant on-time cont;
‘buck_converter COT/
‘buck_converter COT/Constant on-time cont

Constant on-lime cont!

‘buck_converter COT/Constant on-time cont
"huck_converter COT/Constant on-time cont
‘buck_converter COT/Constant on-time cont
‘buck_converter COT/Constant on-time cont

“buck_converter COT/Constant on-time cont
This algebraic loop may be resolved when the
Warmnin

withn

Discontinuities detected

ebraic loop(s). may have
trouble solving
Tn buek cony PWM CMC simmlation (line

Now we are talking about V in equal to 8 volt and we want to repeat the simulation with the

same load condition and check what happens ok.

(Refer Slide Time: 20:08)
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Now here, so here what can you find? First of all, if we take the inductor current around this

time period.

(Refer Slide Time: 20:23)
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Inductor current (A)

Output voltage (V)
L R P

Let us say we are talking about from 0.5 millisecond to you know 0.51, 0.5 to 0.505 here.

(Refer Slide Time: 20:34)
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So; that means, in red colour we have decreased the input voltage which initially for the blue

corresponds to the input voltage of just a minute. So, here we are talking about 0.5 to 0.506

ok.

(Refer Slide Time: 20:54)
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So, this red colour sorry blue one corresponds to 15 volt and the red one corresponds to 8
volt. So, what happened here? And in both the cases, the logic it looks like whenever you
know reference voltage, the output voltage touches this V ref which is 1 volt. Then switch
turns on and switch turns on for the given on time. So, in both cases, the on times are same,
but since the first case blue one, the output voltage is higher; that means, for the same on time

the current ripple will be larger.

Because the slope is higher, we can see the slope is higher because the input voltage is higher.
In the red one, the slope is smaller and the same input voltage same on time the ripple current
will be smaller. So, as a result the switching frequency is different for different input voltage

condition ok alright.

(Refer Slide Time: 22:01)
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So, these two are for two different input voltage conditions ok. Now coming to the next
simulation, we want another steady state condition where input voltage remains at 12 volt
which is originally set in the parameter set. But we want to change the load resistance from

0.1 to 10 milliohm, 10 ohm ok, let us see what happens ok.

(Refer Slide Time: 22:24)
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et L R

s " cuc ¢

Gt st
r COT/Constant on-time conts”
buck_converter_ COT/Constant on-time cont:
dear; de. close all ‘buck_converter COT/Constant on-time conts
‘buck_converter COT/Constant on-time cont:
%% Loading and setting parameters ‘buck_converter_ COT/Constant on-time cont
buck_parameter. ‘buck_converter_COT/Constant on-time cont: {1
lo=100e-3; R=Vref/lo; R=0.1: “buck_converter COT/Constant on-time cont: |1,
DCM_En=1; _ec=0; V_m=10; “buck_converter_COT/Constant on-time cont: [+
“buck_converter_COT/Constant on-time conts [4:¢
9 ‘buck_converter_COT/Constant on-time cont: |-
Lo ‘buck_converter COT/Constant on-time conts |-
l1- 1L e "huck_converter_COT/Constant on-time conti
12 Ustart=0; t_sim=le-3; ‘buck_converter COT/Constant on-time cont:
13- sim(‘buck_converter_COT); elc ‘buck_converter COT/Constant on-time cont:
L4 ‘buck_converter_ COT/Constant on-time cont
15~ t=buck_result time; t_seale=t*le3; x=buck_result data; ‘buck_converter_COT/Constant ontime contt |
6= i L=x(:l) V_cap=x(:2): V_o=x(:3); ‘buck_converter COT/Constant on-time cont/
17 %% Plot subroutine ‘buck_converter COT/Constant on-time conts
18- subplot2.1.1) ‘buck_converter COT/Constant on-time co
L9 plot(t_scale.i L' ‘Linewidth’, 2). hold on; gnd “buck_converter COT/Constant on-time conti |
PO~ xlabel(Tume (ms/', FontSize! 15), vlabel(Inductor cureent (A}, FontSiee', 15); ‘buck,_converter_COT/Constant on-time cont{§ [°*
p1 This algebraic loop may be resolved when the |
Mk v e 2 subplot(2.1.2) W uities detected
(¥ [ |3 Pt ¥ o L' 2) holdon: grid 3 p(s). may have
e 4= slabel(Time (s, FonmtSize’, 15), ylabel(Output voltage (V). "FontSize', 15). e
ot et ps Tn buck cony PWM CC simulation (lins
£ f

So, we will change this now we are going to consider two different load resistance. So, in one

win 3

case the load resistance is 0.1 which is let us say in the red colour.

(Refer Slide Time: 22:42)
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cloar: ele; closo all

H

%% Loading and setting par
buck_parameter;

lo=100e-3; R=Vref/lo; R=!
DCM_En=1: T_cc=0; V_m=1|

Output voltage (V)

- R
0 01 02 a3 on of 08 o7 o8 08 1

*K_p=30: K_i=20000:
Time (ms)

[

1L_int=1; V_c_int=1;
tstart=0; t_sim=
sim(buck_converter_(

T cle

t=buck_result time; t_scale=t*led; x=buck_result data;

iLax(: 1) Voeapexi-2); V_o=x(:3):

%% Plot subrautine

subplot(2.1,1)

plot(t_scale. L' 'Linewidth’, 2) hold on: gnd.

slabel(‘Time (msf, FoutSize!, 1), vlabel( luductor current (4], FontSize' 15);

subplot(2.1.2)
plot(t_scale.V_o.t' Linewidth'.2); hold on: grid
label(Time (ms /", FontSize', 15), vlabel(Output voltage (V). FontSize', 15);

4 BN

[T ————y

3R>

3w

PR - Kl

T
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18 1 e e+ 1441+ P O CHC 1

ding and setting
buck_parameter;

lo=100e-3; R=Vref/lo: R=10;
DCM_En=1; I_cc=0; V_m=10;

%K _p=30: K_i=20000;
%% Ini on

LLint=1; V_c_int=1;
tstart=0; t_sim=le-
sim('buck_converter

t=buck_result.time; t_scale=t*led; x=buck_result data;
PL=x( ) Voeapex(2): Voomx(:.3);

%% Plot subrautine

subplo
plot(t
slabel(Time

widih',2); hold on; grid:
ontSize!, 15), vlabel(lnductor current (A, FontSize', 15);

subplot(2.1.2)
plot(t_seale V' _o/W Linewdth' 2); hold on: grid:
slabel(‘Time (s, FontSize', 15). ylabel(Output voltage (V). "FontSiae', 15).

[P ————y

N x>

And in the other case we want to change it to 10 and we need to make it let us say blue

Ak g

colour, here the red colour, red trace corresponds to correct ok.

(Refer Slide Time: 23:03)
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So, what we will find here ok, we zoom it.

(Refer Slide Time: 23:15)
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That means, under continuous conduction mode ok. Let us run it in CCM because we have

enabled DCM.

(Refer Slide Time: 23:21)
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1

2

3

4

§= loc

6 lo=100e-3: R=Vref/lo: R=10: Iype i
7= DCM_En=0; T_cc=0; V_m=10; Relational Operator ik
9 e
9 %K p=30; K_i=20000 I Block e
Lo :

path

l1-  I_L_int= nt=1; uck

2= tstart=0; t_sim=le-3;
13- sim('buck_converter COT'); ele;

averter_COT/Constan

ol Monostable/ Model Con

5= t=buck result.time; t_scale=t*le3; x=buck result.data;
= cap=x(:.2); V_o=x(.3);
17 .
e
19 plot(t_seale. L' Linewidth', 2): hold an: gnd.
20~ xlabel('Time (ms]', FomtSize!, 15); ylabel(lnductor current (A}, "FomtSizc’, 15) Y
- v|B1 unng the MATLAB
o | proe 2 subplot(2.1.2) set_param(‘buckcoy edZel
et P3- plot(t_scale.V o b Linewidih. 2); hold on grid
[ f 4 xlabel(‘Tume (s 5). vabel(Output voltage (V) FontSize’, 15);
ey s T buek_cons PWM CMC_simulation (ine
f
I sy o Wi
imoweQn A 4 b ] ‘

Let us continue in CCM ok.

(Refer Slide Time: 23:29)
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A
3 N mo (ms) [
4 %% Loding and setting pard{ & 1 il
5= buck_parameter; 1018 B e
| et 6= lo=100-3; R=Vrefllo: R=H & o i
7- DOM_En=0: T ce=0: V m=1ff % o
" §
9 G "o or w2 o ok 05 o8 0 om0 1 i
i
10 Ui i
- {1
12- Ustat=0; t sim=le foen
13- sim('buck_converter COT)gele i
14 Hom
15 t=buck_resulttime; t_scale=t*led; x=buck_result data; o
16 LLax(l): Voeapx(:2): V_o=x(:3): ! ey
17 %% Plot subrau i
18- subplot(2.11) g
19~ plot(t_scale. L' Lnewidth', 2); hold on; gnd; :"t“
20 slabel(* (s 1Size’, 15), viabel('lnductor current (A), 'FontSize, 15); £
-] -3
e 22+ subplot(2.1.2)
P o] 237 plort el ¥_o.b L 2 hold on: grd
(gl 24 slabel(Time (i i26',15), ylabel(Outpat voltage (V). Fontsize’, 15);
by
ot
w

So, blue trace corresponds to ok, this is 1.

(Refer Slide Time: 23:33)
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et *| - buck_converter COT/Constant on-time cont” |7
buck_converter COT/Constant on-time cont: ¢
Yhcdoar; cle; close all “buck_convrter_ COT/Constant on-time conti [ .
“buck_converter COT/Constant on-time conts |1
%% g aind setling parameters ‘buck_converter COT/Constant on-time conti [t
buck_parameter “buck_converter COT/Constant on-time cont: | e
lo=100e-3; R=Vref/lo: R=0.10; ‘buck_converter COT/Constant on-time conti {7,
DCM_En=0: I_ce=0; V_m=10; “buck_converter COT/Constant on-time conts 4
‘buck_converter COT/Constant on-time cont: f:c
$K_p=30: K_i=20000: I ‘buck_converter COT/Constant on-time conts |7

0% Initialization ‘buck_converter COT/Constant on-time conts

1L int=1: V_c_int=1: ‘huck_converter_COT/Constant on-time cont:
tstart=0; t_sim=le-3;
sim('buck_converter COT'); cle;

‘buck_converter COT/Constant on-time cont:
‘buck_converter_COT/Constant on-time cont:
‘buck_converter COT/Constant on-time cont:

t=buck_result time; t_scale=t*led; x=buck_result.data; ‘buck_converter COT/Constant on-time cont:

0

> B3

v Pt 2
Iy

[P | R3

| 4
b

ot et 5
-
=

iLax( ) Voeapax(-2): V_o=x(:3);
%% Plot subrautine

subplot(2.1.1)

plot(t_scale.i_ L Linewidth’, 2). hold on; gnd

xlabel(Tume (ms/', FontSize', 15). ylabel{ Inductor current (A)', FontSize', 15);

subplot(2.1.2)
plot(t_seale.V_o.v' Linewidth', 2). hold on: grid

slabel(‘Time (msf, FontSice!, 15); vabel(Outpat voltago (V). ‘FontSiae’, 15);

And the other one we want to do 0.1 and that corresponds to red trace ok, alright.

(Refer Slide Time: 23:47)
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‘buck_converter_ COT/Constant on-time conts
‘buck_converter_COT/Constant on-time conti
‘buck_converter COT/Constant on-time cont!

‘buck_converter COT/Constant on-time cont:

“buck_converter COT/Constant on-time cont! |**
This algebraic loop may be resolved when the
Waming Discontinuities detected
braic loop(s). may have
trouble solving
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So, here what do we want to do? Ok.

(Refer Slide Time: 23:58)
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(Refer Slide Time: 24:02)
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If I take a few cycles around 0.5 to 0.51, 0.5 to 0.51 ok.

(Refer Slide Time: 24:11)
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So, it if we take 0.5 to 0.51, what we will find that the time periods are more or less same

there is a time shift. Time shift you can see, but the switching period if you take.
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(Refer Slide Time: 24:21)
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What is the switching period? For this case, it is close to 2 because 0.502 to 0.504. So, 2 milli

0.002 milliseconds; that means, 2 microseconds, in this case, it is slightly higher than or it is,

almost.

(Refer Slide Time: 24:45)
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Again, if you take this cycle to this cycle it is again almost 2 microseconds.
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So, that there we are getting the switching frequency close to our desired 2 microsecond
because it corresponds to 500 kilohertz, but there is a time shift. Because both are variable

frequency operation, so any perturbation that will shift the time as well.

(Refer Slide Time: 25:11)
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That means, we can nearly achieve the fixed switching frequency or desired switching
frequency for because we set the on time based on V 0 V ref by V in ok alright. So, nearly
constant I will not say exactly constant, but nearly constant ok. So, now coming to our that
means two things we have seen. Now, we want to do transient simulation on what happened
if V in is equal to. So, this part we are going to consider in another lecture where we will

make a comparative transient performance.

So, for the time being, let us just make a transient simulation R equal to change in V in and

change in V ref let us do the transient simulation.

(Refer Slide Time: 25:59)
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cloar: cle. close all;

%% Loading and setting parameters

buck_pargmeter:

lo=100¢-3. R=Vref/lo; R=0.10;
R1=10; R2=005;
DEM_En=0: I_ee=0: V_m=10:

Lo %K _p=30; K_i=20000.

L1 %% Initialization

L2 1L int=1; Ve int=1;

13- t_start=0; t_sim=le-3;

L4 sim(‘buck_converter COT'): ele;

16=  t=buck result.time; t_scale=t*le3: x=buek_result.data;
17-  il= v 2); V_o=x(.3)

e %%

19 subpl

0~ plo(1_seale wudth', 2): hold on: grid
p—T CRre o xlabel(Ti Size'. 15). ylabel('Inductor current (A "FontSize'. 15).
m—r 2
= b3
1 l 4 .
- RS put voltage (V) "FontSue', 15)
4 3
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Now, first, what are we going to do? We want to make a load transient. So, let us keep this is
for 1 ohm, what is the value of the resistance? So, we will set R changes from 10 to 0.05 and

V ref is equal to 1 volt.

So, R changes from 10 ohm to 0.05 ok; that means, let us go for will take R 1 will take R 1 R
1 equal to how much from what to where it goes from 0.1 to sorry 10 ohms to 0.05 ok. 10
ohm and R 2 equal to 0.05. And how can we make load transient? Ok, let us go there are

multiple way of doing transient, but in this case we are going to take this way.

(Refer Slide Time: 26:56)
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So, we will introduce a switch; that means, we already have some switch. So, we will take

one of the switch ok.

(Refer Slide Time: 27:02)
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And we will introduce a switch here ok. So, this switch is my load resistance and let us go to

the switch, so this is my load resistance.
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(Refer Slide Time: 27:17)
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‘ buck rewlt

To Workspace

So, initially it will take R 1 that means, there are two load one is R 1 and the other one I want

to take R 2, let us say this is my R 2.

(Refer Slide Time: 27:39)
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Because you should change R 2 ok that means, let us connect to this for load transient and

this should be connected to the output voltage.

(Refer Slide Time: 27:55)

d
L |
o
4
d input voltage [
q IAductor curront
B Galo sigoal ‘ ‘ To Workspace
Capacter voliage |
Output votage

Buckconverter  jogq

\

Gato puse

And we need to provide a transient like sources yeah. So, we need to apply a step command;

that means, where do you want the transient.
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This is will be 1. So, at what time it is initially 0 it becomes high and what is the step time, at
what time we are going to change? Let us say at 0.5 millisecond we are going to select

transient ok.

(Refer Slide Time: 28:25)
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Now, let us run this simulation. OK. So, you are running for 1 millisecond let us try.
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RO Ehune (8 | SeE8UE] D

br G s O 0

clear: cle; closo all

%% Loading and setting parameters
buck_parameter;

Jo=100e-3; R=Vre/lo; R=0.10; '

1LLint=1; Ve int=1;
t_start=0; t_sim=

sim(buck_converter COT); cle

t=buek_result time; t_scale=t*le3; x=buck result data:

LL=x(1) Voeapax(:2): Voo=x(.3)

%% Plot subroutine

subplot(2.1.1)

plot(t_scale.i_ L Linewidth', 2), hold on; grid

label(Time (ms/’. 'FontSize’ 15). vlabel(Inductor curvent (A)',"FontSize’ 15)

subplot(2.1.2)
plot(t_seale.V 0.t Linewidth' 2), hold on; grid:
xlabel(Time (msf’ 'FontSize', 15); ylabel('Output voltage (V). "FontSize’, 15).

+ P ™

Yes.
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So, this is the load transient performance you can see initially we actually I think it changes

fromR2toR 1.
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So, let us ok yeah it changes from. So, we have to take this as R 2 and this one as a R 1 ok

yes.

(Refer Slide Time: 29:10)
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So, this is a step-up load transient, how does it work?
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So, you can see initially, when at this point we are applying a step up transient; that means,
we are changing the load initially the load resistance were set to 10 ohm; that means, and it is
in continuous conduction mode throughout. And this time we have turned on, we have

enabled that you know there is a load transient.

(Refer Slide Time: 29:46)
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And during this time since there is a minimum off time you can see the minimum off time,

this is the constant on time control that is why after certain duration it is getting turned off.
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And that is slowing down

changing.

(Refer Slide Time: 30:08)
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the process, ok. So, you can improve this transient performance by

ROEE™ 3o | SEE D RS e

SO Db+ G v s 008

= lo=100e3; R=Vref/lo; B=0.10;
= R1=10; R2=005;
= DCM_En=0; L ec=0: V_m=10;
9
Lo
L1
12~
13- x
L4~ sim(buck converter COT); ele;
s
L6~ t=buck result.time; t_scale=t*led; x=buck result.data;
17- i Lax(): Voeap=x(2): V_o=x(.3)
18 %% Plot subroutine
15~ subplot(2,].1)
0 plot(t_scale.s L. Linewidt', 2); hold on; grid;
<= xlabel(Time (ms)" 'FomtSize 15). ylabel(Inductor current (A)"'FontSize'. 15
e 2
[ | EERET AR
[ ] plot(t_scale,V_o. bl Linewidih 2); hold on; grid;
[t RS~ xlabel(Time (msl', FontSize!, 15); vlabel(Output voltage (V). FontSize’, 15)
o u
m st W w‘n
i Mo®eEn )+ FU

So, we will retain the same value and let us run, we want to.
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OB e | meshis R e

DO DI+ s+ 08 + et iy + oy Vo + b+ GO ol
e o At [
120 506 e
€=2000:6; % output capacitancs i
T=20.6; % switching time penod e
1_L=53; % ductor DCR fﬁ‘.
r1=5e.3; % High-side MOSFET on resistance - i
rd=5e3; .
v_d=0.55; Z:
r350 % Loweside MOSFET on resistance in
1.0=3e3; % capacitor ESR i
Vinsl2 % input voltage e
Vrefsl; % reference output voltage fis
2= lo_max=20; ° maximum load current tir

13- D=Vref/Vin;
ha- T un‘(\'mf/\ in)*T: T_off_min="T/20:

5= T off=(1-{Vref/Vin))*T: T_on_min=T/20;
6~ delta i L=(Viol/L)*T off. "% Current ripple
L7

e

19

i

i Mo®en ik 1]

What will happen? Because here we set the minimum. I mean, here we have to set a

minimum off time.

(Refer Slide Time: 30:24)

G e~ Se | meusic (]2 5 e

I et oyl oo+ |
e LU e 1] |
L0506 s
C-20006; H
T=206, e period et
1.L=53; % inductor i
11=5e3; % Highside MOSFET on resistance i
rd=5e3; .
v_4=0.55; i
125l % Loweside MOSFET on resistance e
1.0=3e3; % capacitor E fie
Vin=12; % input voltage J_:‘:x‘
Vref=l, % reference output voltage

2= lomax=20; *% maximum load current
13- D=Vref/Vin;

14~ T on=(Veef/Vin)*T; T off min=T/100;

15- T off=(1-(Vref/Vin))*T; T_on_min=T/20;
16~ deltai L=(Veef/L)*T off, %% Current ripple
o] [

iMoTe0 R

If I change to very small so, minimum off time to I chose T by 20; that means, it T equal to 2
microsecond. So, we are taking 200 nanosecond is my minimum off time, but if I now reduce

to 20 nanosecond then we want to see what happened.
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sked zero crowsings are

even roots problems Tt

oclear. e close all hat some zero crossings

+ detected. To solve this
%% Loading and setting parameters ou can increase the
buck_parameter. orfrom (1) to a larger
lo=100e-3; R=Vref/lo; R=0.10; refine factor can be
R1=10; R2=005; om the save options
DCM_En=0: I_ee=0: V_m=10: 1 Import/Export option in

ster eonfiguration panel
Lo %K _p=30: K_i=20000;

11 %% Initialization crossing signal
L2 L L int=1; V_c int=1;
13- tstart=0; t sim=le-3; wcrossing signal
L4~ sim(buck converter COTY; ele; e Relopluput
LS Block
e t=buck_result time: t_scale=t*le3: x~buck_result data: type
7= i Lex(l): Voeap=x(:2): V_o=x(.3) RelationalOperator
Le %% Plot subroutine
19 subplot(2.1.1) Block
PO~ plot(t_scalei_ LW Linewidth, 2), hold on; grid path
~ 1 xlabel(Time (ms /", FontSize' 15); vlabel( Inductor current (A}, 'FontSize 15) ‘buck_converter COT/Constant
2 on-time
3 subplot(2.1.2) contral/Comp'
q plot(t_scale.V o bl Linewidih'. 2); hold on; grid:
b5~ xlabel(Time (ms. FontSuze', 15). vlabel(Ontput voltage (V). FontSize’, 15); You can

b6 f

win i D

So, we want to repeat the simulation and check what happened in the load transient response.

It will overlap the 2 response will overlap ok.

(Refer Slide Time: 30:50)
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So, some improvement we can see in the transient performance if we can reduce the off time.

(Refer Slide Time: 30:01)
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But the transient response seems to be fast, but there is a significant overshoot and that we
have to take care ok. So, this is a transient performance that we have to check. Similarly, we
can make the supply transient; that means, how to make supply transient? So, we will keep
load equal to 0.1 ohm and we will change V in from 12 to § volt, how to do that? We can do

that.

(Refer Slide Time: 31:29)
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So, if we again go there now we will fix will take directly from this R 1 ok or maybe we can

take R 2. What is my R 2? So, we will take this gate signal far away ok.
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Now, what are we going to do? We want to incorporate 1 summing block, which is summing

block.

(Refer Slide Time: 32:00)
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And here we want to make a load supply transient. How to make it? That means, initially I

will take this 12 volt is the input.

(Refer Slide Time: 32:16)
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Now here at 0.5 I will make minus let us say 4 volt.

r
Vin g W Input voltage
.( p Inductor current ‘
vin ‘
‘ ‘ ¥{Gato signal ‘ ToWorkspace
I Capaciter voltage ‘
Step [ ‘ OCM_En {0CH1 anable
DCM_En
Outpit volags
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. 5}*E Buck converter jogq
—F 1
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That means, supply changes from initially it was 12 volt and now we are subtracting by 4 so,

it will be 8; 12 to 8 ok.
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b 0 | buck_converter COT/Constant on-time conts” |

1 “buck_converter_ COT/Constant on-time cont
2 cloar. cle; close all ‘buck_converter COT/Constant on-time conts
3 ‘huck_converter COT/Constant on-time conts
4 %% Loading and setting pa ‘huck_converter COT/Constant on-time conts
5= buck_parameter: ‘buck_converter_COT/Constant on-time cont:

| o e 6= lo=100n3; R=Vreflo; R=0.10; ‘buck_converter_ COT/Constant on-time cont
7= RI=10; R2=011; ‘buck_converter COT/Constant on-time cont:
8- DCM_En=0: Lec=0; V_m=10; “buck_converter_C
9 'buck_converter_COT/Constant on-time cont:
Lo %K _p=30: K_i=20000: ‘buck_converter_COT/Constant on-time conts
L1 %% Initialization 1 'buck_converter_COT/Constant on-time cont:
n2=  1Lint=l V_cint=l: ) “buck_converter COT/Constant on-lime cont:
13- tstart=0; t_sim=le-3; ‘huck_converter COT/Constant on-time cont:
Lé = sim(buck converter COT); ele ‘buck_converter_ COT/Constant on-time cont:
LS ‘buck_converter_COT/Constant on-time cont:
e t=buck_result time; t_scale=t*le3: x=buck_result data: ‘buck_converter_COT/Constant on-time cont:
17- i Lax(ul) Voeap=x(:.2): Voo=x(.3) ‘huck_converter COT/Constant on-time conti
Le %% Plot subroutine ‘buck_converter COT/Constant on-time cont:
15~ sbplot(2,].1) ‘buck_converter_ COT/Constant on-time conts
o plot(t_scale,i L0 Linewidth', 2); hold on; grid, ‘buck_converter COT/Constant on-time cont!

p—r |3 Alabel(Time (ms /. ‘FontSize’, 1), viabel( Inductor current (A}, 'FontSize’, 15 “This algebraic loop may be resolved when the

L 2 Warning Discontinuitios detected

= bi- subplot212) within algebraic loop(s). may have

e I 1 by plot(t_scale.V o' Linewidih' 2); hold on; grid: troubls solving

fremt RS xlabel(‘Time (ms/". 'FontSize', 15). vlabel('Output voltage (V) FontSize’, 15) Tn buek cony PWM CMC_simulation (line
ke

o -

i n 2

oM

And R 2 how much you are taking? R 2 we are taking R 2 0.01. Let us say is 0.1. Let us run

now. We are making a supply transit and see what happens.

(Refer Slide Time: 32:46)
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So, if we make a supply transient, you will find the transient performance is really fast.

(Refer Slide Time: 32:56)
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But there is a change in switching frequency and also there is a change in output voltage
ripple. So, this and we will see there is a drawback of the constant on time control. If we keep
the on time constant, the voltage ripple can get significantly affected when there is a change
in input voltage. But in case of changing load resistance, it was not a problem in continuous
conduction mode. It will closely maintain the switching frequency, but it is not the case for

the input voltage variation ok.

923



(Refer Slide Time: 33:31)

Tiwo-loop V? Control

e ———

—nyl DE-DC |y,
q Buck

" Converter
inner

_ lOOp

Constant
on-time

modulator ot

outer

loop

So, let us go; that means, we have discussed the steady state condition; we have discussed a
transient condition for this constant on time control. Now another feedback control using
constant on time modulator is called V square control, in which V square control two loop

control.

There is one loop which directly takes the output voltage and the other loop it is an error
voltage with compensator. So, this loop is the inner loop which takes the first dynamics of the

voltage ripple and this loop is slower outer loop. So, this is also known as V square control.

(Refer Slide Time: 34:05)
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Now single loop current control, we talked about single loop voltage control, we can also
talked about single loop current control, here the inductor current is directly compared to the
reference current and then it goes to that constant on time modulator and we can control the
current directly. It can be used for battery charging, for constant current mode and it is very
much used for boost converter in terms of critical conduction mode in PFC like unity, you

know for power factor correction like a boost converter.

And, if you use in a critical conduction mode, the constant on time modulator can perfectly
track the current and you can achieve close unity power factor ok, but with the variable

switching frequency.

(Refer Slide Time: 34:55)
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Similarly, constant current loop can be used for battery charging application, where if you
take a boost converter or a buck converter, the reference current you know constant on time
we control the valley current, it is known as valley current. And we will this will compare

this result and the ripple current for buck converter. We know that v in minus v 0 by L.

And if we set for a given input output voltage, if we can set the right, if we can identify the
right value of ripple current, or we can accordingly adjust the on time to get a desired current
ripple. Then we can control the reference current by battery charger by setting a suitable delta

i11by 2 a by selecting the on time correctly and we can track this is possible.
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In case of constant on time current mode control ok, current mode on time control. So, let us
go back and two loop control how does it look like in simulation ok. So, if I go back to our
MATLAB file, now I want to run this model of constant on time control. We have simulated
and we have also shown the waveform. Now we are talking about constant on time. Current

mode control is also possible; that means, if you go to constant on time control yeah.

(Refer Slide Time: 36:33)
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Here we can replace the current loop control by voltage. You know in voltage based control

we can replace with the current based control also ok that is possible ok. And we will
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compare this result in a different session where we will compare the performance of different

control scheme.

(Refer Slide Time: 36:57)
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In discontinuous conduction mode, we have shown that constant on time control is frequently
used in commercial product, why? Because we have seen the diagram; that means, in
constant on time control, we saw if you fix the on time, if we keep the on time fix then the
time period will vary based on the load current condition based on the rate of discharge of the

output voltage. This is the slope, this is the discharge slope. And how does it vary?

Because during 0 inductor current, this will be purely dependent on the amount of load
current. That means higher the load current, the rate of discharge faster, smaller the load

current it will be slower. So, accordingly, the time period will be adjusted.
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And if you do DC, you know steady state analysis in discontinuous conduction mode and if
you keep on deriving using the capacitor charge balance; that means, different charges shown

here.
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And by calculating the capacitor charge balance, it can be shown their the switching
frequency the effective time period or you know effective switching frequency under constant
on time control. This is the derivation. For a given set of input voltage and output voltage,
this quantity is constant if we do not change input output voltage. This quantity is also
constant if we keep the on time constant, which indicates that the switching frequency is

directly proportional to load current.

(Refer Slide Time: 38:39)
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That means, the switching frequency is directly proportional to load current because under
given input output voltage condition this is constant, this is also constant. And this is very
powerful for light load efficiency improvement and we have a session dedicated to this and I
will discuss more about this discontinuous conduction mode, but this is today I am just going

to touch upon how the output voltage ripple changes.

(Refer Slide Time: 39:02)
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Now so, it is we identified the switching frequency under discontinuous conduction mode is
proportional to load current under constant on time control. What will happen if, what will
happen with their output? That means, if the load current changes and if we keep on time
constant how is it going to affect the output voltage? So, if we take the output voltage and
under light load condition, the current ripple may be much higher than the average inductor

current.
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Output Voltage Ripple of « DCM Buck Converter
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And if we put this assumption, then it can be shown that the output voltage ripple can be
approximated by this expression, which means if we keep this quantity constant. That means,
for a given input voltage output voltage given inductor and capacitor and given on time, the
output voltage becomes more or less constant; that means, for load current changes, the

output voltage not going to get affected significantly very small ok.
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design prospective

* On-time adaptation desirable for varying input voltage

But; that means, let us take a simulation. Let us go to our MATLAB model and check our

simulation case study ok. So, we are talking about light load condition.
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So, this is where we are taking from let us say R 1.
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Now what are we going to do? So, here we want to run in discontinuous conduction mode.

(Refer Slide Time: 40:40)
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So, you want to make DCM enable to be 1 and load resistance let us take ok. So, we will take
instable load resistance and let us take two conditions: one is 100 milliampere current ok and

let us run it and it is used for blue colour trace.
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And now so, here we are making input voltage changes.
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So, let us do not change it we are not changing any input voltage transient.
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18 %% Plot subroutine
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So, I want to show you for 12 volt input this is a steady state condition.

(Refer Slide Time: 41:19)
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%% Loading and setting parameters
buck_parameter;

lo=10e:3; R=Vrefilo;

R1=10; R2=01;

DCM_En=1; L ec=0: V_m=10;

Lo %K _p=30: K_i=20000;
L1 %% Initialization

t2= 1ILint=l V_cint=l;
13-t start=0; t_sim=le-3;
L4~ sim(buck converter COTY; cle;

s

16~ t=buck result time; t_scale=t*le3: x=buck result data:
7= i L=x(l) Vocap=xi2): Vo=x(:3):

e %% Plot subroutine

19 subplot2.1.1)
0 plot(t_seale.i_ L, Linewidth, 2), hold on; grid

¥ 1 label(Time (msl'. 'FontSize' 15). vlabel(Inductor current (A)','FontSize' 15)

3 wubplot(2.1.2)
] plot(t_seale.V o, Linewidth', 2). hold on: grid:
5 label(Time (msf", FontSize!, 1), vlabel(Ontput voltage (V). FontSize’, 15);

Now, we want to go to 10 milli ampere current and we want to use a red trace and show what

we want to see how does it change ok.

(Refer Slide Time: 41:35)

e ——————————— .. ...,
[ T ———— \
PECTINIRSSE DY 1 Y- |

|

T
o 0 [0 M 0 0 o

il

Time (ms)

Y

o
Time ()

L] N RN

Now ok, so you see the red and blue.

(Refer Slide Time: 41:42)
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So, our red is a 10 milliampere and blue is the 100 milliampere. So, in between you can see 1
23456789 10 so; that means, as I said the switching frequency is proportional to load

current.

If the load current is decreased by 10 times, the switching frequency is decreased by 10 times
and the time period is increased by 10 times and this exactly happened. Because you see in
between 2 red waveform, periodic waveform that there are 10 such blue colour waveform so;
that means, a 10 time fast higher switching frequency for higher load current for light load

current it is.

So, we can prove that this actually changes the load current is switching frequencies
proportional to load current. This is proved. Another interesting fact that we have just now
we have seen that output voltage ripple is almost remain constant, output voltage ripple for

both the cases.

(Refer Slide Time: 42:47)
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If you take output voltage is ripple, they are more or less and constant; that means, under
constant on time control for varying load current in the DCM, the voltage ripple does not get
affected. I mean significantly effect very minor changes. So, these are very good technique.

Let me see. We can select on time to keep it within the band ok.

But it also has a problem when there is a change in input voltage, because you see this
expression shows when there is a change in input voltage and both the terms are there in the
numerator. So, it can drastically increase the in the output voltage ripple and can deviate for
high input voltage can deviate the voltage travel limit. So, we need to do something

adaptation in the on time ok.
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The same thing can be proved in boost converter and if we draw the capacitor current
waveform and that you can check by yourself; that means, all the Q 1, Q 2, Q 3, Q 4 can be

derived from this capacitor charge balance.
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And using the charge balance principle, you will arrive the same expression what we derive
here. also f's w is proportional to 1 0 for given input output voltage and given on time under

constant on time control, ok.
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Under high load conditions,

And for boost converter also if you see the load current, output voltage ripple it is the same
principle as the buck converter only when input output voltage is remain constant that voltage

ripple will be almost insensitive to load current variation ok.
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And the adaptive one time so; that means, what will happen if there is a change in input

voltage? Ok, now we are talking about two input voltage conditions.
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2
s e ez
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Let us first stop this. Now, in one case, let us say it is under 100 milli ampere ok. And this

case, we are talking the input voltage is 12 volt. It is already 12 volt. So, there is no problem.
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The blue colour.
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Now we want to make a changes input voltage to 8 volt ok or maybe you know initially let

us take 8 volt, 8 volt is our input.
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Now we are making input voltage 12 volt and we are using a red trace for 12 volt and run it.
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What you will find that in 12 volt input the not only the time period has changed.

(Refer Slide Time: 45:24)

Ve E——— .1 -

O
Jude d@L0984- 20800

Inductor current (A)

0
Time (ms)

_ Output voliage (V)
B =38 ¢ 38

But it has significantly increased the output voltage ripple and it can go beyond the tolerable
limit. So, we need to do some sort of adaptation. So, this is called adaptive on time control.
How do you do that? Instead of using a constant on time through a timer circuit we can
generate this on time by keeping a fixed current reference i p. And if I do that, then this is our

original expression and what is the if we keep peek current then the on time can be calculated

by peek current by the slope.
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And if you substitute for a buck converter, we will get that delta v O is this and if the input
voltage since we are talking about 12 volt input and 1 volt output. So, input is much higher
than output. So, then this expression will be almost insensitive to input voltage change. That
means, we will discuss in under in the context of light load control. So, if we keep a current
based constant on time or PFM control, it is also known as adaptive on time or it is also

known as PFM pulse frequency PFM control, where the output voltage ripple.

Because under fixed input voltage, the on time remains same, because this expression none of
these quantities are changing. So, then it retained the linear variation with the load current
that property is retained. Under variation in input voltage, it retained the ripple information
that may ripple constant. So, this is used in many commercial products and we will discuss

other adaptation methods.
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* Voltage and current based single-loop constant on-time control
* Two-loop constant on-time control - valley current mode control
® Constant on-time control in DCM and advantages in light load

® Current-based adaptive on-time PFM technique

So, that mean voltage and current based single loop constant on time controls are discussed,
two loop constant on time control, which is a valley current mode control, are discussed.
Constant on time control discontinuous conduction mode and its advantages in light load are
discussed and the current base adaptive on time PFM technique was also discussed. So, with

this we are going to finish here.

Thank you very much.
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