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Module - 06
Small-signal Performance Analysis
Lecture - 30
Small-Signal Model Validation Using MATLAB and Time Domain Correlation

Welcome this is lecture number 30. In this lecture, we are going to talk about Small-Signal

Model Validation Using MATLAB and Time Domain Correlation.

(Refer Slide Time: 00:36)

* Summary of small-signal transfer functions in buck and boost converters
® Steps to validate small-signal models using MATLAB transient simulation
* Understanding effects due to poles and zeros in small-signal models

* Understanding small-signal TFs and step transient responses

In today’s lecture, we are going to talk about first we want to summarize various small-signal
transfer functions in buck and boost converters. Then I want to show you step-by-step

procedure how to validate ACs small-signal model using MATLAB transient simulation.

Suppose you have linear transfer functions that you have derived in the previous class and we
want to see how accurate those models right, we want to verify and here we want to use a
transient simulation, ok. Then understanding effect due to poles and zero in small-signal
model and finally, understanding small-signal transfer function I am state step transient

response.
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So, let us you know if we recall in our previous you know maybe past two or three lectures
we have derived the AC equivalent circuit right, AC equivalent circuit of a practical buck
converter where in this circuit we can derive various transfer functions. We can derive input
impedance. We can derive output impedance. We can derive audio susceptibility. We can

derive control to output transfer function.

(Refer Slide Time: 01:45)

Small Signal Transfer Functions of a Practical Buck Converter

v

So, this is the small-signal block diagram and here we are interested in this particular terms

right that means we have a supplied perturbation. You can have load perturbation and the
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duty ratio perturbation in case of open loop is an intentional perturbation; that means, we

have not closed the loop. So, in that case, it is also a perturbation right.

And how this all perturbation or individual perturbation can inference or affect the output
how it is going to change the behaviour of the output voltage ok that we are going to see. We
have derived input impedance like this ok and we will see delta s which is a polynomial; it is

a second order polynomial.

We have derive audio susceptibility. Again, this polynomial is common and we will see what
are the alpha, what is esr, what is omega p. We have also derived control to output transfer
function. Again, this polynomial is common. We will talk about alpha soon. We will also talk

about ESR soon.

We have also derived output impedance. Here alpha we will talk about, r equivalent is ar L
plus r on of the switch and we will also discuss what is a esr 0 and this is another 0 coming
into picture and this denominator which is a pole second order pole. And this alpha is nothing

but r plus r equivalent by R ok, where R is a load resistance.

(Refer Slide Time: 03:19)

Small Signal Transfer Functions of a Practical Buck Converter
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Now, esr zero is very simple. It is 1 by r ¢ into C, where r ¢ is the esr ok. Omega p is 1 by R
plus r ¢ into C ok and then omega L r equivalent by L. These are all well known. The
polynomial which is the pole is a second order polynomial, which consist of the Q factor and

the natural frequency omega 0. And what is omega 07?.
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Omega 0 for ideal buck converter is 1 by square root of LC. For a practical buck converter it
should be scaled by this term and this term will be roughly equal to 1, if r equivalent and r c

are close to each other ok, but more or less this omega 0 is mainly 1 by square root of LC.

Then the Q factor, Q factor is this alpha already we have discussed, r equivalent we discuss, r
c is the esr, z c is the characteristic impedance which is nothing but square root of L by C ok.
And this is the Q factor and this Q factor is the one which causes the change in the peaking;
that means the phase margin. If the Q factor is high; that means, the peaking will be high
right you know.

Suppose if we draw the gain plot in one case, it will be like this. If you go further, increase it
will go like this ok. So, this high Q factor actually if the Q factor increases. And when we
want to evaluate which will who decide the Q factor. So, this is primarily the load resistance
ok. In case of a constant current load, if there is no resistive load, then Q factor are dependent

are decided by only the parasitic and the characteristic impedance ok.

(Refer Slide Time: 05:09)
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So, in this transfer function, if you take a boost converter again, we can derive the input
impedance. We can derive the output impedance of a book boost converter. It is an ideal
boost converter. Again, it has a two pole second order system. Then, if you take the audio
susceptibility, we can derive and these polynomials are common and control to output

transfer. This also has two pole.
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But, in addition there is a right half plane zero ok. So, right half plane zero. That means, that
is one of the major problem in a boost converter. The right half plane zero will and in this
presentation we are going to take we are going to talk about if a transfer function has a right

half plane zero or a s zero, then how is it going to affect the response of the system.

Because in our second order you know undergraduate control system course we have studied
like you know a normal transfer function starting point was omega n square s square plus 2
zeta omega n s plus omega n square. So, this transfer function we have studied and you can
write this transfer function even earlier transfer function as well. So, the in this transfer
function our zeta is the damping ratio ok, and it is linked with the Q factor in the earlier in a

buck converter we will talk about Q factor right.

Now, if we obtain the step response, you know we have studied in enough detail. Maybe if
we recall that the response will be under damp if the zeta is less than 1. But of course it
should be greater than 0 and it will be over damp. It is greater than 1 and it is critically

damped, and zeta equal to 1. So, we can get the transient response for a step input.

Now, if we add another 0 with this transfer function, suppose we had a 0 1 by s omega z then

how is it going to change the response of the system that we want to see.

(Refer Slide Time: 07:13)
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Now, before we move forward because we want to validate our model. Whatever we have

derived, whether those models are accurate or not first we have to check and that is why we
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are talking about the device under test. In fact, this test you can also carry in the experimental

prototype also.

So, how to check output impedance? So, we have to take a DC-DC converter ok. And we
know in the derivation of output impedance what we have considered? It is the perturbation
of the output voltage when we perturb an external current source. Provided that for input
open loop output impedance, the duty ratio perturbation input voltage perturbation should be
set to 0; that means, we should use a fixed input voltage and we should use a fixed duty ratio

gate pass.

Then in this converter; that means, if the power supply. In fact, you can you know in lecture
number 13, we talked about the output impedance of a practical voltage source right. So, if
you take a power supply from the laboratory and you want to check or measure the frequency
or basically the transient response, or you want to measure the frequency response of the

output impedance. What you can do?.

So, input voltage; that means, for the power supply here because only the terminal voltage
this terminal voltage will be terminal points will be available. So, we can connect an external
sinking load and we can slowly change the load either by a sinusoidal excitation and we can
do a frequency sweeping and then measure what is the output voltage peak-to-peak AC-AC

and the sinusoidal.

That means here in the load current if we take load current, it will have a constant load
current and on top of that you will have an excitation perturbation load current, which will be
a sinusoidal excitation. And similarly output voltage will have two components; a constant

output voltage and an excitation.

So, due to this excitation of this current, you will get an excitation in the output voltage. And
by measuring peak-to-peak output voltage and measuring the peak to peak of the current
excitation, then you can get the gain and phase plot you know and you should also measure

the peak to peak you know the time ship; that means, to measure the phase ship.

So, here we are talking about output impedance and we have already discussed the output
impedance expression. So, what is the output impedance? We know that z 0 in more compact

form alpha when there are two 0; 1 by S omega ESR. And there is one more 0 S by omega L
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and the whole thing divided by 1 plus S by Q omega 0 plus S square by omega 0 square. This

thing we have already discussed.

(Refer Slide Time: 10:18)
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Now, you want to verify output impedance. So, in order to verify, we want to verify with
whom because we derive the small-signal model from actual switching converter. So, the
response of the small-signal model must be matched with the response of the actual switching

converter. So; that means, using actual switch simulation.

So, we should not turn on the load; that means, there is a load switch ok. So, there is a load
switch, this is a load switch right. So, you should not turn on for 2 millisecond let the
converter reach steady state because if you turn on the converter even a practical converter or

a simulated.

So, initially there will initial point for a practical converter will it is totally discharge and in
the simulation you can set some customs in initial condition but you need to provide some 2
millisecond time. So, that the output slowly reaches to steady state. After 2 millisecond, then
at the end of 2 millisecond we need to identify what is the steady state voltage; that means,
what is the average voltage. So, this is the average voltage. I will say the average voltage at

steady state. This is the average voltage at steady state.

Now, the question is whether we measure this in case of open loop because it is a practical

converter. Because we have discussed that practical output voltage in case of ideal, we know
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that output voltage for an ideal converter will be simply D into V in. But in case of a practical

converter, our D practical is nothing but what?.

It is nothing but D by alpha. What is alpha? Alpha is R plus r equivalent to R right. So, the
practical duty ratio is smaller than the actual duty ratio that we have discussed in the dc
equivalent circuit. So; that means, our V 0 practical should be D practical into V in which is
nothing but D into V in by alpha; that means, we can find out without searching that ok. So,

you can find out.

So, now, we will apply a load step of transient in 2 millisecond, ok. Then we need to capture
the time domain data because this has the full data of the output voltage and we have to store

atavOt.

(Refer Slide Time: 13:01)
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Next, because we want to verify the actual switch simulation with our AC small-signal
model. So, we have to first write down the transfer function we need to obtain the step
response and generally step response. If you write in MATLAB it will give a unit step

response. So, you need to multiply scale.

So, you have to obtain the step response for output of the output impedance. Then have to
multiply minus delta 1 0 because we have discussed that delta v 0 by delta 1 0 minus is our

output impedance right so; that means, if we want to write delta v 0 t it will be suppose we
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apply a load step of delta i O this term ok. So, then it should be minus delta i 0 which is the

step size of Laplace inverse of Z 0 t; so, Laplace inverse ok.

That means whatever time we will get by inverse Laplace if you take. And this Laplace
inverse you know because we need to do the step response, but if I want to do Laplace, we
need to put s because this step if you take the step response the Laplace transform it will be

deltaiO by s.

And in MATLAB we will see that it is nothing but minus delta i 0 in two step response of Z 0
because it is the unit step response; that means, as if we apply unit load state multiply. So,

because this will have because of this negative sign this negative is coming ok.

Next after getting this, it is just the AC equivalent circuit. So, it will give the AC excitation
right, it does not have any DC. So, we need to add amplitude offset with the step response
that we obtain from an from AC simulation right. Then we also need to add offset time and
we will slowly come to this point and then we want to compare actual switch simulation and

the result obtained from small-signal model.

(Refer Slide Time: 15:23)

Steps to Verify Small-Signal Models using MATLAB

Larameters
close all; clear; clc V=1V vV, =V V§ ‘Yl.1 79
/ buck_parameter; S —_—
f_sw=1/T; V
= D=  p=] o pt
/Vm:l2; Vref=1;
D=Vref/Vin;
R=1; req=r_L+r_l; —P> 7, =7, +1;
alpha=(R+r_eq)/R;
D_p=DV/alpha;
V_p=Vin*D_p;

So, let us go how in MATLAB how can we verify small-signal model step by step using
transient MATLAB transient simulation. So, first you know I will go to the code. Before I go

to the code, I am taking the MATLAB code. I have broken into multiple like there are
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multiple line, but I have broken into multiple pieces. So, here we are setting the parameter

initially. We are clearing up the screen everything closing all the plot ok.

Now we are calling buck parameter. So, this parameter will load all the parameter like esr,
you know input voltage output voltage, inductor output capacitor everything will be stored
time period and switching frequency is 1 by T. Now, this input voltage is we are setting 12
volt although we have to define here, but if we want to customize with a different input

voltage.

You can call redefine here and reference voltage 1 volt. This is our desired value, and it is we
are going to check the open loop simulation. So, it is expected the output voltage will not be
desired one in case of a practical converter. So, the ideal duty ratio will be D equal to V ref by

Vin.

So, if we check 12 volt is the input, 1 volt is the output and our ideal duty ratio is D into V ref
by V in D equal to V ref by V in and R equal to 1. Then this r equivalent you can see this r
equivalent is here. It is nothing but the sum of DC R plus R D s on. And this alpha where it is

written here it is here, this alpha here ok.

Next, what is the practical duty ratio? The practical duty ratio is D by alpha and the practical
steady state voltage will be because idea of steady state voltage should be D in to V in, but
since there is parasitic drop due to the DC R of the inductor and the r D s 1 of the switch, so,

the practical output voltage will be V in into practical duty ratio which is here.

And here alpha is greater than 1, if r equivalent is greater than 0 and that is true if we in case
of ideal r equivalent is set equal to O in that case alpha equal to 1, but in practical alpha

greater than 1.
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Steps to Verify Small-Signal Models using MATLAB

Parameters d

D=Fuy = =£
1

%% Modulator parameters m"con con

V_m=10; Fm=1/V_m; Veon=D*V_m; Ew =—
— — )
Data Conversion  {_sw 0 veon "
7 -
N
TE PWN » m V_control
3
Vramp + Veon
—{ gate puse
Veon
Uion

The next because here, what we want to show here the modulator. That means, what is
modulator? Even though you are using an open loop, but in order to generate duty ratio we
are using a control voltage and which is compared with the sawtooth waveform. That means
this is my control voltage. This is my control voltage which is here and it is compared with

this is my sawtooth waveform right.

This is my sawtooth waveform and sawtooth waveform has the value this is my V m and this
is 0 and this is my V m is set to 10 volt ok. So, in this case i set V m equal to 10 volt. Now,
this control voltage, once you compare with a sawtooth; that means, if I draw here and if I use
a different colour. So, this is my sawtooth wave form ok and if [ use my control voltage here,

this is my V con then this will generate my duty ratio.

That means, this will be my duty ratio will be here. So, this will be my D into T. You can say
instantiate duty ratio then it will be d if it is steady state duty ratio, it will be D d ok. So, this
is implemented. The logic inside the trailing edge PWM is implemented here ok. So, this is

the block which is implemented.
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B 4
Steps to Verify Small-Signal Models using MATLAB

Define Parameters

%% Define pole parameters Z :\/Z
z_c=sqrt(L/C); : C

w_o_ideal=1/sqrt(L*C);
w_o=w_o_ideal*(sqrt((R+r_eq)/(R+r_C))); W, iout = L
Q=alpha/(((r_C+r_eq)/z_c)+(z_c/R)); ‘/w

(’},,+72-) 5 |
. R

¢

@ =ax w, = w

o,ideal

Next steps to verify small-signal the same thing were going on. Define the pole parameter
because we have studied that what is our z c is the square root of L by C. It is here. Then we
have studied the ideal one. If it is an ideal converter the natural frequency is 1 by square root

of L C, but in case of practical we need to multiply by this factor that also we have discussed.

So, this whole line is here. This line is here and finally, you have to obtain the Q and which is
nothing but here ok. So, Q. Now, so, it is alpha 1 divided by; that means, there is a minus 1

sign ok.

(Refer Slide Time: 20:11)

Steps to Verify Small-Signal Models using MATLAB

Define Poles and Zeros

)
%% Define poles and zeros Ats) = [i L L+1
lelta_p=[1/(w_o"2) 1/(Q*w_o) 1]; w, w,
delta_p=[Li{w_0'2) 1/{Q"w_0) L 0.

w_est=1/(r_C*C);
w_p=1/((R+r_C)*C);

w_L=r_eq/L;
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Next, define poles and zeros. So, we have already talked delta p which is delta p which is
nothing but you know s square by omega 0 square. So, it is 1 by omega 0 square then 1 by Q
into omega 0 and 1. Then esr 1 by r ¢. So, it is simply set here esr ok. So, esr 0 is just a
constant. | mean you do not have to bother about this esr 0. And then pole is 1 by this pole; it

is here and the other 0 which is here it is here ok r equivalent by L ok.

(Refer Slide Time: 21:00)
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Steps to Verify Small-Signal Models using MATLAB

.10+ o8

Define Control-to-Output TF . \\
%% Control-to-output TF Gvd / " I
num_p=(Vin/alpha)*[1/w_esr 1]; G @w=F e w,,
den_p=delta_py T Acs)
(£d=tf(num_p,dcn_p); _ /
Gve=Fm*Gvd; \&,& =Fm ﬂud -

~

2 N d
&Jd ,1 @u ,,\h’m

Now, next we want to verify. Suppose if you want to write the control to output transfer
function. So, numerator is common right. So, sorry what is numerator in the so, numerator is

what? It is V in by alpha in this esr 0. So, this is the 0. And what is the denominator?.

Delta p s, it is there in the denominator delta. So, this delta is nothing but this. Then G vd is
this transfer function is my G vd, this transfer function is my G vd. And what is my G vs G

vc? That is the controlled to output transfer function. So, this is my F m into G vd ok.

Now, remember what is G vd? G vd is nothing but V 0 perturbation by d perturbation and
what is G vc is nothing but V 0 perturbation by V controlled voltage perturbation and this is
equal to V 0 by you know d perturbation into d perturbation by V con perturbation and this is
nothing but G vd in to F m ok. So, this term is F m, and this term is our G vd. So, this is

written here ok.
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Steps to Verify Small-Signal Models using MATLAB MCD
__f/w Mg st "",,'-

Wese v

Define Output Impedance

%% Output impedance ®
num_o=(r_eq/alpha)*|1/(w_L*w_esr)
o - _—..——*
(I/w_est)+(1w_L)}1];

e ———-—

(lcn_EZfi'clt_a_}')';

7_o=tf(num_o,den_o);

— o S—

Next, define output impedance. What is the output impedance expression? It is r equivalent
by alpha which is written here. Then it has it is a continuation this line is the continuation. So,
the first thing if you multiply this quantity, what will get? If you write down this, it will be S
square by omega ESR into omega L; that means, the coefficient will be 1 by omega ESR into

omega L and this coefficient is the 1st coefficient. So, this is 1st coefficient.

Then what is the second coefficient? The second coefficient will be here. If you take the
second coefficient 1 by omega ESR plus 1 by omega L the polynomial will be S and this is
our coefficient, the second coefficient and this second coefficient is this one. So, this one is

our second coefficient.

And third coefficient is 1 because if you multiply these two terms, it will be 1 then
denominator is delta p which is nothing but this. And the transfer function is in the

transformation between numerator and denominator. So, there is output impedance.
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Steps to Verify Small-Signal Models using MATLAB

Define Audio Susceptibility

%% Audio susceptibility

I+—
w
G“I (S) ﬁ €sr
num_a=(D/alpha)*[1/w_esr 1]; ' Acs)
Nt e

iy
den_a=delta_p; /
Gyo= \__;

svg=tf(num_a,den_aJ;

P

Then you can also write audio susceptibility. This term here, it is here, then esr O it is here,

then delta p it is here and then transfer function.

(Refer Slide Time: 24:24)

Steps to Verify Small-Signal Models using MATLAB
- , , ' Frequency Response Plot

0

-20
-40

-
-45

1 %% Frequency response Fuz b.
| figure(3)
bodc((}vc,'b'!;

1 hold on;

6}./& = b x

Phase (deg)  njagnitude (dB)

-180

Frcqucncy('(Hz)

Now, if we want to plot frequency response; that means we are putting some figure number
because there are many figures. First, we want to plot Bode plot of control to output transfer
function which is G vc. So, G vc please remember, it is G vd into F m. Since F m we have

taken what is F m? We have taken 1 by V m and this is 1 by 10.
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So, this will reduce the gain. As a result, you can see the DC gain of this transfer function, the

low frequency gain is very low. It is almost close to 0 Db. this is a control to output transfer

function which is G vc ok, and at this point if you see what is this point?.

This is our 10 kHz and here it will be roughly 11 and around 11.5 kilohertz. So, it will be
around 11.5 kilohertz ok; sorry; 10 10 per 20. So, this will be sorry it is not ah. So, it will be

20 that means we can take 20.

(Refer Slide Time: 25:41)

Steps to Verify Small-Signal Models using MATLAB
% , , , Frequency Response Plot

1 %% Frequency response
figure(3)
bode(Gve,'b');

1 hold on;

—(!U
-45
90

> Plllase(deg) Magnitude (dB)

10° 10°

$
o 1+
w,,
G,‘, (h') —__m_in X (87
: o As)

So, this is our 10 kilohertz, this point is our 20 kHz and this point will be roughly like a 24

kilohertz or so, and this is a transfer function between this ok.
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Steps to Verify Small-Signal Models using MATLAB___ +_sim—>

Load Transient Response Plot |

%% Trellmiem parameters and plots Z,()=- ’l:’u (8) \‘t’-ﬂ')?
t_sim=de-3; t_step=2e-3; 1,(8) s
m dellu_V(:on:dellu_D*V_m; scaman i

delta_lo=10; delta_Vin=0; oA (t)= —Ai,o x [ IZ_Zﬁ (.s‘))
—_—  — A

[y_s,t_s|=step(Z_o,(t_sim-t_step));

v_o_ac=-delta_lo*y_s;

Next, we need to check now load transient response, because we need to verify the load
transient response. So, here is a total simulation time ok; that means, if I want to simulate let
us say if we want to simulate I will apply the load step at this time. So, this is my t step time,
and this is my total simulation time, which I am calling as a t sim, total simulation time. So,

total simulation 4 millisecond and applying step at 2 millisecond, ok.

Now you can take any kind of transient. Suppose you want to take a perturbation the duty
ratio or you can take the perturbation in the load current; that means, step change in the load
current or step change in the input voltage right. So, whatever you do? Since we are changing
the load current, and we want to check the load transient response. So, it is the output
impedance we decide because if you recall the load current, this is the output impedance

expression.

And in the small single transfer function if you operate under fix duty ratio and fix input
voltage the output voltage will be affected if you excite from an external current source ok
and that will be that can be model using output impedance, the effect due to can be model

using output impedance.

So, now, here it shows the step response of the output impedance; that means this will show
the step response of the output impedance. So, this will show the step response of the output

impedance, Laplace transform, then we have to multiply with the step size ok.
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Steps to Verify Small-Signal Models using MATLAB

Load Transient Response Plot

%% Transient parameters and plots 7.(8) _6’(70 (8)

t_sim=4e-3; t_step=2e-3;

delta_D=0; delta_Vcon=delta_D*V_m;
delta_lo=10; delta_Vin=0; f;o (f) = —quo
)

/
[y_s,t_s|=step(Z_o,(t_sim-t_step));

v_o_ac=-delta_lo*y_s;

R ———

And this is here the step response and we are extending the time from you know we have
drawn; that means, from the step applied till the final time. And since it has a negative sign
right, you see this is this line is exactly here. So, as it this we have obtained using MATLAB
which is y of s which is obtained like a step of z 0 in MATLAB.

So; that means, our v 0 perturbation it is the AC excitation is minus delta 1 0 into y of s. So,
this is here ok. If we apply a positive duty ratio step, this quantity need not to be positive

because it is coming positive due to the symbol ok.

(Refer Slide Time: 28:44)

Steps to Verify Small-Signal Models using MATLAB

DCM_En=0; I_L_int=10; V_c_int=1;

%% Simulation configuration

sim('buck_converter_OL.sIx'); cle;

t=buck_result.time; t_scale=t*le3;

Exact Switch Simulation

x=buck_result.data;

1 L=x(:,1); V_cap=x(:,2); V_o=x(:.3):
¢ il
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Similarly, now we want to verify with exact switch simulation. So, this is our block. Here we
are using a modulator here. This is our control voltage, which you can perturb and this is your
ramp signal and if you have already seen the inside picture. Now, here we are setting the DC
m enable 0; that means, you are setting synchronous DC-DC converter because we have

derive the model for synchronous DC-DC converter.

You can take any arbitrary initial condition of the inductor and the capacitor voltage. Then we
are calling the simulation file from the dot m file. We are running the simuling file name as
buck convertor underscore open loop. Then we are storing the result because this result is
stored in the workspace. The time scaling we are storing this data all these things were

explained at the very beginning, ok.

(Refer Slide Time: 29:37)

Steps to Vertfy Small-Signal Models using MATLAB D
RS TR V9=
N P LU ~a
Plotting Simulation Results \y* ot
v’,—
Plot_buck_simulation; Ny, *‘)Ro
/’L
figure(2) \)’0/

lot((t_€+t_stqp)*103,
@OVIac,'r','Linewidlh', 2);
xtabel("Time (ms)', 'FontSize', 15);

ylabel('Output voltage (V)', 'FontSize', 15);

hold on; grid on;

Now, we want to verify and then plot. After you finish this simulation; that means, these data
are stored right. Now, we can use any of this data with the scaling time to plot it. So, how to
plot? So, you want to plot by using this is our a plot common. I will explain what is this. But
this response we obtain this AC simulation. You see this v 0; that means v 0. Sorry, here it is
v underscore 0 underscore AC. So, this is the response; this is the response from AC’s

small-signal model.

We have to add this response with the DC, so, the to get the complete picture. And what is the
DC? Because it is under open loop. So, the DC operating point before the step is applied will
be V p which is a practical voltage. And what is V p? It is V in into practical duty ratio. And
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what is the practical duty ratio? This is nothing but D by alpha that we have discussed, ok add
it.

And you also need to add offset time. This is the step time, and this simulation was from
zero. So, you have to add. So, this is the offset time; that means our AC model response will
start from the step time before that there will no response because you are only it will only

give the excitation when there is a step input right.

(Refer Slide Time: 31:11)

Steps to Verify Small-Signal Models using MATLAB

Plot_buck_simulation.m
—~
figure(1)
blot(t_scale,i_L.'b', Linewidth', 2); hold on; grid on;
label("Time (ms)', 'FontSize', 15);
label('Tnductor current (A)', 'FontSize', 15);
)
figure(2)
plot(t_scale,V_o,'b", Linewidth', 2); hold on; grid on;
xlabel('Time (ms)', 'FontSize', 15);

ylabel('Output voltage (V)', "FontSize', 15);

So, now simulation file from the actual switch simulation whatever we have stored. In figure

1, we are plotting inductor current and figure 2 we are potting actual output voltage.
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DUT for Validating Output Impedance Z,,
l_ fixed-input voltage

* Requirements Vy—1  DC-DC
converter with s A7,, v,
49— a resistive load ‘—"—| =

o V,, = fixed input voltage

gate-signal with 0

" : a fixed duty ratio
o Fixed duty ratio ’

Small-signal model to be verified

* Load step A,

s s
1+ 1+
0 Aij is initially set as 0 for 2 ms 7 = T S Wegp wy
o T AT 3y
o ;

0 At { = 2ms, Ai, is changed to 20

So, now we want to check this device under test. So, fix duty ratio and actual. So, let us go to

the simulation.

(Refer Slide Time: 31:30)

R e MSRLC R e @
P L A Lo T ¥ T I ooy yobgPorh
I e

DI G e 1 o
3 o
| o
1 i
2 gram o
3 %% Loading and setting parameters ek converter OL' contains 1 o
4 buck_parameter algebraic loop(s). To see more -y
5= DCM_En=0; details about the loops use the g
6~ IL_int=10; V_c_int=1; command s
7 I Simulink.BlockDiagram.get AlgebraicLoops(  fgin
8 %% Simulation configuration or the command line Simulink e
9~ sim('buck converter OL.slx'); lc; debugger by typing "sldebug
0 t=buck_result.time: t_scale=1*1e3; buck converter OL"in the MATLAB et
1= x=buck result.data; command window. To eliminate this e
12 iLex(l); Vocap=x(:2); V_o=x(:3) message, set the Algebraic loop i
3 option in the Diagnostics page of <
14 Plot_buck_simulation; the Simulation Parameters Dialog i
5 to"None" it
6= figure(2) Inbuck_converter simulation (line9) ~ (JHis
7= plot((t_s*t_step)*led, V_p+v_o_act, Linewidih', 2); Found algebraic loop containing:
16 xlabel("Time (ms)', 'FontSize', 15); "buck_converter OL/Buck converter/capaci | i o
T19= ylabel(Output voltage (V), 'FontSize', 13); "buck_converter_OL/Buck converter/capaci [/ \é
0 hold on; grid on; ‘buck_converter OL/Buck converter/capaci
‘huck_converter_01/load"
‘buck_converter OL/Sum' (algebraic varial

So, here we want to first set.
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wp s S | BAU YR e @

LG o T Commet g

Tn_0 - (1.
den_o=delta_p:
7_o~tf(num_o.den_o);

I [1/W_L"W_eSE) (LW _eSEjT{UW_L)) 17

%% Audio susceptibility

num_a=(D/alpha)*[1/w_esr 1];
den_a=delta_p:
Gvg=tf(num_a,den_a);

%% Frequency response plot

figure(3)
bode(Gve b);

hold on;

Lsim=le-d; 1_step=2e-%
delta_D=0; delta_Veon=delta_D*V_m;
delta_lo=10; delta_Vin=0;

[y_s.t_s|=step(Z_o(t_sim-t_step)):
v_o_ac-delta_lo*y &

I have explained step-by-step everything. So, 10 ampere load step I am applying

well of the load resistance is 1 ohm ok.

(Refer Slide Time: 31:44)
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So, let us run it. This is the Bode plot that I have already shown. It is now if you grid on.
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G Gt G QG % ;
:ngu.“ﬁn# Comeset [y g 4 ”{il:.d whwu
T

@0 o U 1 0 O 111 Lot O MATLAR Ik convet + Opn s
e
| o
-
Gvd=tf(num_p.den_p): a 3
Gue Fn*Gvd; i
e
ias
%% Output Ipedance 1Py
ios
s
num_o (U-nll.tlylm]‘[l/(wj.‘nJ-sr) ((Vw_esr)+(1w_L)) l]: ’Lﬁ"
den_o=delta_p: o
7_o=t{(num_o,den_o); o
i
1
%% Audio susceptibility =
iy .
i
num_a=(D/alpha) [1v_esr 1]; fiu
den_a=delta_p: s
Gvg=tf{num_s,don_a); i
i
%% Frequency response plot | i
g
figure(3) e
bode(Gve,b); i
grid on; hold on; i
hold on; i
v
%% Transient parameters and plots b
dmzda 2 i dan=0ad o

So, let me write down here the bode plot. We can write grid on hold on ok. So, it will grid on.

(Refer Slide Time: 32:09)
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Now, we need to plot using hertz.
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Not in radian per second.

(Refer Slide Time: 32:14)
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And we should limit to because our switching frequencies 500 kilohertz and we want to plot

from let us say 100 ok.
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JUWe[h[LL094- Q0800

e Dingam

taagravce 8]

..... oy (1)

So, this we have already seen. This is the v G ve not G vd G vc ok. So, we need to increase
the gain we need to provide high v ¢ gain in order to boost up otherwise you have a very poor
bandwidth ok. This is an uncompensated loop transfer function ok. We will see that. Next,

what is next?.

Now, we want to check the actual switch simulation; that means, now if we run the actual
switch simulation and I have explained step-by-step everything. So, where we have to capture
the AC model, then we have to add with the DC offset. So, everything you see, I am taking

the V practical that I have explained everything. Now, this is the simulation.
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Output voltage (V)
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0 l " 2 ) )

2
Time (ms)

So, the red colour trace is the waveform which is obtained from AC model, AC small-signal

model.

(Refer Slide Time: 33:20)
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(Refer Slide Time: 33:27)
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And you can see if you keep on zooming that represent the average voltage correctly; that
means, if you take the average a more or less capturing the average voltage it is going almost

from the average value ok.
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And if you check the chant transient response; that means, load transient response for an open
loop convertor. The AC small-signal model is perfectly capturing the actual switch
simulation. That means you can see the actual switch simulation. It is perfectly capturing. All
these models are perfectly captured ok; that means, for load transient response, our model is

perfect. Now, you want to check the same thing for if we apply a supply transient rather than

load transient.

(Refer Slide Time: 34:07)

aen_0- uei_p;
Z_o=tf(num_o,den_o);

1 %% Audio susceptibility

8

9= num_a=(D/alpha)*[1/w_esr 1]:

0 den_a=delta_p:

1= Gvg=tf(num_aden a):

2

3 %% Frequency response plot

1

5-  figure(3)

6 bode(Gve,b);

7= gridon; hold on;

8 hold on;

9

h0 %% Teansient parameters and plots

1= tsim=de-d; t step=le-d;

b2 delta_D=0; delta_Veon=delta_D*V_m;

3= delta_lo=0; delta_Vin=d;

2]

9= [y_st s|=step(Z_o,(t_sim-t_step));

6 v_o_ac™-delta_lo*y_s;

7
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So, if we apply a supply transient, let us say we want to apply minus 6 volt it is originally 12
volt and it will change from 12 volt to 6 volt. So, naturally it is an open loop the voltage will
dip. And we need to change here. What is our audio susceptibility? G vg. So, this should be
changed here G v g.

(Refer Slide Time: 34:32)

DUT for Validating G,
l_ Fixed input voltage
, ——u(t)
%% Transient parameters and plots Ww—| DGDL =
. ) ) converter with i (1)
t_sim=de-3; 1_step=2e-3; 0=l arrasintivellondil f—m
delta_D=0.1;
—

delta_Vcon=delta_D*V_m;

delta_lo=0; delta_Vin=0;

Small-signal model to be verified

[y_s,l_s]:slep(G_\m,(l_sim-l_sle; ); G, =2

«
v_o_ac=delta_Vcon*y_s;

Because we need to check if you go back if you want to check the output impedance that we
have discussed. So, this part I have discussed, then I want to check G vd ok. Let us check G
vd first. So, G vd what you have to do? I need to check this change is; that means, I need to
take a step change in the duty ratio ok and then this should be G vc am you need to delta

Vcon because ultimately this delta V delta D will reflect a change in the Vcon ok.
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W ge | M BU R e @
L
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e i O N —————————
SHDA L1 v s 0 -1

algebraic loop(s)

detail

%l
DCM_En=0;
1L int=10; V_c_int=1;

out the loops use the
command

Simulink.BlockDiagram.get AlgebraicLoops( [

%% Simulation configuration or the command li
= sim('buck_converter OLslx'); cle: debugger by typin g
t=buck_result.time: t_scale=t*1e3; buck converter OL" in the MATLAB
= x=huck_result.data; 1 window. To el ¢ this ¢
LX) Voeaprx(:2) Voomx(:3) i
L
Plot_buck_simulation; i
5 iy
16 figure(?) I buck_ converter sinulation (line 9)
7= plot((t_s+t_step)*Le3, [JERIED ac,', Linewidih, 2); Found algebraic loop containing:
L6 xlabel('Time (ms)', 'FontSize', 15); "buck_converter OL/Buck converter/capaci
"h9-  ylabelfOutput volage (VY. FontSize', 13); "buck_converter_OL/Buck converter/eapaci
20 hold on; grid on; "buck_converter OL/Buck converter/capaci

"huck_converter_O1/load"
'buck_converter_OL/Sum' (algebraic varial

" by s b i G

So that means, we want to first see G vc because we want to make apply a step transient to
the duty ratio 0.1. And similarly we have to take delta Vcon since you are taking G vc and

this is our delta Vcon. We have to multiply and just run the simulation. Now, we are running.

We are actually repeating the same process, but now this time we are trying to match with the
control to output transfer function that means if there is a change in the converter voltage or

maybe a 0.1 duty ratio. So, how is it going to change?

(Refer Slide Time: 35:44)
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So, you can see there is a slight deviation, but it is acceptable, you know.

(Refer Slide Time: 35:55)

Output voltage (V)

In the acceptable range otherwise the red traces is going.
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o coment MR | oo souksonm’ - | %

Y cle; clear; close all;

1
2

3 %% Loading and setting parameters
4 Y%buck para
5
6
1

ter;

= DCM_En=
T_L_int=10; V_c_int=1;

8 %% Simulation configuration

9= sim('buck _converter OL.slx'); ele;
0~ t=buck_result time; t_scale=t*1¢3;
1= x=buck result.data;

2= LLEx(): Voeap=x(:2); V_o=x(:3);

4= Plot_buck_simulation;

6 figure(2)
7= plot((t_s+t_step)*led, V_p+v_o_ac,t\ Linewidih', §);
Size', 15):

8 xlabel('Time (ms)','F
9= ylabel('Output voltage (V)
0 hold on; grid on;

Gttt
N MATUY o v Gt

fx>>

® e

)

So, I think it would be better if we just you know increase this width. So, maybe we can use

3.

(Refer Slide Time: 36:04)
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% cle; clear; close all

%% Loading and setting parameters

= DCM_En=0;
1_L_int=10: V_e_int=1;

1

2

3

4 %buck_parameter;
5

6

1

8 %% Simulation configuration

9~ sim(buck converter OL.slx'); cle:
0~ t=buck_result.time; t_scale=t*1¢3;
1= x=buck result.data;

Cnnsavonses
[T e—r——y

Jx>>

PR P o)
- o
3 Halpon Secten
4= 1 w
5 on
T
6 0 swam
YER [ —
8 Comnan
ot
CEE T
0 |
[ITr——
T
[er—
et
e ottt
ko

Teawererts Tty

So, if we just you know rerun again yeah.
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So, it will be better. So, if we check go. So, there is a slide deviation other is there matching

quite nicely.
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That means this control to output transforms are looks it is perfectly fine.

(Refer Slide Time: 36:27)

DUTfOT Vahdaung Gw!] Fixed duty ratio
v (t)
Ve—{  DEDC s
* Requirements converter with (1)
0= a resistive load —>

o D= fixed duty ratio (open loop)

Small-signal model to be verified
o No external load transient

$
14+ —
* Tnput voltage step W
F ge stey G, =—x ESR i
: o s 8
o Vyy isinitially set as 12V 1+ Qu iy
0 0

0 Atl=2ms, V) is changed to 8 V

Now, we go for audio susceptibility. In audio susceptibility, we need to keep the duty ratio

fixed because you are talking about open loop audio susceptibility. No external load transient

response, input voltage step we have to apply. So, initially it was 12 volt now, at 2

millisecond will change from 12 volt to 8 volt; that means it will come to and this is a transfer

function ok.
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Z_o=tf(num_o,den_o);

%% Audio susceptibility

Prase (303
- B
|
EEEE
(133

num_a=(D/alpha)*[1/w
den_a=delta_p;

i G L
Gvg=tf(num_a,den a): b e J 8
W L =L " jgon
%% Frequency response oy
i
figure(3) e
bode(Gve, b); il
finc
grid on; hold on; s
hold on; it
i1
i
%% Transient parameters and plots e
i iivd
tsim=de-3; t_step=2e-3; in
delta_D=0; delta_Veon=delta_D*V_m; | e
delta_lo=0; delta_Vin=-4; v
i
[
[y_sit_s|=step(Gvg,(t_sim-t_step)): e
v_o_ac™delta_Vin*y_s; e
hrs
o %

So, audio susceptibility, what we will do? Now, we will go back. We will make a change in
minus 4 volt because now no duty ratio step is applied and here it will be G vg because audio
susceptibility and we have to multiply with delta V in, so, delta V in ok. Now, we are all set.

Let us run.

(Refer Slide Time: 37:12)

MBS S| b L e

!!!W-—"‘“'_i;d I
b | VLA 0 b oo O g > ’

™y
o e
] x| not connected 1 o
1 T buck_converter shmlation (line9) s
2 Wamning: Block diagram i)
3 huck converter OL' co  prg
14 alg op(e). T e e
5 Jetails about the lo s
6 command s
1 Simulink. BlockDiag fim
8 %% Simulation configuration or the command lin faoe
9= sim(buck_converter OLslx'); cle debugger by typing B,
0= t=buck_result.tithe: t_scale=t*Ie3; buck converter OL" in the MATLAB o
1= x=buck result.data; command window. To eliminate this e
2- QL) Voeapox(:2) V_o=x(:3) message, set the Algebaic loop ]
3 option in the Diagnostics page of s
1 Plot_buck_simulation; the Simulation Parameters Dialog o
5 to"None" n
6 n buck converter sinnlation (lne 9) | {{{e
7- Found algebraic loop containing: it
8 buck_converter OL/Buck converter/capaci [+
“ho- buck_converter_O1/Buck converter/capaci [/ vl
0 "buck_converter_OL/Buck converter/capaci e
"buck_converter_O1/load" s
"buck_converter_OL/Sum' (algebraic variat |[{"* 0y
i

And if we check now, we are checking the result with audio susceptibility where we are
applied a step change in the input voltage. Originally it was 12 volt and now we want to

change to 8 volt. So, minus 4 volt step is applied.
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Now, if you go and zoom this waveform, it is perfectly valid. I mean, almost nearly I they are

matching quite nicely ok. So, we can assume that you know this model works fine ok. There

is a small division because you know in the audio susceptible expression there is a duty ratio

D. So, we have to change the duty ratio update the duty ratio ok in order to match this that is

why the slight shift is happening ok.
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Because you know this duty ratio because we have applied sorry here we have changed the
input voltage, but we have kept the duty ratio con. So, in this case sorry duty ratio is fine

because we have kept the same duty ratio, but input voltage has changed.

When the input voltage has changed in the actual converter, what will happen? So, we have
matched the all three response fine, and this is what I have already explained minus 4. So, it

is perfectly fine.

That means now we are we have learn how to verify small-signal model using MATLAB
transient simulation and that we have done for open loop converter and we will see in
subsequent lecture we can actually match the close loop response using transient simulation

as well.

(Refer Slide Time: 38:41)

Transient Response of a First-order System

K,
u(s) | G@ =" |ys
u(s) y(s)

For an unit impulse input () =G (s)

T . X
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The next question will come to our mind. Now we know that our model is good. We can
move forward now. We want to see what is the effect of poles and zero. Because in the
subsequent lecture when we want to design the compensator, we should keep in mind what
should be our desired transfer function or what should be our desired step response right. So,

for that we need to understand what is the response due to poles and zeros.

If you take a first order pole, this is a first order system right. Then, if we apply an impulse
response, then G of s y of s is equal to G of s and this is the proper definition of a transfer

function. So, the transfer function because you know you know in many cases people define
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the transfer function is a Laplace input of Laplace transform of you know output by Laplace

transform of the input. But this may not be a very precise definition.

So, more precise definition of the transfer function is that the transfer function is the impulse

response of a system, ok, here it is same.

(Refer Slide Time: 40:15)

Transient Response of a First-order System
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Next, if you want to see the transient response step transient response, now we applied an unit
step input. If you apply unit step input, then output will be G of s by s because this u of s will
be equal to 1 by s if is unit step. Then we can obtain by means of inverse Laplace the DC gain

multiplied by this term.

That means, at t equal to 0, the output will be 0 right; that means, I would say at t equal to 0
or y of 0 is 0 because e to the power 0 is 1 right. At t equal to for limit, t tends to infinity e to
the power minus omega p t will be 0 ok. Then what is our final value? Our final value is

simply k DC or in the sense that this will be k DC into the input step size.

That means, what is the input step size? In this case, the input step size was unity. So, the
output will be simply k DC in to 1. So; that means, if the DC gain is 1 then output steady
state value will be 1. If the DC gain is 2, the output steady state value will be 2. And if it is
0.5, that means this is a scaling factor. So, this is a DC gain, and that is determined by this

particular gain.
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Unit Step Response of a Second-order Over Damped System
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Now, we want to see what is the response of an over damp second order system because we
often encounter this question. Like you know we phase this question and we often
interchangeably use that if two poles are widely separated, then the response of an over damp
second order system is primarily dominated by the dominant pole and the dominant pole the

pole which is close to the imaginary axis.

And remember that we are talking about two stable poles. And if it is dominated by the pole
which is close to the imaginary axis, that means it will behave like a first order system but,

whether this transfer function response will be exactly identical to a first order system.

Because if we want to characterize experimentally a system, which is an over damp second
order and a system with a first order then how do you check by means of a step response in
experimentally how do you check their performance whether the system is second order first
order. Definitely, they will not be exactly identical. They will be close, there will be some

difference.
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If you take the full y of s again, we can write down the full expression. And if you take the
inverse Laplace transformation because we are just keeping the intermediate state, it can be
written like this ok. Now, you see, we have taken 1 pole k times omega p another pole omega
p. And if we set k equal to be very high; that means, this pole is a high frequency pole right
pole and this pole will be low frequency pole, this is our low frequency pole right. So, not

you know ok.

(Refer Slide Time: 43:53)
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So, this is our low frequency pole, and this is our high frequency pole if k is very very greater

than 1.

(Refer Slide Time: 44:13)
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Now, if k is very greater than 1, the two poles are widely separated. This pole is the far
left-hand side and this will be our dominant pole that we have studied. That means the
response of the system be primarily dominated by this dominant pole. Then we can write k by
k minus 1 is almost equal to 1 and 1 by k minus 1, 0. So, the response of the second order
system can be approximated to be y of t and you see this is the same response of the first

order system.

That means the approximate response of the second order system is almost identical to a first
order system. Now, the question is whether they will be really identical or not because if they
are identical, then we cannot differentiate between an overdamped second order system and a

first order system. There has to be something.
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Nearly identical, but with a difference in initial response?
9

Next again we are rewriting this equation. So, this is a response y of 2 output of the over
damp second order system and this is a response of the first order system. See, this is
approximate sense, not exact sense right. Now, the next question if you take d 2 y dt ok and if
you find out; that means, the original expression I am talking about this expression from this

expression and you set at t equal to 0.

If you find out; that means, a difference is this response. So, this term will minus omega t
come minus k omega t will come, you will find this will be simply 0. But if you take this

response and if you write d y 1 t dt and which is computed at t equal to 0, what you will find?

You will find it is nothing but k DC into omega p that is it. That means, at the beginning of
the response, there will be a difference that means the derivative. That means, if you draw the
response; that means, if I draw you know the response if I apply a step input let us say [ am
applied a step input here then the response of the first order system will be like this, it will be

like this ok. It will not touch, it will just go close, it will just go close.

And the response due to the second order system initially it will go and then try to match try
to match they will match because they are identical. So, there is a difference. If you zoom
out, there is a difference in their initial condition and this is the initial response. It will be

different.
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Similarly, if you take the second order system response, then you can find out depending
upon the damping ratio. So, you can draw the plot, you know. We have studied this in the
control system context if we apply a step response. If the k DC equal to 1, here it is a unity

gain, then you will find that ok like this.

And if it is even overdamped then you know even over damp like this, so, depending upon
the zeta. So, this way your zeta is decreasing ok; that means it will be more poorly damp ok.
And this will be you can relate this: the poor damping poor damping will eventually lead to

poor phase margin.

That means, if you want to shape the response of the system in close loop control, we need to
provide sufficient phase margin so that we can cut down the overshoot undershoot because
those overshoot understood may not be acceptable ok. And we have discussed in lecture
number 13 that open loop converter has a high overshoot undershoot. In fact, we saw just in

the simulation result. But that is simply not acceptable.

So, in case of close loop we have to reduce that and we have to keep within a very transient
limit because this power supply will be delivering you know current to the digital processor
ok, where we mix to maintain the output voltage of the DC-DC converter within the noise

margin of the digital system ok.
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Now we have studied all this control system because this is a transfer function for original
transfer function was G of s where input was u of s. And this was a box of output where G of
s we consider like an omega n square a square plus 2 zeta omega n s plus omega n square. At
this we have studied in our control system later right. Now, my question is what will happen

in this system if you add a 0.

(Refer Slide Time: 50:03)
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Let me this is my original system. Now, it looks like in the form of our DC-DC converter. In
case of control system, we have studied G of s in terms of omega n square s square plus 2
zeta omega n s plus omega n square. You can simply divide omega n square in numerator and
denominator. So, you will get 1 divided by 1 plus you know 1 by what we will get? You will

get omega n by zeta into s plus s square by omega n square ok.

So, from here you can relate what is my Q. What is my Q? Our omega 0 in this case, is

nothing but omega n. So, you can rewrite all this ok.
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So, in this case, you know we have found that. Now, we have another transfer function. So,
this is a transfer function without zero without zero and this is with zero. Now, it can be

written as this zero into the original transfer function, this one right.

If y of t is the unit response of this; that means, we have applied a unit step to this system,;
that means, this is our system G of s and we have applied a (Refer Time: 51:47) step here and

we want to check what is the response of the system. This is my input ok.

So, then this is a unit step response ok and y of z is unit step response of if you replace this
with omega 0 t then it will be replaced by y z of t we want to check this. And it can be shown
that the response with zero is nothing but the sum of the response without zero plus 1 by
omega z into derivative of the response without zero. And this 1 by omega z term which is
coming from here, where this is our zero location; that means, our zero, which is nothing but

omega 7.

And you see that if the zero is, but this is a stable zero. It is a stable, you know; that means, it
is located in the left-hand side. If the O is very far away in the left hand; that means, if the
omega z is very very greater than omega 0. That means, this O if it is a complex conjugate
pole, then the frequency will be omega 0, right. And the omega z is far left-hand side of the
imaginary axis then or basically in the pole means in a far left-hand side; that means, the

frequency is very high.
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Then this 1 by omega z in this case, then 1 by omega z here it becomes negligible. That
means, in that case, your omega z t will be approximately equal to omega t. That is why most
of the control system text book we study only this transfer function without 0 because we
assume even though there is a 0 that 0 is located far left-hand side by means of close loop

controller or it originally far left-hand side ok.

So, then the response will be almost identical. The next task, if the zero comes close to the

imaginary axis if this is not the case; that means, you know we are talking about another case.

(Refer Slide Time: 54:21)
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If omega z is less than equal to omega 0; that means it is coming close, it is close, or others I
will say in the language I should say if omega z is close to omega 0 it may be close. It will be
slightly higher, lower, close. Then 1 by omega z is not negligible. In fact, it can be quite large

and if the 0 comes close to the imaginary axis, this response will be very, very far.

Even if you take a first order system, you can have overshoot in the response if there is a 0
ok. You know the first order system. A single pole system there is no overshoot because it is
an overdamped response. But in the single pole system; that means, if you take one transfer
function 1 by S plus omega z by 1 by S plus omega P such system you may you can have
overshoot depending upon the location of the 0. So, you can have overshoot and then it will

decay down ok.
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So; that means, we have understood that if the O comes closer, this 0 can inject you know this

that derivative action and that can create overshoot.

(Refer Slide Time: 55:52)

Effect of a RHP Zero

But what happened if the 0 in the left right half plane zero; that means, 0 on the other side?
That means this is my right half plane zero. Same analogy, if y of t is the unit step response of
G of s without zero, y 0 of t the unit step response with zero then the total response of the

system with zero will be the response without zero minus 1 by rhp into this.

Now, there is a negative sign. Again, the same analogy. If omega rhp is very very far, then
this effect is negligible. It has no zero, no effect. But, this is case 1. If, but if omega rhp is
close to omega 0 or even omega 0 omega rhp is smaller than omega; that means it is now
coming close to the imaginary axis. Then this can be severe; that means, this can be in that

case it can be severe. So, this will lead to an inverse response, severe inverse response.

And if you take a boost converter, we will see this inverse response is reflected in the transfer

function ok and we will see that.
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Control-to-Output TF of an Ideal Boost Converter

So, we will take an ideal boost converter and we want to run the simulation and show that

what happens if we go to a boost converter ok.

(Refer Slide Time: 57:52)
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= DCM_En=0;
1_L_int=10: V_e_int=1;

8 %% Simulation configuration

9~ sim('buck converter J: cle:

10 t=buck_result.time; t_scale=t*1e3;
11-  x=buck result.data;

12= i) Vocapax(:2); V_o=x(:3)

14 Plot_buck_simulation;

So, if you go to a boost converter, ok. So, let us go to the boost converter. So, we can check

that the boost converter ok just hold on ok.
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I (P T i
. 1= cleiclose all; clear; ” e
i, I [ a2
v ity 3 %% Parameters i . e
4 boost_parameter; Vin § 0.2000 o
5= D=(Vref-Vin)/Vref; b o i
6 To_min=0.5: R_max § RAP taro fyg, o kHx %E‘
7= lomax=10; R min= _ s
8 e e e W P = -
fsw=1/T; w Time (mg) o |
emsqn(LiC); woo. RIS 6azY e
Q_ideal=((1-D)*R)/z_c: > A . e
w_rhp=(R¥(1-DPL: f_cgf in fraction of f_rhp | ir‘::
{_thp=w_rhp/(2*pi*Le3); N L v e
P ~
i
%% Control-to-output TF Gvd m
2
num_e=(Vin/((1-D)*2))*[-Vw_rhp 1); 0.4000
den_c=[/(w_o_ideal’2) 1/(Q._ideal*w_o._ideal) 1] )
Gvd=tf(num_c.den_c); Phasa margla (s drgrod
%% Open-loap Output Tnpedance b=
num_o=(1/((1-D)*2))*[L 0]: =
don_o=[V(w_o_ideal*2) 1/(Q_ideal*w_o_ideal) 1] g7 8800
b Loterar 23= 7 o=tf(num_oden_c}:
et 2 fx>>
w A vy PN " ‘

So, we are just showing one example of a boost converter, ok.

(Refer Slide Time: 58:30)

11 Lot DAATA 1 bt v
Conmavn »
WAL IHNCION | boncmbde smvitonm < | + oo MATARYSx v e Gty i L™
Telsis diaralballi o hoost_converter VMG in the “ fic
MATLAB command window. To o
3= DCM_En=0; t slew=le:3 eliminate this 1 et the 1ol
LL_int=8; V_c_int=Vin; Algebraic loop option in the oo
5 Diagnosties page of the ‘e
6= sim(boost_converter VMC.slx); cle; Simulation Parameters Dialog to 1fed
7= t=hoost_result.time: t_scale=t*le3; "None" )
8- x=hoost_tesult.data; > T hoost_converter simulation (line 6) Hms
9= i Lax(l) Vocap=x(x2); V_o=x(:3): Veon=x(:4): Found algebraic loop containi o
0 "hoost_converter_VM(/load' o
1= display(RHP zero in kHz) "boost_converter VMC/Sum' (algebraic vari [k
2= frhp boost_converter_VMC/PWM VMCSuml'  fi
3= display(Gain crossover frequency in kHz) ‘boost_converter VMC/PWM VMC/Transfe  fi s
1 £ gef=Wep/(2*pi*led) ‘boost_converter VMC/PWM VMC/Compl' [ e
5 "boost_converter VMC/PWM VMC/RS/Log b
6 Plot_boost_simulation; ‘hoost_converter_VMC/Boost Converter/cay =
I 'hoost_converter VMC/Boost Converter/cay o
‘hoost_converter_VMC/Boost Converter/cay || 1
"boost_converter_VMC/Boost Converter/cay || I
v ) Wamning: Discontinuities detected [
within algebrale loop(s), may
have trouble solving
In boost_converter simulation (line 6)
K
) ¥ w3 ] .

And this is the simulation. I am just showing the response of the boost converter.
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So, here I am just showing one example.
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There is a reference voltage transient ok and you can see just a minute.
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If I just redraw this one,

11 Lt 0 MATIAY

oo SMWCHOR | b oot Smon | 4
0

79=  delta_lo=0; delta_Vin=0; delta_Vref=0.5;

B1= [yt s]=step(G_cl. (t_sim:t_step)):
82 v_acdelta_Veef*y_s;

CIRI 1abel( Outpil voltage (V)" FontSize

LI o rid on

90~ display(RHP zero freq. in kHz)
91-  frhp

92 display('l_cgf in fraction of _rhp')
93= f_gef=Wep/(2*pi*led);

9 pef_gel/l_thp

95~ display('Phase margin in degree’
96 Pm

that means this figure.

(Refer Slide Time: 58:52)
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Yes. So, you can see that this is a small-signal response, and this is the actual switch

simulation. So, initially I mean we have we want to change the reference voltage. We have

applied a positive reference

(Refer Slide Time: 59:10)

step change.
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So, it should have increased from the beginning, but because of this right half plane zero, you

see there is an initial undershoot. It is first coming down and then going up ok and this initial

undershoot, depending upon the rhp zero location it can be severe.
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= RHP zeroin kHz

4= boost_parameter; Vin=3.3; Vref=5; R=0.1;
B D= (Veef-Vin)/Vref;

frh
6= lomin=0.5; R _max=Vref/lo_min; | e
1 To_max=10; R_min~Vref/To_max; 69320
i 932
1 P9 g
9= Low=lT: wows2'pitow; i Gain crossover frequency in kHz
10-  ze=sqrt(L/C):  w_o_ideal=(1-D)sqrt(L*C); g (
s DFRVz ¢
1= Qideal=((1-D)*Rylz_c: oot

12- w_rhp=(R*((1-D)*2)yL:
13- fehp=w_rhp/(2*pi*1ed):

1.3866

15 %% Contrgl-to-output TF Gvd >> figure(2)

i:j = o(Vinf(LDPa) [ thesbplly | plot((t_s+_step)*1ed, Viefv_ac
o= [V(w_o_ideal®2) 1/(Q_ideal*w_o_ideal) 1) label{Time (me), Font$

18- Gvd=ti(num_cden_c); et

vlabel(Output voltage (V) 'FontSize!, 15);

20 %% Open-loop O - hold on; grid on;
% Open-loop Output Impedanee f>>

|2 num_o=(1/((1-D)*2))*[L 0];
22- den_c=[/(w_o_ideal*) 1/(Q_ideal*w_o.ideal) 1};
23 7_o=tf{(num_oden_c);

25 %% Audio suseptibility
num_a=(1/((1-D)*3))*[1]:
i

UL LaalA2)L LU0 idaald, idaall 1L

Suppose if I want to plot the same thing, and I change the load current. That means, I want to

now change the load current; I am further increasing and I am not stopping it.

(Refer Slide Time: 59:37)

ROBE™ e A G2 e @
I ” e + ’
ol vt
delta 10=0; delta Vin=0; delta_Vref=05; T tehp
[y_s.t_s]=step(G_cl, (t_sim-t_step)): 69326
v_ac-delta_Vref*y_s;
I Gain crossover frequency in kHz

figure(2)
plot((t_s+t_step)*le3, Vref+v_ac,g!'Linewidth', ); [_gel "

label('Time (ms)', "Fon 15):
ylabel(Output voltage (V)', 'FontSize', 13); 1.3866
hold on; grid on:

> figure(2)

display(RHP zero freq. in kHz) plot((t_s+t_step)*led, Vef+y_ac.v, Linewic, 1
f rhp xlabel(Time (ms)', FontSia
display(f_cgf in fraction of f_rhp) ylabel(Output voltage (V)' 'FontSize’, 15);

{_gef=Wep/(2*pi*1ed); hold on; grid on;

(_thp >> Boost SSM_VMC_PID
display('Phase margin in degree) Select BW fraction of {_thp 1/3
Pm

4| P
0.2000
K

Suppose, let us use another colour. Let us say green colour and running. So, again, 1 by 5.
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See now it becomes even slower sluggish because we are designing the converter based on

this. I am showing an example of a closed loop.
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famem #a | we0hic 5 1R E pum @
-
=

e SO

figure(1) P
plot(t_scalej L.,
xlabel("Time (m

imewidth, 2); hold on; grid on
Font$i 0.2000

5= ylabel('Inductor current (A)', 'TontSize',

6 1 RHP zero freq. in kHz
7= figure(2)

8 plot(t_scale,V_o,'r\ Linewidth', 2); hold on; grid on; [_rhp

9= xlabel("Time (ms)', 'FontSize', 15);
10~ ylabel('Output voltage (V), FontSize', 15); 34664

1

{_cgf in fraction of {_thp
P

0.2000

Phase margin in doge
P

67,3801

K>

And here I want to rerun, but in the plot comment i want to use another colour. Let us say I
am using you know what do I say earlier, red colour ok. So, red colour corresponding to this

and I want to show you.
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Yes.
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= RHP zero in ki
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79=  delta_lo=0; delta Vin=0; delta_Vref=0.5;

80 {_rhp
81= [y st s|=step(G el (t_sim-t_step)):

82 v_ac=delta_Vrefy_s; 3.4664
83

84 Gain crossover frequency in kHz
85-

86 _gef
87-

88 0.6933
89 b

90~ display(RH| e Ji>>
91-  frhp -1

9= display(fLeg M

93 gef=Wepl(  wmen
9= pElgollf_h e

95-  display(Pha| Mo
v 96 Pm vt ot '
97 - W v
o oo n
o ;
9 ol brven 0
00

[r—— '

So, I want to run one more once more where this colours green colour should come evaluate.
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Yes. So, these are the two cases. The first one if we take the blue one where the right half
plane zero. Now, the right half plan zero location become further, you know. So, it is even
further. So, it becomes much slower and this bandwidth becomes slower because of the; so

that means, we can simply compare without switch simulation. From this plot, we can simply

compare this plot.
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cle; close all; clear: I hp

) toon paamentn

1
2
ook SIHLVHC MO e
!‘_ 3 %% Parameters | 3.4664
1
5
6

boost_parameter: Vin=3.3; Vre=5; R=0.1;

= DE(Vref-Vin/Vref; Gain crossover frequency in kHz
= lo_min=0.5; R_max~VreffTo_min;
7= lomax=10; R_min=Vref/lo_max: [_gef '
8
9= fsw=l/T: w *pitf_sw: 0.6933
10~ 2emsqr(LUC);  w_o_ideal=(1-D)isqri(L*C);
11- Q. ideal=((1-D)*R)/z_c: 1 >> figure(2) i
12- w_rhp=(RY(1-D)A2))L; plot((t_s+t_step)*le3, Viefty_ac/g, Linewi(}ie:
13- f_rhp=w_rhp/(2*pi*led): xlabel('Time (ms)', "FontSize’,

1 ylabel(Output voltage (V) 'FoutSize!, 13);

15 %% Control-to-output TF Gyd hold on; grid on;

16 num_e= (Vin/(1-Dy2))*[-1Vw_rhp 1]; >> Boost SSM_VMC_PID

17 den_c=[(w_o_ideal’2) 1/(Q_ideal*w_o_ideal) 1] Select BW fraction of f_thp 13 i

18 Gvd=ti(num_c.den_c); b
"9 P i

20 %% Open-loop Output Tpedance i

21= num_o=(1/((1-D)"2))*[L 0); 0.2000 i

22 den_e®[1(w_o_ideal2) 1/(Q_ideal*w_o_ideal) 1]; i on

23= 7 o=t{num_oden_c}; i il

£ el . TI— |

) ¥ w [ v BN " ]

That means if we want to do R, this is the case.
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10 I o bl ot o o e o
 Juepimisapmn 1 %ele; closeall; clear; ; n
W
2
3 %% Parameters 1 — 0.2000
1 boost_parameter; Vin _
5= D=(Vref-Vin)/Vref; § \\ RHP zero froq. in kHz
6= lo_min R_max iw‘ A\ !
7= lomax=10; R _min= ol (_rhp 0
8 i o
9-  fawsl/T: wosw=2*pi® (o0) 34664
10-  zemsqrLC;  weo mﬁ#ﬁ
11~ Q.ideal=((1-D)*R/z_c: 1 (_cgf in fraction of _rhp
12- w_rhp=(RY((-DP )L
13- frhp=w rhp/(2*pi*led); P
14
15 %% Control-to-output TF Gvd 0.2000
16 num_o= (Vin/((1-D)2) [ Vw_thp 1)
17 den c=[1/(w o ideal’2) 1/(Q_ideal*w o ideal) 1]; Phase margin in degree |
- 18 Gvd=ti(num_e.den_c);
19 Pm
20 %% Open-loop Output Tmpedance
21= num_o=(1/((1-D)*2))*[L 0); 67.3801
22 den_c[1/(w_o_ideal®2) 1/(Q_ideal *w_o_ideal) 1):
23= 7 o=tf(num_o,den c); e
24 QN M
iMommn iy E*a ‘

1376



(Refer Slide Time: 61:02)

Wi e e R e

SRt 0

P

pt 1 Rucoriog oy 11 Lt MATLA 1 oo comuts ¥

LIMWHOn | b oo s | Po o sdions |
b [rpw— =
7% n
7 %% Transient parameters and transient response
8= tsim=5ed; t step=3e:3;
79 delta_To=0; delta_Vin=0; delta_Vref-0.5;
80
81 [y_s.t_s]=step(G_el, (t_sim-t_step)):
82~ v_ac=delta_ Vref'y s;
83
84~ figure(2)
85~ plot((t_s+t_step)*1e3, Vref+v_ac,ri Tinewidth', 4);
86~ xlabel("Time (ms), 'FontSize', 15);
87~ ylabel(Output voltage (V)', 'FontSize', 15);
88~ holdon; gridon;
89
90~=  display('RHP zero freq. in kHz')
91 f.hp
92= display('f_cgf in fraction of f_rhp')
93 {_gol=Wop/(2*pi*1e3);
94-  p=f_gef/l_thp 1
95 display('Phase margin in degree)
96-  Pm
97
98
aa.

il

——
N ATUY o v o Gt S

P
0.2000
RHP zero freq. in kHz
_rhp
3.4664
[_cgf in fraction of {_rhp
p
0.2000
Phase margin in degree
Pm

67.3801

x>

1 by 5 and if we hold this same value with a red colour.

(Refer Slide Time: 61:05)
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W SHCHOn | it i | Wi ] 4

i
2
3
1
§-
6
nd

8
9-
10~

Ycle; close all; clear

%% Parameters
boost_parameter; Vin=3
D=(Vref-Vin)/Vref;
To_min=0.5; R_max~Vref/To_min;
lo_max=10; R_min=Vref/lo_max:

Vref=5 R=0.2;

£aw=1/T; w_sw=2pi*f sw;

emsqrt(LUC) w_o_ideal“(1-D)isqri(L*C);
Q_ideal=((1-D)*R)/z_c:
w_rhp=(R*((1-Dr2))1:

{ thp=w_rhp/(2*pi*Le3);

%% Control-to-output TF Gvd

num_e (Vin/((1-DY2)* [ _ehp 1)
den_c=[1/(w_o_ideal"2) 1/(Q_ideal*w o_ideal) 1];
Gvd=ti(num_e.den_c);

%% Open-loap Output Tnpedance
wam_o=(1/((1-D)*2))*[L 0]
den_e=[V(w_o_ideal’2) 1/(Q_ideal*w_o_ideal) 1]
Z_o=tf(num_oden c);

=g

e o MATLAR? e oo o o Gt St
f rhp =

3.4664
f_cgf in fraction of {_rhp
p=
0.2000
Phase margin in degree
Pm=
67,3801

>> Boost_SSM_VMC_PID
Sclect BW fraction of (_rhp 1/3

0.2000

® e

* v+

And if we change the load resistance to 0.2 and if we do 1 by 5.
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Output voltage (V)
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.
Time (ms)

So, I am to show that because the second case right half plane zero is coming close to the

imaginary axis. So, I am using you know the bandwidth of the controller is smaller.

(Refer Slide Time: 61:23)

ut voltage (V)

Time (ms)

So, as a result; that means, if you want to design a closed loop control, if the right half plane
zero comes close to the imaginary axis, then it put a constraint on your controller bandwidth.
And in the green case, the right half plane zero is coming close to the imaginary axis. So, we
have to slow down the system, otherwise it may be unstable. So, that is why the green colour

is much slower than the red one and this is the effect due to the right half plane zero.
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So, we will say more detail because we will design voltage mode control boost convertor.
And we will show all these case studies there how to design the compensator so that we can
get the maximum performance using voltage mode or current mode control in the subsequent
lecture. But one thing I can say that I have shown you the response due to the small-signal

model and the response due to the actual switch simulation they are closely matching.

(Refer Slide Time: 62:14)

* Understanding model matching mechanism
* Model matching case studies
* Identifying practical limits

* MATLAB simulation case studies

So, with this I want to summarize that we have discussed like a model matching mechanism.
We have shown some case study for transient AC simulation, then we have identified some
practical limit and MATLAB simulation case studies were presented. So, with this I want to

finish it here.

Thank you very much.
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