Control and Tuning Methods in Switched Mode Power Converters
Prof. Santanu Kapat
Department of Electrical Engineering
Indian Institute of Technology, Kharagpur

Module - 07
Small-signal Design and Tuning of PWM Voltage Mode Control
Lecture - 35
Shaping Output Impedance of a Buck Converter
Under VMC

Welcome this is lecture number 35, in this lecture we are going to talk about design of
voltage mode control Buck Converter and the design is primarily intended to shape the loop

for closed loop performance as well as the output impedance ok.

(Refer Slide Time: 00:42)

Concepts Covered

* Type-I1I compensator design in a VMC buck converter
* Identifying loop shaping objectives
* Robust compensation within admissible control bandwidth

* Design method for shaping output impedance

So, in this we are talking about type 3 compensator design in a voltage mode control, then
identifying loop shaping objective, then robust compensation within admissible control

bandwidth, then design method for shaping output impedance.
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Loop-Gain Analysis of a Buck Converter

where

So, Loop Gain Analysis of a Buck Converter this loop structure we have already seen in the
previous lecture. So, I am not going to spend time on it and the control to output transfer
function; that means, this particular transfer function that we know it is here ok. Where alpha
we have discussed R plus r equivalent that is a total resistance DC r plus Rd S on ESR zero,
then this is the LC filter pole and this can be approximated to be 1 by square root of LC
because if r e and r ¢ are close to each other or particularly if the load resistance is higher than

r e and r ¢ which is the case.

Now one thing we will keep in mind this is a Q factor which consist of parasitic; that means,
ESR r equivalent characteristic impedance, where the characteristic impedance is nothing but

square root of L by C, but this is the one which can affect the Q c.

That means, and this you can see if you compare this 2 term this term will be negligible when
R is very large or light load condition ok and under high load condition when the R is small,
then this will be dominating like R Z ¢ by R will be a dominating factor ok. So, we have to

keep in mind for practical compensation point of view.
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Primary Loop Shaping Objectives
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* To cancel ESR zero - to eliminate high frequency ripple (Il’
* To cancel double pul« s — to offset sharp phase lull.
* To consider an integrator - to eliminate SS error (1P)

Next our primary loop shaping objective, so here our primary loop shaping we have to cancel

we are planning to cancel ESR zero. So, we need to consider that means there we need to

have a 1 pole of the controller to cancel the ESR zero. We need to cancel double pole to

offset the sharp fall right due to the double pole. In fact, this is the one which we will

consider when you talk about robust compensation.

Because a double pole may not be perfectly known because of variation in the load

resistance, but we still need 2 zeros to compensate that controller zeros ok. We need to

consider one integrator in the controller which will try to eliminate the steady state error or it

will provide sufficient DC gain.
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Primary Loop Shaping Objectives

* To consider a simple pole - to achieve desired phase margin (1P)
_—

®* To set compensator DC gain — to achieve desired gain crossover freq.

* Controller summary: 3 poles (including one at origin) and 2 zeros

——
* A type-I11 compensator needed;
—_——

So, we need one more pole in the controller ok. We also need to consider another simple pole,

because in the previous lecture, we saw another extra pole will give a degree of freedom ok.

Which was not available in the PID controller, so we could not shape the transient response
under wide operating range and now we have it because in type 3 compensator. So, one more
pole and then we need to set the gain of the controller to achieve desired gain crossover

frequency.

So, we have we can, you know; that means we need 3 poles and 2 and this is nothing but type
3 compensator and PID controller may be enough for an ideal buck, but for a practical buck
we need a type 3 compensator. Another point, here we can independently control we will see

both crossover frequency as well as the phase margin ok.
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Type I11 Compensator Characteristics
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So, type 3 compensator characteristics we have discussed it has 2 zeros and 1 pole at origin
and other 2 poles ok and this is the controller DC gain sorry not DC gain that is a controller
gain. And first it has an integrator, then there are 2 zeros right and 2 poles and we will want
to see how can we how are we going to place those poles and zeros. So, it has an one extra

pole compared to PID controller, and that is why it gives another degree of freedom.

(Refer Slide Time: 04:40)

Compensated Loop Gain using Type 111 Compensator
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And we can measure the phase response phase margin and we will see that 2 degree of

freedom will be given one crossover frequency and phase margin. Which is not there because
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PID controller has 1 degree of freedom, because it always analytically shows 90 degree phase
margin, but practically we show that model is not accurate enough even for a low you know

control bandwidth.

(Refer Slide Time: 05:05)

Perfect Compensation — Buck Converter (] )
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Now, the perfect compensation if you take the loop transfer function, then the controller is a
type 3 compensator where it has a numerator double 0 2 0 and which is like your zero of the

controller is designed to compensate for the denominator of this plan.

So, we are doing zero cancellation and one of the pole is used to cancel the ESR zero. So, this
is what exactly I told here. We are trying to cancel the second one. The first pole we are using

the ESR zero and since we have an additional pole of the controller.

So, which is taken as a w p omega p and we have to find out where to place the additional
pole that we will discuss. But that means, the controller has 2 zero is used to cancel the
double pole, but we will talk about the robust compensation and control has 1 zero; 1 pole is

used to cancel ESR zero another pole is the flexible pole ok.
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Perfect Compensation — Buck Converter s

Next now, if we substitute S equal to j omega because we want to do frequency response
carry out, then these terms along with the controller k c; that means, the loop transfer function
will look like this right. So, this is a loop transfer function after cancellation, this is a simple
pole of the controller which we want to place and here we can consider another p and we can
multiply with, because we want to write in the form of S by w p controller pole ok that

exactly we did here right. So, we took this.

Now, you substitute S equal to j omega. Our next task we want to replace this omega by
omega p is equal to omega n it is something like a used for normalization, because it is a ratio

of 2 frequency.

Where omega is the instantaneous frequency related to the frequency response and omega p
is the pole of the simple pole of the controller which we want to place. So, the normalize loop
gain will take the form KL into this where KL; what is KL that we have discussed? KL is
nothing but wait. So, we want to write what is KL k I is nothing but Fm V in k ¢ by alpha

omega p. So, you should keep this. This is the normalized frequency.
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Perfect Compensation — Buck Converter & ] ®
Koy ’

Now, this is what we have already written. Now consider loop gain in polar form. So, this is
the Cartesian form and we need to convert into polar form, because we have 2 complex
number this one and this one 2 complex numbers. So, you can treat like is a X and Y right, so
there are 2 complex number. See, in the polar form, we want to write in terms of amplitude

and angle, right magnitude and angle.

So, what is the magnitude if you take this polar form? KL is already in terms of magnitude
ok. So, there is no it is it is a it is a real number right and it is of course a positive quantity,
then for this term X that means this term your magnitude is simply 1 by omega n and for this
term your magnitude is simply one by 1 plus omega n the square root of 1 by omega, so this
is an overall magnitude of this. Then what is the phase you see? The phase due to this is

nothing but minus 90 degrees, because itis a 1 by S term 1 by g omega right.

This is a complex number minus 90 degrees and the phase due to this term; that means, you
know if you use a different colour, the phase due to this the theta contribution it is sorry theta
is nothing but this quantity minus of this and minus 90 degrees is coming due to 1 by j omega
n it is coming due to this ok. And you know the in polar form the phase. If they are product,
then the phase can be added, if the 2 complex numbers if you write a product of 2 complex

number the phase will be the sum of their individual complex number phase of the ok.
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Perfect Compensation — Buck Converter
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So, at gain crossover frequency our magnitude is 1 because in polar form we have a
magnitude which is a function of omega and it is nothing but what is omega n, omega n is
nothing but omega by omega p where it is an instantaneous frequency and it is a pole
frequency that is our controller pole. Now at gain crossover frequency, that is nothing but r of
omega ¢ by omega p right, that is equal to 1. And what is this? That means, this if you take if
you go back, what is r, r equal to this; that means, at gain crossover frequency, this quantity is
1 ok.

That means this whole quantity will be 1 which is computed at omega n is equal to omega c
by omega p, that is a gain crossover frequency. Then this quantity will become unity. This is
exactly what we did and from there we can write this omega n is nothing but omega of ¢ by
omega p and there was another term here. So, this ratio so square root of this, so this is this is

a very important relationship ok.
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Perfect Compensation — Buck Converter
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Next that means, we got one relationship next phase margin. So, at gain crossover frequency,
our phase margin can be computed 180 degree plus the phase contributed by this, phase
contributed by this which is theta of this is a phase contribution, we are talking about the
phase contribution ok. And this can be written as 90 degree minus tan inverse of omega c¢ by
omega p. From here from this relationship we can write omega ¢ by omega p is nothing but
phase 90 degree minus phase margin hold on, so you can write simply write it as a 90 degree

minus phase margin this whole thing tan of this ok.

So, here if we decide omega ¢ then we can find out omega p ok. That means we can find out
omega p as a function of omega c from this relationship ok. That means we can now, if we set
the crossover frequency, then we can calculate f p for a given phase margin if the phase
margin is given; that means, 2 things you have to keep in mind. First we have to decide that

means, decide your phase margin PM ok sorry phase margin phase margin.

Then number one to decide the gain crossover frequency or you can say omega c in radian
per second right, if you decide phase margin, then you will get a relationship between f p and
f omega c and if you set omega c, then you can find out omega p from this relationship. So
that means you can get this 2 value for a given phase margin as well as for a given cutoff

frequency.
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Perfect Compensation — Buck Converter

Calculate controller pole

Calculate controller DC gain

That means calculate the controller pole. It can be computed from this relationship; that
means, if you provide the phase margin, then you can relate omega p in terms of omega ¢ and
if you provide omega c then you can compute the controller gain, because it is coming from
that KL relationship right. So, it can it is coming from you know this relationship this

relationship ok.

(Refer Slide Time: 14:15)

Case Study: w, = w,, but what should be w, ?

At gain crossover frequency w, 1
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£6(w, =1)=-90° - t’-m/?(f ) =-90°-d5° = —135°

180135 = 45 degree

* Phase margin PM

So now, what happens if we set the controller pole at the crossover frequency, then it can be

found from this r omega n it is equal to 1 since we are setting omega p equal to omega c. So,
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omega n is equal to 1 where omega ¢ omega equal to omega c crossover frequency in this

case. So, this is also 1 this is also this is 2.

So, we will get k ¢ will be alpha omega ¢ F m into square root of 2 because of this term will
be square root of 2 1 plus 1 square root ok. And if you find out, the phase margin first of all
angle will be omega n is 1. So, it is 45 degree 45 degree, so here it is minus this is 45 degree

this contribution and if you calculate phase margin, it will be 45 degree ok.

(Refer Slide Time: 15:08)
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figure(1)
plot(t_scale_L.b! Linewidth', 2: hold on: grid on:
xlabel(Time (me)', 'FontSize’, 15);

ylabel('Inductor current (A, 'FontSize’, 13):

figure(2)
plot(t_scale,V_o,, Linewidth', 2 hold on; grid on;
= xlabel(Time (ms), 'FontSize!, 15):
ylabel(Output voltage (V), "FantSize’, 15);
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%clo; close all, clear;
ele;

%% Parameters
buek_parameter; Vin=12; Vref=1: D= Vref/Vin
R=1ir_eq=r_L4r_1; alpha=(R+r_eq)/R:
To_min=05; R_max=Vref/To_min;

Cow=1/T; w_sw=24pi*f_sw;
z_c=sqrt(L/C);  w_o_ideal=1/squt(L*C}:
w_0=w_o_ideal*(sqrt((R+r_eq)/(R+r_C)));
Q=alpha/(((r_C+r_eq)lz_c)+(z_c/R));

2

3 %% Define zeros

14 wm /(e CC); w_al=1(Re_€)*C); w_z2%r eq/L;
5

16 %% Control-to-output TF G
7= num_e=(Vin/alpha)*[Vw 2 1]:
18 den_c=[1/[w_o"2) 1/(Q*w o) 1]

e .19 Gyd=t(num_c.den_c);

i o

o 4

o 1 %% Open-loop Output Impedance i

i s 2 num_o=(r_eq/alpha)*(V(w_s2*w_2) (Vw_z)t(Iw_22)) 1]; i

b 3= den_o=[1/(w_0"2) 1/[Q*w o) 1]: g
v 1 AL o e d

o ¢ futee o g

sat e .

S® DI b v s ou

QQEI ge | BB R e @
X

num_o=(r_eq/alpha)*[1/{w_22*w_2) (I _z)+(I/x_22)) 1]:

don_o=(1/(w_0"2) V(Q*w_0) 1];

4’; o 2_o=tf(num_o.den_o):
i

6 %% Audio suseptibility

27~ num_e=(D/alpha)*(1v_2 1];
= den_c=[U{w_0"2) 1/[Q*w_o) 1}

Gyg=tf{num_c.den_c);

8
9
0
1 %% Modulator und Controller parameters

2= V.=l Fm=1/V_m;

3 HQ_maxalpha/(((r_Cr_oq)_c)(z_o/R_max))
4~ Q_max=alpha/(((r_C+r_eq)/z_c));

5< den_c_max=[1/(w_0"2) 1/(Q_max*w_o) ]

6

il

8

9

%% Type - 11l compensator
{ cZinput(‘Select BW in kHz ')
0 Yol ¢=50; PM- 060,

Wit et led

1
fond 2 PM=input(‘Select phase margin in degree ') i
iy 9 .0
o 3= theta”dog2rad(90-PM), '
> a k_x=tan(theta); w_ep=w c/k x; e
Ko ilalmha®ue o)l Kt Vinl)$ omm Ll wAD), d

So more that means, now we want to go to mat lab simulation you have to check. So now, we
are asking for so this is the expression that we have derived all the transfer functions are
given numerator denominator controller gain. Now, we are designing the compensator; that
means, it will ask for cut off frequency or crossover frequency and we will ask for phase

margin; that means, a 2 possibility right.
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Yacle: close all.
ele;
buck_parameter; Vin=12; Vref=1; D=Vrof/Vin
R=0.1:1_eq=r_L+r_L; alpha=(R+r_eq)/R:

To_min=0.5; R_max=Vref/lo_min;

£Lsw=1/T; w_ow=24pitf_ow;

2 o=squi(LIC)  w_o_ideal=1squt(L*C);
w_o=w_o_ideal*(sqrt((R+r_eq)/(R+1_C))):
Q=alpha/(((r_C+r_eq)lz_c)+(z_c/R));

12

3 %% Define zeros

14 wm (e CC); w_al=1(Re_€)*C); w_s2%r eq/L;
5

16 %% Control-to-output TF Gvd
7= num_c=(Vin‘alpha)* (Vv 2 1];
] den_c=[1/(w_0"2) 1/(Q*w o) 1];

T e Gyd=tf(num_eden_c); :
o i
) 0 ]
et
it 1 %% Open-loop Output Impedance H
[repe®t 2 num_o=(r_eq/alpha)*[V{w_22*w_2) (Vw_2) (1w _22)) 1]; d
f 3= den_o=[1/(w_o"2) 1/[Q*w o) 1] i

4. Zozabls donals 1

TR :
@eUE o5 Loiia UoR b e B

P

=5 Select BW in kHz 50

%% Modulator and Controller parameters
V. om=10; Fm=UV_m;

(o
%Q_max=alpha/({(r_C+r_eq)z_c)*+(z_c/R_max)}; ¢

Q_max=alpha/(((r_C+r_eq)/z_c));

50
den_c_max=[1/(w_0"2) 1/(Q_max"w_o) 1}; :

Ji Select phase margin in degree |

%% Type - 111 compensator

£ c=input(‘Select BW in kHz ')

%f_e=50; PM=60.

w_e=2%pi*f_c*led;

PM=input(‘Select phase margin in degree )
theta=deg2rad(90-PM):

K x=tan(theta); WECPEWRUKIR
K_c=((alpha®w_c)/(Fm*Vin)*sqri(1+(k_x"2)));
num_con=K_c*den_¢;
den_con=[1/(w_z*w_cp) (w_z)+(1/w_cp) 1 0]:
Ge=tf{num_con den_con);

%% Lead compensator
% K _c=10000; w cz=(2*pi*f_sw)/5.
% num_con K_c*[1/w_cz1)

% den_con=[Uw 2 1];

S Lamaton e don )

And suppose you want to do you know 0.1 suppose you want to you know design we want to
do close loop transient performance and we set the controller bandwidth to be this. So, we
will see what how far the model is valid, then phase margin as per our wish, then we can
compute analytically all the value that we have and here we are talking about exact pole zero

cancellation.

So, numerator of the controller is nothing but K c into the denominator of the plant, which is

the power converter poles. And then the denominator of the controller is nothing but that you
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know there are 2 zeros 2 poles are there one and also one 3 poles one at origin and one to
cancel ESR. Another is the flexible controller pole which we got from the analytically right.

So, let us design and check the mat lab simulation.

So, suppose we want to select the bandwidth; that means bandwidth same as so that means,
let us say first. So, there are 2 things here. If we set the bandwidth let us say 50 kilohertz it is
in kilohertz 50 kilohertz our switching frequency is 500 kilohertz. So that means your
crossover frequency is showing 50 kilohertz and phase margin just 1 minute yeah phase

margin.

(Refer Slide Time: 17:09)
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%% Control-to-output T| é”"
17- num_e=(Vin/alpha) [V 314
18- den_c=[1/[w_0"2) 1/(Q* Select phase margin in degree 45
19 Gvd=tffnum_eden c); | ' d 1
20 ' PM =
21 %% Opendoop Ouput gl T R R
22 num_o=(r_eq/alpha)*[L/{ A\ T iRl 45
23-  den_o=[1/(w_0"2) 1/(Q*v_o) 1];
24 Z_o=tf(num_oden_o); {_ogfin kHz
25
26 %% Audio suseptibility [ gef=
27~ num_e=(D/alpha)* (v 2 1];
28 den_c=[U(w_0"2) 1/[Q*w_o) 1} 500000
29-  Gug=tf(num_c,den_c)
30 Phase margin in degree
31
32 3 Pm
33 %Q max max)
34~ Q_max-alpha/((r_C+r_eq)/z_c)): 15,0000
35 den_c_max=[1/{w_0"2) 1/(Q_max*w o] 1]
36 S>>

If we set let us say 45 degree because we know if the crossover frequency is 50 kilohertz and
if you set the phase margin 45 degree, then you should get the controller pole at the same
location right that you have learned ok. So that means, gain crossover frequency is 50 kilo
hertz phase margin is 45 degree now, we want to see. What is my controller pole? because let

me find out what is my omega c.
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10 w_o=w_o_ideal*(sqrt((R+r_eq)/(R+1_C)));

1= Q=alpha/(((r_C+r_eq)lz_c)+(z_c/R)); "

) >w.e

13 %% Define zeros -

1= W=l CHC); w = M(Rer_)*Cli w_s2%r eqfLs K

15 i

16 %% Control-to-output TF Gvd 314160408

17- num_c=(VinJalpha)*[Vs_2 1]; -

18- den_c=(/(w_o") 1(Q*w_o) 1] >2 w.ep
e T 19-  Ged-ti(num_c.den_c): )
| 20 w.ep o
s 21 %% Open-loop Output Impedance g
= 3 0 1
hco . 22 num_o=(r_eq/alpha)*(V(w_22*w_2) (Vw_z) (1w _a2)) 1) ‘,“w‘ ] "
" 23~ den_o=[U(w_0"2) 1/[Q*w_o) 1]: I i

DA 2 om o 1o S>> 7

Yacle; close all.
cle;

buck_parameter; Vin=12; Vref=1; D=Vref/Vin

= ReO0Lxeqer Lér L alpha=(R+r_eq)/R:

To_min=0.5; R_max=Vref/lo_min:

{Lsw=UT; w_sw=24pi*f sw;

9= zemsqre(L/C) w_o_ideal=1/sqrt(L*C):

f e
50.0000

Phase margin in degree

Pm =

45.0000

Gl e
e 0w e

e g fi () *
Lo+ G0t r Comnen 'y g

den_c=[1/(w_0"2) 1/(Q*w_o) 1] b
Gug=t(num_c.den c); g
%% Modulator and Controller purameters £50000
2= Vom=10; Fm=1V_m; Rae
3 %Q max=alpha/(((r Crr_eq)z_c)+(z /R max)) v.e
4= Q_max=alpha/(((r_C+r_eq)/z_c)): Lo
5= den_c_max=[l(w_0"2) 1/(Q_max*w_o) 1 ==
6
3.1416¢+03
;
8 %% Type- Il compensator -
9= f cZinput(Select BW in kHz') -
0 %f =50 PM=60 o
1= wes2pitfe'led; i
2-  PMZinput(Select phase margin in degree ) i
3o thota=deg2rad( 90-PM); $ild16e+0
4 k_x=tan(theta); w_ep=w_c/k_x: i
5= K o= ((alpha®w_c)(Fm*Vin)*sqri(1+(k x"2))); ¥
= 6 num_con K c*den_c: .
- 7= den_con=[U(w_2*w_cp) (1w_a)*(1w_ep) 1 0]; o
R 8 Ge=tf] d i
= g c“tf{num_con.den_con) i
" 0 %% Lead compensator
s 2%k LM SLIT Vi ,’{))

So, this is in radian per second crossover frequency what is my controller pole, so they are
exactly equal it is coming from the mathematical expression here omega ¢ p and what is K

here, the ratio of the 2 K of x is equal to 1.

Because we have learned that from this expression that this K x which is a normalized
frequency is equal to 1. When if it is set to same, they are same, then it will give it to 45
degree phase margin. That means we are checking the other way we are setting 45 degree

phase margin and we can see that omega n is coming to be 1 so which is consistent right. So
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now, we obtain 45 degree phase margin and this is the response of the converter coming from

you know.

(Refer Slide Time: 18:29)
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64 %% Loop gain and closed-loop TFs
65- G_loop=Gvd*Fm*Ge; %% Loop gain X )
6 Select phase margin in degree 45
67 Z_0c=Z o/(14G_loop); %% Closed-loop output imp Py =
68~ G_el=G_loop/(1+G_loop): %% Closed-loop TF .
69-  G_vge=Gvg/(1+G_loop): %% Closed-loop audio susc. "
70 &
%% Fr =
7! ; ({lag;u l:;qmm, response {qfinkllz
3 % bode(Z o) "
4 { gef=
15 ¢+ '). i
% 500000

17 bode(G_loop.b): n 1
hold on; grid on hase margin in degree

[Gm.Pm,Weg Wep| = margin(G_loop): .
m

grid on;

15.0000

Sx 5>

And if we check the Bode plot ok. So, ok so let us use a different ok. So, let us once more
because green colour may not look good so Bode plot ok. So, again, we are running 50

kilohertz 50 kilohertz and 45 degree phase margin, ok.
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Now, Bode plot if you look at the Bode plot and if you want to plot all the. So, it is in radian
per second, so we have to convert into Hz first. So, it is in Hz now and we can you know we
want to find out what are the stability margin. So, you see, we are getting 50 kilohertz
crossover frequency 45 degree phase margin. So, it is perfectly consistent with a given

specification.
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And this is a response that means, this is the reference transient performance. I mean, it has a
high overshoot like around 20 percent overshoot. But we need to check whether the response

matches with the converter response or not that we want to check ok.

1566



(Refer Slide Time: 19:41)

et . . . e oms
|- 1

——
DuWe s@i0984 20080

Output voltage (V)
= 8

"
Time (ms)

(Refer Slide Time: 19:47)

Town Deiep Wodon 1l

e —, e . W W o
rrerere 1

Jude @y 0994 - A/08(s0

voltage (V)

Output
&

! 1 "
w o

m
Tima (ms)

So, it looks like they are not matching quite accurately, because even though because even we

have set we have set 110 bandwidth but it is not perfectly matching ok.
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bode(G_loop.b):
hold on; grid on
[Gm,Pm.Weg.Wep] = margin(G._loop):

0~ gridon;
.
2 %% Transient parameters and transient response

= tsim=Se-d: tstep=3e-3:
delta_To=0; delta_Vin=0: delta_Vref=0.1;

3

4

5

6 [y_s,t_s]=step(G_cl, (t_sim-t_step));
7= v_ac=delta_Vref*y s
8

9

0

1

2

- figure(2)
plot((t_s+t_step)*le3, Vreftv_ac'rl Linewidth', 2);
= xlabel('Time (ms), 'FontSize!, 13):
ylabel(Output voltage (V), "FamSize', 15);
3= hold on: grid on;

- H4
i f o= 55~ display(f_cgf in kllz)
e i 6 £ gef=Wep/(2°pi*led)
o f 1< display(Phase margin in degree’)
(=g 8- Pm
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So, I think we should use a different colour here ok. So, that means they are not matching

perfectly. So, if we hold on read on and again reevaluate ok.

1568



(Refer Slide Time: 20:22)

it
o Vot Ton D Wodon el

DuWe/s[@10904- 20880

Output voltage (V)

Tima (ms)

So, if we set that, the response obtained from the small signal model is not exactly matching
with the response obtain from actual switch simulation. So, they are deviating; that means,
the model is not perfectly valid ok. But if we reduce the cut off frequency, suppose if we

redesign the 1, if we reduce to let us say we make earlier to 110.
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bode(G_loop.h'):
hold on; grid on; fe
[Gm.Pm. WegWep] = margin(G._loop): N
grid on: 2

%% Transient parameters and transient response Select phase margin in degree 45
t_sim=5e-3; t_step=3e-3;
delta_To=0; delta_Vin=0; delta_Vref=0.1; PM

[y_sit_s]=step(G_cl, (1_sim-t_step)); i
v_ac=delta_Vref*y_s;
K

display(f cgf in kiz)
el = Wep/(2*pi*led)

display(Phase margin in degree’)
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Now, if we make 120 th; let us say we are making 25 kilohertz and 45 degree phase margin,

this is a response which you obtain from you know. So, now we want to obtain from this ok.

(Refer Slide Time: 21:00)

DCM_En=0;
TLint=1; Ve int= L1,

the command

sim(buck_converter_VMCalx); ele; Simulink BlockDiagram got Algebrai
= t=buck_result.time: t_scale=t*le3; or the command line
x=buck_result.data; Simulink debugger by typing
= i Lex(ul) Vocap=x(:2): V_0=x(:3); Yeon=x(id): “sldebug
0 buck_converter VMC" in the
1~ Plot_buck sinfalation; MATLAB command window. To

climinate this message, set
the Algebraic loop option
in the Diagnostics page of
the Simulation Parameters
Dialog to "None'
In buck converter simulation (ling

Found algebraic loop containing

“buck_converter VMC/Buck conver
“buck_converter_VMC/Buck conver
“buck_converter_VMC/Buck conver
"buck_converter VM(/load"

‘buck_converter VMC/Sum' (algebr {fi-s
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So, it looks like now, the second case they are matching somewhat reasonably.
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To_min=05; R_max=Vre/lo_min: Pt phssa caigioin dogren

1
2
3
1
5= R=0.Li1eqer LérL; alpha=(Rér_eq)/R:
6
7

8- Law=UT; ww=0pith ow; e

9= zemsqre(L/C) w_o_ideal=1/sqrt(L*C):
10 w_o=w_o_ideal*(sqrt((R+r_eq)/(R+r_C))):
1= Q=alpha/(((r_C+r_eq)lz_c)t(z_cR));

45

{_cgf in kHz

12
13 %Y% Define zeros .
4= wam (e €0 w_al=1(Rir €)°Cl; w_225r eq/L; [gef =
4 25,0000
16 %% Controlto-output TF Gvd

7= num_e=(VinJalpha)*[ 1w 2 1];

S
18- den_c=(1/w_o™) 1/(Q*W o) 1}; Phase margin in degree

rarem 19 Gvd=th{num_c.den_c);

[r— D

e I P
e 21 %% Open-loop Output Impedance o
oo, 22 num_o=(r_eq/alpha)*[1/{w_22*w_2) (Vs _2)t(iw_22)1]; i

" 23- den_o=[l/(w_0") 1/[Q*w o) 1}:

So, let us plot once more because you know we have ok. So, we have you know we have

setting 25 kilohertz, 45 degree phase margin and this is the response.
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And if we do actual switch simulation, so they are matching, you know, somewhat reasonably
accurate and not exactly matching, but yeah with reason. So, in this case at least the validity

is coming to be 120 th of the switching frequency.
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Because maybe the step size is large, that is why because it will be clear from the current
waveform the reason is nothing but the duty ratio perturbation is somewhat larger. So, they

are not exactly matching but closely matching ok.
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cle: close all; clear;

cle;

%% Parameters

buck_parameter; Vin=12; Vref=1: D=Vrof/Vin;|
R=0.1: 1_eq=r_L+r_L: alpha=(R+r_eq)/R:
To_min=05; R_max=Vref/To_min;

Csw=1/T; w_sw=24pi*f_sw;
z_c=sqrt(L/C);  w_o_ideal=1/sqrt(L*C}:
w_o=w_o_ideal*(sqrt((R+r_eq)/(R+r_C)));
Q=alpha/(((r_C+r_eq)lz_c){z_c/R));

%% Define zeros
w2 (e CAC) w =R C)*Cl; w_22%r eq/L;

%% Control-to-output TF Gvd

num_c=(Vin/alpha)* [V 1];
den_c=(1/(w_0"2) 1/(Q*v o) 1];
Gvd=tf(num_e.den_c);

%% Open-loop Output Impedance

num_o(r_eq/alpha)*[V(w_22*w_2) (Vs _2) H(1/w_22)) 1]
den_o=[1/{w_0"2) 1/[Q*w_o) 1];
2 o .

g

EPP—T——

close all: clear:

%% Parameters

buck_parameter; Vin=1
R=0.1:1_eq=r_L+r_1: af
To_min=05; R_max=V

£sw=1/T; w_sw=2*pi*f]

Nt AT pr—

Select BW in kHz 50

fe

50
Select phase margin in degree 60
P

60

z_o=sqr(L/C):  w_o_if Time (e
W_0=w_o_ideal* (sqrt((R4T_eqU(R 1T O))r

Q=alpha/(((r_C+r_eq)lz_c)+(z_o/R)):

%% Define zeros
w2 (e €0y w 2l = 1((Ror_C)°Cl; w_22%

%% Control-to-output TF Gl

num_c=(Vin/alpha) [V 1];
den_c=[1/[w_02) 1/(Q*w_o) 1];
Gvd=tf(num_c.den_c);

%% Open-loop Output Impedance

num_o~ (r_eq/alpha)*[1/{w_22*w_2) (Vw_2)+(I/w_22) 1];
den_o=[1/(w_0"2) 1/(Q*w o) 1];

7 ams .
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Now, we want to design for a higher phase margin. Suppose we do 50 kilohertz and provide
60 degree phase margin ok. So, now, if we run the simulation sixty degree phase margin, so
we want to check that how far the response is valid. See response is not valid because for
maybe the step size is large. So, actual response of the converter is somewhat deviating from
the response obtained from the small-signal model ok. So, we probably have to reduce the

bandwidth, I am sorry you know; we have to probably ah.
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% output inductar

20006 % output capacitance
T=2 % switching time period
aness rL=5e3; % inductor DCR
gy rl= % High-side MOSFET on resistance
6= rd=S
7= v.d=0'0.55
B8 r.2=rl; % Low-side MOSFET on resistance
9= rC=%3% % capacitor SR
0= Vin=12; % input voltage
1= Vref=l; % reference output voltage
2
3

Say if you go to the parameter file, our ESR is too small. So, if we take a little larger ESR

then hopefully, it will because we need to properly damp.

(Refer Slide Time: 22:57)
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cle: close all; clear;
cle
%
buck_parameter; Vin=1
= Re0Lireg=r Ltr l: a
- To_min=05; R_max-V§f 12

Parameters

50

Select phase margin in degree 60

3
8 o=l voveepil T PG

9= zosqui(LC) woo il Tine () 6

10= _07W_0_| *(sqrt((R+r_ +r_C))):

1= Q=alpha/(((r_C+r_eq)lz_c)+z ciR));

o Qb S oeom) Cogtin ks
13 %Y% Define zeros -
1= wa= (e C0); w el =U((Rr_€)'C); w_22%r_eq/L; o

5

[ 50,0000

16 %% Control-to-output TF Gl
17+ num_c=(Vin/alpha)* [V 2 1;

o
18- den_c=[1/[w_o"2) 1/(Q*v_o) 1); Phise margin{a digres

19-  Gvd=tf{num_oden_o): b
20 m

21 %% Open-loop Output Impedance

2= num_o=(r_eq/alpha)* {1/ 12 1) ((Vw_1) (1w _22)) 1] s

23 den_o=(/{w_0"2) 1/[Q* o) 1]
o o Je>> i
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So, now 50 kilohertz with 60 degree phase margin and if we run it, then I feel that they will
match because it was like close to ideal one the ESR was too small. So, now it is 110
switching frequency is matching; that means, the matching depends on also ESR for a little
larger ESR. You know we can go a little bit like you know, up to 110 switching frequency

you can get reasonably good matching.
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But if you are reducing the ESR, then the validity of the model will even get degraded at 110,
because even we have to operator slot switching frequency. But what I want to mean that it is

a well damped response the closed loop performance ok.

And if you see the Bode plot, so we can we can check the Bode plot response. Now, so this is
the response that you obtain for we can do more practical compensation case. So, here we

have exactly canceled the poles, but suppose we do not know the exact value of resistance.

So, what will happen if you take the Q p; that means, if you take the Q p because Q p is what;
earlier what was the Q our original Q. That means, you know if you check the what is there is
a Q expression, if you recall our original Q was I think it was r e plus r ¢ by z ¢ sorry plus z ¢

by R inverse yes.

And I told you this term will become significant when the load resistance is very high,
otherwise this will primarily dominate right. Now, if we design Q p at R min; that means, at
the highest load current condition, then what is it I mean, what is going to happen ok? So, let

us go back and change our compensator.

(Refer Slide Time: 25:14)

G D g e LR )
O oy T AR D B b | s B

-
e e
S@ DI b v s 0u b0 \

Gud=tf(num_c.den_c);

%% Open-loop Output Impedance
num_o=(r_eq/alpha)*[V(w_22*w_z) (Vw_z)+(I/w_22)) 1]:
den_o=[1/{w_0"2) 1/[Q*w o) 1];

2_o%tf(num_o.den_o);

%% Audio suseptibility
= num_c=(D/alpha)*[1/w 2 1];
den_c=[1/(w_o"2) 1/(Q*w_o) 1};
- Gvg=tfmum_eden c);

%% Modulator and Controller parameters
V_m=10; Fm=1/V_m;
Q_max=alpha/(((r_C+r_eq)/z_c)#(z_c/R_min));
YQ_max - alpha/(((r_Cre_eq)/z_c)

den_c_max=(1/(w_0"2) 1/(Q_max*w o) 1];

88 %% Type - 1l compensator
39 fe mpu(('\vlml BW inkHz") 0w
0 %M c50; PM60 e
1= we=2%pif c'led; !

A PM- Ralaat sk

1579



(Refer Slide Time: 25:35)

Rl ge | k0GR pue 2

o g T AT L B g pn dae !E i-
R T

clo; close all; clear;

cle;

%% Parameters

buck_parameter; Vin=12; Vref=1; D=Vrof/Vin;
= R=0.ir_eq=r_L4r_L: alpha=(R+r_eq)/R:

To_min=0.5; R_min=Vref/To_maxt

8- LT =24t "

g
9= zessqre(L/C); w_o_ideal=1/sqrt(L*C) ' Fnd
10~ w_o=w_o_ideal*(sqrt((R+r_eq)/(R+1_C))); s

1= Q=alpha/(((r_C+r_eq)lzic)t(z_c/R)); o

2 e
3 %Y%Define zeros Py
14- wa= U CoC) w_al=1((Rer_C)*C); w_22%r eq/L; i

3

16 %% Control-to-output TF Gvd

7= num_e=(Vin/alpha)*[Us_z 1]
] den_c(V(w_o"2) 1/(Q*w o) 1];
"o~ Ged-tf(num_c.den_c):

2 num_o=(r_eq/alpha)*[1/{w_22*w_2) (Vw_2)H(1/w_22)) 1)
3= den_o=([I/{w_0"2) 1/[Q* o) 1]:
z ML L o

So, now we are trying to design a more practical that means, we want to get Q max and Q
max is calculated. In one case where we are taking r min minimum value of R and let us say r
min is equal to I 0 max I mean maximum load current ok. So now, we have used that q max

and instead of using earlier one, so we have the response already plotted.

(Refer Slide Time: 25:58)

QO ge | MR B R e @
o

--ﬂ“"‘“‘""““"hl.‘w o
w'u
A — T ¢

8 00+ €0 v o O+ O » S 1 e 5 IATIA 1 P

Wb soigann | &

%% Modulator and Controller parameters
Vom=10; Fm=1/V_m;
Q_max=alpha/(((r_C+r_eq)/z_c)*(z_c/R_min)):
%Q_max-alpha/(((r_Ctr_eq)/z_c));
den_c_max=[1/(w_0"2) 1/(Q_max*w_o) 1]:

8 %% Type - 11T compensator

9= f_c=input('Select BW inkHz ')

0 %f_c=50; PM=60,

1= w_e=2*pitf c'led;

2= PM=input(‘Select phase margin in degree )

3= theta=deg2rad(90-PM);

1 k_x=tan(theta); w_cp=w_c/k_x;

5= K_c=((alpha®w_cy(Fm*Vin))*(sqre(1+(k_x*2)):

6 num_con=K_c*den ¢! max;
7+ den_con=[U(w_z*w_cp) (Vw_z)+(1/w_cp) 1 J;
8- Geotf{num_conden_con);
“ho
50 % %% Lead compensator
1 %K c=10000, w oz=(2*pi*f sw)l5
2 % mum_con=K_c'[l/w_cz1]
3 %den con=[I/w z1];
%L all s s
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17~ bode(G_loop. '),

8- hold on: grid on

9= [Gm.Pm.Weg.Wep] = margin(G_loop):

0~ gridon;

1

2 %% Transient parameters and transient response fie

3= tsim=Se-3: tstep=3e-3: it

4~ delta_To=0; delta_Vin=0; delta_Vref=0.1; E

5 166,19
& G

6 [y_s.t_s]=step(G_cl, (t_sim-1_step)); i de

7= v.ac=delta_Vref'y s; oy

8

9~ figure(2)

0 plot((t_s+t_step)*le3, Vref+ v,ar,'hr"'lvnu width', 2);

1= xlabel(Time (ms)', 'FontSize!, 15);

2= ylabel(Output voltage (V)', ‘FontSize', 13);

B3~ hold on: grid on;

94

b5~ display(f_cgf inkll2)

06~ [ gef=Wep/(2pi*led)

7~ display(Phase margin in degree’)

So, now we want to compensate with maximum one and now, we want to you know change

the colour. So, it is a now green colour and let us hold it, because everything will be erased.

(Refer Slide Time: 26:11)
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Ycle; close all; clear

cle:

%% Parameters

buck_parameter; Vin=12: Vref=1; D=Vrof/Vin;
= R=0.1;r_eq=r Ltr_L; alpha=(R+r_eq)/R;

To_max=20; R_min=Vref/To_mdx; Baleor puass cugicin dgass 6

8- Low=UT; w_w=2%pi"sw; AL

9= zomsqri(L/C) w_o_ideal=1/sqrt(L*C);
10~ w_o=w_o_ideal*(sqrt(R+r_oq)/(R+1_C):
11-  Q=alpha/(((r_C+r_eq)iz_c)t(z_c/R)):

60

{ cgfin kilz

12
13 %% Define zeros .
1= w2l ) w_ad=V(R+r_0)*C); w_225r_eq/L; Lol =
15 i
518912

16 %% Control-to-output TF Gl
17= num_o=(Vin/alpha)*[Vw 2 1]
18 den_c=[1/[w_0*2) 1/(Q*w o) 1];

T19- Ged uf{num cden c);

Phase margin in degree

D
bo Pm

21 %% Open-loop Output Impedance P
22- num_o=(r_eq/alpha) [Viw 22 ) (Vw_2)¥(1/w_22)) 1] SEEIES
23-  deno A2) 1/(Q*w o) 1];

o ]

So, it is not defined. See, if you write the parameter file ok. So, we have to define what is 10
max. So, we will define I 0 max is nothing but 20 ampere ok. Now it will ask for so 50

kilohertz and 60 degree phase margin.
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So, this is a response with compensation where we have not included with load resistance

term, it is based on the lowest value load resistance.
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2< figure(1) (o i

35 plot Linewidth, 2); hold on; grid on;

4= xlabel(Time (me),"FontSize’, 15);
ylabel(nductor current (), TontSize’, 15);

S0 PO
[y — (4

50

54
E— Select phase margin in degree 60
8= plot(t_scale.V_o--b" Linewidth
9~ xlabel("Time (ms)', FontSize', 1
0~ ylabel(Output voltage (V) FontSize', 15);

2 hold on; grid on: b=

60
f_cgfin kHz
f_gef =

518912

Phase margin in degree

Pm

507733

S>>

) @ w0 y L'

And we will see what happens with the actual converter response and there we want to use a

different colour, let us say we will use you know maybe the dotted one ok.

(Refer Slide Time: 27:07)
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clear: close all; @ huck converter VA -
ik ol
o 1 algebraic ¢
DCM_En=0; loop(s). To see more e
T Lnt=1; Ve int=L1; Jotails about the loops use
the command
sim('buck_converter YMClx'); ele; Simulink.BlockDiagram.get Algebrai
t=buck_result.time; 1 _scale=t*le3; or the command line
x“huck_result.data; Simulink debugger by typing
i L) V_cap=x(:2): V_o=x(:3); Veon=x(:4): "sldebug
0 buck_converter VMC"in the
1-  Plot_buck_simulation; MATLAB command window. To

eliminate this message, set

the Algebraic loop option

in the Diagnostics page of

the Simulation Parameters

Dialog to "None'

* In buek_converter simulation (lin¢
Found algebraic loop containing:

‘buck_converter VMC/Buck conver

"buck_converter V)

IBuck conver, ||
uck conver
"buck_converter VM(/load"

"buck_converter VMC/Sum’ (algebr

"buck_converter V)
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So, we will use a dotted one and see what is the response of the converter. Yes. So, it looks
like the response of the converter does not change drastically; you know this is with the
worst-case scenario that we are compensating. That means we are trying to compensate with

exact cancellation and with robust compensation.
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And there, if you see their current response inductor current response, they are also very
close. That means we do not need to know exactly the value of the load resistance they are

quite matching.
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el close all; clear; oyl

ele;

%% Parameters

buck_parameter; Vin=12; Vref=1; D=Vrof/Vin

R=1l:r_eq=r_L4r_1; alpha=(R+r_eq)/R: "

To_max=20; R_min=Vref/To_max: Select phase margin in degree 60
8- Law=UT; w_w=0pith ew; Fih=
9= zemsqre(L/C) w_o_ideal=1/squt(L*C): 60
10- w_omw_o_ideal*(sqrt(R+r_oq)/(R+1_C)));
11 Q=alpha/(((r_C+r_eq)iz_c)+(z_c/R)): e
s  cgfin kHz
13 %% Define zeros € rot=
4= w2m (e C*C); w_al=L(Rir_C)*Cl; w_225r eq/L; get=
15 "
16 %% Control-to-output TF Gvd 307508
417 nom_o=(Vinjalpha)[liw_z I Phase margin in degree u
10 den_c=[1{w o) V(Q*p o) 1] B ¥
19=  Gvd=tf(num_c.den_c): P
™ m
21 %% Open-loop Output Impedance - g4
22 num_o=(r_eqlalpha)*[1/iw_22*w_2) (Ve 2)+(I/w_22)) 1): S e
23 den_o=[1/(w_0"2) 1/(Q*w_o) 1]; v
o i A b

But now, if we want to extend this when the load is light; that means, you know under one
ohm condition you want to redesign it ok. So, one case we want to use this robust
compensation we want to now use 25 kilohertz cut off frequency 60 degree phase margin,

and this is something using robust compensation and where this is the one with the actual

switch simulation ok.
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So, we want to check that how far they are matching. So they are matching nicely, but there is

you know much overshoot undershoot response
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%% Frequeney response
figure(3)

% bode(Z_o')

% hold on;

5 % bode(Z_oc."-b')

16 % hold on;

il bode(G_loop.'b')

18- hold on; grid on;

9 [Gm.Pm,Weg Wep]
0~ gridon;

margin(G_loop);

%% Transient parameters and iransient response

2

3 1_step=3e-3;

4- delta Vin=0; delta_Vref=C.1;

5

6 [y st s)step(G_dl, (1 simet_step)): i

7= v_acsdelta_VrePy_s; -

1 | i
b9~ figure(2) i
0 lot((1_s+t_step)*led, Vref+v_acf. Linewidth', 2); |
1 xlabel(‘Time (ms)', "FontSize’, 15); e

il

ylabel('Output voltage (V)\ "FomSize', 13):
2 Jaald A

1587



(Refer Slide Time: 28:44)
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%Q max~alpha/(((r C+r e )i
den_c_max~[1/(w_0*2) 1/(Q_max*w o 1]:

%% Type - I11 compensator

f_e=input(‘Select BW in kHz')

%f ¢=50: PM=60.

an w_e=24pitf_c*1ed;

42 PM=input('Select phase margin in degree )

43-  theta=deg2rad(90-PM);

44-  k x=tan(theta); w_cp=w_ok x:

5= K e=((alpha®w_c)(Fm*Vin))*(sqrt(1+(k_x"2))):

46-  num_con=K_c*den_c:

a7 den_con=[1/(w_z*w_cp) (1w_2)+(1/w_ep) 1 0];

48~ Ge=tf{num_conden_con);

19

50 % %% Lead compensator

51 % K_ 710000, w_cz=(2*°pi*f sw)/5:
T52  %num con=K_c*[lw ez 1]

53 % don_con=(Vw_z1)

54 % Ge=ti(num_con.den_con)

59

56 % %% Lead compensator - analytical

& 0K =18l aale £ 1N Fen 8V in)

Select phase margin in degree 60
PM =
60
f_cgfin kHz
 gef =
25.0000
Phase margin in degree
Pm

60.0000

Now, if we want to do exact cancellation; now, we want to keep this 1; I am using red colour,
so we have changing the colour to red and we are using here the compensation here we are

using the denominator ¢ the exact cancellation ok and we are running it. Again, we are using

25 kilohertz and 60 degree bandwidth ok.
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figure(1) ‘o
plot(t_scalei L.b" Linewidth', 2); hold on; grid on
xlabel('Time (ms)', "Font$ ): 25
ylabel( Inductor current (A), TontSize’, 15);
— Select phase margin in degree 60
igure(2)
plo(t_scale.V_o/'bt Linewidth', 2): hold on; grid on; PM =
= xlabel("Time (ms)', 'FontSize', 15);
ylabel('Output voltage (V)', "FoniSize', 15); 60
1
f_cgf in kHz
f gef =
25.0000
Phase margin in degree
Pm
60.0000
fio>

And now we will consider the second one which is the colour now.

(Refer Slide Time: 29:07)
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So, we here we are compensating using yes. So, here it looks like if we use the maximum
value of the load resistance at a minimum value of load resistance, it may not be a good
solution at light load. Because at light load the term this term is dominated at light load this is
very low, this is dominated by this term, that means we want to use Q p rather r e plus r c by z
c inverse or basically characteristic impedance r e plus r ¢ this is a more robust compensation

that is used for the controller pole.
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So, you are not going to cancel this. We are not going to cancel this and if you do that, then
let us see what happens now we want to redesign again. So, maybe we can consider another

design case study where or it will be too much waveform with too much.

(Refer Slide Time: 30:09)

num_o=(r_eq/alpha)*[1/{w_s2*w_2) ((Vs_t)+(Iiw_z2)) 1)
3= den o=[l/{w 0"2) 1/Q*w o) 1];
4= Z_o-ti(num_oden_o):

6 %% Audio suseptibility

7= num_c=(D/alpha)*(1/v _z 1]
8- den_e=[1/[w_o*) 1/(Q"w_o)1];
9= Gvg=tf(num_cden c):

1 %% Modulator and Controller parameters

2 V_m=10; Fm=1/V_m;

3 %Q max=alpha/(((r C+r eq)/z ¢)(z c/R min));
4

[OREPYEH o/ (((r_C o r_eq)/z_c))

5= den_c_max=[1/(w_0"2) 1/Q_max*w o} 1];
36

B7

88 %% Type - 1l compensator

9 f_c=input(‘Select BW inkHz ")

0 %f ¢ 50; PM- 60

1= we=2pitfc’led;

DAL= (Saloat sl desseall

So, here we will set simply. So, now Q max we are see setting simply that parasitic element

no load resistance dependency term ok.

(Refer Slide Time: 30:22)
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ele: close all: elear;
cle;

%% Parameters
buck_parameter; Vin=1
= R=lireqer_L+4r_1: alpll
To_max=20; R_min=V,

Select phase margin in degree 60

ow=UT; w_sw=2opitl v s Py =

RE
9= zemsqr(LiC)y wooifl Time (ms) i
10= w_o=w_o_ideal*(sqri((R¥T_eq/(RPr_C))):

1= Q=alpha/(((r_C+r_eq)lz_c)+{z_c/R));

{ cgfin kil

12

13 %% Define zeros . B
1= wa U ) w_ad “V(Rer_€)*C): w_22%r_eqll; Fogef =
&) 25.0000
16 %% Control-to-output TF Gy

17 num_e=(Vin/alpha)* (1 2 1);

18- den_c=[1(w_o*2) 1(Q*w_o) 1]
19 Gvd=tfmum_cden c);

20

21 %% Open-loop Output Impedance

22 num_o=(r_eq/alpha) [1{w_22*w_z) (V) (iw_22) 1];
23- deno "2) 1/Q*w o) 1];

.
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den_c=[1/{w_0"2) 1/Q* o) 1:
Gugti{num_c.den_c);
%% Modulator and Controller parameters
YV m=10; Fm=1/V_m;
3 %Q_max-alpha/(((r_Ctr_eq)/z_c)+(z_c/R_min)):
4= Q_max=alphal(((r_C+1_eq)z_c)):
5= den_c_max=[1/(w_0"?) 1/(Q_max*w_o) 1]
6
7
8 %% Type - Il compensator
9 put(‘Select BW in kHz ')
0 5
1= we=2%pit
2= PM=input(‘Select phase margin in degree )
3= theta=deg2rad(90-PM);
4=k x-tan(theta): w_ep=w_c/k x:
5 K_c=((alpha®w_c)/(Fm*Vin)*(sqri(1 +(k_x"2)));
6 num_con=K_c*den_ci max:
7 den_con=[V(w_z*w_cp) (1w_z)+(1/w_cp) 1 0]
8- Ge=tf{num_conden_con):
9
0 % %% Lead compensator

So, now this is the one with our 25 kilohertz, 60 degree phase margin and here our actual
converter response this is with exact camp compensation exact pole zero compensation. The
second one, we want to do with this robust compensation, where our compensator zero it will
be max ok where you see the max is set to where is that yeah it is set to Q max. So, we have

just change this ok.

(Refer Slide Time: 31:06)

bode(6_loop.b);
hold on; grid on, fe
[Gm.Pm.Weg Wep] = margin(G._loop):

wrid on; 2%

%% Transient parameters and transient response Select phase margin in degree 60
tsim=5e-3; t_step=3e-3;
delta_To=0; delta_Vin=0; delta_Vref=(.1; PM

[y_sit_s] mp[(".,n].(L’im»(,hmp)): 60
v_ac=delta_Vref*y s;

figure(2)

plot((t_s+t_stop)*le3, Vref+v_ac'g' Linewidih', 2);
xlabel('Time (ms)', 'FontSize!, 15);

ylabel(Output voltage (V), FontSiz, 15);

93=  hold on; grid on;

95~ display(f cgf inkllz)
96 f_gef=Wep/(2*pi*1ed)

97-  display(Phase margin in degree')
9%~  Pm
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Now, we want to use green colour and if we can match the response to the linear model, then

that should be good enough. But we can still check you know 25 kilohertz, 60 degree phase

margin.

(Refer Slide Time: 31:20)

Output voltage (V)

Tima (ms)

So, this is with robust compensation. Sorry it is actually eliminated all this waveform. So, this
is the robust compensation method robust compensation method and what we wanted to

design we should have written we should have written this ok.

(Refer Slide Time: 31:47)

R Y s @

Y max=alpha/(((r C+r_eq)/z_c)#(z /R _niin)
Q_max=alphal(((r_C+r_oq)/z_c)):
den_c_max=[1/(w_0"2) 1I/(Q_max*w o) 1]:

8 %% Type- Il compensator
9~ f_c=input('Select BW in kHz ')

0 p%f_e=50; PM=60,

1= w.e=2%pi*f c'led;

2 PM=input(‘Select phase margin in degree )

3= theta=deg2rad(90-PM);

4 k_x=tan(theta); w_ep=w_c/k_x:

5= K c=((alpha®w_c)/(Fm*Vin))"sqri(1+(k x"2)));

6 num_con=K_c*den_c¢;
7= den_con=[U(w_z*w_cp) (Uw_z)*+(lw_cp) 1 0J;
8- Ge=tf(num_con,den_con);
9
50 % %% Lead compensitor
b % K c710000; w cz=(2*pi*f sw)/5
52 % num_con"K_c*[Uw_ez 1),
b3 % den_con* (1w 2 1
4 % Ge ti(num_con.den_con) o
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%% Parameters

buck_parameter; Vin=12; Vef=1; D=Vref/Vin:
R=1:r_eq=r_L4r_1; alpha=(R+r_eq)/R:

To_max=20; R_min=Vref/To_max;

Select phase margin in degree 60
8- Law=UT; w_w=0pitEew; ils
9= ze=sqre(L/C); w_o_ideal=1/sqrt(L*C):
10 w_o=w_o_ideal*(sqrt((R+r_eq)/(R+r_C)));
1= Q=alpha/(((r_C+r_eq)lz_c)t(z_cR));

60

{ ogfin kiz

12
13 %% Define zeros .
4= w_am (e CC) w_al=L((Rvr_C)*Cl; w_22%r_oq/L; Lef=
15

250000

16 %% Control-to-output TF Gvd

17+ num_e=(Vin/alpha)[Vw 2 1);
18- den_c=[V(w_o"2) 1/(Q*w o) 1]
19 Gvd=tfnum_cden_c);

Phase margin in degree

20 Pm
21 %% Open-loop Output Impedance R i
22 num_o=(r_oq/alpha)*(Viw_a2*w_2) (Vw_)+(1/w_a2)) 1]
23- den_o=[1/(w_0"2) 1/[Q*w o) 1}: 5
7 nertt \ J

(Refer Slide Time: 31:56)
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So, let us retain the whole value that means so 25 kilohertz, 60 degree phase margin yes.
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Output voltage (V)
s =
T

)
Time (ms)
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b | e

figure(1) (o
Ith',2); hold on; grid on
xlabel(Time (ms)’, o, 18

ylabel('Inductor current (A)', 'FontSize', 13):

plot(t_scale_L.--b"/Linewid

Select phase margin in degree 60
figure(2)
plot(t_scale.V_o"-b' Linewi

= xlabel("Time (ms)", 'FontSize', 15);
ylabel('Output voltage (V) 'FontSize', 15); 60

2% hold on; grid on; PM =

f_cgfin kHz
f gef =

25.0000

Phase margin in degree

Pm 1

i

60.0000 iy
e
fx>> o
wi cn

So, they are closely matching. That means exact cancellation and robust compensation. They
are closely matching; you know the yellow that means your red one is exact cancellation and
the green one is a robust compensation. And if we plot this you know this exact cancellation,
now using a different colour this is exactly what is going to happen yeah they are closely

matching.
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That means it is recommended to use this compensation technique ok.
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More Practical Compensation Case

Next, more practical case study we have discussed. So, Q p it turns out to be it would be
insensitive; that means, we can use simply z ¢ by r e plus r c. But when the load resistance is
low, then that means high load condition it might be problematic, because then that term will

get dominated.

(Refer Slide Time: 33:03)

80 - 85 SEUC R Y e 2
T ka1 St T 1 [ it S oo
AT O b el ™

elez close all: clear:

o Parameters
buck_parameter; Vin=12; Vref=1; D=Vref/Vin;
= R=0.05:r_eq=r_L+r_I: alpha=(R+r_eq)/R:
To_max=20; R_min=Vref/To_max;

8 £sw=1/T; w_sw=2*pi*f_sw;

9= zemsqre(L/C);  w_o_ideal=1/sqrt(L*C):
10~ w_o=w_o_ideal*(sqrt((R+r_eq)/(R+1_C));
1~ Q=alpha/(((r_C+r_eq)/z_c)+(z_c/R)):

12
3 %% Define zeros
14 wzmU(ECHC) w_al=1((Rvr_C)*Cli w_22%r_eq/Ls

3 %% Control-to-output TF Gvl
1 num_e=(Vin/alpha)*[Uw_z 1);
18- den_c=[U{w_o*2) 1/(Q*w o) 1]

9 Ged-th{num_c.den_o);
0
1 %% Open-loop Output Impedance

2 num o (r_eq/alpha)*[V(w_22*w_2) (Vw_z)+(I/w_22)) 1):
3= den_o=(l/{w_02) 1/[Q*w o) 1];
A Z ki AN s
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%% Frequency response

figure(3)

% bode(Z_o.'l)

% hold on:

% bode(Z_oc.-b)

% hold on;

bode(G_loop,'b).

hold on; grid on;

[Gm,Pm,Weg,Wep] = margin(G_loop):
grid on;

%Y% Transient parameters and transient response
tsim=5e-3; 1_step=3e-3:

delta_lo=0: delta_Yin=0; delta_Vref=0.1;

[y_s.t_s|=step(G_cl. (t_sim-t_step)):
v_actdelta_Vref*y s

figure(2)

plot((1_s+t_step)*led, Vreftv_ac.t" Linewidih', 2):
xlabel("Time (ms)', 'FontSize’, 15);

ylabel(Output voltage (V) 'FomSize', 13):
[T

e Spr—

Salect BW in kHz 50

fe

50

Select phase margin in degree 60
P

60

5

So, let us see what happen for the condition when load resistance is very low ok. So, it is like
a 10 ampere we are designing or maybe we can design for, you know, the 20 ampere. So, the
first case we are shown with exact cancellation and this is a response. You know we are

talking about 50 kilohertz, 60 degree phase margin and if we match with this is exact

cancellation.

(Refer Slide Time: 33:31)
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figure(1)
plot(t_scale_L.b" Linewidth', 2): hold on: grid on:
xlabel('Time (ms)', 'FontSize', 15);

ylabel('Inductor current (A)", 'TontSize', 13):

figure(2)

plot(t_seale,V_o.b{Linewidth', 2); hold on; grid on;
xlabel("Time (ms)', 'FontSize', 15):

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

Select phase margin in degree 60
PM =
60
f cgfin kHz
f gef =
50.0000
Phase margin in degree
Pm

60.0000

fx>>
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So, we want to match the response of the system. This is under highest load current condition
and the model is matching quite nicely. Now, we want to compensate using the conservative

approach, which one we have selected the Q q max to be this value denominator max.
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1 %% Modulator and Controller parameters
B2~ V.m=10; Fm=1/V_m;
3 %Q max=alpha/(((r C+r_eq)/z_c)+(z /R min)):

| {ryompiriond 4= Qmax=alphal(((r_Crr_eq)z_c)): =y
5= den_c_max=[1/(w_0"2) 1/Q_max*w_o} 1]: oo |
6 ”a«.
1 e |}
8 %% Type - 11l compensator o
9= f o=input('Select BW inkilz")
0 %f_¢=50; PM=60,
1= we=2"pif c'led;

2= PMEinput(Select phase margin in degree')
3= theta=deg2rad(90-PM);
4~k xtan(theta); w_cp=w_c/k_x;

5= K c=((alpha*w_cy(Fm*Vin))*(sqri(1+(k x*2):

6 num_con=K_c*den_g;_max}
7= den_con=[U(w_z*w_cp) (Uw_z)+(Uw_cp) 1 0J;
8- Gestf{nam_conden_con);

% %% Lead compensator

% num_conK_c*[1/w_ez1]

9
0
1 Y K_e=10000; w_cz=(2*pi*f_sw)/5
2
3

% den_con=[1/w 7 1];

o d

e ML St el
Rl e = Select BW in kHz 50
bode(G_loop, h), -

p hold on: grid on:

| ot 79 [Gm.Pm,Weg,Wep] =Imargin(G_loop); -
80~  gridon:
FA Select phase margin in degree 6)
82 %% Transient parameters and transient response
il P
84- : delta_Vref=0.1;
& 60
86 [y_sts|=step(G_cl, (t_sim-t_step)):
87-  v_ac=delta_Vref*y_s;
88 ' K
89~ figure(2)
90~ plot((t_stt_step)*le3, Vref+v_ac.'g"'Linewidth', 2);
91=  xlabel(Time (), "FontSize, 15);
92 ylabel('Output voltage (V). FontSize', 15);
93< hold on; grid on;

Y |
95~ display(f cgl inkHz)
96 f_gef=Wep/(2*pi*led) \
97 display(Phase margin in degrec’)
98- Pm
a0 i
) = 1 FT@ )

So, we will just use this in the compensator rather than and now, we will use a green colour

and see how does the response looks like. So, 50 kilohertz, 60 degree phase margin.

1599



(Refer Slide Time: 34:14)

e A . . 000 W e e Cwmm
T ‘
Nude s (@ 0984 208 s0

s

Output voltage (V)
&

Time (ms)

QUWe [ 4(@N09¢4 200 =0

Output voitage (V)

1600



(Refer Slide Time: 34:19)

e A . . 002 e e
B Ve T D Woden il .
YoWe b @i 09e4-2/08(s0

s

Output voltage (V)
: 2
T
»
I

H
I

So, response is not you know it is again kind of over compensated ok. So, here probably we
need to tradeoff between you know, so now if we go back to our converter response if I draw

the dotted line.
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So, in terms of design point of view, so this is not a bad design, but it is more robust design.
Where it may have a little longer settling time, but that is fine but at least it is insensitive to
parameter variation, I slightly increase in the overshoot undershoot, otherwise in the average

sense they are matching fine.

(Refer Slide Time: 35:04)
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But yes you can you can expect a little longer settling time because of this compensation, but

it is not significantly high ok. This may be more robust.
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Qutput Impedance of Buck Converter
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Shaping the Qutput Impedance under VMC

* Open-loop output impedance

1+2

w

i —

Z =R x

So, now we have to talk about output impedance. Now, if we talk about output impedance
under voltage mode control, this is open loop output impedance and the closed loop output
impedance can be taken as you know this is the DC characteristic and we have discussed this
output impedance in lecture number 13, when we tried to model the actual source. So now,

this output impedance of the converter right.
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Shaping the Qutput Impedance under VMC
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Now, open loop output impedance we have discussed different poles and zero already we
have discussed. So now, we want to see what is the what is the closed loop output impedance;
that means, the close loop output impedance is nothing but the close loop output impedance
nothing but the open loop output impedance divided by 1 plus loop transfer function. So, so

far we have used you know different type of technique.
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figure(1)

plot(t_scale.i_L.bLinewidth, 2); hold on; grid on

xlabel(Time (ms)', FontSize’, 15);

ylabel('Inductor current (A, TontSize’, 13);

figure(2)

plo(t_scale.V_o/'l', Tinewidth', 2): hold on; grid on
= xlabel("Time (ms)', 'FontSize', 15);

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

So, suppose if we consider sorry, if we consider let us say exact cancellation, for example let
us consider exact cancellation, then we want to see what happens for closed loop output
impedance. Because so far we have discussed step transient of the reference voltage, now we

are talking about the output impedance.

(Refer Slide Time: 36:37)

: TR ¢
e R
o — E
Y tau L=Lir Citau Cor C*C
9 ez ((r_eq/r_C)1)(tau_Lotau_C)
0 %mnum con=K_*[l(w_cz) ]
1 % den_con“[1w 1]
2 % Ge=tf(num_con.den_con):
3
4 %% Loop gain and closed-loop TFs
5= G_loop=Gvd*FmGe; %%
6
7 Z_oc=Z_o/(14G loop);
8- G_cl=G_loop/{1+G_loop); *
9= G_vge=Gvg/(1+G_loop);
10
1 %% Frequency response
N2~ figure(3)
bode(Z_o,1);
14~ hold on;
15~ bode(Z_oc." b);

"6~ holdon; |
17 bode(G_loop,r): i
18- hold on; grid on i
19< [Gm.Pm,Weg,Wep] = margin(G_loop); o
0-  gridon; f

So, here we have the expression of the closed loop output impedance. So, we need to plot
also the Bode plot of the closed loop output impedance of different you know the loop

transfer function ok.
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11 %% Frequency response
2= figure(3)
s 7D 4
Biirasmitnn 3 0.

q-
5= bode(Z_oc,'b):
6= hold on;
7= bode(G_loop,'r):
8- holdon: grid on;
9= [Gm,Pm,Weg,Wep] = margin(G_loop):
0-  gridon;
1
2 %% ient parameters and transient response
3= Usim*S 1stey
4= delta_lo=20; delta_Vin=0; delta_Vref=0.1;
-
6 [y st s|=step(G_cl. (t_sim-t_step)):
b7 v_ac=delta Vief'y_s;

" b8
9 figure(2)
H0 plot((t_s+t_step)*led. Vreftv_acr' Linewidih', 2):
1= xlabel(Time (ms), FontSize, 15);

% Parameters

buck_parameter; Vin=12; Vref=1; D=Vref/Vin;

To_max=20; R_min=Vref/To_max;

£sw=1/T; w_ow=2"pitl_sw;

zomsqr(L/C):  w_o_ideal=1/sqre(L*C):
w_o=w_o_ideal*(sqrt((R_eq)/(R+1_C)))s
Q=alpha/(((r_C+r_eq)iz_c)+(z_o/R));

%% Define zeros

WU C*C) w_a = U((Rr_C)*Cl; w_22%r_oq/L;

%% Control-to-output TF Gl

num_c=(Vin/alpha)* {1 2 1];
den_c=[U{w_02) 1/[Q*w o) 1}
Gvd=tf(num_eden_c);

%% Open-loop Output Impedance

num o (r_eq/alpha)*[1/{w_22*w_2) (Vs_2)+(iw_22)) 1)

den_o=(1/(w_0"2) 1/(Q*w o) 1];
¥ e Aan_ale

| M LA e Gt i

il X >>

And then we want to apply. Let us say 20 ampere load step transient and let us set the load

resistance to 1 ohm.
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bode(Z o.b):
hold on;
bode(Z_oc."-b):
hold on:
bode(G_loop.r):
8 hold on: grid on.

9= [Gm,Pm,Weg,Wep| = margin(G_loop): e |
0-  gridon; i
2 o
2 %% Transient parameters and transient response s

3= tsim=9e3: tstep=3e-3;
4= delta_To=20; delta_Vin=0; delta_Vref=0;

6= [ysts dell[ZJ)(:,!(lem-Lalnp));
7= v ac=delta_lo%y_s;
8

9= figure(2)
50 Plot((t_s+t_step)*led, Vief+v_ac,s' Linewidil', 2);
TB1- xlabel(Time (ms)'. 'FontSize!, 15);

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

93~ hold on: grid on;

5 display(f_cgf in ki12)
SN o Losiarad

] Grwrm g | el A g

-5

% w_ez=((r_eq/r_C)-1)/(tau_L-tau_C):
% num_con K_¢*[1/(w_cz) 1] e
Y% den_con=[Usw 2 1]:

% Ge=ti(num_con.den_con) 50

64 %% Loop gain and closed-loop TFs Select phase margin in degree 60
65= G_loop=Gvd*Fm*Ge: %% Loop gain

66 PM

67- Z_oc=Z_o/(14G_loop): %% Closed-loop output imp

68 G_cl=G_loop/(1+G_loop); %% Closed-loop TF 60

69~ G_vge=Cvg/(1+G_loop); %% Closed-loop audio susc.

11 %% Frequency response

4= hold on;
5= bode(Z oc-b);
“76=  holdon;
17- bode(6_loop.r):
18- hold on; grid on;
19~ [Gm.Pm,Weg. Wep] = margin(G_loop):
80~ gridon

So, we are making load transient ok, where now, there is no reference transient and we have
discussed that for that we need to, this will be minus of delta load step size. That means, this
size ok and here it should be output impedance that means Z o ¢ ok. So, let us now try to so

bandwidth let us set 50, 60 degree phase margin.
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And we will see is a very much oscillatory behavior ok, is oscillatory behavior and we want
to see what is the response of the system of the actual switch simulation. So, we have applied

a load step transient.
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And you see that they are matching quite accurately that loop step transient; that means your
actual switch simulation and the small signal model they are matching, but the response is not

very satisfactory.
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Why? Because if you go back to the Bode plot. So, this is the Bode plot; the red one is the
loop transfer function ok and if we see all the stability characteristics. So, we are getting you

know we have set 60 degree phase margin, and it is in radian per second.

So, we should change it unit 2 Hz ok and then we are setting 50 kilohertz bandwidth. But
open output impedance you see at low frequency it is high it is much higher than the closed
loop 1 and then there is a picking and then it is getting this point at high frequency it will be
decided by the ESR.

That we have discussed output impedance and high frequency, your inductor behaves like an
open circuit. So, it is RC capacitor will behave like a short circuit, then RC and Rr parallel
combination will give you the output impedance at very high frequency. And for open loop
low frequency, it is RL and R will come in parallel that you have discussed. But in close loop,
we can reduce the low frequency output impedance, so that we can make the converter that

means, if it is a voltage source, we are trying to achieve a very low DC output impedance.

So, that it has almost nearly perfect voltage regulation for the entire load range or the nominal
load range. But at high frequency that ESR that effect cannot be avoided that will create a
jump, in order to but this ringing (Refer Time: 39:39) effect is coming. So, what can you do
because you know the expression, if we increase the loop gain then this output impedance can

be reduced. The effect can be reduced if you increase the loop gain ok.
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So, now what we are going to do, we want to increase the loop gain; that means, here our
transient response shows that you know almost 15 percent overshoot undershoot and also the
settling time is quite large, because it takes you know sort of 0.25 millisecond which is not
fast enough. Then what we have to do? We have to increase the bandwidth. Let us take

increase the bandwidth.

(Refer Slide Time: 40:18)
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: PR =5|  Select BW in kHz 100
clez close all; clear:

B : 2

3 ameters

1 _parameter; Vin=12; Vref=1; D=Vref/Vin; | 100

5= R=lir_eq=r_L+r_1; alpha=(R+r_eq)/R:

:’ lo_max=20; R_min=Vrello_max; Select phase margin in degree 60 f;;ﬂ
i

8= Lw=L/T; w_ow=2pitfow; - i

9= zomsqr(L/C):  w_o_ideal=1/sqrt(L*C):  Hend

10~ w_o=w_o_ideal*(sqrt((R+r_eq)/(R+1_C))); 0 fgec

1= Q=alpha/(((r_C+r_eq)z_c)+{z_c/R));

12

13 %% Define zeros K

1= w2 (e C0) w_ad =U((Rr_C)*Cl; w_22%req/L;

15

16 %% Control-to-output TF Gl

17 num_c=(Vin/alpha)*[Vw_z 1];

18- den_c[V(w_o*2) 1(Q*w o) 1]

T19- Gedtf(num_c.den o):

20 i

21 %% Open-loop Output Impedance i

22 num_o~(r_eq/alpha)*[1{w_22*w_2) (Vw_2)+(Iiw_22) 1]; i,

23- den_o=[1/ i

2 7wt

o ot it
Y cle: clear: close all buck converter VAU

ontains 1 algebraic
DCM_En-0; loap(s}. To
T Lnt=1; Ve imt=11; Jetails about the loops use
the command

sim(buck_converter_ VMCalx); cle; Simulink BlockDiagram get Algebrai  f
or the command line

more

= t=buck_result.time: t ﬂcﬁleil'le.’!:
x=buck_result.data: Simulink debugger by typing

9= i Lex(nly Vocapax(:2

V_o=x(:3): Yeon=x(:d): “sldehug
buck_converter VMC" in the
MATLAB command window. To
sage, i

):

1= Plot_buck simulmion{
climinate this me

the

in the

the Simulation Parameters
Dialog to "None' »
. " N
In buck converter simulation (lind | i
i fia
Found algebraic loop containing: | [
i)

"buck_converter VMC/Buck conver |||«
"buck_converter VMC/Buck conver, |4
“buck_converter VMC/Buck conver ||]in.
huck_converter VMC/load
"buck_converter VMC/Sun’ (slgebr ||/

. by o Wi
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Suppose we want to achieve the bandwidth. Let us say you know instead of 50 kilohertz, 100
kilohertz, though we have to check the model validity 100 kilohertz bandwidth that we are
going to achieve. Now, we run the actual switch simulation and check what happens. So,

earlier it was a 15 percent overshoot undershoot.

(Refer Slide Time: 40:43)
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Now, you will see first of all the model mismatch start coming into the picture. So that
means, models are not matching nicely the predicted behavior and the switching behavior are

varying. But we could reduce the overshoot/undershoot within 10 percent right and we can
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also increase the settling time. So, it is more or less same not very much improved, but we
can reduce the overshoot undershoot. That means, essentially, what we are trying to do by
shifting up the loop gain by increasing the loop gain, because we are trying to increase that

crossover frequency we are trying to reduce this peaking effect.

Because the closed loop output impedance is the open loop output impedance divided by the
1 plus loop gain, but high loop gain around this peaking frequency can reduce the impact. But
this is not a solution because we cannot set the loop gain to be very high, say. What is the

alternative solution?

(Refer Slide Time: 41:44)
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Under High Load Resistance

* Open-loop output impedance * Control to output TF

So, alternative solution is that we want to shape the loop gain at very light load R is much
larger than this high sorry, very high resistive load, then we can simply take the effect of this
Rd to be equal to r e ok.

This is equal to r e and the control to output transfer function is G v d all this we know. So,
the closed loop output impedance if you see the expression of this output impedance and the
control to output transfer function ESR zero is common. ESR zero is common and the poles
are common right common. So, we can write the output impedance in terms of the control to

output transformation into that additional zero ok this additionalzero ok.
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So, now, next so the closed loop output impedance can be written as that the loop gain this

product and the loop gain can be written like this and then closed loop output impedance

expression. If you write the open loop output impedance divided by 1 plus loop transfer

function and we have already obtained the output impedance in terms of control to output

transfer function and loop gain also has the control to output transfer function.
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So, if you want to now, this is the expression of the closed loop. So, the closed loop output

impedance can be written as open loop divided by 1 plus this loop. Here it is expression t.
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So, we have now we want to make the close loop output impedance nearly independent of
frequency, that means frequency independent is it possible or not. That means, we have to set
the resemble like a resistance. If we can do that, then our initial voltage source discussion if
we have just a resistance in series know you know infinite bandwidth. That means it can

respond to any frequency can we do it or not.

So, can we make the whole close loop output impedance to be simply a resistive output
impedance and what should be the value of resistance. So, that is our objective now. So, we

need to make this r and we need to find out what is the value r.
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o

So, first of all that means this is just you know this term I am taking this side. So, next

expression now there is a constraint. What is the constraint? The resistive closed loop output

impedance should be larger than or equal to ESR. Why?

Because if you take the output impedance then it is a parallel combination of R LC at very

high frequency this will be open circuited this will be shorted and that means your r ¢ and R

will be in parallel, so which can be written as roughly r ¢ if r ¢ is very small. So, you cannot

achieve output impedance smaller than this because this is the limiting factor ok.

(Refer Slide Time: 44:41)
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So, it has to be smaller than this and that is that means now G ¢ from this expression we need
to find out what is G ¢ ok. So, G v d is known. Everything is known only G c has to be found

in terms of r ok.

So, now G c is written like this and if you substitute G v d, so that means this r r that means
this is our close loop output impedance that we want to obtain and if you find substitute this
expression this expression into this one, then you will get a numerator polynomial and the

denominator polynomial ok.

(Refer Slide Time: 45:18)
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Now, since we want a proper transfer function. So, s square term coefficient must beO
whatever term square; that means, for numerator polynomial s square term, coefficient is
related to this. That means, we can separate out the term coefficient associated with the s
square is nothing but this term ok. So, we want to make this 0 because we want a proper

transfer function because your denominator is a first order system.
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And we need to set to must be 0 and if we do it, then it turns out to be you know by
substituting this and this will get cancelled and you will get something like from this equation
you will get r equal to r c. That means, I can set the closed loop output impedance look like a

resistive ESR. It is the ESR.
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So, now if you substitute ESR, then you can find out the expression, the numerator and

denominator polynomial of the original expression.

Because we have this original controller transfer function. This is original expression. So, we
have to substitute this r then we these things are known. So, then we substitution we will find
out the controller transfer function, it can be shown that the time constant of the inductor will
be larger than you know so yeah then the capacitor time constant, because ESR is much
smaller. I am sorry. So, it should be r e by ok it should be L e yeah sorry, now here we are
getting one expression which is r e by yeah, L by r e ok. So, yes I think we are getting a term

r ¢ common. It should be fine. It is like it is fine.

So, this term so we need to we can find out that this term should be greater than 0 ok.
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And because this 2 are in micro you know because what is L, L is our 0.5 micro divided by r

¢ which is 3 which is 3 milli right. So, if we if you substitute r ¢ equal to 3 milli ohm and L

equal to 0.5 micro Henry. So, L by r ¢ will be 0.5 by 3 that is 1 by 6 and it will have a

dimension of 10 to the power 10 to the power I mean minus 3 right. I will check that and

what will be 3 to 10 to the power minus 3 into we have taken 200 into 10 to the power minus

6.
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So, we are getting 600 into 10 to the power minus 9; that means, if we write in terms of this
1. So, this term; that means, this is positive ok so this is correct. So, if you now substitute the
Rd we have taken approximately equal to r e, then since r e equal greater than r ¢ because the
summation of DC r and the Rd s 1 should be larger than ESR, because you have to take the
ESR small. Then the transfer function of the controller looks like this.

So, this resembles a first order lead compensator, where it can be shown that the 0 will be left

side and the pole will be right side.
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5 den_c_max=[1/(w_0"2) 1/(Q_max* o 1};

8 %% Type - 11T compensator
CESN c=input('Select BW in kHz
%f_c=50: PM-60.

)5

0 s anatytical e
% K_o=1*((r_eq/r_O)-1)/(Fm*Vin): o il
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o o |
r

%% Type - 111 compensator
% input(‘Select BW in kHz )

% %f c=50; PM=60;

% 20pitf c*led:

% PM=input('Select phase margin in degree ')

% theta- deg2rad(90-PM):

% k_x=tan(thet op=w ok x:

% K_e=((alpha®w_c)/(Fm*Vin))*(sqrt(1+(k_x"2))):
% num_con=K_c*den_c;

Y den_con=[1/(w_z*w_cp) (1/w_z)+(1/w_ep) 10]
% Ge=tf(num_con,den_con):

% Lead compensator - analytical
¢ 14((r_eq/r_C)-1)/(Fm*Vin)
tau_Cor €1

9 % w_ez((r_eq/r_C)1)/(tau_Lotan_C);
0 %mum con-K_o*[l(w_e7) I]:
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So, now we want to consider a lag-lead compensator then our earlier type 3 compensator. So,
we will comment on this one and now call a lead compensator ok, uncommon and let us run
it. So, we have run and now, this is the if you see the close loop output impedance it has no
peaking effect, it is very much reduced here and going here ok and if you see the response of

the converter.
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So, the response will transient performance load transient performance, it looks like
extremely fast load transient performance very, very fast and it responds but there will be
slight steady state error because we have not used any integral action. Because we have used
a resistive droop naturally, the resistive droop will slightly vary the operating point because

this is a droop control.
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And that we have discussed you know earlier lecture in droop control. So, it is like a but it is
a voltage mode control. And if you see the inductor current waveform, so the inductor current

waveform looks like you know extremely fast, very fast transient response.

So, which means the lag-lead compensator will be a very you know suitable choice for load
transient point of view, but you may not get zero steady state error. But by increasing the gain
you can reduce the steady state error, but it can almost behave like an immediate response to

the transient and that we got from the response.
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Like it almost responds immediately. I mean almost very small transient maybe one cycle or

so0, yeah because of this finite sleeve rate of the inductor and capacitor ok.
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* Type-IIT compensator design in a VMC buck converter
* Robust compensation within admissible control bandwidth
* Design method for shaping output impedance

* MATLAB case studies for design of a VMC buck converter

So, with this I summarize type 3 compensator design was discussed. Then robust
compensation within the admissible control bandwidth was discussed, design method for
shaping output impedance was discussed and then mat lab case study for design of a voltage
mode buck converter was discussed in detail on different design we have considered a mat

lab case study. So, with this I want to finish here.
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Thank you very much.
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