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

Module - 08
Small-signal Design of Current Mode Control
Lecture - 37
Accurate Small-signal Modelling Under CMC and Verification Using MATLAB

Welcome back, this is lecture number 37. In this lecture, we are going to talk about accurate

small-signal model modelling under current mode control and verification using MATLAB.
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Concepts Covered

* Recap of first-order approximation

® More accurate modeling techniques

* MATLAB case studies for model matching

So, in one of the previous lecture we started with the first-order model; that means, the
impedance analysis with closed current loop right. So, we took current mode control and use
a very basic first-order model right and we derived the equivalent circuit and then we sorry

we obtain the equivalent circuit and then derive the various transfer functions.

So, today in this lecture we want to first recap that what we learn in the first-order
approximate model. Then we want to come up with a more accurate model, what are the
other modelling technique what are the sources of inaccuracy and how can you improve it
and then finally, we want to show some MATLAB case study with some model matching ok

under current mode control.
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Recap of Approximate Equivalent Circuit Model - Canonical Form

* A generic de-dc converter
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1.

So, recap I mean we want to approximate equivalent circuit model in canonical form. In a
generic DC-DC converter, this model we have already obtained and this model is well

known.

(Refer Slide Time: 01:39)
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R. W. Erickson and D, Maksimovic. Fundamentals of Power Electronics, 3" Ed.. Springer, 2020.

And, you know it is this model all these parameters are available in Fundamental of Power

Electronics book.
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Recap of Approximate Equivalent Circuit Model - Canonical Form
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And if you go back to the previous diagram. So, from here we can find out audio
susceptibility output impedance control to output transfer function various transfer functions
under current mode control, but these are all under current mode control ok. Now, you will
find this g of 2 is 0 and if you go back, this g of 2 is linked with input voltage; that means, we

will see for a buck converter this approximate model.

If you try to derive audio susceptibility G vg right, which is v 0 by v in it will be simply 0 in
this case because g t equal to 0. This indicates that there is no effect in the output voltage for
a change in supply voltage, but it will not be the case for a boost converter there will be a

first-order effect.

But here we are only talking about buck converter model matching because we have a
separate lecture for boost converter model matching and current mode control design. So, that
means, audio susceptibility 0 means this is something which is very much approximation, but
we need to figure out otherwise this model first-order is quite nice, very simple and we want

to check whether this model how far it is valid.
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Output Impedance of a Practical Buck Converter
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So, output impedance of the practical bug converter that we derive, so, it was R ESR because
this is under current mode control. When we convert it this inductor current into a control
current source right, we converted into a control current source because we have assumed
that average inductor current can be replaced by average capacity average peak current and
we are directly controlling the peak current by which the inductor becomes a control current

source.

So, this is the assumption since the inductor becomes a control current source, the inductor
current dynamics is not coming into picture and for the output impedance, we ignore the
change in control perturbation in the control signal; that means we are keeping using a fixed
current difference, but the inner loop is closed. Remember that the inner loop is closed. So,

this is our expression with the load resistance for a buck converter, one ESR 0 and one pole.

Now, if you see this output impedance under you know duty ratio control, what we found
under duty ratio control? For duty ratio control; that means, what was our output impedance
when you know we are talking about minus v 0 by i 0 hat with d perturbation v in
perturbation equal to 0. We found that in practical there is a r equivalent by alpha multiplied
by there are two 0 the polynomial is 1 by s Q omega 0 plus s square by omega 0 square we

found ok. So, let us let me write. You know we need some space. So, I will write it here.
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Output Impedance of a Practical Buck Converter
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So, that means, output impedance we found r e by alpha into 1 plus s by Q omega 0 plus s
square by omega 0 square and two Os we got one 1 plus s by ESR and 1 by s by omega L and

what was omega L? It was r e equivalent by L and r equivalent we know itisr1plusrds 1.

So, in duty ratio control, the common thing you will find this is coming into picture; that
means, for an ideal buck converter, the output impedance this term will not be there ok and
this term will not be there. So, output impedance will have only R L c circuit; that means,
there is no parasitic component. So, ideal case for ideal case if you write you know even if

you apply limit you know that this coefficient r e tends to 0 and other term.

So, ideal case output impedance can be written as the delta s remains same. It will be simply s
f. So, here only omega 0 is it will be in this case omega 0 will be 1 by square root of L ¢ and
Q is simply R by L. So, these things are known, but when you close the current loop, then the
output impedance is the different drastically different your ESR 0 is there, but pole is become

a single pole like a first-order and pole is a function of 1 by RC.

Because this branch looks like RC circuit, but what is the problem? The output impedance
you see it is DC value is a load resistance dependent; that means, the output impedance with
closed current loop under DC behave like a resistance. So, that means, if there is any load
step chain, the output voltage will immediately change by the load step multiplied by the r

and the negative value right. So, which is not desirable. So, that is why the current mode
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control suffers for poor load regulation because of high output impedance for closed current

loop ok.

(Refer Slide Time: 08:10)

DC gain of the control-to-output TF GN (U)

Approximate first-order model - robust compensation

Now, if you take a practical buck converter control to output transfer function. So, it is same
as the output impedance only earlier it was an external sink load now that is replaced by a
source side control current source that is it so; that means, here it will be v 0 by i ¢ by taking

other thing constant and here it is minus v 0 by 1 0.

So, one way the load current is sync current and here the control current is a source current
so, same branch. As I said that in this case, if you get the DC gain that s equal to 0 it is totally
load dependent; that means, even if you want to design a closed loop control, this control to
output transformation is a part of the loop transfer function and the loop transfer function

gain DC gain becomes load resistance dependent.

And if there is any change in load resistance and which is about to happen, then you have a
severe problem with a DC gain problem ok, but this approximate model is very useful in
terms of robust compensation because there is no double pole anymore. So, there by virtue of
close inner loop one pole become much faster and which is the inductor pole which goes very
far in the left-hand side because inductor becomes a control current source. So, we are almost

taking that inductor behaves immediately.
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B 4
Verify Small-Signal Model of CMC Buck Converter using MATLAB

* Verify step response for reference voltage step -
e G
link to closed-loop transfer function
® Verify step response for load step - link to
closed-loop oﬁtput impedance
® Verify step response for supply step - link to

closed-loop audio susceptibility

Now, we want to verify thus this small-signal model current mode control with actual switch
simulation how far it works under total loop. So, first we want to do reference step transient,
then closed loop output impedance, a stabilized transient and we want to link audio

susceptible. These three we want to do, right.
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9 hold on;

0= bode(G_loop.r):

b1 hold on; grid on;

2= [6m.Pm,Weg.Wep] = margin(G_loop):

53-  grid on;
4
55 %2% Transient parameters and transient response

6~ tsim=5e-3; t_step=3e-3:
h7 delta_To=0; delta_Vin=0; delta_Vref=0.1;

8

59~ [y_s.t_s]=step(G_cl, (t_sim-1_step));
0-  v_ac=delta_Vref'y_s:

1

2

3= display(f_cgf in kHz)

4- f gef=Wep/(2*piled)

5 display(Phase margin in degree’)
6- Pm
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So, we already have MATLAB code.

(Refer Slide Time: 10:10)
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close all;
clear; cle;
4 %% Parameters
5= buck_parameter: Vin=12: Vref=1:
6 R=10; r_eq=r_L+r_l; alpha=(R+1_eq)/R:
7= lo_min=05: R_max=Vref/lo_min:
" 1
9= fsw=T: w_sw=2*pitf sw:
10
1 %% Define zeros and poles
2
3= wozml/(e CC): wop=L/((R+r_C)*C):
)
5 %% Modulator Gain
6 V_m=input(Maximum ramp voltage in V ');
7= Fm=1V m:
i % Fn=(2°L)/((Vin-Vre)*T);
"9
0 %% Control-to-output TF Gyl

1= num_c=R¥[l/w z1];
2~ don_e=[Iw_p1];
3= Gve=tf(num_c.den_c):

So, let us go back. So, we are talking about this is the first-order model and if you see the
first-order model, this is the parameter file that we call load resistance, then this is our esr 0
and this is a single pole; that means, if you take if you try to map correlate. So, this is our

single pole omega p and I take omega z to be ESR 0 ok ESR 0 ok ESR 0.

Then what is the control to output transfer function? It is R times 1 plus s by w ESR and
denominator is 1 plus you know because in control in you know transfer function we write
the s polynomial coefficient first and then constant term, right. So, this is my control to

output transfer function.
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%h "
num_o=R*[Uw_z 1
7= den_o=[liw_pl);

7_o=tf(num_oden_o);

%% Controller parameters
K_p=80; K_i=300000;
num_con=[K_p K_il;

= den_con=[10]:

Ge=tf{num_con den_con);

%% Loop gain and closed-loop TFs

9= G_loop=Gve*Ge; %% Loop gain

1= 2.ov=2 ol (EEGp):
G_cl=G

loop/(1+G_loop); %%

p output imp
op TF

equency response
5= figure(3)
6 % bode(Z_ob)

7 % hold on:
halo R

So, it is very simple. The output impedance open loop is same as the control to output
transfer function, but I am writing again. Then I have set some arbitrary value of PI controller
because it is a first-order system and you will see in the next lecture a PI controller or a type 2
compensator should be sufficient and I have taken a PI controller K p 80 and third you know

it is like a 300,000 is my K 1 ok. So, K p K 1 is just a PI controller.

Then the closed loop gain which is our loop gain, is a product of the control to output transfer
function multiplied by your controller. Then what is the closed loop output impedance? It is
nothing, but open loop output input is divided by 1 plus loop transfer function, the closed

loop transfer function is loop transfer function divided by 1 plus loop transfer function.
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%% Frequency response B
= figure(3)
9% hode(Z_o.b).
% hold on:
% bode(Z_o¢,r);
% hold on;

bode(G_loop,'r);
= hold on: grid on;
[Gm,Pm,Weg,Wep] = margin(G_loop):
3= gridon;

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

7= delta_lo=0: delta_Vin=0: delta_Vref=0.1:

= [y.st s\=sleR[G cl. (t_sim-t_step)):
v_ac=delta_Vref*y_s;

= display(f_cgf inklz')

- fgef=Wep/(2°pi*le3)

5-  display('Phase margin in degree')
D.

st <l 1l

And, here we have all the Bode plot. So, once we loop transfer function and we can find out
the gain margin, phase margin, you know bandwidth and crossover frequency and all. So,
initially we want to carry out a reference voltage transient because what is our initial target

reference voltage time, this will give us the bandwidth concept ok.

(Refer Slide Time: 12:20)
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4 %% Parameters | P et = o
5= buck_parameter; Vin=13 § i i
6 R=10; r_eq=r_L+1_l; al é 0 b B
7= lo_min=03: R_max=V] | . o
- 1 sl : Phase margin in degree
9= fsw=l/T: w_sw=2*pi*f] It e P =
10
11 %% Define zeros and poles 941242
12
13- w.zml(e CoC) w_p=l/((R+r_C°C): -
14 :
15 %% Modulator Gain
16-  V_m=input(Maximum ramp voltage in V '
17- Fm=1V_m:
18 % Fm=(2*L)/((Vin-Vref)*T):

19 i}
20 %% Control-to-output TF Gvd e
21-  num_c=R¥[l/w z1); B
2= den_c=[lw_pl]; fir>
23-  Gve=tf(num_cden_c); by
Y “ial

So, then we want to match the model ok just a minute. So, for you know we are using a very

small ramp compensation very very small it is almost negligible ok.
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And if you go back to the current mode controller block, I am using a very small
compensating ramp V m which I am setting 0.001; that means, it is 1 millivolt which is
negligible; that means, as if we are not using at all. Then if I go back so, you got phase

margin 94 degree which is like very much over damped system.

But gain crossover frequency to be very high, 63.86 whereas, 500 kilohertz is my switching
frequency. So, it is roughly one 8 of the switching frequency; that means we are going even
further. You know we are increasing the bandwidth or crossover frequency compared to

voltage mode control.
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% cle; clear: close all;
» In buck_converter_simulation (line 6)

3= DCM_En=0; Warning: Block diagram

4= I_L_im=1; V_c_im=11; ek _converter CMC' containg 1

.| .. i algebraic loop(s), To see more

6= sim(buck_converter_CMCale' details about the loops use the

7= t=buck result.time:t_scale=t*le3; | command

8= x~buck_result.data; Simulink BlockDiagram get AlgehraicLoops(
9= i Lax(d) Vocap=x(:2): V_o=x(:3) Veon=x(ud): or the command line Simulink

10 debugger by typing "sldebug

1~ Plot buck simulation; buck converter CMC" in the MATLAB
> command window. To eliminate this
3- figuel2) message, set the Algebraic loop

4= plot((1_s+t_step)*le3, Vref+v_ac,. Linewidth', 4) option in the Diagnosties page of

5= xlabel('Time (ms)', 'FontSize', 13) the Simulation Parameters Dialog
€= ylabel('Output voltage (V), 'FoniSize', 13); 1o "Nane"
7= hold on; grid on; > I buck_converter simulation (line 6)

Found algebraic loop containing: i
buck_converter CMC/Buck converter/capa, [ i
"buck_converter_CMC/Buck converter/eapa [1.

"huck_converter CMC/Buck converter/capa [/

buck_converter_CMC/load"

‘buck_converter CMC/Sum' (algebraic vari:

s Wi Gl %

(Refer Slide Time: 13:37)
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Now, we want to see match this response and see what happens ok. So, we want to compare
you see the red one is the response obtained from the first-order model and the green one a
blue one is the actual switch simulation actual switch simulation ok. So, this is like a

first-order system and since we are using a PI controller.
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So, this is coming from though they are not matching exactly, but they are reasonably
matching right, at least if you see the initial phase here; that means there is a model matching

problem. So, here we should reduce the controller gain in order to reduce you know the
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bandwidth because we are going for one eighth of the switching frequency where there could
be a model matching problem. Another aspect we want to see the model matching problem
can be due to the first-order model. So, we do not know ok. But, let us do one thing if we

reduce the controller gain; that means, you know, instead of using very high controller gain.

(Refer Slide Time: 14:50)
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2= denc=(lhw pl; - i

3- Gvetfnum_e.den_e); oo
4 e
5 %% Open-loop Output Impedance e
6= num_o=R*[liw z1); fi e
7- den_o=(Iv_pl]; fiim
8= Z_ o=tf(num_o.den_o): 0
09

0 %% Controller parameters I
1

2= K_p=tQ: K i=300000:

3

4= mum_con=[K_p K_ij:
5= den_con=[10];
6~ Ge=tf{num_con.den_con):

%% Loop gain and closed-loop TFs

G_loop=Gve*Ge; %% Loop gain [ e

8
9
0
1= Z_oc=Z_o/(14G_loop); %% Closed-loop output imp
2= G_c=6_loop/(1+6 loop): %% Closed-loop TI

3

4

%% Frequency response
P—

So, if we reduce to 60.

(Refer Slide Time: 14:53)
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%% Open-loop Output Infj ,
num_o=R*[1/w_z 1]; g /— 16885
y 7.82

den_o=[1w_p1): E >

Z.o=f{uum,oden,o) Phase margin in degree

%% Controller parameterl Froquency (ads) B

Pm=
K_p=60; K_i=}00000; 032111
o {itm

=

num_con=[K_p K_if; fo>> [

den_con={10) fie

Ge=tf(num_con.den_con); Lo
=
[ e

%% Loop gain and closed-loop TF's i

G_loop=Gve*Ge: %% Loop gain o
ii¥n)

7_oc=7_o/(14G_loop); %% Clased-loop output imp B

G_cl=G_loop/(1+G _loop): %° Closed-loop TI" tv
i

%% Frequency response w::

Frnal2) . o

And if we reduce to this and let us again try.
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% cle; clear; close all;

DCM_En=0;
L int=1;

V _c_int=L1;

sim{buck_converter_CMCalx'); cl;
t=huck_result.time; t_scale=t*le3;
x=huck_result.data;

i L=x(al): Vocap:

i

(:.d): V_o=x(:3): Veon=x(:4):

Plot_buck_simulation;

figure(2)

plot((t_s+t_step)*le3, Vreftv_a
xlabel("Time (ms)', 'FontSize', 13);
ylabel('Output voltage (V)', 'FontSize', 15);
hold on; grid on;

Linewidih', 4);

Output vaitage (V)
= s

B

N b WATU? St s s Gt St
not connected

* In buck_converter_simulation (line 6)
Warning: Block diagram

"huek_converter CMC' containg 1

algebraic loop(s). To ses more

details about the loops use the

command

Sinulink BlockDiagram get AlgebraicLoops
or the command line Simulink

debugg
buck converter CMC" in the MATLAB
command window. To eliminate this

by typing "shebug

message, set the Algebraic loop
option in the Diagnostics page of
the Simulation Parameters Dialog
10 "None"

Inbuck converter simulation (line 6)
Found algebraic loop containing:

buck_converter CMC/Buck converter/capa, [

"buck_converter_CMC/Buck converterlcapa
"buck_converter. CMC/Buck converter/capa
buck_converter_CMC/load’

"buck_converter CMC/Sum' (algebraic varii

o ] s 2 m
Time (ms)

Wi Gl %
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Now, it will show all the bandwidth ok.

(Refer Slide Time: 15:10)
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Now, this time, the model is matching to some extent except there is a shift in the DC value;

that means, you see there is a DC shift. The red colour is shifted up slightly ok.
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This DC shift is coming because of what? Because if you go to the current waveform you see
we have taken that peak current we are controlling peak current, but we have assumed the

control current is equal to peak current, right.

(Refer Slide Time: 15:47)
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That means if you go back to our initial assumption, what was our assumption our actual
control is like this; this is my control current and we are taking this is my average inductor

current. So, we assume that this control current is approximately equal to i L.
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But unfortunately at light load condition, particularly if you see the waveform here, your peak
current is roughly around 2 ampere whereas, the average current is just above 0 very low. So,
this can cause some DCC problem. So, weather can we solve this problem by increasing the

load current or decreasing load resistance.
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i Maximum ramp voltage in V0001
5 o f_cgf in kHz
o — f Ed =
4 %% Parameters R [y
5= buck_parameter; Vin=1 _@m / e o0es
6 R=0.05; r_eq=r_Ltr_1: é } /
7= lo_min=0.5; R_max=Vj b .
8 ok . . Phase margin in degree
9= L=l vttt et .
10
T ; %Y% Define zeros and poles ] 1122764
13— w_z=l/(r_C*C): w_p=l/((R+r_C)*C): >
1
15 %% Modulator Gain

16-  V_me=input(Maximum ramp voltage in V)

17= Fm=I/V_m:

18 % Fn=(2*L)/((Vin-Vref)*T)
19

20 %% Control-to-output TF Gl

21=  mum_c=R*[l/w_z1];

22 den_c=(Uw_p1]:

23-  Gve=tf(num_c.den_c):

na

Suppose, if we use 0 0 5, 0 5 then we now we are operating at almost 20 ampere current ok.
Now we want to see what happened. So, now gain crossover frequency is reduced. It is less

than 1 10 because you are using a lower controller gains smaller controller gain.
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But we want to check whether the matching is still mismatch is still there or not ok. So,
actually integral has you know we need to increase the integral gain because it has not

reached steady state.
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15 %% Modulator Gain 5
=inoat(Maxin £
}2- :: lll;/l;l-pﬂll.\ln\l.lllmlrl Phase margin in degree
m=1/V_m:
% Fm=(2*LV(Vin-VreDll
T(B; o Fm=(2*L)/((Vin-Vref)} gt P =
20 %% Control-to-output TF Gvd
111.9318
21 num_c=R¥[1/w_z1]
22-  den_c=[lw pl) fo>> i
23- Ge=tf(num_c.den_c); § fire
o
24 I

25 %% Open-loop Output Tpedance
26-  mum_o=R*[I/w_z1];
27 den_o=[1w_p1];

28-  Z_o=tf(num_o.den_o):
29

30 %% Controller parameters
31

32- K_p=60: K_i=200000:

So, we need to increase the integral gain. I will tell you why? Because if you go back to our
past. So, this omega P what is omega P? Omega P is our 1 by RC right. If you reduce, this
pole becomes faster right, but at lower the DC gain is also falling right because at lower

resistance value we are reducing the resistance value. The DC gain is drastically falling as a
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result it will take longer time; that means, the lower DC gain it will take longer time to reach

to steady state.

So, in order to anticipate you have to increase the earlier we are using in one case in 10 ohm
and the other case we are using 0.005 ohm. So, that means, we have reduced significantly this
R value. As a result, your DC gain is also falling is also getting reduced and that is why it is it

becomes sluggish. It takes a lot of time to reach to steady state ok.
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% Fm=(2°L)/((Vin-Vref)L Fraquegy (sdh) s P =

%% Control-to-output TF Gvd

111.9318

num_c=R¥[1/w_z 1]
p2- den.c=(lw pl]; fo>> i3
23=  Gve=tf{num_eden_c); i g
4 L
25 %% Open-loop Output Impedance i
26~ mum_o=R*[liw z1); iy
7= den_o=[Iv_p1); i
28-  Z o=tf(num_oden o); ]
29 ;
B0 %% Controller parameters
B1
B2- K p=60; K i=200000;
ha 7}

So, then how to solve this problem? We can simply increase the we have increased the

integral gain and let us see in order to you know now it is slightly faster.
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So, it looks like now they are matching closely. Now you can see the DC matching problem
they are closely matching because earlier the mismatch, one of the problem with the
mismatch, was our initial assumption; that means, we have taken the control current is equal

to the average current, which makes sense when the load current is high because.
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If you go back if you see here you know if you see here your peak current is 24 ampere and

average current is 22. So, if you take the ratio that peak by average by peak that is almost
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close to 1 is not very low, but earlier we took you know the average was close to 0 and peak

was 2. So, there is a significant deviation and that was causing the problem in this case ok.

So, that means, this actually tells us that this model limitation. This assumption itself makes
this works fine when you are talking about high load condition ok. Next, we want to verify
the step response for the load step transient ok go back to our simulation result and we want

to verify for the load step transient.
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%% Irequency response S /’ 477810

[ 1

figure(3) i E /

% bode(Z_o.b): v Ph inind

% hold or et ase margin in degree

% bode(Z_oc."-1): L Froquency (ade) =

% hold on; e

Excelecleopl 937532 |

hold on; grid on; o H

|l:'vm.l"m,\‘ cg.Wep| = margin(G_loop): fio» B

grid on; frs
o

%% Transient parameters and transient response it

t_sim=5e-3; t_step=3de-3; 18

delta_To=20; delta_Vin=0; delta_Vref=0; ‘ i
i)

[ys.t_s]=step(Z_c, (1_sim-t_step)); e

v_ac=-delta_lo*y s; -
i

on

LB ge | k0GR E g

O g W T GANTOT ML 8]y o e Mo
e s o —————————
T

560 U b 0 b Br]

T g
o e
close all; il
clear; cle;
%% Parameters
buck_parameter; Vin=12; Vref=1;
R=1:req=r_L+r_1; alpha=(R+r_eq)/R:
lo_min=0.5; R max=Vref/lo_min;
£ sw=1/T; w_sw=2°pi*f_sw:
%% Define zeros and poles
w_2=1/(e_C*C): w_p=UA(Rr_C)*C): fimnin
fim
%% Modulator Gain i
V_m=input(Maximum ramp voltage in V '); fie
Fm=V_m; fi
% Fin=(2*L)/((Vin-Veef)*T), B
i
to-output TF Gy e
(U z1);
den_e=[Uw_p1]:
Gve=tf(num_c.den_c):
"
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So, if you go to low step transient now what we have to do we need to set let us say we are
making 20 amperes and we are may putting the resistance initially 1 ohm we want to change
from 1 to 20 ampere 1 ampere to 20 ampere ok. So, here this part I have discussed earlier I
have to set closed loop output impedance and I have to multiply with now we are applying

load step transient ok again 0.01 and we want to check what happened with our simulation.
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So, it is showing load step transient and you can see this initial jump is closely due to the

ESR jump because you see there is a ESR jump.
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So, they are it is closely capturing the ESR jump ok, and that we saw in our earlier
small-signal model and you can see the response is matching reasonably accurately. I mean

quite nice.
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You can see they are coming close. So, that means, this first-order model works fine as long

as and here the load current is undergoing transient from this to this ok.
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Even with huge duty ratio variation, because there is a large variation, particularly this
particular cycle, but still our model is working reasonably well. So, it is well, we can design.
The next part you know supply transient. So, since audio susceptibility is 0 so, there is no
question, but this can cause some problem. So, now, even with our you know for our case if

we do supply transient. So, we want to see we are assuming these models tells that there will

be no change in the output voltage if you make a change in the supply volt.
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figure(3)

% bode(Z_o.b)

% hold on;

9% bode(Z_oc, )
% hold on;
bode(G_loop.'r):
hold on; grid on;
(6P Weg Wep] = may

Freauency (%)

grid on;

%% Transient parameters and (ransient response
t_sim=5e-3; 1_step=3e-3;

delta_Io=0; delta_Vin=-5; delta_Vref=0;

[y_s.t_s|=step(Z_oc, (t_sim-t_step)):
v_ac=-delta_lo*_s;

display(f_cgf in kHz')
{_gef=Wep/(2*pi*led)
display(Phase margin in degree')

Pm
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So, we want to make now supply transient. So, load transient we have removed let us say we
are making minus 5 volt supply transient so, ok. So, we do not want to plot because you

know supply chain is 0. So, this plot we want to avoid ok.

(Refer Slide Time: 22:33)

DCM_En=0;
TIL_int=1; V_c_int=11

sim('buck_converter_CMCslx'); ele;
= t=buck_result.time: t_scale=t*le3;
8 x=buck_result.data;
9- i Lax(l)y V_eap=x(:2): V_o=x(:3) Veon=x(:d);

1-  Plot_buck simulation;
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So, 0.001 and the next is that we want to show. So, we made a supply transient. So, our

model says there is no effect, but actually there is a slight effect, although it is negligible.
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So, that means, it is reasonable you know the current mode control has a very like excellent

you know audio susceptibility or you can say the line regulation. So, there is no problem.
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So, it immediately responds there is almost no change because it happens in the order of you

know even less than 1 millivolt I mean few millivolt in less than like 1 or 2 millivolt ok.
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Limitations of First Order Model and Need for More Accurate Model

So, that means, we have checked, but limitation of the first-order model we have identified.
So, there can be inaccuracy due to that whenever the load current is light, then the mismatch
will come because the average is not the same. Second thing here, we have not considered the
modulator gain. Because even though if you use ramp very low value, the model will

significantly deviate if the ramp slope increase if you increase the ramp slow.

Because there is no provision in our model to accumulate ramp, that is one of the problem.
Because a ramp is needed when the duty ratio is higher than or even it may be lower than 50
percent also like around 0.4 0.45 if you increase if you use a high gain you may get first like a
sub harmony instability ok. So, that will be a problem when you use. So, ramp compensation

that can cause some mismatch in this error.
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Schematic of Peak CMC Implementation
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So, now we want to go for a better model. So, first we want to understand peak current mode
control, then what we are going to do we want to improve the model accuracy. Now, we want
to that actually lies with the derivation of the modulator gain, ok. So, if you the first approach
if you take the first approach, it is I know derived by the middle brook approach where we

are taking a ramp compensation here.
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So, this is our ramp this is our due to ramp because we are what we are doing here we have a
reference current this is our i ¢ here and we are subtracting ramp because we can add ramp

with the current or we can subtract the ramp from the control voltage control current.

So, that is exactly what we are doing, and this is my ramp basically minus of the ramp and
then we want to derive the average current expression in terms of this current that we earlier
we took i L average equal to i c average, but now we want to introduce the duty ratio

information.

So, find the average current. Average current here in this case is nothing, but this point minus
half of the ripple right. So, this is minus half of the ripple, half of the ripple. So, it is what is
this value this value is given here. So, average of this minus delta i L by 2 and what is delta L
by 27 It is you know what is delta i L delta i L we have learned earlier it is m 1 d T right. So,
delta 1 L by 2 is this.

(Refer Slide Time: 26:09)
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More Accurate Modeling under CMC

* Step 3: Obtain the perturbed linearized equation

M DT .

=i —|M +=|Td- =1
¢ c 2 2 1

Then step 2 you can now consider the steady state quantity and perturb quantity and then
obtain the perturb equation. So, from there if you obtain the perturb equation you will find
out that the perturb equation the duty ratio perturbation can be written in terms of modulator

gain, control current, inductor current and this.

So, earlier these two were taken equal. So, that is why that there is no duty ratio expression,
but now we have not taken equal and this is a modulator gain right. So, this is something
similar to what we did earlier that we are trying to find out the duty ratio expression here in
terms of control current and also inductor current and M 1 will also carry voltage input output

voltage information.
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Method 2 another way now average inductor current earlier, we took that only for this cycle;
that means we have only considered this cycle. The average inductor current was equal to this
value minus half of the ripple, but this may not capture the full picture. So, we want to take
the average inductor current over the entire cycle; that means, here the average inductor
current is nothing, but if I take the average inductor current in part 1 this is my part 1 and this

is my part 2.

So, here the average inductor current is averaging over dT time and here I am averaging over
I minus d T times or d dash time. Here I am taking 1 minus equal to d dash. So, then if we

average the overall average d into this 1 minus d into this is exactly is done here.
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More Accurate Modeling under CMC

U Method 2: .
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Then if you apply, you know substitute that equation what is 1 L average during dT time. So, i
L average during dT time is nothing, but that you know if you go back from the waveform in
this interval, it is nothing. But i L average dT time is nothing but this value; that means, i c

minus m ¢ d T minus your delta i 1 by 2 which is nothing, but m 1 dT by 2.

Next, what is 1 L d dash T? So, this point is common for this right. So, it will be i ¢ minus m ¢
d Tit is there, but now minus half of the ripple will take in terms of this slope because we are
talking about this particular sector, right? So, ripple can be expressed in terms of falling
slope. Also it is m 2 1 minus d by 2 divided by 2 and if you multiply 1 minus d this will be

square ok. So, this is exactly what we are doing here i L dT.
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More Accurate Modeling under CMC

we?
t'TaL> 9%
Substituting (2) and (3) in (1), 2 L A 'AN"

id weth
, mTd
{0 - 22

Perturbed dynamics can be obtpined by applying partial derivative
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And then you substitute you will get this term now you perturb. If you perturb, then you can i
L perturbation and since d 1 minus d both are this term is common. So, they will add up and
become 1. So, i ¢ perturbation and since this is constant, so, in fact, we should write m ¢

directly here we are not perturbing the slope.

Then, for this term once we will consider perturbation, the duty ratio and the other time we
will consider perturbation, the slope ok. So, if you part consider perturbation, the duty ratio.
So, m 1 T d square by 2 then we simply partially differentiate with respect to this and that is
computed as d equal to capital D. Then what we will get? We will get 2 times m 1 T and this

is computed at m 1 equal to capital M 1.

So, this will be capital M 1 and this into D divided by 2. So, it is simply M 1 DT. So, this is
exactly here. Similarly, you can take the partial derivative of this with respect to DT ratio
then we will get this term ok and there will be negative sign and negative. Negative becomes
positive this term will become positive and similarly you can take perturbation the time I

here. So, then this term will be fixed. So, this is simple.
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More Accurate Modeling under CMC
Perturbed dynamics can be obtained by applying partial derivative
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By that we can obtain the duty ratio perturbation, you know, because we have already
obtained this. Now, we have to take due to issue perturbation the left side and all other terms
to the right side. Then whatever will be divided F m that modulator will be M ¢ T; that
means, in this case, the modulator gain is purely M ¢ dependent compensating ramp and that

is why in the earlier simulation we took a very small M c.

If you do not take M ¢ M ¢ equal to 0, then this F m becomes infinite right; that means,
without ramp compensation this will become infinity, but if you take a very slope in F m.
Then I will show you for a higher F m or smaller M ¢ this model. What we are going to
derive will almost resemble the model of the first-order model ok since you know at steady
state M 1 D that the coming from the; that means, steady state ripple. This is coming from the

steady state ripple criteria.

1716



(Refer Slide Time: 32:25)

I —
More Accurate Modeling under CMC

In a Buck Converter

V=0 v
m, = ‘"L “ and m, =

N . .
Thus m, :Z('um —'u”) and m, :Z'l/'“

Overall small signal model hecomes

i=F («,;-z —ki —M)
m\ ¢ L 1in 2 0.

So, in a buck converter you can write m 1 m 2 perturbation. So, it will be so that means you

can find out the term associated with v in perturb v 0 perturb.
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Then you can tabulate the modulator gain in method 1. The middle book method is this then
DT by 2L 2 L minus DT by 2L then you can write 1 by M ¢ D square t by 2 L. So, all this

thing we can write.
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More Accurate Modeling under CMC

Consider the term
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But interestingly, if you take in method 1 for example, if you take 2 micro second is our time

period 0.5 micro henry is our inductor D equal to 1 by 12. So, DT by 12 only one sixth; that

means, if you take compared to the actual inductor and scaling DT by 2 so, this has negligible

effect. So, it has a negligible contribution ok.

So, we may drop this negative conclusion for sake of simplicity, but if you want, you can

include it ignore. So, this term is ignored. It has a very negligible contribution, but we can

you know include it if you want, then there will be an additional loop of the voltage.
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Accurate Small-signal Model
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So, now this is our circuit that we have discussed; that means, since we have ignored the
perturbation due to the output voltage, otherwise there would have been another loop which
should come k 2 and there will be v 0 and this will be minus. So, this term we have ignored
this term we have ignored because we have initially assumed that dt by 12 that term is very

small ok.

So, now this is the loop structure. This is our original small-signal AC equivalent circuit of
the buck converter which we have derived for voltage mode as well as open loop. Now we
are putting this current mode control loop; that means, there is a current loop. You see the

feedback current loop.
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Accurate Small-signal Model
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* Effect due to output voltage perturbation neglected

And this control current is generally generated from the outer loop. It is a 2 loop control. This
is the inner loop. This is a current loop, ok which is the inner loop. There is an outer loop will

be there if you close the outer loop ok. Now, this F m we have derived.

So, this can be obtained what is Z 1. We have taken this to be Z 1 and Z 0 is the output
impedance of the buck converter, which was when we close the loop close the current loop
for the approximate model. This was our output impedance. But if you sum these two; that
means, if you take the entire branch in this circuit, it is nothing but the input impedance ok.

So, z in so, the effect due to output voltage perturbation is neglected.
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Accurate Small-signal Model (contd...)

Now, this is the overall small-signal block diagram and you know you can simplify this i L
from this block diagram. So, I am not going to talk about this. I want to find out what is my
current loop transfer function. So, that can be if you take the whole product then it will be V

IN F m by Z in ok. So, this is my loop transfer function.
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Accurate Small-signal Model (contd...)
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Now, adding a separate current loop gain. Suppose you put a current sense amplifier which
has a gain which may not be unity because you want to scale it. This can also include suppose

you have the sense resistance suppose you have used a sense resistance, sense resistance R s
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in with actual inductor current, but this sense resistance will also have current sense amplifier
right. So, there is a current sense amplifier which will also have some gain the gain of the

current sense amplifier right.

So, whatever we are getting the sense voltage we have discussed, it is nothing, but some
current loop gain multiplied by your actual inductor current, ok. So, this sometime we want to
reduce the gain because you know if you want to increase the gain that there is a
gain-bandwidth product of the current sense amplifier because the high side current sense

amplifier there are some dedicated commercial i ¢ which has a limitation on the bandwidth.

And if you want and also a gain; that means, there is a gain bandwidth limit, but we can
incorporate this k ¢ as well. If we incorporate, then our m 1 slope because in actual I am
talking about the actual current which is compared now. Now, this is our sense voltage which
equivalent to current and this slope will be m 1 into k ¢ because it includes the current sense
amplifier and everything; that means, it is not exactly inductor current is a scaled version of

the inductor and under this ok it is shown here.
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So, under this you can draw the waveform. This is my sensed voltage, as if it is like a filtered

current or you can say sense voltage. Then modulator gain will also scaled up because if at all
it has method 1 will always scale up wherever the actual current slope will be there, but for

ramp it does not matter because ramp is independent of this.
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So, accurate small-signal block diagram can be updated with the current sense amplifier gain

and we can modulate a gain. So, this is a current loop gain updated current loop gain.
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Control-to-current TF:

Now, control to output transfer function if we take this diagram ok. So, what is the transfer
function between 1 L and 1 C? Suppose our v in perturb is equal to 0 so, I can discard this part
then what will be my transfer function and suppose we take k ¢ equal to 1 suppose we take k

c equal to 1 then our t I will be V IN F m by Z IN ok. So, under this case, what is the transfer
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function between i1 L and 1 C ok. So, these 2 transfer functions. So, this will be simply this is

in the forward path right. This is my forward path and since K ¢ equal to 1.

So, forward path transfer function is same as the loop transfer function current loop
transform. So, it is simply T 1 by 1 plus T i now if T 1 is very, very high if T i is very, very
high. Then this will be approximately equal to 1 and we have started with the first-order
model that i L perturbation is replaced by i ¢ perturbation and those are correct as long as the

current loop gain is very high ok. So, if the current this output impedance expression.

(Refer Slide Time: 39:31)

Closed-loop Block Diagram

5,=0+ D | 4 4+t
; Q

(Refer Slide Time: 39:43)

Output Impedance with Closed Current Loap

B
Z()=-4 =—ixZ
' 4 =i =0 1+ Y; '
7(s) :@ if |1
—— —
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So, that means, closed loop block diagram if we consider you know current; that means,
current sensor ok. So, closed current loop. Now if the current loop gain is very high, then the

output impedance with this model will be same as you know the model of the earlier model.

(Refer Slide Time: 39:56)

Control-to-Output TF with Closed Current Loop

RO YAOY ‘ﬁ >1

——

And here I am taking G cc equal to 1. Similarly, the G vc if the current loop gain is very high,

it can be it is the same as these two right.

(Refer Slide Time: 40:08)

Verify and Compare Small-Signal Model of CMC Buck Converter

* Verify step response for reference voltage step —
link to closed-loop transfer function

® Verify step response for load step - link to

closed-loop output impedance
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Now, we want to verify that means, you know let us go back to the MATLAB and we want to

verify. So, now, we want to verify this 2 model ok.

(Refer Slide Time: 40:20)
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Bode Diagram

Froquncy (3d)

-

o MATU? e s et
Maximum ramp voltage in V. 0.001
f cgfin kHz
fgef =

477810

Phase margin in degree

Pm=

1= closeall; r|
2= clear; cle;

3 5

4 %% Parameters N
5 buck parameter; Vin=1§ §

6-  R=lireqer_Lérl;alpf 377
7- o, mi)FO{S: R mat:\l'r £

8 e
9= faw=l/T w_sw=2%pitf)

10

11 %% Define zeros and poles

12

13- w.z=l/(r C*C; w_p=L/(R+r C)*C);
1

L3 %% Modulator Gain
16=  V_m=input(Maximum ramp voltage in V )

17- Fm=1V m;

Vrel)*T);

put TF Gvd

18 % Fm=(2*L)/((Vin
=19
Q rundn 20 %% Control-to-out|
G "21- num_e=R*(l/w zl];
 onsincand 22 den_c=[Uw_p1};
& o cin 23-  Gve=tf(num_c.den
e it ™

o)

93,7532

fi>>

So, one case we are using 0 0 1 ok and this is a loop transfer function of using the first-order

model.

(Refer Slide Time: 40:28)

o o

ose all:

clear; cle;

%% Paray

R=1Lir_eq=r_Lr_

9= fsw=l/T: w_sw=2*pi*f]

10- z_cmsqr(L/C);

g G 9y QG g
wod Shald PR |

buck_parameter; Vin=1

lo_min=0.5: R_max=V}

alpl

T e T Omeey Vo vy

Ddde k00 &4- Q0000

Bocs Diagam

ndoden
o MATU St st Gl St

Maximum ramp voltage in V. 0.001
f cgfin kHz
f gef =

417145

Phase margin in degree

w_o_ideaTe oL e

11=  w_o=w_o_ideal*(sqrt((R+r_eq)/(R+r_C))):

12- Qualpha/(((r_Cor.

14 %% Define
15-  wz=lr Ch

eq)/z_c)H(z_c/R)):

os and poles

2A=1((Rr_C)*Cl; w227 eq/L;
16=  w_p=l/((R+r_C)*C);

L19-  nun_imp=((alpha* RY(DA))*[1{w_02) 1/Q*w o) 1)

ot

18 %% lput impedance

@ ot 20-  den_imp={Vw_sl 1]

g i 121~ Z_in=tf{num_imp.den_imp):

@ Open bop Dt npecance. 22

@ Mgt Gan

: i en 23 %% Open-loop Output Impedance

LV PRE—S 1T YR 1 X

Now, same ramp, we are using 0.001 and this is a loop transfer function and we

compare ok.
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So, let us first set the heart in frequency and limit we set 0 Se minus is 5 ok; that means, this
is our switching frequency and you see the loop transfer function, what are the stability
margin. So, it is phase margin is 93.7 and frequency is 4 47.8. It is like almost one 10

switching frequency and they are matching quite nicely because both are almost overlapping.
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If you go further down, they are almost overlapping ok. So, they are overlapping and they are

almost close. So, it is expected that their transient performance will be also it should match.

(Refer Slide Time: 41:27)

time ? e N i b 1+ [ ———— [l
1 r " not connected. “ f o
2 Tn buck_converter simulation (line 6) [0
3~ DCM_En=0; Warning: Block diagram
4= LLnt=k Ve int=1.1; buck converter CMC' containg |
B — algebraic Ioop(s). To see more
6~ sim(buck_converter CMCaslx'); cle; details about the loops use the
7= t=buck_result.time: t_scale=t*le3; command
8 x“huck_result.data; Simulink.BlockDiagram.get AlgebraicLoops(
9- i Lax(l); Vocap=x(:2); Vi o=x(:3): Veon=x(:4); or the command line Simulink
10 debugger by typing "shlebug f
1-  Plot_buck_simulation; buck converter CMC" in the MATLAB
2 command window. To eliminate this
3 % figure(2) message, set the Al ¢ loop.
1 % plot((t_s+t_step)*Ted, Vreftv_ac.'r' Linewidth', 1); option in the Diagnostics page of
5 % xlabel('Time (ms)', 'FontSize, 15):; the Simulation Parameters Dialog
6 % ylabel(Output voltage (V)', 'FontSize', 13); to"None"
i % hold on: grid on: I buck converter simulation (line 6) [Ee
Found algebraic loop containing: i
"buck_converter_CMC/Buck converter/capa e
- "buck_converter_CMC/Buck converter/capa |
@ Puumaen "buck_converter CMC/Buck converter/capa ||/,
L 1 "buck_converter_CNC/load g
32;1"173.?“”’“‘”" ‘buck_converter CMC/Sum' (algebraic vari:
9 CunnLow Gin s '\
@ CotomipdTiGed
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e (61 e i Toon Oy Vocou g

e e T T AL

ot S " GHOTe e s 5

3

| —
DI Lo G s 008 b
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bt 3= DCM_En=0; g™
LL 4= LLim=L V_e_im=11f| 5@
5 3
6~ sim(buck_converter (Mf =
7= t=buck result.time;t scff .
8 x~buck_result.data; - |
9= iLax(lyVoeapsx(2)ff 0 o ' % i a3 a8 4w
o | Time (ms)
11-  Plot_buck simulation;
12
13-
14
15=
6=
17=

So, we will also run the transient performance and check yeah. So, this is actually ok let us

also use uncommon because we want to plot the model one as well ok.
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So, if we run it again, it will show that the model is working properly. So, DC mismatch

problem is solved because this is a more accurate model ok.

(Refer Slide Time: 42:06)

Output voltage (¥)

o a5
Time (ms)

And on top of this, we can also you know plot the response obtained from here; that means
they will be almost identical because that we have seen earlier. The only offset problem is
solved with the more accurate model; otherwise, they are matching quite nicely, but now

what happens if we reduce increase the modulator gain; that means, slope is increasing.
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Conto § - | b 0
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1 1 ....,.I‘l..........mm.m...., g Maximum ramp voltage in V0.1
B close all; ¢ P
2 o I I f_ogf in kHz
Roumien 3 il i il
btk sbtsnns 0 ’
————— F gcf =
4 %% Parameters L% &
5= buck_parameter; Vin=1 @W / 7810
6 Rl r_eqr_Lr L alpl é 7
7= lomin=05; R max=V] " i - e
8 e | Phase margin in degree fie
Y Y ) B
9= few=l/T; w_sw=2"pi*f] Freparcy (o) Pm= o
10 fe
o,
3 %% Define zeros and poles o395 = |
[
13- wz=lr C'C) w_p=L/(R+r_C)*C): 5> i
14 o 1
15 %% Modulator Gain i
16=  V_m=input{Maximum ramp voltage in V ') fie
17- F : i
18 % Ewe (Ve Vel T) i
19 ]
20 %%Co iput TF Gvd i
T21- num_o=R*(l/w_z1); H
 Homarruan 22=  den_c=(Iw_pl); - fim
23-  Gve=tf(num_c,den_c): i
o e

o [ =5 S FET
e fr g - Tt Toon O Wow b B
e SELTIORSSE CEACLIEL

Bode Diagram

g D |
G0 b s » 0w Do »

Curen s

wnd Wi

e MATU ot i ot Gl St

Maximum ramp voltage in V0.1
f cgfin kHz

Yaclose all:

clear; cle;

%% Parameters N ol =
buck_parameter; Vin=13| § 165088
R=Lir_eq=r_L+r_1; alp é - ol
Io_min=0.5; R_max=V} .
¢ A Phase margin in degree
9= fawl/T: v_w=2pite] I, . - i
10=  zemsqri(L/C)  w_o_ideal=1/sqrt(L*C):
B eridalt o))
11 w_o=w_o_ideal*(sqrt((R+r_eq)/(R+r_C))): 84,9685

12- Qalpha/(((r_Cr_eq)z_c)+z_c/R)):
13

B
14 %% Define zeros and poles K
15-  wz=lr C0): wal=L(Rer_)*C): w2271 eqlLs

16-  w_p=l/(R4CC)
17
B %Wklputimpelance
19-  num_imp=(alpha* RY(DAY)L(w_o™) V(Q*_o) 1]
@ ranan 20=  den_imp=[lw_al 1};
Lot “21-  Z.in=tflnum_imp den_imp):
22 N
23 %% Open-loop Output Impedance
LY PSR 7Y N

Now, we are running in the same condition. Let us say 0 point 1. Now, the slope of the ramp
compensator is point; that means, not slope. I think the voltage earlier it was 0.001 1 millivolt
now we are using 100 millivolt which is still low, but we want to see whether the model

matches or not 0.1.
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You see the model start deviating ok.
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So, if I take the limit because our this is our switching frequency. So, because of current loop
gain is now start falling and they are not exactly identical particularly you will see the model
which is the first the improved model provide more phase almost there is around 20 to 30

degree and around roughly 10 20 degree phase boost using the improved model.

So that means the accurate model is not exactly the same as the first-order model. So that
means whenever the modulator is considered; that means, if you consider a ramp
compensation, then the first-order model is not accurate ok. So, we have checked now we can

also check the link to output impedance.

1734



(Refer Slide Time: 44:10)

ion

QoEum fe | et LS e
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gu-ﬂummgl‘ - 5
e e e T e i T

D b ol 08 i 1 ) ) o]

s m Tcknd SO |tk o, smtonn ¢ | ot smonn |
. J fenm ; Maximum ramp voltage in V0.1
I ‘ {_cgfin klz
1= Z.oc=Z_ol(14G loop): %% Clased-loop autput imp
Bwimisinn 2= G_cl=G_loop/(1+G_loop): %% Closed-loop T et =
3
4 %% Frequency response 16,5985
5= figure(3)
Y ST G Phase margin in degree
7 % hold on:
o Pm= 1l
9-
0- ode(G_loop,r):
84.9685
1= hold on; grid on;
2= [6m.PmWeg,Wep| = margin(G_loop): fe>>
3~ gridon; i
4 J
5 %% Transient parameters and tran b
6= tsim t_step=3e-3: Iy
b7~ e tos0; delta Vin=0; delta_Vief=01; ! i
e
@ hounin 9= [y_s.t_s]=step(G_cl, (t_sim-1_step)); -y
:T‘“""”ﬂ_‘:“""' Tk0- v ac=delta_Vref*y s o
@ e b 1 v
@ Cuntom Gin 2 v
T ot 199
M i <1 dlanlasll aalin LN a7s
n thS == ot B Gl )
i Mo wp ) 5 P"a .

W SEUC R g

~ Sk
Lo+ iinta e_.u:i
e P e ey

G T o s 0uS > Dot 1 b 1 R 1 1
Gl o

Commandindon © Vo
S O 5N X L I+

rnnrm = Maximum ramp voltage in V. 0.1

Ge=tf{num_con.den_con): f cgf in kHz

%% Loop gain and closed-loop TFs f gef =

G_loop=Gve*Ge; %% Loop gain
6.5985
1= Z_0c=Z_o/(1+G_loop); %% Clased-loop output imp. il

2= G_c=6_loop/(1+G_loop): %% Closed-loop TI Phase margin in degree

3
4 %% Frequency response P =
5= figure(3)
6 % bode(Z_o.'b'): 24,9685
i % hold on;
8-
>>
= f

0- ode(G_loop.'b');
1= hold on; grid on;
2= [Gm,Pm,WdgWep| = margin(G_loop):

63~ gridon; d

So, we can also check if we want to check the output impedance of these two. Let us check it.
So, we can check the output impedance closed loop output impedance can uncomment and

we can also check the closed loop output impedance of this ok.
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W= Z_oe=Z_0l(14G loop): i =
42-  G_c=G_loop/(1+G_loop) ) - — gl =
3 . [
44 %% Frequency response _. I I 417810
45 figure(3) . Ll
46 % bode(Z_o.'b'): // oo

e | Phase margin in degree
47 %holdon: T
48- Froquency (ads) Pu=
19-
50= bode(G_loop.'r): aga;
51 hold on; grid on; i
52=  [Gm.Pm,Weg.Wep| = margin(G_loop): fe>>
53- gridon; :
54
55 %% Transient parameters and transient response
56-  tsim=Je-3: tstep=
57-  delta_To=0; delta_Vin=0; delta_Vref=0.1; !
o G i

59 [y_st_s]=step(G_cl, (t_sim-1_step)):
60=  v_ac=delta_Vref*y s

@ oenpupaimpecnc y

i 61 n
Fadladutl 62
8 o prs *leaa

R e ——

46-

Dlchetominsan 48

dnest .64
@ e 165

@ Deine o sndpae |

@ gt s d66-

e —m ‘

§ 67-
ConlogGon

@ Comnerapa 110 68

@ Comotupurnsen el

DOWe k(N0 4- 30000

Bode Diagram

.
el ——

Maximum ramp valtage in V. 0001

Ge=tf(num_con.den_con} f cgf in kHz

%% Loop gain and closeq

f gef =

G_loop=Gve*Ge; %% £
41745

7_0c=7_o/(14G_loop); !
b Phase margin in degree
%% Frequency response Pu =
figure(3) A
% bode(Z_o.b):
% hold on: 96610

feo>

bode(G_loop.'h'):

hold ons grid on;

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

%% Transient parameters
tsim=5e-3; 1_step=3e-
delta_lo=0; delta_Vin=0; delta_Vref=0.1;

i transient response
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Zg- G. loop/(1+G._loop) e Phase margin in degree
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54 %% Frequency response Pm = i
55~ figure(3)
56 %
57 % hold on; pasait
58 bode(Z_oc.--b): >> figure(3)
59~ holdon; bfx e o
60~ bode(G_loop.'h'): i J
61~ hold on; grid on; &
62-  [Gm,Pm,Weg,Wep] = margin(G_loop): iy
63 gidoen 1 i
. L 64 Iy
65 %% Transient parameters and transient response -1
T66-  tsim=5e-3: t step=3e-3: o
67 delta_To=0; delta_Vin=0; delta_Vref=0.1; N i
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Bode Dagram

o indon © Vodge 6
o MATU St i ot Gl St 2

gt acoo
TSN
Maximum ramp voltage in V0,001
f_cgfin kHz

48 %% Loopgainand closed| il . P
9= Gloop=Gveste; %% < &
50 TS
4174

51=  Z_0c=Z_ol(1+G_loop); J
;i- 6-61=G.loop/(1+G_loop Phase margin in degree
54 %% Frequency response Pu = (
55-  figure(3)
56 %
57 %hold on; e
58~ bode(Z_oc.--b): >> figure(d)

4 3 Iy
59=  holdon; > bode(Z_o,k)
60~ bode(G_loop.'b); fe>>

61-  hold on; grid on;
62-  [Gm.Pm,Weg,Wep] = margin(G._loop);
63~ gidon

o .64
:;::j;;mw 65 %% Transient parameters and transient response
:mwww f66-  tsim=5e-3; 1 ste

op b v npc - " -
@ baan tin 67=  delta_To=0; delta_Vin=0; delta_Vref=0.1;
@ CoramLotp Gon
@ Conmo-to-sapat 11 G 08
’(w..u,wm«m a0 - T et 1 ctan(l al {4 el ¢ ctanli

) = W [ XA .

So, when we output impedance and here also ok and now we want to plot along with this you

know we want to plot on top of this in figure 3 run to plot Bode the output this is my ok.
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So, this these are my closed loop output impedance because of the outer loop close and at
high frequency. So, we have to restrict our switching frequency to should go to radian and

hertz then limit to 5e5 yeah.
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So, they are matching quite accurately this open loop output impedance and that in current
mode control this is pretty high at low frequency because it is a load resistance dependent and
load lens is 1 ohm. So, it is 0 db and, but using a closed loop, you can reduce that output

impedance significantly ok alright.

(Refer Slide Time: 45:54)

Natural Sampling Effect under CMC

: foo-m,
mo )

A. R. Brown, R. D, Middlebrook, “Sampled-data modeling ... ,” PESC 1981

So, like this now current mode control also has a natural sampling effect and this was
reported in this space paper 1981 that if you take cycle by cycle and if you take the perturb

current, you will find this perturb current will change at every switching transition.
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So, that means, any perturbation will remain fixed throughout till this next you know
switching even comes and that inherently in you know introduce some kind of sample and
hold effect if you take the current dynamics and this effect can be introduced if you take a
discrete time model discrete time model. So, discrete time model can be used to capture the

sampling effect.

(Refer Slide Time: 46:47)

R. B. Ridley, "A new, continuous-time model for current-mode ...”, TPEL 1991.

And this sampling natural sampling effect after you know discretization and using continuous
time model you know Ridley model actually captures that and that introduces another loop.

So, this earlier we have neglected k 2 which was very small, which we have ignored.

Otherwise, this loop will come and we consider current loop right and this H s is coming due
to the sampling effect that is the term which was derived from the discrete time model then
from conversion from discrete time to continuous time from that the natural sampling effect

was captured ok.
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k(, = current sensor gain

So, this the overall control to output transfer function by including this sampling effect can be
derived and in many commercial products actually use this technique. So, that the sampling
effect can also be included because that is very important, particularly when you go
somewhat close to the higher duty ratio than the sub harmonic. Then other problem will come
into the picture, and we have seen also the high current loop gain. There is a significant

mismatch.

In fact, the modulator magnitude is also different into the different method and that was one
of major research topics in 1980s 90s time when you know the researcher was trying to find
out the accurate modulator gain for the current loop gain at the same time and to incorporate

the sampling effect.
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® Recap of first-order approximation

® More accurate modeling techniques

* MATLAB case studies for model matching

So, with this you know in this course we have in this particular session we have recap like a
first-order model approximate model was discussed more accurate modelling techniques were
discussed MATLAB case studies for model matching was also discussed. So, this I want to

finish it here.

Thank you very much.
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