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

Module - 12
Performance Comparison and Simulation
Lecture - 54
Nonlinear Control vs. Large-Signal Tuning: Comparative Study Using MATLAB

Welcome this is lecture number 54. In this lecture, we are going to consider Nonlinear
Control and Nonlinear Tuning Large-Signal Tuning Method, Comparative Study and
MATLAB Simulation.
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Concepts Covered

* Summary of nonlinear control and tuning methods
* MATLAB implementation of nonlinear control and tuning methods
® Simulation of nonlinear control and nonlinear tuning methods

® Comparative study of transient performance

So, here, we will first summarize the nonlinear control and tuning method that we are going
to consider then, MATLAB implementation of nonlinear control method and tuning methods
then, simulation of nonlinear control and nonlinear tuning method. We have considered both

buck and boost converters and a comparative study.
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Summary of Model-based Nonlinear Control Methods
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So, first, we want to summarize what are the control method that we have considered in this
lecture. We are going to consider, one is the linear parameter model, linear parameter varying
model-based control and average nonlinear model-based control and switching model-based

control.

So, in the linear parameter varying model-based control, those things we have already
discussed. I think this we have discussed in lecture number 44. So, you get detail in lecture 44
here. You will also get detail in lecture number 44 here, and here we have considered all like
a week you know, week I think week 10 as well as week 11. So, all these discussions we have

made, ok.

Then, state feedback control and Lyapunov based stability, and then sliding mode control,
boundary control and large-signal tuning. These are the control methods which we have

considered in this lecture.
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MATLAB based Nonlinear Control Implementation — Buck Converter
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So, first we will consider the MATLAB in a buck converter, what is the MATLAB case study
we are going to consider. One is the current mode control, where we have designed based on

traditional tuning, like pole zero cancellation, stable pole zero cancellation.

Then, we are going to consider sliding mode control with first order switching surface. And
here we will consider both voltage based sliding mode control that means, we will consider
both voltage based sliding mode control where we will have output voltage and the derivative
of the output voltage. And we will also consider current based sliding mode control. Here we
are going to consider inductor current and output voltage. In both cases, output voltage is

common because we need to regulate the output voltage.

Then, we have also considered a second order switching surface; you know the boundary
control using second order switching surface, second order switching surface. And this thing
we have discussed in week lecture 47. This we have discussed in lecture 47. And this thing
we have discussed in lecture 46, ok. And this thing we have discussed in lecture number, I

think in current mode control 38. So, all this we have already discussed, ok.

And then the large-signal based tuning method, and which also we have discussed in lecture

number I think 50. So, we are just summarizing and with MATLAB case study.
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Compensator Design of a CMC Buck Converter

First, if we take current mode control. This is standard as I told, if you go to lecture number
40, sorry not 40, lecture number 30, I think it was up to current mode control 38, ok. So, how

to place poles and all these things we have discussed. So, I am not going to discuss here.
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Then, we know how to implement current mode control. This we have discussed multiple

time, and this is my current mode control structure.
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Gain Scheduling or Online Tuning of CMC - Buck Converter

Data Conversion f_sw N

kb\u -T A}nllﬂ LsM b
gate pulse ?

ransfer Fen 2

den(s)

RS
‘i

4 ‘3 M‘A W Vo
o / M&M

M@M/ S io

And if you go inside here, you have a transfer function where we consider type-II
compensator, type-II compensator. But in case of our large-signal tuning, we are considering.

So, this is for small-signal based design.

And in our case, we will consider a PI control. So, this is type 3 compensator. So, in our PI
controller, we will use large-signal based, large-signal model-based design, ok. And this is
our load current feed forward. So, this is our load current feed forward. Particularly, this term

is load current feed forward, not this term, where this indicates our feedforward gain, right?
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Voltage based Sliding Mode Control in a Buck Converter
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Then, we are going to talk about voltage base based sliding mode control in a buck converter
which we have discussed in detail in lecture number, so this we have discussed in detail in
lecture number 46, ok. So, here we are considering error voltage and its derivative at the
state. So, you can take the error voltage at the state is v 0, v ref, at the state and the other is x

2 dot equal to x 1, which is simply dv 0, dt, ok.
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Practical switching law:

And in this switching surface sigma x, what we have considered is that K 1 or K p into x 1
plus x 2 is equal to 0. This is our switching surface, ok and this is our hysteresis band that we
have discussed because we will want to get sigma 1 x and sigma 2 x, because if we have this
line this is our sigma x equal to 0. Then, what we want to find? We also want to get a band
sigma 1 x equal to 0 and we also want to get sigma 2 x equal to 0, ok. So, this is the band and

this band we are defining in terms of voltage because it is along the y axis like voltage x.
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So, we can implement this voltage based control and that we have discussed in lecture

number 46, where this is our you know band limited derivative action, ok. So, this is the

voltage derivative.
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Voltage based Sliding Mode Control in a Buck Converter
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Selection of Switching Surface — Sliding Mode Control
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And this we are going to consider MATLAB case study. It will look something like this
depending upon the slope of this surface minus K p, ok. Because if you increase the slope K
p, then the slope magnitude will increase, and you will you can speed up the response, but we

will see what are the different possibilities.
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* The output voltage error and current error — considered as state variables

Then, current based control. In current based control, we can you know use inductor current
is one of the state variable output voltage, another state variable, you can take error current

and error voltage at the state.
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And we know how to form this. So, this sigma in this case will be x 1 the error current plus K
p into. So, we will check what is x 1 is the error voltage, ok. So, I am sorry, it should be
sigma will be you know x 2 plus K p into x 1, x 1, right K p into x 1. So, no bracket here and

this should be equal to 0, ok.

(Refer Slide Time: 08:49)

And we know how to implement. So, this we have discussed, sigma x that means, our it is a
current based one. So, x 2 plus K p into x 1, where x 1 is our v 0 minus v ref and x 2 is our

inductor current minus reference current, ok. So, this is what I have discussed.
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Current based Sliding Mode Control in a Buck Converter
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And if you want to implement, then you need to consider this inductor current feedback, load
feedback, and this is what is our i L minus i 0, in this case we have taken this is my x 2 and

this is our x 1, ok.
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So, you can simply use the proportional gain k p here. But we can also include integral
action, then your switching surface will no longer remain a straight line because integral

action will try to increase. So, you cannot again define into a first order like a sliding
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dynamics, so it will again become a second order. Because integral action, it time sorry, time

integral actually can create that surface structure will not be straight line, ok.
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surface ...," in [EEE Pow. Electron. Letters, vol. 2 (2), June 2004

And we have also considered second order switching surface, where this surface you know
how to discuss design the second order switching surface. It is discussed in this paper that we
have taken the current error square into some constant into voltage. And this constant can be
constructed using a sigmoid signum function where k 1, k 2 are a function of characteristic

impedance, and their reference voltage and input voltage like this.

(Refer Slide Time: 10:35)

Boundary Control with Second Order Surface in a Buck Converter

put votage input curent

Vin
Vn
II g Inductor current [
Vin_step buck result
]

- Capazior votag

To Workspace Vref_step
M —+-PLoad current Output voliage m

Viet
joad  Buckconverter
/L cond_order_surface
<]

Vo

~—{ gate puise
lo_step ‘7 v_ret
i

Hveon

= Vref

2440



So, let us, and the boundary control if you want to do MATLAB implementation. So, this is
our controller, everything else remains same. We are sensing voltage, reference voltage,

inductor current, load current.

(Refer Slide Time: 10:47)
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And then, here these two constants that we have discussed k 1, k 2, and then, along with this
you know this function of reference voltage input voltage, characteristic impedance and this
product. And then the switching logic will be there because there is a signum function, right?
And then we have an error voltage here. This is our error voltage, voltage minus this and then

this is the implementation.
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Large-Signal PI Controller Tuning Parameters for a Buck Converter
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So, and we are also considered large-signal PI controller tuning. This we have already
discussed multiple times you know if you want to incorporate a load current, feed forwarding
current mode control K p, K i, s. And we have already discussed in lecture number 50 all
these derivations in detail. So, we are not going to repeat it for step up and step down,

integral gain computation and normalized gain.
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And we know already how to implement current mode control.
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Large-Signal Tuning CMC Buck Converter
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Here this feed forward gain is inserted for the tuning purpose. And here we are considering PI

controller for large-signal tuning that we have discussed.
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Large-Signal PID Controller Tuning — VMC Buck Converter

50

And we can apply the large-signal tuning for voltage mode control, where we have
considered a PID controller with a band limited derivative, right? And we already discussed
in lecture number you know 50, regarding all these parameters of this q and K i1 and

derivative gain as well as the time constant of the band limited derivative.
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Large-Signal Tuning VMC Buck Converter
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And the large-signal tuning voltage mode control, it is a standard voltage mode controller,

nothing special.
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Large-Signal Tuning VMC Buck Converter
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You can add a sawtooth ramp and this controller we are taking like a PID controller, PID
controller with a band limited derivative. And the gains are accordingly set, according to our

you know formula, right? Now, we are going for MATLAB implementation.

2444



(Refer Slide Time: 12:45)

Awsnaron 0= — . _—— lo|6 ke
. , S e
2O S At R e 2
@ DE U b 1 0o Driop » St 1 Pcorio St + WATLAR e 3+ ok comen ¢ o]
e '7 Conol ompwnnm | Pk i | R comate NC | b = " o ==
0 g
1= closeall: clear: cle: £
2
3= buck parameter;
4 i
5 %% Transient parameters and transient response
6 tsim=5e:3; t_step=3e:3; V_m=10; i
7= delta_lo=20; delta_Vin=0: delta_Vref=0; Eive
8 fid
9 Bl
0 % %% Smallsignal based CMC design using Type-1T i
11 %
I2-  Buck SSM_CMC;
13- kff=0;
4= op_SSM_CMC='buck_converter CMC.slx';
15 enter file_name=op_SSM_CMC:
16~ buck_converter_simulation;
b-
ne
“19 %% Large-signal based VMC design using PID
RO

Rl % Buek LSM_VMC_PID:
B2 %op_SSM_VMC-buck_converter_VMCslx:

p3 % enter_file_name=op_SSM_VMC:
b % sl 1

So, in MATLAB, we are first going to take one by one. So, first let us say, we want to take
the performance of the regular current mode control because we have a small-signal based

design.
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1= figure(l) A feo> i
2= subplot(2.1,]) i3
3= plot(t_scale,i L'b! Linewidth', 2); hold on; grid on: i
4= xlabel(Time (ms), FonSize', 1) i
5= ylabel(Inductor current (A), 'FontSize', 15); o
6 i
7= subplot(2.12) =
8- plot(i_scale,Y_o/VLinewidth, 2); hold on; grid on; E
9= xlabel(Time (ms), 'FontSize', 15); el
0= ylabel(Output voltage (V), FomSize', 15); s
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And we want to check the performance, let us say for the if we use a blue color trace, blue

color, these are small-signal based current mode control.

2445



(Refer Slide Time: 13:16)

Avanarns % —= = lo16

tion

G E e e wRAE D e (2
- AOTe L B e M | Sa

e
.

2 G U » 0 » G » s
o ]
G I x| e
5| fx Select BW (CMC) in kHz . i
i3
t_sim Fe
delta_To=20; delia Vin=0: delia Vref=0; e
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10 % %% Smallsignal based CMC design using Type-IT fieet
1 % iy
12 Buck_SSM_CMC:
13- kAf=0;
14 op_SSM_CMC="buck_converter CMC.slx';
15-  enter_file_name=op_SSM_CMC:
16 buck_converter_simulation;
17- Plot_buck_simulation: [
18 fins
“19 %% Large-signal based VMC design using PLD it
20
21 % Buck_LSM_VMC_PID:
22 % op_SSM_VMC='buck_converter_VMC.slx'
23 % enter_file_name=op_SSM_VM(

Here, we are first running current mode control, where we have considered one eighth of the

switching frequency because of the model validity we have checked.
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So, this is using our current mode control, ok.
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Now, on top of that we want to plot our response using large-signal based current mode

control and we want to comment it, ok.
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nter_file_name=op _SSM_CMC;
» buck_converter_simulation

% Plot_buck_simulation:
%% Large-signal based VMC design using PLD

% Buck _LSM_VMC_PID:

% op_SSM_VMC-'buck_converter VMCaslx";
% enter_file_name=op_SSM_VC:

% buck_converter_simulation

% Plot_buck_simulation:

%% Large-signal based CMC desigu using P1

S uck LSM_CMC PI:
ET 2 k (71
KRR, SSMCMC="buck converter CMC.slx']
Z onter_file_name=op_SSM_CMC:
buck _converter simulation

And we want to enable this large-signal based tuning.
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So, you will find because large-signal based tuning almost achieve, very fast transient

response, almost close to the optimal condition in one switching action, more or less, ok.
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So, you can achieve very fast transient response.
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% enter_file_name=op_SSM_CMC:

% buck_converter_simulation
% Plot_buck_simulation:

%% Large-signal based YMC design using PID

[Buck LSM_VMC PID|
op_SSM_VMC-"buck_converter VMC,
nter file name=op SSM_VMC,
buck_converter_simulation
Plot_buck simulation:

sy’

%% Large-signal based CMC design using PI

Bl % Buck LSM_CMC_PL:
v B2 % k_fr=1
3 % op_SSM_CMC="buck_converter CMCslx";
4 % enter_file_name-op_SSM_CM(
B % buck_converter simulation;
6 % Plot_buck_simulation:

Now, we want to check the voltage mode control along with this. So, you can comment on it.

And if you go for voltage mode control, we want to change using a green color.

2449



(Refer Slide Time: 14:28)

[T 5 L lo)6
o P T—— ;

R E g @

G e Al

ot ST GBI L B | Sa

-2

2= subplot(2.1,])
= ])lm(( scale,i L' 'Linewidth', 2); hold on; grid on:
4= xlabel(Time (ms), FontSize’, 13);

ylabel('Inductor current (A}, 'FontSize', 15);

5
6
1 subplot(2.1.2)

8- plot(t_scale,V_od, Linewidih, 2); hold on; grid on;
9

0

T L e

xlabel("Time (ms), "FontSize', 13);
ylabel('Output voltage (V)', FontSize', 15):
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And you will find that the response in voltage mode control is also close to time optimal, but
there is a slight you know variation because maybe we have taken a large ramp. But it is
much faster than you know the traditional voltage mode as well as current mode control. We
are not showing voltage mode because we have shown that voltage mode control will also

generate overshoot undershoot in case of type-11I compensator, ok.
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1 % doseallclear; ol i >> 1y
2 o
3 buck_parameter; ol
4
5 %% Transient parameters and transient response
6 t_sim=5¢ Ustep=de-3; V_m=10;
7= delta_lo=20: delta_Vin=0: delta_Vref=0;
8
9
10 % %% Small-signal based CMC design using Ty pe-IT
11 %
12 % Buck_SSM_CMC.
13 % k_ff=0;
14 % op_SSM_CMC="buck_converter_ CMCsly'
15 % enter_file_name=op_SSM_CMC:
16 % buck_converter_simulation
L7 % Plot_buck_simulation:
18
"o %% Large-signal based VMC design using PLD
20

pl-  Buck LSM_VMC_PID:
22 = op_SSM_VMC="buck_converter_ VMCslx';
enter_file_name=op_SSM_VMC;

lousals "

Now, we want to compare, ok. So, we want to compare our performance.
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% cle: close all: clear:
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2

3

1 %% Parameters
5~ buck_parameter;
6 Vom=L;

7= w_o_ideal=1/sqrt(L*C);
8

9

0=

=

2

%% PLD control deisgn using large-signal
1.d=T/20; K_d=1:

K_i=(2*pi)/(10*L*C):

UK _p- (2*sqrt(Vin*Veel) /(1.2*L*delta_la)
13- K p=40/C;

4= k(K p/Ki)ed:

15—k 2=(UK )" (K d+(K p*t d)):

6= num_con=K_i*[k_2k_11];

7= den_con=[t d 10

18- Ge=ti(num_conden_con);

"9

L

@
@) P oo g el

So, if you go to voltage mode control large-signal V m, yeah, we have chosen this. So, now,
we want to show the nonlinear controller, so, that means, you know how nonlinear controller.
So, on top of that, let us go to our voltage based sliding mode control, voltage based sliding
mode control, again we are considering load step transient, same load step transient 20

ampere.
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1~ figure(l) feo>
2= subplot(2.1,])

3= plot(tscale,i L'm' Linewidth',
4= xlabel('Time (ms)', "FonSize', 15);
5= ylabel(Inductor current (A), 'FontSize', 15);
6

2): hold on; grid on;

1 subplot(2.1.2)

8- plot(t_scale,V_olu] Tinevidth', 2 hold on; grid on;
9= xlabel(Time (ms), 'FontSize', 15);

0 ylabel('Output voltage (V)', FontSize', 15):

Now, we want to plot using a different color. So, let us say we are going to use in magenta

color, using voltage based sliding mode control.
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So, if we run it, voltage based sliding mode control that we have discussed, you see this also

achieve very fast response, magenta color.
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At least it is much better than our traditional current mode control, ok, so voltage based.
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Now, we can play with the switching surface. And you see there is a variation in the
switching frequency in voltages because we know the voltage. We do not choose the right
amount of threshold or very hysteresis band, then it may lead to variable frequency the
switching frequency will deviate. And that is clear from the magenta color. You see, it is not

exactly common. Whereas, the large-signal tuning and the regular control, they are
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overlapped at steady state, ok. But you know this variable frequency is there in a sliding

mode control.

(Refer Slide Time: 16:56)
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P le: close; clear: o

buck_parameter;

1
2
4
1
5-  delta V=le:2:
6

p

%% Transient parameters and transient response
8- LsimSed; L_step=de-d;

9~ delta_Io=20; delta_Vin=0: delta_ Vref=0;

10
L1

2 op_SSM_VMC="buck_converter_2nd_order.slx’;
13- enter file name=op SSM_VMC;

4= buck_converter_simulation;
5= Plot buck simulation;

L7~ figure(3)
18- plot(t_scale,Veon);

Next, we want to compare we can do very; so, on top of that we want to go for boundary

control, where the second order switching surface.

(Refer Slide Time: 17:00)
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figure(1) fo>>

subplot(21.1)

plot(t_scale_L'k''Linewidth', 2): hold on: grid on:
xlabel('Time (ms)', 'FontSize', 15);

ylabel('Inductor current (A)', 'FontSize', 15);

subplot(2.1.2)
plot(t_sc
xlabel('T

K Linewidth', 2); hold on; grid on:
FontSize!, 13):

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

And we want to use another color, let us say we want to use black color. So, dotted line black

color, and let us run it, boundary control, and see what happen.
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So, this black color is the boundary control.
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That means, if you go back, so this is also a kind of optimal response, very fast transient

response.
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subploi(2,1,1)
plot(t_scalei LK, Linewidth', 2 hold on: grid on;
Xlabel(Time (ms)', FontSize’, 13);

ylabel('Inductor current (A}, 'FontSize', 15);

subplot(2,1.2)
plot(t_scale,V_o. k' Linewidih' 2); hold on; grid on;
xlabel("Time (ms)' 'FontSize', 13):

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

So, I think instead of black, let us use you know dash, yes.
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So, you can see, here also there is a problem like difficulty

in the switching frequency
variation.
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So, you have to set the right band, but the response is very fast you know,

kind of very fast

and you can get close to optimal behaviour, time optimal, it is close to time optimal

behaviour.
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% buck_converter_simulation

%% Large-signal based VMC design using PLD

% op_SSM_VMC="buck_converter_VMC.slx’
% enter_file_name=op_SSM_VMC;

% buck_converter_simulation

I

%% Large-signal based CMC desigu using P1

op_SSM_CMC="buck_converter CMC.slx";
enter_file_name=op_SSM_CMC;

% enter_file_name=op ¢
6
L7 % Plot_buck_simulation:
18
9
0
p1 % Buck_LSM_VMC_PID:
2
3
R4
g5 % Plot_buck_simulation:
R6
g7
RS
R9
3O
1= Buck LSM_CMC|PIL:
v B2 k_ff=1;
3-
4
5= buck_converter_simulation:
6 Plot_buck_simulation;
1

> Plot_buck_simulation

e

So, if I want to compare this, you know I want to compare the large-signal tuning of the

current mode control; that means, if I go, because I want to show the nonlinear control versus

nonlinear tuning, ok; because that is the.
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Contrler compuianim 1 | Pt bck sl

0 + B
> = >> Plot_buck_simulation ood

'g L %% Compensator . > i
3 D2~ lo_ef=(Vref/R)+delta_lo; R_ef=Vref/lo_ef; 0c|
b B i
] L4~ K.d=1; T d=Tr20; 4

A 15 ko=d

L6- K p=k n*(I/(R ef)); K.i=0;
17-  num_sme=[K_p K_i]
18- den sme=[10:(

pL= op_SSM_VMC="buck_converter_lst_order_current_SMCslx';
R2-  enter file name=op SSM_VMC;

P3=  buck_converter_simulation;

R4- V. der=x|

PS-  index_a=led; index_b=length(V_der): |
R6

p7-  Plot_buck_simulation;

p8

TRo- figure(d)
B0~ ploi(V_ofindex aindex_b).i_L(index_aindex_b)'b Linewidih, 2); hold on:
B~ plot(V_o(index_aindex_b),V index_b),r,‘Linewidth', 2); held on
B2~ slabel(Output voltage (
B3~ ylabel(Voltage derivative (V/s), FontSize’,

st s G

And another thing, I want to I forget to show that if you go for current based implementation;

that means, if you go for current based implementation, so we will do all together.

(Refer Slide Time: 18:34)
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figure(1) »> Plot_buck_simulation 5
subplot(2,1.1) fo>> i

plot(t_scale_L.'b' Linewidth', 2): hold on: grid on:
xlabel('Time (ms)', "FontSiz
ylabel('Inductor carrent (A)", '

subplot(2,1.2)
ploi(t_sc ! Linewidth, 2); hold on grid on;
xlabel('Time (ms), 'FontSize', 13):

vlabel(Output voltage (V). FontSize',

13);

First, we will compare our plot using blue color; blue color is the nonlinear tuning.
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% close all; clear;

buck_parameter;

g
“/n"/"n Transient par} gm‘r
§ |
3
o

Time (ms)

% %% Small-signal Daced COIC design ueing Ty pe-IT.

9

% Buck_SSM_CMC:

% k_ff=0;

% op_SSM_CMC="buck_converter CMCslx"
% enter_file_name=op_SSM_CMC:

% buck_converter_simulation

% Plot_buck simulation;
%% Large-signal based YMC design using PID
% Buck_LSM_VMC_PID

% op_SSM_VMC="buck_converter_VMC.lx:
% enter_file_name=op_SSM_VMC:

% Commend e

I3 Nt MATLAR S s 0 Gt St * [ ene

- f>>

So, this is our nonlinear tuning, ok.

(Refer Slide Time: 19:01)

Then, we will go for current based sliding mode control which we are going to use a red

color.
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figure(1) b

subplot(2,1,1)
plot(t_scaled L/ Linewidth', 2): hold on: grid on;
xlabel(Time (ms), FontSize!, 15);

ylabel('Inductor current (A), 'FontSize', 15);

subplot(2.1.2)
plot(t
xlabel
ylabel(‘Output voltage (V

o Linewidth', 2); hold on; grid on;
‘ime (ms)', 'FontSize', 15):
|, FontSize', 15):

4
fiz>

0 i g1 o R o oo, S0 0
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delta_V=2;

%% Transient parg
t sim=5e:3; t st
delta_To=20: del

%% Compensator |
To_ef=(Vref/R)+df o0 om om 0% ow ow

Volage dervative (V/s)
T

num_sme=[K_p K
den_sme=(10];

0p_SSM_VMC="buck_converter_1st_order_current_SMCslx's

enter_file_name=op_SSM_VMC;
buck_converter_simulation;
V_der=x(:3):

index_a=1e5; index_b=length(V_der):

Plot_buck_simulation;

o

x
b

Camen ko

Nt MATLAR S s 0 Gt St * [ ene

fr>>

st s G

That we are going to repeat on this.

(Refer Slide Time: 19:13)
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“ele: close: clear:

3~ 1y buck_parameter;

delta_V=2;

%% Transient parameters and transient response

delta_[0=20; delta_Vin=0; delta_Vref=0;

%% Compensator

To_ef=(Vrel/R) +delta_To; R_ef=Vref/lo_ef;

K_d=1: T_d=T/20;

k n=3;

K_p=k_n*(U(R_en): K_i=0;
num_sme=(K_p K
don_sme=[1 0]

op_SSM_VMC=buck converter lst order current
enter_file_name=op_SSM_VMC;
buck_converter_simulation;

SMCslx';

o>
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close all: clear: cle;

[0
buck_parameter;
%% Transient parameters and transient response

t_sim=5e:3; t_step=3e:3; V_m=10;
delta_lo=20; delta_Vin=0: delta_Vref=0;

% %Y% Small-signal based CMC design using Type-IT
%

% Buck_SSM_CMC

% k_{f=0;

% op_SSM_CMC="huek_converter CMCly'

% enter_file_name=op_SSM_CMC:

% Plot_buck_simulation:

%% Large-signal based YMC design using PID

% Buck _LSM_VMC_PID:
22 % op_SSM_VMC='buck_converter_VMC.slx"

B3 % enter file_name=op SSM_VMC:
e L

I think we have erased the earlier one. So, that was the problem, ok.
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So, again, we start. So, here we are using red color is the large-signal tuning. Large-signal

tuning is a red color.
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subplot(2,1.1)
plot(t_scalei_L'b' Linewidth', 2); hold on; grid on;
xlabel(Time (ms), "FontSize, 15);

ylabel('Inductor current (A)', 'FontSize', 15);

subplot(2.1.2)

plot(t_scale,V_oJp! Linewidth, 2); hold on; grid on;
xlabel("Time (ms)! 'FontSize', 13):

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

Then, blue color is the current based sliding mode control, first order switching surface;

current based sliding mode control, this is the blue color, the blue color, ok.
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1= figure(l) fo>> e
2= subplot(21.1) i
3= plot(t scalei L'g.Linewidth', 2); hold on; grid on; fi
4= xlabel('Time (ms), 'FomSize', 15 ffown
5= ylabel(Inductor current (A), 'FontSize!, 15); el
6 e
7= subplot(212) o

8= plot(t_scale,V_o.'gl'Linewidth', 2): hold on; grid on:
9= xlabel(Time (ms), 'FontSize', 15);
Lo~ ylabel('Output \f1|lagr (V), FomtSize', 13):

And you can see if you go close, it is also very fast. Go for green color, the second order

switching surface, ok. And you want to see how does it looks like.
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So, the second order switching surface is also going close to this, and this also gives optimal
recovery. That means the large-signal tuning and practically the current based sliding mode
control we have designed using our large-signal tuning. That is why they are happening
almost in optimal recovery time. But only due to the shift of this voltage, average voltage, so

that is why there is a shift in the output.

So, that means, the nonlinear control and where we are using current based sliding mode
control, where we are using you know for the current based sliding mode controller using
first order switching surface, and that switching surface slope is derived from the optimal
criteria, ok. So, this additional undershoot is coming here due to you know because even if

you go for example, just a minute, yeah.
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So, because there can be a slight delay in the PWM based control that we did because the
modulator delay, but in case of switching surface based hysteresis, like you know sliding
surface based design, there will be no delay it will respond because it is a hysteresis control,

ok.

But, that if we can apply our tuning rule for first order switching surface and get the optimal
slope, and if we apply the same thing for regular current mode control, then we will get
almost time optimal recovery which is possible using second order switching surface. Now,
we have to go for boost converter. So, that means, we have compared all these results. Now

we will go for a boost converter for a comparative case study.
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So, now, we are going to discuss the boost converter MATLAB case studies. In this control
technique, we have considered in a boost converter you know state feedback control where
we have used both small-signal as well as the large-signal based design because you know in
lecture number 44. So, these two in lecture 44 and this in lecture 39 the state feedback design

we have considered.

So, 44, we have used a Lyapunov criteria to show because you know beyond certain
bandwidth your model validity is a constant. So, small-signal model is no longer is used,
useful. But if you use a Lyapunov criteria, you can still go further, so that your system you

know stability can be defined in for even for a large duty ratio variation.

And then we will discuss sliding mode control with first order switching surface where we
have computed the slope of the switching surface by optimal gain. And then we will consider
the large single based current mode control tuning, and we will also show current mode

control tuning using small-signal based design, comparison with MATLAB case study.
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So, first if we recall you know lecture number, I think 39. We have discussed this perturbed

model how to obtain the perturbed state space model of a boost converter, an ideal boost

converter.

And then, we can incorporate the integral gain because we are using a PI controller in the

voltage loop, and it is a state feedback control, current loop is there, like a current feedback is

there in the voltage controller using PI controller in the voltage feedback path, voltage

feedback path, ok.
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So, now if you go for state feedback control and where we are also considering load current

feed forward.

(Refer Slide Time: 24:07)
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But, if you set K n to be 0, then there is no load current feed forward or if you set K n to be V

ref by V in, ok; just if we set.
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That means, if we set K n to be 0, no load current feed forward, but if we set K n to be V ref
by V in, that is the normalized gain. Because you want to normalize the load current to take

that with respect to the average inductor current, ok.

And here we are also using a gain for the current loop, but you may add a ramp because if
you find some stability issue because we are talking about state feedback control, where the
whole control logic there will be a modulator gain, the whole after summing up you will have
to have a comparator. So, because even modulator should be there, so this sawtooth

waveform is acting like a modulator.
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So, we have discussed; and now if you go for large-signal based stability criteria because
small-signal based design we can use to obtain closed-loop poles eigenvalues and then we
can decide the about stability. But the model validity was concerned because of perturbation
and duty ratio. So, here we can we will go up to the crossover frequency, omega rhp by 2,

that is our time. beyond that the model is not at all useful.

2469



(Refer Slide Time: 25:54)

State Feedback Control Law N =3 [_LUHHT‘*%X]

¥ @=- (Uref . Uiu)ll T (l:rf - 7’")1‘2 . (1'iulvrf o Urrflu) [ (’Urrfm] . erfg“‘l)d'

S—

A v
Normalized load current, | =} =
W o

b mn

£ # =z ke
d=F K('u —:1:,)-|—K('1 —:1:) {
m | Vet T e\t T

dys I

But, in, if we go for large-signal based state feedback control and we want to see in this case
the state feedback control law, it consists of you know the normalized load current and also,
the control law error voltage, x 2 is my output voltage and the error current where x 1 is the

inductor current. So, x 1 is my inductor current and x 2 it my output voltage.

In this control law, we have to ensure the derivative of the energy like function. And what
was our energy like function? We took this to be L x 1 minus i ref square x 1 is our inductor
current, x 1 is our inductor current plus x 2 minus v ref square into ¢. So, L, that means, it
looks like a something like an energy. This is like an energy corresponding to the inductor,

energy current to corresponding to the capacitor, ok.

And as long as you can satisfy the derivative of this energy like function is negative, then you
can actually increase the gain. And here model validity is a large-signal model validity only

you have to ensure the duty ratio should not saturate, ok. So, we will consider this.
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Then, the sliding mode control of a boost converter if we take a first order switching surface
consisting of error current and the error voltage because in boost converter unlike in buck
converter we should not consider the derivative of the output voltage to be another state.
Because it can be shown that it exhibits non-minimum phase behaviour. So, the 0 dynamics

will be unstable.

So, we should not use you know just a proportional voltage and the derivative of the output
voltage. We can consider if we have to put a limit on the duty ratio because otherwise it may
lead to unstable 0 dynamics and voltage will simply collapse and our inductor current will
saturate. So, in boost converter, it is better to use the error current that is the best way to do.

So, that you can also control the current.

And we have discussed some aspect of boost converter sliding mode basic concept in lecture
number using vector diagram is lecture number 45, but not in design anything. So, here we

are going to talk about boost converter sliding mode control.

And we have used this reference current to be normalized load current, which is v ref minus
divided by v in into load current, ok. And if you go to implementation of this sliding mode

control, I mean I will show you the MATLAB implementation of the sliding mode control.
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And then we have considered large-signal tuning of the boost converter where this K n is
nothing but our normalized gain. So, what was our K n? Is v ref by v in, and these gains we

have already discussed, right?

(Refer Slide Time: 28:57)
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So, now, we are all set for large-signal tuning of boost converter. And let us go, we have also
this normalized gain. The inductor current feedback is also there because I need to make sure

the current reference should be in place, ok.
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% p=input(Select BY fraction of {_rhp')
% theta_rad=atan((2*p)/(1-(p*2)))

% theta=rad2deg(theta_rad):

% PM=90-theta; w_c=p*w_thp:

% theta=(90-PM); theta_rad=deg2rad(theta);

% Ke(p*w_rhp)/(K_g): w_cp=w_rhp: k_n=0:
% num_con=K c*den_c:

% don_can=[1/w_cp 10J;
% Ge=tf(num_con.den_con):

% %% Large-signal tuning of PI controller

K cp=1; k n=Vref/Vin;
K vp=15.4
K_vi=40000;

=g

o o>

So, now, we are going for MATLAB simulation. So, first what we will do?

regular current mode control.
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f Vin 1
a
L]

N Vin
Vin_step
DCM_En ‘
DCM_En

lo_step
-
]

B Input voltage
Inductor curtent *
ate signal
Capacitor voltage
#{DCM Enable ‘
Output voltage ]
P Load current
Boost Converter
load
1R |‘

l Veon

First_order_surface -
Voo +
< oste pulse
L | ;

Vref_step

We will run our

So, before that I want to discuss that if we go for sliding mode control implementation. So,

sliding mode control implementation switch based. So, this is our sliding mode control

implementation where the boost converter is common and that we have discussed in multiple

times.
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And this is our switching surface, you know, and if you go to the switching surface inside; it

is taking error voltage, and the reference current is a normalized current.
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And if you go inside, then we have a controller here and it can be proportional controller.
Even I will show you your PI controller can also work. But we will take proportional
controller, then the reference current, and it is compared, this generates sigma 1, sigma 2, like

current references.
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So, here, only implementation is slightly different. Here we are generating current references,
ok. And this is creating a hysteresis band and then we are giving the gate pulse. So, here if we
since we are using current references, so we can set the delta i band is the current reference,

ok. So, that is one of the advantage here, this is just the change in implementation strategy.
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And for the other one, where the current mode control it is also well known already.
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So, we have discussed multiple time where we have considered a load current feed forward
because we want to you know increase the bandwidth, and we discuss that for large-signal

tinning we can incorporate the load current feed forward.
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And in state feedback control, if we go, in state feedback control, we are taking the inductor

current state, output voltage state.
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And also load information because if you go, we have a normalized load current state feed
forward and inductor current, then the error current is multiplied with the state feedback gain
and this transfer function we are using a PI controller where we assume designing the
controller based on that our pole placement criteria. Because we are using an augmented state

approach.

And this you know ramp will come when we run it because we have not run it, ok. So, let us

go and do the simulation one by one.
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%% Open-loop Output Tmpedance
num_o=(RA2)*[1w_esr 1];
R3-  deno=[lw plf:
4= Z_o=tf(num_o.den_o);
2]
R6 %% Small-signal design of Type-IT Comp
R1
ps
R9-
(R et rad2deg(theta_rad).
SN =90-theta; w c=p*w rhpj
<Y o1 (90-PM): theta_rad - deg2rad(theta)
KRK = (p*w rhp)/(K g): w ep=w thp: k n=0j
B4~ (0T K_c*den_c
BS
S Bé
e
Svei Sk e
e o B2 %
“ 0 %K.epl: ko Veel/Vin:
“““““ i Bl % K vp=154:
2 S0 K ui0000,

So, first we will run using regular current mode control, ok.
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A feo> e
W 2= figure(1) e
R 3= plot(t_scalei L' Linewidth', 2); hold on; grid on; fiet
3:;;“‘ 4= xlabel('Time (ms),, 'FomSize, 15); e
X e
Ehesominsmnn 5= ylabel('Inductor current (A)', FontSize', 15); e
6 e

1o figure(?) o

8- plot(t_scale.V_o, b Linewidth', 2): hold on: grid on; =n

9= xlabel(Time (ms), 'FontSize', 15); 18

0= ylabel(Output voltage (V), FontSize', 13); il

And we will use you know the first one regular current mode control, and we will see the

reference transient performance.
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Select BV fraction of {_thp 13
H 20 %% Open-loop Output Impedance shdhionuk e s
8 21 :
| bt 20- mum_o=(RR) [Uw_est 1) P
23-  deno=[llw plf: 0.3333

24 Z_o=tf(num_oden_o);

25 %
26 %% Small-signal design of Type-I1 Comp

27
28~
29~
30~
Bl=
B2=
B3=
34=

=
38 % %% Large-signal tuning of PT controller
o g 39 %
40 %K.ep-li kn=Vrel/Vin;
[R—— i % Kopeisd;

W2 8T imsnnon

) F w [j ’f@’,; X

And we want to give one-third rhp 0 is the design.
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And this is the response that we are getting for one third of the rhp 0. So, it even has

overshoot, undershoot, right, so one-third rhp 0.
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Now, we want to use our large-signal tuning, ok.
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B8 % p=input(Select BW fraction of f rhp ) ku i Hs
P9 % theta_rad=atan((2*py(1-(p*2)) i
Bo % theta=rad2deg(theta_rad); e
1 % PM=90-theta: w_e¢=p*w_rhp ol
B2 % theta=(90-PM); theta_rad=deg2rad(theta; e
3 % K_e=(p*w_rhp)/(K_g): w_ep=w_rhp: k_n=0; =
B4 % num_con=K_c*den_c: Eal
B5 % den_con=[I/w_ep10]: By
B6 % Ge=tf{num con.den con): it
B7 fice
B8 % %% Large-signal tuning of PI controlle i
B9 Ky
B0~ K_ep=l: k n=Vref/Vin:
i 4;
p2- 1
a3
4= num_con=[K_vp K_vi]:
fis=  den_con=[10];
“he
7= Ge=ti{num_con,den_con);
| He
fn9
] 50 %% Transient parameters and transient response
L4 IM'lm'hmi . ! s § ot Gl

) w0

And this gain, we have obtained, so here we have also included our integral action, right?
And we have obtained the gain by computation using our tuning rule and we want to use a

different color.
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2= figure(1)

3= plot(t_scalei LY, Linewid
4= xlabel(Time (ms), 'Font
5= ylabel('Inductor current (A), '

hold on; grid on;

1= figure(2)

8- plo(t_seale,V_o,t Tinewidih', 2); hold on; grid on;
9= xlabel(Time (ms), 'FontSize', 15);

Lo~ ylabel('Output voltage (V)', FontSize', 15):

So, let us say we are using a red color trace and we are running it.
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You will find the response is coming in one switching action, ok. So, it is like a time optimal,
but there is a large undershoot and that we have discussed that in case of boost converter,

since it is a non-minimum phase converter.

(Refer Slide Time: 32:35)
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And if you go to the current waveform, since the inductor current using the optimal tuning is
going, is turning on, the inductor current is going and going and it is 2-3 cycle it is
continuously on, when the voltage is actually discharging. So, as a result, you will get more

undershoot.
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i - fon
o~ K.op=li kn=Vref/Vin; | % s

1 K_vp=154; fic
g2- K vi=40000; -

nn© | BondSNC digam

Ba=  num_con=[K vp K _vil;

5- den_eon=[10};

6
7- Ge=ti(num_con.den_con);

'

9

B0 %% Transient parameters and transient response
51 Lsim=5e:3; 1_step=de:3;

b2

53-  Lmax=12% Lmin=-10;

b4

65~ delta_To=0; delta_Vin=0; delta_Vref=0.2;
b6

_B7 op_SMC="boost_converter_CMC.slx';
B8~  enter file_name=op_SMC;

on
s o po

o | |BO-  boost_converter simulation:
oo 3

ey —— 2 Plot_boost_simulation;

But if we put a current limit for the same result, suppose, if we put a current limit of 12
ampere, then you know we want to just use another color red you know instead of green, we

can use green color.
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figure(1)

plot(t_scalei L'g, Linewidth', 2); hold on; grid on;
Xlabel(Time (ms),, "FontSize', 15);

ylabel(‘Inductor current (A), 'FontSize', 15);

figure(2)
plot(t inewidth', 2); hold on; grid on;
xlabel('Time (ms), 'FontSize', 13);

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

[T r———y x
8|

fi>> i

]

Canmand o

(L] Bomtn MG dsgnm < | oo SHC dignm | B 5 CC fsgnm x
0 Dialog to "None" .
go-  K_ep=l: k n=Vref/Vin: » In boost_converter_simulation (lin
nl-  K_vp=154; In Boost lst SSM CMC design (lin
h2- K vi=40000; Found algebraic loop containing:

3 'hoost_converter CMC/load'
Be- num_con=[K_vp K _vi]: "hoost_converter_CMC/Sum' (slgeb
f5=  den_con=[10J; "hoost_converter CMC/PWM CMC/
pé "boost_converter_CMC/PWM CMC/
7= Ge=ti{num_conden_con); 'hoost_converter CMC/PWM CMC
i8 "boost_converter_ CMC/PWM CMC
9 "hoost_converter CMC/PWM CMC/
B0 %% Transient parameters and transient response "boost_converter_CMC/PWM CMC,
Bl=  tsim=5e3; Lstep=de-3; ‘hoost_converter CMC/PWM CMC/
b2 'boost_converter_CMC/Boost Conv:
B3-  Lmax=1% Lmin=-10; "hoost_converter_ CM(/Boost Conv, |
bd "boost_converter_CMC/Boost Conv/ |
BS = delta_To=0; delta_Vin=0; delta_Vref=0.2; 'hoost_converter_CMC/Boost Conv:
b6 Warning: Discontinuities q
B7-  op_SMC="boust_converter CNCsly' detected within algebraic ‘
58~ enter file name=op SMC: 9 loop(s). may have trouble

59 solving

B0~ boost_converter simulation; > [n boost_converter simulation (lin |
Bl In Boost lst 8! + design (lin |
B2~ Plot_boost_simulation:

2 P—

‘—*Dj;

Then, if we rerun it, now, we are putting a current limit of 12 ampere, ok.
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And if you go and check that we have set a current limit, we have reduced the current, but the

response is still much faster than our linear control, ok. So, it is much faster than our linear

control.

Now, we will go for sliding mode control, ok.
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He
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% num_con=K_c*den_e:

% den_con=[1/w_ep 10]
% Ge=tf(num_con.den_con):

b %% Large-signal tuning of PI controller
K ep=l: k n=Vref/Vin:

K_vp=154:

K_vi=40000;

num_con=(K_vp K_vil;
den_con=(10)

Ge=ti(num_con,den_con);

%Y% Transient parameters and transient response 1 iy)
Lsim=5e-3; _step=de-3;

T_max=22; I_min=-10; 1

delta_To=0; delta_Vin=0; delta_Vre=0.2;

SuL- LA

So, here we will remove all, ok. And we want to consider the optimal criteria. There is no as

such current limit.
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2= figure(1) i
3= plot(t_scalei LD Linewidth', 2); hold on: grid on: fiet
4= xlabel(Time (ms), FontSize’, 13 i
5= ylabel(Inductor current (A), 'FontSize', 15); o
6 =
7= figure(2) e
8- plot(t_scale,V_olf. Linewidih', 2); hold on; grid on; 1
9= xlabel(Time (ms), 'FontSize!, 15); iU
Lo~ ylabel('Output voltage (V)', FontSize', 15):
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And we will consider our one large-signal tuning using blue color.
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cle: close all: clea

%Y% Parameters

boost_parameter;
R=1:r_eq=r_L+r|

- L=l K g

9 %% Define zeros

11- wothp=(((1-D)"2)*R)L:
12 w_est=1r_C*C): w_p=2/((R4(2*_C))*C)s

13
14 %% Control-to-output TF Gvd
15
16-  num_e=K_g*[-1/(w_esr*w_thp) (Uw_est)-(1/w_thp) 1];
17- den_c=[liw_plJ:
18- Gvetfimm_edenc)
[ e e -
B 20 %% Open-loop Output Impedance
o 21
Lot moddly I
22-  num_o=(RY
a—— 23— den_o=(1

Now, let us go. So, large-signal tuning this is our blue color. Now, we are going for sliding
mode control. So, sliding mode control, we have designed, sorry sliding mode control just to

get a kind of optimal criteria, optimal you know gain criteria.
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v 1 fx =

] ooy 2= figure(l)

R 3= plot(t_scale Lr" Linewidth', 2); hold ons grid on;

Bl smma A= xlabel(Time (ms), 'FontSize', 13);

Biwiomsnmionn 5= ylabel('Inductor current (A), 'FontSize', 15);

6

1= figure(2)
8- plot(t_scale,V_o/fLinewidih', 2); hold on; gridon:
9= xlabel(Time (ms), 'FontSize', 15);

Lo~ ylabel('Output voltage (V)', FontSize', 15):

And let us see, if we run it, and we are using red color for the sliding mode control.
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| Bont I SMOMC deignn X] Bo SN New to MATLAB? See resources fo Gitting Stated * | e «
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16 B, (it
17 num_sme=[K_vpf 3 e
18- densme=[10}; || 3° i
19-  Ge=ti(num_sme,d § Al B,
20 : fii
20 %% Tramsient purfl fiire
23=  delta_lo=0; delt ‘”‘ﬂ“'“;"ﬂ(‘" 1o
24 — -
25 %C% Switeh simulation
26

27 op_SMC="boost_converter_SMCslx';
28-  enter file_name=op_SMC;

29
30~ boost_converter_simulation;
31 b
32- Plot_boost_simulation;
v |83
- figure(d)

35-  plot(V_o(1000:end),i_L(1000:end),'h" Linewidth', 2); hold on; grid on;

136~ plot(V_o(1000:end).Vcon(1000:end). r. Linewidth', 2); hold on: grid on:
37-  xlabel('Output voltage (V' Fon 3):

38~ ylabel('Inductor current (A)' 'Font$

son T

And if we design, if we run it, we want to see how does the response look like under sliding

mode control.
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I think we have eliminated this, sorry.
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1= cle:close all: clear: = k>
2
) ioon 3 1 3 %% Parameters
| i ot 4= boost_parameter;
5 R=lir_eq=r_Ltr_L; D=(Vief-Vin)/Vref: |
6
T- fawslT K g=(RY(1-D):
8
9 %% Define zeros and poles

0
1= wthp=(((1-D)"2)*R)L:
2= w_est=U(r_C*C); w_p=2/((R+(2*r_0))*C):

L3
14 %% Control-to-output TF Gvd
L5
16~ num_c=K_g*[-1/(w_ese*w_rhp) (1/w_est)-(1/v_thp) 1)
L7- den_c=[liw pl]:
18- Gve=tf{num_cden_c)
“h
0 %% Open-loop Output Impedance
i B2
v P2-  num_o=(RA2)[I_esr 1)
i D3~ den o=[liw p 1)
b4 2 £l A R

s by G

So, again, we have to run it.
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2= figure(l)

3= plot(t_scale.i L"H.’Lum\itllh?
4= xlabel(Time (ms), FontSize!, 13);
5= ylabel(Inductor current (A), 'FontSize', 15);

2); hold on; grid on;

7= figure(2)

8= plot(t_scale,V_o.b' Linewidth', 2); hold on: grid on;
9= xlabel(Time (ms), 'FontSize', 15);

Lo~ ylabel('Output voltage (V)', FontSize', 15):
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Our tuning will be blue because we have removed the overlap.

(Refer Slide Time: 34:44)

cle: close all: clears

%Y% Parameters
boost_parameter;
R=l;r_eq=r. IT”

H

71— fawslT K g(
8 AR [
9 %% Define zeros Time (ms) i

1= worhp=((1-DY)*RYL:
12= w_est=1(r_C°C) w_p=2/((RH(2*r_C))*C)i

14 %% Control-to-output TF Gyd
16 num_e=K_g*[-1/(w_es*w_thp) (Uw_est)-(Iiw_rhp) 1];

17- den_c=[liw_plJ:
18~ Gvestfinum_cden_c)

Mode vervon: Yovbw po

N 20 %% Open-loop Output Impedance
o 21

e I

. 22= num_o=(RI2)*[Us_esr 1)
[— 23-  deno={liw p

I mean, so overlap we have to clear the waveform, close the wave all the waveform. So,

sliding mode control, we want to use red color.
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figure(1) fie
plot(t_scalei L'r Linewidth', 2); hold on; grid on; fiet
label(Time (ms)', 'FoniSize', 13 o
ylabel(Inductor current (A)' FontSize!, 15) i
6
7= figure(2) e
8- plot(t_scale,V_oJr. Linewidth', 2); hold on; grid on; =
9= xlabel(Time (ms), 'FontSize', 15); 1w
0= ylabel(Output voltage (V), FontSize', 13); =
11 El
iy

Red trace, and this now we want to compare.
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%% Parameters |3 [ [
boost_parameter: | = '] e
R=Lir_eq=r_Ltr] i B
.
8 Wods 4 w5 s 6 se w L
9 %% Current-based o‘ﬂﬂ“'“;‘"&‘ﬂ"
10
11-  Iref= (\"raf/\"m‘,‘(\)ref/ll):
12
13- delta i=0.2: 1 max=20; I min=0;
14
15- K vp=146; K vi=0*50000;
16
17- num_sme=[K_vp K vif;
18- don_sme=[1 0]
~ - 19-  Ge=tf(num_sme.den_sme):
m 20
v ook e
(e o 2L %% Transient parameters and transient response
2= tsim |_step=de-d;
e Seciln s 23-  delta_Io=0; delta_Vin=0; delta Vref=0.2;

So, we want to compare the two responses, and you can see that sliding mode control the
switching frequency is different because your hysteresis band has to be set according to in

order to get the desired this reference.
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And also, there is a steady state error because we have not considered any integral action in
the sliding mode control. As a result, the output voltage average is not set to a desired value.
Whereas, the large-signal tuning we have an integral action, it is slowly going to your
average value is going to 5.2. So, that means, the regulation is happening also the switching

frequency is fixed.
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%% State space model fise

all_o=0;  al2_o=-(1-DJL:  al3_o=0;
all o=(1-D)/C: 22 o=-l/(R*C):  a23 o=0:

adl_o=0;  ad2_o=-1: a33_o~0;

3= Beq=[Veel/(Fin*L); ~Vref/((1-D) Fm* R*C): 0

pd-  Aol=[all oal2 oal3 o:a2l 0a22 0a23 o: a3l _0a32 oad3 o)
5= eiglAol):

43

p7 %% State feedback controller design

p8

P9~ w_pl=10000; %% K VK p
B0~ w_p2=min(0.5*w_rhpw_sw/l0):
Bl w_pd=l0tw_p2

B2-  p.des=[-w_pl-w_p2-w_p3:

Lmhl - _,‘_, “B4- Kaf= place(Aol.Beq.p_des):
I 5- K_op=K_si(1):

[t > i |pe- Kovp=Ko(2):

i BT~ K_vi=-K_si(3)

s oo e B8~ K_n=0*Vref/Vin:

Next, we want to consider the large you know the state feedback control. So, here we want to
again you know, first we want to design based on our small-signal criteria where we want to

use 0.5 rhp.

(Refer Slide Time: 36:05)

@l ga | MDEUC R e @

Lo = it s uuuvi‘.d
b it ¢ e
i o

figure(1)
plot(t_scalei_L/g. Linewidth', 2); hold on; grid on;
xlabel(Time (ms), FontSize!, 13);

ylabel('Inductor current (A)', FontSize', 15);

T figure(2)

8- plot(t_scale,V_o/g, Linewidih', 2 hold on; grid on;
9= xlabel(Time (ms), 'FontSize', 15);

Lo~ ylabel('Output voltage (V)', FontSize', 15):

And now we are using green color. This is our state feedback design. So, I mean we should
get a better response than linear control, but let us see how does it looks like, ok. So, stake

feedback control, and we have used green color.
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Naturally, this is the linear design using linear feedback. So, it will be sluggish because it is

up to half of the rhp 0.
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w_thp=(((1- DY) RYL: w_p=2/((R+(2*r_C))*C):
faw=UT; w_sw=2'pi*l_sw;

%% State space model
N9- all o=0; al2 o=-(1-DVL: al3_0=0;

0 a2_o=(1D)/C;  a22 o= -/(R*C); 423070
p1-  all o=0: ad2 o=-1: a33_o=0:

p2

p3- Beq=[Vref/(Fm*L): -Vref/((1-D)*Fm*R*C}: 0):

R4~ Aol=[all_oal2 oald o; 21 0422 o023 o; a31_oa32 o33 o];
RS- eig(Aol):

pé

R7 %% State feedback controller design

w_pl=10000: %% K VK p
w_p2=min(LO5*w_thp,w_sw/10);
w_p3=10tw_p2:

p_des = [-w_pl -w_p2-w_p3];

K_sf = place(Aol,Beq,p_des);
K_ep=K_sf(1):
X

Kol

Now, since, we have discussed large-signal stability, so if we go up to 1.05; that means we are
going crossover frequency beyond rhp 0 and our small-signal model shows it is not simply
possible. But using large-signal Lyapunov stability, can you really achieve it or not? So, we
are designing again using state feedback control to achieve a crossover frequency 1.05 times

of the rhp 0, that means it is higher. And we are using a black color.
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fio>
figure(1)

= plot(t_scalei LK Linewidth', 2); hold on: grid on;
xlabel(Time (ms), FontSize’, 15);
ylabel('Inductor current (A)', "FomSize', 13):

figure(2)
plot(t_seale,V_o,

..................

So, linear model is not at all valid and as per linear model it is unstable. But we want to see

what happens in this case. So, let us see. So, the black color is the one.
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So, you will see it is not unstable, that means, you are getting even fast response. It is not

time optimal, but it is also somewhat close to time optimal because there are multiple

switchings.
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And if you compare the current waveform, that means the response is happening perfectly
fine. You know this is a black color. And, but linear model is invalid, and also as per the
linear model, we have shown even whether it is a current mode or voltage mode from loop
transfer function equation and the at crossover frequency, you cannot achieve crossover
frequency above rhp 0 because that are showing unstable. But that is where the limitation of

the linear controller.
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But when you go for Lyapunov based stability, and we have ensured the large-signal stability
is retain then even we can push to go beyond that. But in this case, the linear model and the
bandwidth concept are not valid. But in some sense of bandwidth we can push the

performance even much higher than what is possible to achieve using linear model, ok.

So, we have discussed this comparative study large-signal tuning of a boost converter, and
that means, we can go even further in case the performance as long as we satisfy our
Lyapunov stability criteria that we have discussed in the here. So, we can satisfy that v dot is

negative. And that we have checked, and for high gain even it is stable.
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Key Parameters for Comparative Study

* Recovery time — important to access response speed (analogous to settling time)

-—_—

* Noof switching events - link to energy efficiency during a large-signal recovery

* Voltage undershoot/overshoot — link to power density (output capacitor selection)

® Peak current - link to devices current ratings (switches and inductor)
e

* Algorithm complexity - link to silicon area (cost), portability
/——_—-l‘

So, the key comparative performance, which are very important in order to compare is the
recovery time that is important. We need to make it fast, and we will see that it will also

increase the energy efficiency.

Number of switching event should be reduced to have higher energy efficiency. Voltage
undershoot also needs to be reduced, and you saw that if you want to really speed up
sometime the undershoot was large, so that can be managed by putting a current limit, and in
some cases, we can use the combine current and voltage linear, particularly for a boost
converter. But for a buck converter, minimum undershoot can be achieved even using time

optimal control, but for boost converter undershoot was more we need to put a limit.
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Peak current was the concern, but in our large-signal tuning we can always put a current limit
because it is using current mode control and then your performance will be much better than

linear control.

And the algorithm complexity, so the large-signal tuning it uses our existing current mode
and voltage mode control algorithm, whereas you know if you go for sliding mode control, if
you go for second order switching surface boundary control, those are require some nonlinear
function and also they are variable frequency operation. But here, large-signal tuning can be

applied for fixed frequency, both for buck converter and boost converter.

(Refer Slide Time: 40:01)

* Summary of nonlinear control and tuning methods
* MATLAB implementation of nonlinear control and tuning methods
* Simulation of nonlinear control and nonlinear tuning methods

® Comparative study of transient performance

So, with this, I want to summarize we have discussed multiple nonlinear control and tuning
method, MATLAB implementation of nonlinear control and tuning method, simulation case
study we have demonstrated. And we have assessed some comparative case study for

different using different control and tuning algorithm for buck and boost converter.

And we want to summarize the performance improvement as well as the possibility of size
reduction using this large-signal based control. It includes both large-signal based nonlinear
control as well as the large-signal based tuning. So, that is going to the future trend to
improve performance efficiency as well as you know in order to reduce the size. That we are

going to discuss in the next class. So, with this I want to finish it here.

Thank you very much.
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