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Module - 05
Frequency and Time Domain Digital Control Design Approaches
Lecture - 43
Design under Digital Voltage Mode Control — Frequency Domain Approaches

Welcome. In this class, we are going to talk about the design of digital voltage mode control

using the frequency domain approach.
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CONCEPTS COVERED

* Recap of frequency domain design of analog voltage mode control (VMC)

* Frequency domain design of digital VMC in a buck converter

* Frequency domain design of digital VMC in a boost converter

® Design case studies and MATLAB simulation

So, we will first recapitulate our frequency domain design of analog voltage mode control,
then we want to design digital voltage mode control using a frequency domain approach in a
buck converter and this is using you know the indirect method. Then we will also design
digital voltage mode control in a boost converter using a frequency domain approach and

finally, I want to show some design case studies and MATLAB simulation.
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Buck Converter Voltage Mode Control

Conventional Buck Converter

So, if we consider the buck converter voltage mode control, this is the analog voltage mode

control that we have discussed multiple times.
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So, what are the primary loop-shaping objectives? So, if you take know small signal block
diagram you know this small signal block diagram. This is our control of the output transfer
function, this is our controller or compensator. This is a modulator gain and we know that F
m is equal to 1 by V. m. Where V m is the peak voltage of the sawtooth waveform and this is

the open loop output impedance and this is the audio susceptibility.



So, we want to shape the loop transfer function, in such a way we can meet the desired
crossover frequency as well as the phase margin. So, if we write the loop transfer function
expression. So, this term is associated with this is nothing but our G vd. This is our modulator
gain and this is the controller that we have to design. So, for the plane transfer function G vd,

the ESR 0, we know all this you know the omega 0 which is the undamped natural frequency.

Then the Q factor as well as the characteristic impedance, all these expressions for the open
loop practical synchronous buck converter that we have discussed in lecture 30 in our earlier

NPTEL course which link is given here.
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Now, our first objective is that we want to design a PID controller and if we take a practical
PID controller, we know this is a proportional part. This is the integral term and this is the
band-limited derivative where we have a derivative filter which is a low pass filter and this is
a derivative gain, and this is a derivative gain. Then if we write you know the polynomial we

can take K 1 out and these are the expression which is coming out from this left side.

And where k 1 can be and we are talking about the design of voltage mode control in a buck
converter, where we are going to design using the conventional you know stable pole-zero
cancellation. Where k 1 if we take k 1 equal to 1 by Q omega 0 and k 2 equal to 1 by omega 0
square and tau D which is nothing but you know r C into C that is the ESR you know the time

constant due to the ESR of the capacitor.



Then the K 1 which I mean after this pole-zero cancellation compensation we will get that you
know this K i term will be omega ¢ alpha V m by V in and we need to select the crossover
frequency and you know then we can find out the integral controller gain. So, in this
controller, we have 1 unknown variable 2 3 and 4 tau D. Where we have one equation using
pole-zero cancellation 1 will get 2 will get from here 3 will get from here. And these things

are coming from our pole-zero after pole-zero compensation.

And the detailed steps we have again summarized in the previous lecture, in this course in
lecture number 42; just the previous lecture. We are just taking that K 1 expression which we
have already derived in the previous lecture. Now, k 1 and k 2 in this expression because we
got the PID controller expression which in terms of numerator and denominator polynomial

where k 1 equals in term it is a function of K p K i and tau d K d. So, these things are written.
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Now, we want to under-voltage mode control we are talking about digital voltage mode
control and we have discussed in I think in lecture number 40 that we have shown that if we
incorporate that delay; that means, e to the power minus tau d and, this delay is due to our
adhesive conversion time. That is our adhesive plus our DPWM delay which is D into T

where D is a duty ratio and that we have discussed in lecture number 40.

We have shown in lecture number 40 that if we incorporate this delay into the small-signal
transfer function, then this small signal transfer function up to one-tenth of the switching

frequency perfectly matches with the discrete-time small signal transfer function, which has



been derived based on the exact you know I will say taking into account all the delay the

discrete-time model.

But, we have shown if we derive the small signal transfer function using a continuous time
approach and if we incorporate this delay, and then if we derive the discrete-time small signal
model, they match reasonably accurately; almost accurate up to the one-tenth of the switching
frequency which is our desired control bandwidth. Now if we consider the analog voltage
mode control loop transfer function then if we incorporate this delay we can approximately

get the loop transfer function under digital voltage mode control.

And we have shown that this delay amount is this. Next, this was the loop transfer function of
the analog voltage mode control and we are just taking the delay term it can be shown it is
well known that if you take e to the power minus s tau d this term you obtain the frequency
response. That means, if you write s equal to j omega then e to the power minus j omega tau

d, this term magnitude is 1. So, that means the delay will not affect the gain plot.

So, the gain plot remains unaltered it will be the same as the analog control gain plot but, the
delay will have a phase because if you take e to the power minus j omega t tau d you will get
simply minus; that means, minus omega tau d. So, it will give linear phase characteristics
where the phase will proportionally vary with the frequency and the tau d will come into the

picture and this can substantially reduce the phase margin compared to the analog control.
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So, now; that means, we got the loop transfer function with the voltage mode control with
delay and this is the if written in terms of polar form. So, this is the magnitude expression and
this is a phase expression. What is the magnitude expression? So, first of all, the phase
expression will be the same as the phase expression of the analog controller which we have

discussed in lecture number 42 in this course that we have discussed in the previous lecture.

In addition to that, we will get another phase lag which is minus omega tau d and r omega
which is the same as the earlier which is K 1 V in by alpha V m omega, and this omega is
now alpha equal to R equal to r equivalent. So, this is the r equivalent of r € or you can say r
e. This is the re that expression was there. Now, at gain crossover frequency this magnitude
will be 1. Because we are talking about the loop transfer function frequency response which

will become 1 magnitude at gain crossover frequency and this is the phase expression.
(Refer Slide Time: 08:16)
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Now, how to design a gain crossover frequency? We know that r this omega c. That means if
you write omega equal to omega c it will be 1. So, from this expression, we can get the
integral gain in terms of alpha which is known. So, alpha is our R plus r e by R. It is known
because r e is the equivalent resistance which is coming as a sum of the DC resistance of the

inductor plus the RDS on and V m is the peak voltage of the sawtooth wave from.

Omega c is the crossover frequency and V in is the input voltage. Now the phase margin you

know if we take digital voltage mode control is simply because we are talking about the PID



controller and we are trying to obtain a first-order integral term. In analog control, we are

trying to obtain the expression of the loop transfer function simply gain by s.

That means in the case of the analog loop transfer function we are trying to obtain some gain

K L by S which is our desired objective using stable pole-zero cancellation.

So, in the case of the analog our phase of this you know if we take loop transfer function j
omega, this phase will be simply minus 90 degree because it is just 1 by s and if you write the
expression of phase margin it will be 180 minus 90. So, 90, but because of the delay you are
getting an additional term. So, that will try to reduce the phase margin compared to analog

control.
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So, now the question is if we compute let us say at; suppose if now it depends on the delay.
So, if we take the crossover frequency as one-tenth of the switching frequency which
typically we take, and if we take the delay as a fraction of the time period; that means, we can
take a delay that may be one-tenth of the time period or it depends. So, if it is written k times
T. Now then it can be shown that omega c tau d because omega c is this if you substitute then
you will get the delay contribution due to that phase contribution due to the delay is k times

thirty 36 degree.

That means if k is equal to 0.1. That means, if it is one-tenthnth of the time period, then it will

contribute to 3.6-degree additional phase lag, and if the delay now slowly goes towards the



time period. As we have discussed in the earlier architecture; that means, it can be possible
that the delay can be a complete switching cycle. In that case, k will be 1 and you will get an

additional phase lock of 36 degree.

So, you have to take into this account in the design process. Now once we design all the
parameters because we know the K i value. We have obtained the other parameter of the PID

controller.
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So, if we summarize first thing we know is k 1 k 2 which is a function of K p K i K d and we
know k 1 using stable pole-zero cancellation. It is 1 by Q omega 0 and we know the
denominator polynomial of the buck converter, what is there? If you take G vd you will get
some gain into ES of 0 divided by you will get 1 plus s Q omega 0 plus a square by omega 0
square. So, I am talking about this Q omega 0 expressions using stable pole-zero cancellation.
Then we know the expression of omega 0 and Q. We also found the K i from the loop transfer

function at the gain crossover frequency.



(Refer Slide Time: noon)

Analog to Digital PID Coniroller Mapping — Backward Difference

Now, we have to map using the backward difference formula. So, we know K i1 and we know
k 1 k 2, and tau d. We can also know how they are I mean this k 1 k 2 is a function of the
power stage parameter. And then we want to calculate K p from k 1 that expression also we
have shown, which will be K p equal to K i k 1 minus tau d an,d since everything is known
here. So, you can get K p next K d again by solving k 1 k 2 we can get K d and this is also a

function of K 1 and all.

So, since we have already found it here, we can find K d. Once we get the integral gain in the
analog domain proportional and the derivative gain these are all in the analog domain. Then it
is a matter of conversion you know how you convert that analog gain into digital gain, and
we are using a backward difference formula and it can be shown the proportional gain will
remain the same. The integral gain of the discrete domain will be simply the analog integral

gain into the sampling time. In this case, it is nothing but the switching time period.

And for derivative gain in the digital domain will be derivative gain in the analog domain
divided by T s ok. So, in that way, we can design the converter and we can design a

compensator.
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cle; close all; clear; A mes
2 the Algebraic
3 %% Parameters loop option in
4- }Iuck parameter; DCM_En=0; t_s=T/10; the
5-  R=l; t_eq=(r_ 141 L); alpha=(R+1_eq)/R; Diagnostics
6= D=Vref/Vin; t_total=t_s+(D*T); page of the
1 Simulation
8= [ sw=1/T; w_sw=2%pi*l sw; Parameters
9= z_c=sqit(L/C);  w_o_ideal=1/sqit(L*C); Dialog to
0= w_o=w_o_ideal*(squt((R+1_eq)/(Rtr_C))): "None"
1= Q=alpha/(((r_C+r_eq)/z_c)+(z_c¢/R)); In buck conv L
12 In Buck_S5M_V
13 %% Define zeros Found algebraic loo
L= w_z=1/t_C*C); w_zl=1/((R+r_C)*C); w_z2=r_eq/L; "buck _converter
L5 "buck _converter
L6 %% Control-to-output TF Gvd ‘buck _converter
17— num_c=(Vin/alpha)*[1/w 2 1]; "buck _converter
18- den_c=[1/(w_0"2)1/(Q*w o)1} "buck _converter
9-  Gvd=tf(num c.den c): v .f"

) ‘de petal found
n £ Type here to search

Now, if we go to a MATLAB case study. So, I am showing a buck converter case study and
here again, we have the power stage parameters we are talking about the R 1 is the initial load
resistance, resistance is 1 and we have considered the delay due to a DC conversion is T by
10 and then all these things we have discussed in lecture number I think 35 and 36 where we

have validated the model.

Now, here we have a total delay that t s plus D T which is the DPWM delay plus the EDC
delay and we have discussed in our earlier NPTEL course how to design a voltage mode

controller using stable pole-zero cancellation. So, we are following the same method.
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0= w_o=w_o_ideal*(sqit((R+1_eq)/(R+r_C))); 7

1= Q=alpha/(((r_C+r_eq)/z_c)+(z_c¢/R)); the Algebraic

12 loop option in

13 %% Define zeros the

4= w_z=1/(t_C*C); w_zl=1/((R4r_C)*C); w_z2=r_eq/L; Diagnostics

L5 page of the

Le %% Control-to-output TF Gvd Simulation

17— num_c=(Vin/alpha)*[1/w_21]; Parameters

18- den_c=[1/(w_0"2)1/(Q*w_ o) 1}; Dialog to

L9-  Gvd=tf(num_cden_c); "None"

PO-  Gvd_delay=tf(num_c¢den c.‘[r.pull_)vh\_\'m). In buck_cony L
p1 ) In Buck_S5M_V
p2 %% Open-loop Output Impedance Found algebraic loo
P3-  num_o=(r_eq/alpha)*|1/(w_z2*w 2) ((1/w_2z)+(1/w_22)) 1]; "buck _converter
PA-  den_o=[l/(w_0"2) 1/(Q*w_o) 1]; "buck _converter
RS- Z_o=t{(num_oden_o): "buck _converter
pe "buck _converter
p7 %% Audio suseptibility "buck _converter
60— num ¢=(D/alpha)*[1/v_z1I: o f".( d i

- 2o d o ot
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The only difference is in the case of the regular continuous strain transfer function. We will
get Gvd which is the control to output transfer function as an expression of V in alpha ESR. I
think that we have discussed the whole expression in lecture number 42. Now, we have a
delayed version of this transfer function. That means, if we go back to our loop transfer
function, in digital control we have an additional delay and that delay is e into t total; that
means, the total delay which is a conversion time that is tau d conversion time plus our d DT

that is a DPWM delay.
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P8-  num_c=(D/alpha)*[l/w_z1]; A mes
R9-  den_c=[1/(w_0"2) 1/(Q*w o) 1; the Algebraic
BO-  Gvg=tf(num cden ¢); loop option in
il the
2 %% Modulator and Controller parameters Dm&”“vv‘ cs
B3-  V_m=10; Fm=1/V_m; page of the
1 Simulation
5 Parameters
B6 Y %% PID controller (analog) - design using pole/zero cancellation Dialog to
. "None"
8- ki=1/(w_0*Q); k2=1/(w_0"2); w_c=0.15*(2*pi"f sw); %% Fraction o In buck _cony I
B9~ K ia=(alpha*V_m*w_¢)/Vin; tau_d=1/w_z; ‘1H Buck_SSM_V
0- K pa=K ia*(kl-tau_d); K da=(k2'K ia)-(K pa*tau d); Found algebraic loo
i ‘buck _converter
2= num_con=[(K_dat(tau_d*K pa)) ]EK pa+(K_ia*tau_d)) K _ia; "buck _converter
i
3= den_con=[tau_d 10| buck converter
4= Ge=tf(num_conden_con); "buck _converter
5 "buck _converter
6 %% PID controller (analog) - desien using alternative method v ﬁt 2 v
< > < >
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Now we want to design a controller. So, the first thing we are to design a controller, we have
discussed just now the k 1 k 2 using exact pole-zero cancellation and then we can get omega

C.

(Refer Slide Time: 15:05)
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2 %% Modulator and Controller parameters the Algebraic
B3- V. _m=10; Fm=1/V_m; loop option in
4 the
5 Diagnostics
B6 % %% PID controller (analog) - design using pole/zero cancellation page of the
7 % Simulation
8- kl=1/(w_0*Q); k2=1/(w_0"2); w_c=0.1%2*pi*_sw); %% Fraction of Parameters
B9- K ia=(alpha*V_m*w ¢)/Vin; tau d=1/w_z Dialog to
Ny
0~ K_pa=K_in*(kl-tau_d): K_da=(k2*K_ia)-(K_pa*tau_d); None
1 In buck _cony I
PR con—[(K dat(tau d*K pa)) (K pat(K ia*tau d) K ial In Buck_SSM_V
KR den con—[tau d 1 0] Found algebraic loo
PRI ([(num conden con) ‘buck _converter
5 "buck _converter
6 %% PID controller (analog) - design using alternative method "buck _converter
1 ‘buck _converter
8 % K ia=(alpha*V_m*2*pi*f sw)/(10*Vin) "buck _converter
9 o K da=01*C: _ tau d=T/10 v ﬁ: > > v
< > < >
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Suppose we set the crossover frequency to one-tenth the switching frequency, then we can
compute the analog integral gain we have just now shown. The tau d is the derivative filter
time constant, then the analog proportional controller then the analog derivative controller.

Then we can get the analog transfer function Ge.
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b2 Jo mum_con=|(K_dat(tau_d*K_pa)) (K_pa+t(K_ia*tau_d)) K_ia| ]
b3 Jo den_con=[tau_d 10 /
b4 % Ge=tf(num con.den con) loop option in
b5 the
e %% Loop gain and closed-loop TFs Diagnostics
67— G loop=Gvd*Fm*Ge; %% Loop gain page of the
p8 - 3 loop delay=Gvd delay*Fm*Ge Simulation
p9 Parameters
60 i Dialog to

1= Z_oc=Z_of(14G _loop); %% Closed-loop output imp "None"
b2= G _cl=G_loop/(14+G _loop); %% ¢ -loop Tt In buck _cony I
63-  G_vge=Gvg/(14G _loop); %% Closed-loop audio susc In Buck_SSM_V
4 Found algebraic loo
h5-  fligure(3) ‘buck _converter
6= bode(G_loop,b'); hold on; grid on; "buck _converter
B7-  bode(G loop delay,t'); hold on; grid on; "buck _converter
b8 ‘buck _converter
69 %% Analog to Digital PID controller conversion "buck _converter
(0— Kp=K pa: Ki=K ia*T: Kd=K da/T: o ﬁ':(’ s -

n £ Type here to search



Now, once we have then we can draw the loop transfer function of the analog and the loop

transfer function of the digital which is nothing but the analog loop transformation multiplied

by the delay term, and then we can get the bode plot. We can compare to see how much phase

margin is affected because of the delay, that you want to see at our gain crossover frequency.

(Refer Slide Time: 15:47)

n £ Type here to search

e 08\.ecture~43\Buck converte\Buck SSM.VYMC Digital PID.m

G loup—th‘l*Fm*&v: %% Loop gain
G _loop_delay=Gvd_delay*Fm*Ge;

L _oc=Z_o/(1+G_loop): %% Closed-loop output imp
G =G loop/(14G loop); %% Closed-loop TF
G_vge=Gvg/(14G _loop); %% Closed-loop audio susc

figure(3)
bode(G _loop,'b'); hold on; grid on;
bode(G _loop_delay,1'): hold on; grid on;

%% Analog to Digital PID controller conversion

Kp=K_pa; Ki=K_ia*T;

%% SImulation time
t_sim=2e-3; t_step=le-3; lo_step=20;

buck conv_ DVMC simulation

the Algebraic
loop option in
the
Diagnostics

page of the

Simulation

Parameters

Dialog to

"None"

In buck conv L

In Buck_S5M_V

Found algebraic loo
"buck _converter
'buck converter
‘buck _converter
"buck _converter
'buck converter

And finally, we want to convert all these gains into a digital discrete-time proportional

controller, the discrete-time integral controller, and the discrete-time derivative controller and

here we are simulating for 2 millisecond. We are applying a step transient at 1 millisecond

and we are applying a load step of 20 ampere. And if you go to our Simulink diagram ok so

Simulink diagram.
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So, I want to show that this is a Simulink block diagram and here we are applying this

diagram. We are applying a load step transient sorry this is the boost one.

(Refer Slide Time: 16:27)

4\ MATLAB 20154 -8 x

wion

@ g i #x | w200 E) R e
oo Oy T AR Lt o S

YFEINT »G.‘Amm-;‘flv.u..\.w T — B
 ditor - E\S Kapat uly 2022\To be recorded\une O8\Lecture~4\Buck converter\Buck SSM VMC Digita PID.m 9% Commard Window “
kS g P ¥
’ C o men
T 57- G _loop=Gvd*Fm*Ge; %" Loop gamn i
58= G loop delay=Gvd delay*Fm*Ge; the Algebraic
59 loop option in
60 the
61-  Z_oc=Z_o/(14+G_loop); %% Closed-loop output imp Diagnostics
62-  G_cl=G_loop/(14G_loop); %% Closed-loop T} page of the
63= G _vge=Gvg/(1+G loop); %% Closed-loop audio susc Simulation
64 Parameters
65— [ligure(3) Dialog to
66-  bode(G_loop,h); hold on; grid on; "None"
67-  bode(G_loop delay,'); hold on; grid on; In buck _cony I
68 In Buck SSM _V
69 %% Analog to Digital PID controller conversion Found yllg;\)nqu
70-  Kp=K pa; Ki=K ia*T _ ‘buck _converter
71 "buck _converter
72 %% STmulation time "buck _converter
73-  t_sim=2-3; t step=le-3; lo step=20; 'buck _converter
74 "buck _converter
75— buck conv DVMC simulation v ﬁt > v
i< N ¢ >
n R Type here to search Y9 W b

I want t,0 go here.



(Refer Slide Time: 16:33)

o\ MATLAB 20150

B Command Window
et A St

eliminate this

message, set

the Algebraic

loop option in

the

Diagnostics

page of the

Simulation

Parameters

Dialog to

"None"
In buck cony DVMC simulation (line 6)
In Buck_$$M_VMC_Digital_PID (line 75)

Found algebraic loop containing:
"buck converter DVMC/Buck converter/capacitor
"buck converter DVMC/Buck converter/capacitor
"buck
"buck
"buck

converter DVMC/resistive'
converter DVMC/Sum' (algebraic variable)

Ok.
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Llc: close all; clear;

3 %% Parameters
4= buck parameter; DCM En=0; t_s=T/10;

6= D=Vref/Vin; t_total=t s+(D*T);

8- [_sw=l/T; w_sw=2"pi'f sw;
9-  z_c=squt(L/C); w_o_ideal=1/squt(L*C);

9~ Gvd=tf(num c.den c):

5= R=l; r_eq=(r_l41r_L); alpha=(R+{1_eq)/R;

Command Window

o 10 AT e

me sel
the Algebrai
loop option in
the
Diagnostics
page of the
Simulation
Parameters
Dialog to

0= w_o=w_o_ideal*(squt((R+1_eq)/(Rtr_C))); "None"

L1-  Q=alpha/((r_Ctr_eq)/z_c)+(z_c/R)); [n buck_cony_I
L2 In Buck SSM_V
L3 %% Define zeros Found algebraic loo
Ld-  w_z=1/(r_C*C); w_z1=1/((Rtr_C)*C); w_z2=1_eg/L; ‘buck _converter
L5 ‘buck _converter
Le %% Control-to-output TF Gvd "buck _converter
17-  num_e=(Vin/alpha)¥[1/w_2 1]; "buck _converter
8- den_c=[1/(w_0°2) 1/(Q*w o) I; "buck _converter

Yes.
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So, here I want to show this diagram.
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Here we are applying a load step of 20 ampere i O steps at t step time, where we have applied

the load.
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This is the digital voltage mode controller and we have explained to you know why these

delays are incorporated in lecture number 35 and 36 we have discussed in detail.
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And this is our PID; a discrete time PID controller. This is the K p, this is the discrete-time
integral part and this is a discrete-time derivative part that we have discussed. Now, we want
to run a case study for a load step transient which is designed based on our traditional analog

control and we want to check what happened.
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%% Modulator and Controller parameters

% %Y% PID controller (analog) - design using pole/zero cancellation

ki=1/(w_o*Q); k2=1/(w_0"2); w_c=0.1%2*pi*f_sw); %% Fraction of
K ia=(alpha*V_m*w ¢)/Vin; tau_d=1/w_z;

40— K pa=K in*(kl-tau d); K da=(k2'K ia)-(K oa*tau d):
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So, before we move first I want to show the bode plot.
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So, let us go and I want to change some settings; that means, we have to hertz.
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The limit we have to limit up to half of the switching. You know up to the switching

frequency you are limiting.
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And phase also you are wrapping ok.
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Now [ want to show that our all ok.
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So, here we want to achieve a desired crossover frequency of what? We want to achieve

desired crossover frequency of one-te

frequency is 500 kilohertz and one-tenth
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So, if we limit this to 1, yes.

(Refer Slide Time: 18:12)

nth of the switching frequency. So, the switching
of this is 50 kilohertz which is the case.

Bode Diagram
X

L -
‘ :

[< ety [

el
_ i |

3

So, this is what I am showing.
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So, here is our one-tenth of the switching frequency and you can see there is an additional

phase lag due to because we know for exact pole-zero cancellation in analog control the

phase margin was always 90 degrees. But now, if we take the phase here for the digital you

are getting a phase.
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So, if you write it here you know if I zoom this part I want to show that you are losing some

phase here and that may not be significant because we are losing around you know how much

it may be some 20 degrees or so ok. And based on this phase margin criteria I mean whatever



we have discussed we are designing this controller and this is the response of the load

transient response.
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And know earlier we also discussed that in the case of load tangent, if we simply shape the
load transfer function, it is not enough. Because we have to shape the closed-loop output
impedance and that means the loop transfer function does not include the open-loop output
impedance. So, that is why this method may not be a good solution in terms of low transient

response. Now we want to go next; that means, we want to consider the alternative approach.
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In the alternative approach, we have discussed the same loop transfer function everything
remains the same, the same PID controller. But, we want to visualize the derivative gain as it
is you take the derivative of a buck converter. Let us say if you ignore the effect of ESR it
carries the information of the inductor current and the load current because it is the capacitor
current C DV dt is equal to I ¢ which is a capacitor current and it is i L minus i 0, which

means it gives indirect information of the inductor current and the load feedforward.

So, here we can take K d equal to C directly, but it may be large and it may inject some noise.
So, we are setting the derivative gain to just 0.1 times the output capacitor, and tau d you can

setit to T by 10, T by 20, and T by 2, so it is not big; it is no problem.
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Then how do you design? So, in this case, we are first setting again the proportional control.
We have taken K d equal to this tau d equal to this and we have taken the integral gain same
as which we have discussed earlier. Because we just want to take integral gain to start with
that is the one-tenth of the switching frequency and V m is the peak value of the saw tooth
waveform. Now in this controller, we have four unknown K p K i K d and tau d. Here we

already said three; that means, three parameters K d tau d and K i.

So, three parameters are already set. Now the fourth variable which is the K p that we have to
select in such a way we can get the crossover frequency close to one-tenth of the switching
frequency. So, where it is very difficult to analytically compute the expression of K p, you

can always check using a bode plot what should be the value of K p, so that you can get the



crossover frequency of nearly one-tenth of the switching frequency. So, we will summarize

and we will take the case study again ok.
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So, that means, again if we design, maybe we can go and check the case study. So, in this

% %% PID controller (analog) - design using pole/zero cancellation
kl=1/(w_0*Q); k2=1/(w_0"2); w_c=0.1*(2*pi*l_sw);
K_ia=(alpha*V_m*w_c)/Vin; tau_d=1/w_z

K pa=K_ia*(kl-tau_d): K da=(k2'K ia)-(K pa*tau_d);

o707

1l
2= num_con=|(K_da+t(tau_d*K_pa)) (K_pat+(K ia*tau_d)) K ia|;
3= den_con=[tau_d 10
4= Ge=tf(num conden con); I
5
6 %% PID controller (analog) - design using alternative method
,
8 % K in=(alpha*V_ m*2*pi* sw)/(10*Vin);
9 % K da=01*C; tau d=T/10
b0 Jo K pa=h;
bl %
2 Yo num_con=[(K_dat(tau d*K pa)) (K pat(K ia*tau_d) K ial
¢
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R

case, now we are designing the controller using the alternative wave.
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That means we are commenting on this.
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4 V6 Ge—tf(num con.den con) In buck cony I
5 In Buck_SSM_V
6 %% PID controller (analog) - design using alternative method l‘“’“‘-"’d algebraic loo
il "buck _converter
8 % K in=(alpha*V m*2*pi*f sw)/(10*Vin); "buck _converter
9 %K da=01*C;  tau d=T/10 "buck _converter
po % K pa=h "buck _ converter
hl % ‘buck _converter
2 % num_con=[(K_dat(tau_d*K pa)) (K pat(K ia*tau d) K ial: ¥ fx > > ¥
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And this is the alternative design approach that I have discussed.
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4 o Ge=tf(num con.den con) Diagnostics

5 page of the

6 %% PID controller (analog) - design using alternative method Simulation

7 Parameters
Dialog to

K ia—(alpha*V m*2*pi*l sw)/(10*Vin)

EERC da—01*C. tau d="T/10 "None"

FO- [ In buck _cony I
pl In Buck_SSM_V
YR i con=|(K daf(tau d*K pa)) (K paf(K in*tau d)) K ia Found algebraic loo
SRR e con—[tau d 10| d ‘buck _converter

SR ((num con den con) "buck _converter

b5 "buck _converter

pé %% Loop gain and closed-loop TFs "buck _converter

G_loop=Gvd*Fm*Ge; "buck _converter

So, in this approach, we have set K i analog controller gain integral gain that I have just
discussed. K d equal to this tau d you can take T by 10 T by 2 does not matter. And then we
are taking the proportional gain to 5 and we have to check how much crossover frequency we

are achieving and then we want to run and verify. So, let us do that.
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62— G_cl=G _loop/(1+G _loop); %% Closed-loop T} %
63-  G_vge=Gvg/(14G _loop);  %Y% Closed-loop audio susc Found algebraic loo
64 "buck _converter
65— figure(3) 'buck converter
66=  bode(G_loop,'b'); hold on; grid on; ‘buck _converter
67-  bode(G_loop_delay1'); hold on; grid on; 'buck _converter
68 ‘buck converter
69 %% Analog to Digital PID controller conversion o ﬁ: &
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Now, we are running this and we want to check first our; so, we want to check.
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That means we want to use hertz and here also we want to limitr 6 0.5 OKs.
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And we want to check all the phase characteristics; that means, here it is like you know this is
10 kilohertz 20 30 40 50. So, it is roughly around 50; that means, it is 51.5, so nearly
one-tenth of the switching frequency. That means, we have set the gain to achieve. Now in

the case of analog control which is the blue line, you see the phase margin is 63.1 dB sorry

degree.
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Whereas the digital control is 56; that means, there is just around an 8 to 10-degree phase r
shift. That means, it is 63 and this is let us say 56. So, around 7-degree of phase degradation
ok, and the phase margin is degraded by 7 degree. So, it is not a big deal because it is much
higher than 45 degree. So, it should be ok. Now, we want to check here we are not doing any
exact pole-zero cancellation, but another interesting point is you see the gain plot of the

analog and digital are identical.

As I told you the delay will have no contribution to the gain because its magnitude is 1, but it
will contribute to the phase and the phase will deviate drastically as we move further and

further. Because it is omega into tau d as omega increases the phase lag also increases.
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But interestingly if you check the load transient response in the output voltage, it is much

better than the earlier solution.
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But that means we are still using one-tenth of the switching frequency. We are achieving
there as per the exact cancellation. Our loop transfer function shows close to more than 80
degree phase margin and with one-tenth of the switching figure. Here our phase margin is
around 50 degree or plus. One-tenth of the switching frequency, but the transient response is
much better in terms of undershoot overshoot. Now we want to compare this design with the

earlier design. So, let us go and compare; that means, we have method one.
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Le %% Control-to-output TF Gvd
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This is the alternative method.
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% Ll(’ close all; clear B
%% Parameters

buck parameter; DCM_En=0; t_s=T/10;

R=1; r_eq=(r_l4+r_L); alpha=(R+t1r_eq)/R;

D=Vref/Vin; t_total=t s+(D*1);

[ sw=1/T; w_sw=2"pi*[_sw;
z_c=squt(L/C); w_o_ideal=1/squt(L*C);
w_o=w_o_ideal*(sqrt((R+1_eq)/(R4r_C)));
Q=alpha/(((x ('Ilqu)/z ¢)+(z_c/R));

%% Define zcros

w_z=1/(r_C*C); w_zl=1/((R4r_C)*C); w_z2=r_eq/L;

%% Control-to-output TF Gvd

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

den_c=[1/(w_0"2) 1/(Q*w o) 1;

Gvd=tf(num_c.den c): v

Command Window

ot T

mes ot
the Algebraic
loop option in
the
Diagnostics
page of the
Simulation
Parameters
Dialog to
"None"
[n buck_conv_I
In Buck SSM_V
Found algebraic loo
"buck _converter
‘buck _converter
converter
converter

"buck
"buck
"buck

converter

n P Type here to search

And we want to continue with the earlier method.
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% den_con=[tau_d 10|
Jo Ge=t(num

conden con)

%% PID controller (analog) - design using alternative method

K ia=(alpha*V' m*2*pi*l sw)/(10*Vin)
K da=0.1*C I/10

tau d

num con—|(K daf(tau d*K pa)) (K pat(K ia*tau d)) K ia

en con—|tau_d 10

se=U[(num conden con)

%% Loop gain and closed-loop TFs
G loop=Gvd*Fm*Ge; %% Loop gain
G _loop_delay=Gvd_delay*Fm*Ge;

% oe=% o/(1+G

%% C|

loon): sed-loop output imp

message, set

the Algebraic

loop option in

the

Diagnostics

page of the

Simulation

Parameters

Dialog to

"None"
In buck_conv_T
In Buck_S5M_V

Found algebraic loo
"buck _converter
"buck _converter
‘buck _converter
"buck _converter
"buck _converter
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% den_con=[tau_d 10|
Jo Ge=t(num

conden con)
%% PID controller (analog) - design using alternative method

6 K in=(alpha*V m*2*pi*l sw)/(10*Vin)
2 K da=01*C tau d=T/10

o num_con=|(K dat(tau d*K pa)) (K pat(K ia*tau d)) K ia
tau d 10

con,den con)

Vo den con

0 Ge—gl(nu

%% Loop gain and closed-loop TFs
G loop=Gvd*Fm*Ge; %% Loop gain
G_loop_delay=Gvd_delay*Fm*Ge;

% oe=2 o/(14G loop): %% C

sed-loop output imp

By

Bl Commard Window

et A S et it] %

a

message, set

the Algebraic

loop option in

the

Diagnostics

page of the

Simulation

Parameters

Dialog to

"None"
In buck_conv_T
In Buck_S5M_V

Found algebraic loo
"buck _converter
"buck _converter

converter

converter

converter

'buck
"buck
"buck
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B 2 %% Modulator and Controller parameters the Algebraic

B3- V. m=10; Fm=1/V_m; loop option in

4 the

5 Diagnostics

B6 % %% PID contioller (analog) - design using pole/zero cancellation page of the

7 /' Simulation

CO 7 L1-1/(w 0*Q); k2=1/(w 0°2), w c=0.1¥2%i*f sw): %% Fraction Parameters

B9 7% K in=(alpha*V m*w ¢)/Vin; tau d=1/w z Dialog to

0 0K pa=K ia*(kl-tau d); K da=(k2*K ia)-(K pa*tau d) "None"

il In buck_conv_T

(VI 1 con—|(K dat(tau d*K pa)) (K pat(K ia*tau d)) K ia In Buck_SSM_V

Found algebraic loo
"buck _converter

o den con=tau d 10

conden con)

U(num

o Ge
"buck _converter

"buck _converter
% K _in=(alpha*V_m*2*pi*f sw)/(10*Vin); "buck _converter

%K da=01*C. _tau d=T/10 v\ v

g
)
5
6 %% PID controller (analog) - design using alternative method ‘buck _converter
5
8
9
<

n £ Type here to search

So, here we want to comment on this line comment and we want to discuss this alternative

method.
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7 %% Modulator and Controller parameters the Algebraic
B3- V. m=10; Fm=1/V_m; loop option in

1 the

5 Diagnostics
Bé % %% PID controller (analog) - design using pole/zero cancellation page of the

1 %o Simulation

LRS- 1/(w 0*Q); k2=1/(w 0°2);w c=01*2%pi*l sw); %% Fraction of Parameters

CERC i (alpha™V m'w ¢)/Vin: tau d-1/w 2 Dialog to

DR oK inf(kl-tau d) K da=(k2'K ia)-(K pa*tau d) None"

1 In buck _conv_L

(VR con—|(K dat(tau d*K pa)) (K pat(K ia*tau d)) K ia In Buck_SSM_V

K |01 con-—[tau d 10 Found algebraic loo

1- se—U[(num conden con) ‘buck _converter

5 ‘buck _converter

6 %% PID controller (analog) - design using alternative method "buck _converter

7 'buck _converter

8 % K_in=(alpha*V_m*2*pi*f_sw)/(10*Vin); "buck _converter

9 %K da-01*C._tau d=T/I0 o |feos v
e e py| &3 > < >

£ v

n P Type here to search
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Vo num_con=((K_da+(tau_d*K_pa)) (K_pa+(K_ia*tau_d)) K _ia;
Jo den_con=[tau_d 10|
% Ge=tf(num

conden con)

%% Loop gain and closed-loop TFs
G_loop=Gvd*Fm*Ge; %% Loop gain
G _loop_delay=Gvd_delay*Fm*Ge;

%_oc=%_o/(1+G _loop); %% Closed-loop output imp
G _cl=G_loop/(14G _loop); %% Closed-loop TF
G_vge=Gvg/(14G _loop);  %Y% Closed-loop audio susc
figure(3)

bode(G _loop,--b"): hold on; grid on;

bode(G _loop _delay,--1"); hold on; grid on;

%% Analog to Digital PID controller conversion
Kp=K oa: Ki=K ia*T: Kd=K da/T:

-2

n £ Type here to search

And we want to use a different color; that means, the bode plot also dotted all the dotted, and

if we sorry dotted and we want to discuss I mean plot here.
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1- figure(l)
2= plot(t_scalei L' 'Linewidth', 2)
3= hold on; grid on;
1 % plot(t _scaleV n'r''Linewidth', 2)
5 % hold on; grid on
6= xlabel("Time (ms)', 'FontSize', 20);
7= ylabel('Inductor current (A)", 'FontSize', 20);
8= hold on; grid on;
£)
Lo
1= figure(2)
2= plot(t_scaleV_o/b' Linewidth', 2)
13- hold on; grid on;
4= plot(t scaleV s't''Linewidth', 2)
5= hold on; grid on;
6= xlabel('Time (ms)', 'FontSize', 20);
7= ylabel('Output voltage (V)', 'FontSize', 20)
18- hold on; grid on;
L9
RO T figure(3)

n P Type here te search

Here also we want to use dotted.

(Refer Slide Time: 25:10)
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1= ﬁgll\’c( 1) 2 mes ot 4
Bl dgn s0m 2= plot(t_scalei_L/-b''Linewidth', 2) the Algebraic
&= !101(1 on; grid on; W]:‘ ”;[m“ in
4 % plot(t scaleV n't''Linewidth', 2) the
5 % hold on; grid on; Diagnostics
6= xlabel("Time (ms)', 'FontSize', 20); p w‘ of the
7= ylabel(Inductor current (A)', 'FontSize', 20); NL‘:“MM
8- hold on; grid on; Parameters
I Dialog to
12 figure(2) e
2= plot(t_scaleV_o-b''Linewidth', 2) 11[1“]3}:::ko( ;;"\l; \(L
13- hold on; grid on; Pound ng;buuc_Iuo
4= plot(t_scale,V s.‘--ll'.'Luu.‘\ﬂl(llh'. 2) N T
5= hold on; grid on; “)u(.:: (.Un‘,L.”L'L.l
6~ xlabel(Time (ms)', 'FontSize', 20); ':EZk zz::titti
7= ylabel('‘Output voltage (V)', 'FontSize', 20); ';)u('k converter
18— hold on; grid on; huck converter
L9 fx>> v
po %o figure(3) v >

- Gk g et S VC gm0

£ Type here to search . Y9 W N

So, all dotted dash lines will be for the second design. So, let us run the simulation and we

want to compare.
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Now, I want to show before going to the transient response if the phase plot ok.
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So, I want to show you know you can see that if we go by the traditional pole-zero
cancellation the analog control we are getting 90 degree phase margin and which actually

because of the exact cancellation and that is practically impossible,
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But, if we incorporate digital delay then we are losing a phase and this phase is around 7

degree we are losing. So, 83.4, but the gain crossover frequency is 50 kilohertz it is.
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And the other design we got slightly higher and the phase margin is much lower and you can
see since we are not doing any exact cancellation. So, there can be an Ic pole effect. That
means the phase you can say there is a phase swing, and also amplitude has a peaking effect.
Now we want to compare what is our transient response. So, you want to see the transient
response, and if you compare the transient response that you can see that the dash line is

coming from the exact cancellation and that is much poor.

Because it has more like you know overshoot undershoot as well as the settling time is also

long longer, whereas the alternative design approach is far better and it can settle much faster.
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And if you take the inductor current waveform there also you can see you know not
drastically different yeah. So, in summary, we want to discuss that this alternative approach is
much better. Because we are visualizing this controller as if the derivative controller is
carrying the current and the load information and that makes the whole design perspective

different.
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Now, again for the same design if we get K p K 1 K d in analog then we know just we have to
convert it into digital using the backward difference formula, and that we have already

discussed.

(Refer Slide Time: 27:22)
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Conventional Boost Converter ) A

Now, we are talking about a boost converter voltage mode control. So, this is the analog

voltage mode control of a boost converter.
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And now this is the loop transfer function of the boost converter. Here we are talking about
an ideal boost converter and this particular expression shows the boost converter G vd which

is the control to the output transfer function. Again this is a modulator gain and this is a

controller.
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Now, we want to design a PID controller for a boost converter and we know that in a boost
converter the exact stable pole-zero cancellation that we have discussed in lecture number 42.
These are the parameter. And these parameters are a function of K p K i tau d and we can

obtain K p K i d.

Now, if we do go by exact pole-zero cancellation stable pole-zero. We know in the boost
converter we will get a loop transfer function like this. There will be some gain than 1 by s
term and then we are placing the controller pole in coincidence with the rhp 0 of the control

to the output transfer function.
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Then we also know the traditional way of finding the loop frequency response of the loop
transfer function and this expression we already know and this we have discussed in lecture

number 42 in this course as well as 36 in the earlier NPTEL course.
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Now, if you take a digital voltage mode control again we are incorporating just a delay and
we are continuing with the same continuous time small signal model again we can show that

this gain plot will not be affected, but the phase will be affected because of this delay.
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And then if we want to design based on the gain crossover frequency criteria. So, we need to
set the gain crossover frequency, since it is a voltage mode control. So, typically it is better to
use one-fifth of the rhp 0. It should be smaller and we know that we have discussed this in
lecture 36 in our earlier NPTEL course. So, we set the gain crossover frequency to one-fifth

of the rhp 0, then you can compute the phase margin.

And this phase margin computation we know from the analog control voltage mode control in
the case of boost converter, but because of the digital control the additional term will come
due to the delay which is a linear phase. Then for given tau d because we have to find how
much propagation and how much the delay is there in the digital contour. That means, this tau

d again what is this tau d? It is the adhesive conversion time plus the DPWM delay.

And DPWM delay is nothing but D into T and this is whatever you take; that means, the
conversion time. Now for given tau d, you have to check whether using this analytical
computation can meet more than 45 degree phase margin, if it is not then you may have to

reduce this factor so that your crossover frequency has to reduce further.

So, it will impose a constant in the gain crossover frequency which is nothing but the
closed-loop bandwidth. Now if one; that means, if step 3 is not satisfied then we have to go to
step 1 reduce K p and repeat the same process till we meet the required phase margin criteria.
Once it is done then you are set with the phase margin. That means you can obtain what is my
gain crossover frequency that will be known from this expression, this expression then you

can find out K 1 by this formula; that means, the integral gain is known.

So, only integral gain was unknown other proportional derivatives everything was known

from exact pole-zero stable pole-zero cancellation.
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So, again we can convert; that means if we summarize k 1 k 2 k 3 and tau d here is the O k 1
K i is just now we got, K p can be written in terms of k 1 tau d K d can be written. So, if you
take this expression and it is coming from a practical PID controller, then we can convert this

gain into discrete time.
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So, we want to show a MATLAB design case study using stable pole-zero cancellation and

for buck converter, we have already shown; that means, the case study, these are the design



summary. For the boost converter, we may not want to go by this method we can go it, but we

want to go by the alternative method.
(Refer Slide Time: 31:52)
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That means the alternative method says that for the buck converter, we have to set K d equal
to 0.1 time C tau d t by 10, and K 1 is this. Then we have to select K p in such a way; that
means, our phase margin should be more than 45 degree and we know that G vd. That means
the loop transfer function right which is for the analog-digital control is nothing but the loop

transfer function of the analog control into e to the power minus s tau d.

So, for including this delay we have to set K p in such a way the loop transfer function if you
take the loop this j omega this one. So, the phase margin of this should be; that means, what

is the phase that if you compute the phase margin it should be greater than 45 degree ok.
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So, then for the boost converter we have to take K i because we have discussed the K 1 if you
go back to K i in the boost converter. K I was coming to this and we know what is omega ¢
for a boost converter typically it is thp 0 by 5 or even less. That means if you want to
consider the worst case we have to take the worst case rhp 0 and omega ¢ we are taking like
one-tenth of the rhp. That means, for the integral gain selection; that means, we have selected
here in this case this particular expression is nothing but omega ¢ worst case; that means, the

worst case divided by 10.

Sorry, omega ¢ worst case which is nothing but omega ¢ worst case which is nothing but we
are talking about the rhp 0 worst divided by 10 just to be on the safe side. And that means, it
is 2 pi and there is the expression, and this expression we already have from the boost
converter design. So, that means, K i we know K d as we said we can set just simply 0.1
times C tau d T by 10. Now we have to play with K p such that we can meet certain phase
margins including the delay due to the digital controller. So, let us go to the case study of this

boost converter.
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Parameters
Dialog to
"None"

In buck _cony_ DVMC _simulation (line 6)

In Buck_S$SM_VMC_Digital_PID (line 75
Found algebraic loop containing:

"buck _converter DVMC/Buck converter/capacitor _dynamics/Sum3'
‘buck _converter DVMC/Buck converter/capacitor _dynamics/gain]'
"buck _converter DVMC/Buck converter/capacitor __dynamics/Suml'
"buck converter DVMC/resistive'

"buck converter DVMC/Sum' (algebraic variable)

nﬁ Type here to search - ) 9 Sl B B ~

Here we are talking about now if you go to the other folder. So, this is the boost converter

case study.
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6- t_s=T/10; t_total=t_s+(D*T); page of the

7 Simulation

8= f sw—l/"l', wosw=2"pi*f sw; Parameters

9-  z_c=squt(L/C);  w_o_ideal=(1-D)/squt(L*C); Dialog to

0= Q ideal=((1-D)*R)/z_c: "None"

11-  w_rhp=(R*((1-D)"2))/L [n buck_conv_L

In Buck_SSM_V
Found algebraic loo
‘buck converter

2= w_rhp worst=((Vref/l o max)*((1-D)"2))/L:
3= [ rhp=w_rhp/(2*pi*le3);

L4

L5 %% Control-to-output TF Gvd "buck _converter
L6- num_c=(Vin/((1-D)"2))*[-1/w thp 1); "buck _converter
17- den_c=[1/(w_o_ideal"2) 1/(Q_ideal*w o_ideal) 1]; "buck _converter
18- Gvd=tf(num_cden c); "buck _converter
9= Gvd delay=tf(num cden ¢ 'lnputDelay't total); . fx-l &

np Type here to search m Yo HNwn v

Now, we are going to design this boost converter whatever I have discussed the G vd all these

transfer functions are derived.
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7= K_da=01*C:  tau_d=T/10; Simulation

8- K _pa=l; Parameters
B9 Dialog to

0-  num_con=|(K_da+(tau_d*K_pa)) (K_pa+(K_ia*tau_d)) K_ia; "None"

1= den_con=[tau_d 10| In }"“'k,f"f"",[
2= Ge=tf(num_conden_con); In Buck_S5M_V
3| Found algebraic loo
4 %% Loop gain and closed-loop TFs 'PU('k converter
5- G _loop=Gvd*Fm*Ge; %% Loop gain "buck _converter
6= G _loop delay=Gvd_delay*Fm*Ge; "buck _converter
1 "buck _converter
8 "buck _converter
9= Z_oc=Z_of(1+G _loop); %% Closed-loop output imp fioo v
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Here we are designing K i which is the integral gain in the analog domain I have just

discussed. What is my rhp worst case?
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8= [ sw=1/T; w_sw=2"pi*l_sw; the Algebraic
9-  z_c=squt(L/C); w_o_ideal=(1-D)/squt(L*C); loop option in
10~ Q_ideal=((1-D)*R)/z_c; the
11- w l'hp—f*((LD)'?)i/L Diagnostics
2= w_rhp woust=((Vref/I o max)*((1-D)"2))/L; page of the
3= [ rhp=w_rhp/(2*pi*le3); Simulation
L4 Parameters
L5 %% Control-to-output TF Gvd Dialog to
L6= num_c=(Vin/((1-D)"2))*-1/w_rhp 1]; "None"
L7-  den_c=[1/(w_o_ideal"2) 1/(Q_ideal*w o _ideal) 1]; In buck cony I
18- Gvd=tf(num_cden c); In Buck_SSM_V
9= Gvd delay=tf(num cden c 'nputDelay't total); Found algebraic loo
RO ‘buck _converter
p1 %% Open-loop Output Impedance "buck _converter
P2-  num_o=(1/((1-D)"2)/¥L 0]; "buck _converter
R3-  den_c=[1/(w_o_ideal"2) 1/(Q_ideal*w o _ideal) 1]; "buck _converter
P4 Z o=tf(num oden c) "buck _converter
b5 fio> 5
= T vt >

11 s o oot e
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So, the rhp 0 worst cases will come from that means we know that it is what is the rhp 0
worst case? So, let us go back and take. What is my rhp expression? It is r 1 minus D whole
square by L. If you want to write in terms of load current. So, R is nothing but V 0 which is if
we maintain the output voltage to V ref using integral. It is V ref by simply you know 1 0, V

ref by 1 0 that is your R. That means, for worst case; that means, R has to be minimum which



is nothing, but V ref divided by i1 0 max. That means, we can write this one as nothing but V

ref by L 10 into 1 minus D whole square.

So, what is my rhp 0 worst case? So, it will be V ref 1 minus D whole square L i 0 minimum,
that is the expression of the rhp 0 and that I have shown here in this code. That means, v ref'i
0 max 1 by L ok. So, there should be 1 by d square yeah fine. Now we are designing. So, in
this case, K d we have set 0.1 times C and tau d. So, I have set the proportional controller

gain analog gain as just 1 very small gain, and let us check how does it look like.

That means, and this is the voltage mode controller of the boost converter and if you go
inside again we are using a PID controller and finally, you have to get the digital PID

controller gain.
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G loop delay=Gvd delay*Fm*Ge;

Loop gain

loop option in

7 the
8 ) ) Diagnostics
9= Z_oc=1_o/(14G _loop); %% Closed-loop output imp page of the
pO-  G_c=G_loop/(1+G_loop); %/ Closed-loop TF Simulation
bl= G _vge=Gvg/(14G _loop); %% Closed-loop audio susc Parameters
p2 Dialog to
p3-  figure(3) "None"
p4-  bode(G loop); hold on; grid on; In buck conv T
5= bode(G loop delay,1'); hold on; grid on; In Buck SSM V
p6 - ! Found algebraic loo
p1 %% Analog to Digital PID controller conversion huek converter
CEEp— X po; Ki-K 1™l Kd=K da/T ‘huck converter
b9

buck converte
0 %% STmulation time ")mk e
= buck converter

Bl- t sim=2-3; { step=le-3; lo step=5; buck converter

B3- hoost conv DVMC simulation v ¢ >

up Type here to search . Mmoo Hwe v

And whatever we obtain again will convert into analog to digital conversion and that will be

plug-in into a Simulink model. So, let us run it and see what happened.
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6- G loop delay=Gvd delay*Fm*Gc;
’
8
9= Z_oc=1 o/(14G _loop); %% Closed-loop output imp
B0-  G_cl=G_loop/(14+G _loop); %7 Closed-loop Tk
Bl-  G_vge=Gvg/(14G _loop); %% Closed-loop audio susc.
p2 I
b3-  figure(3)
b4~ bode(G _loop); hold on; grid on;
b5 bode(G loop delay,t'); hold on; grid on;
b6
p7 %% Analog to Digital PID controller conversion
LR K po. KioK "l Kd-K da/T
b9
b0 %% STmulation time
Bl- U sim=2e-3; t step=le-3; lo step=5;
b2
~B3- boost_conv_DVMC _simulation
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% Closed-loop output imp
) 7 Glosod-loop TF
- Sy - % Closed-loop audio susc
52
53-  figure(3)
54=  bode(G loop): hold on; grid on;
55=  bode(G loop delay,'t"); hold on; grid on;
56
57 %% Analog to Digital PID controller conversion
58—
59
650 %% STmulation time
61- L sim=2e-3; t step=le-3; lo step=5:
62
. 63-  boost_conv_DVMC_simulation
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9% Commard Window

e 10 AT v

%7 Found nlgebraic oo”
'boost_ converter
'boost_converter
'boost_converter
'boost_ converter
'boost_converter
'boost_converter
'boost _ converter
Warning
Discontinuities
detected
within
algebraic
loop(s), may
have trouble

solving

In boost_conv _I
In Boost_SSM_V

So, in this case, we are now running a boost converter.
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So, let us first consider the case study you know changing the time unit to hertz.
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We want to limit to you know 0.5 e 6 which is the switching frequency.
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And we want to also wrap up the phase and now let us come back.
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We want to see all the stability margins.
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Now, you see the gain crossover frequency is coming to be slightly above. That means if we
take here the gain crossover frequency is coming to be how much? Around 12.2 kilohertz,
whereas, the switching frequency is 5 kilohertz. Because we are talking about the worst-case
load current which is a 20 ampere load strip ok. So, at 20 ampere which is the maximum
sorry I have to check not 20 what is mine in MATLAB? We have to check what is the worst

case yeah.
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st converte
5- v d=0%0.7; % diode voltage drop boost_converter
eoa. 07 ) boost _convertey
6= r_1=5¢-3; % LS MOS on resistance P
Fa " MAQ boost _converter
iy o HS MOS on resistance i
o7 . boost _converter
8- r_C=t J capacitor ESR n
fi g ‘ boost _converter
9-  Vin=33 /o input voltage Warni
, O vt Warning
L0-  Vref=5; /s vef. output voltage
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s T detected
I within
L3
Algebraic
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So, worst case we have taken 5 ampere; that means, V ref is 5. So, 25 square, means 5 into 5;

so we are talking about 25 watt you can always increase that with no issue. But I have taken 5



ampere as the maximum load current and that is why we are getting 12.2 as the crossover
frequency, but here is the phase margin we are getting you to know is around 21.5 which is

not very high.

So, you need to decrease you know I would say this gain to achieve 45 degree phase margin
or we may have to increase the phase boost; that means, you know if we go back. If we go
back I think we may have to increase this phase boost because the derivative will give some

phase boost. So, let us again rerun this.
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) J 'boost_converter
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" ‘ =5 R=2: 'hoost_ converter
\ 'boost_converter
‘ ) 'hoost_converter
T 'boost_ converter
8= [ sw=I/T, w_sw=2"pI'[_sw, ‘boost_convertet
9= z_c=squt(L/C); w_o_ideal=(1-D)/squt(L*C); Warning
10- 0 ideal=((1-D)*R)/z_¢; Discontinuities
11-  w_rhp=(R¥((1-D)"2))/L detected
12-  w_thp woust=((Vref/I o max)*((1-D)"2))/L; within
13- [ rthp=w_rhp/(2*pi*le3); algebraic
14 loop(s), may
115 %% Control-to-output TF Gvd have trouble
16-  num_c=(Vin/((1-D)"2))*-1/w_rhp 1]; solving
17- den_c=[1/(w_o_ideal"2) 1/(Q_ideal*w o _ideal) 1; In boost_conv_]
18- Gvd=tf(num_cden c); In Boost_SSM_Y
19-  Gvd_delay=tf(num_c.den_c,'nputDelay't total); ﬁ':k .

And let us check whether the derivative provides some additional phase boost or not.
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So, now again we are plotting it.
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And unity gain and we are limiting to 0.6 to 0.5.

(Refer Slide Time: 38:57)

«
fle Edit View Insert Tools Desctop Window belp

Ddde kA8 UL 4 Q008D

Bode Dagram
4\ Property Editor. Bod. X
ot e o
§ -
H
£
EH
ﬂ\
§
§.
5

Frouarcy (Ha)

n P Type here te search

And we are making a phase adjustment.



(Refer Slide Time: 38:59)

W figue 3 - 0 X
File Edit View Inset Tooks Desctop Window Vel

UEWa kN8 094- Q08 00

Bode Dlagram
g
i
g
i
H
/ R
" —— \
8 Spems >
8
$EC Charactedstics ) Peak Respanse
Show ) Mwmﬂum Stakilty Marging
¥ Gid Al'Stabilty Marging
Full View
Prepertios
Hoquarey ()

n £ Type here to search

Yeah, and now we can get the phase characteristics.
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So, now we have enough phase margin; that means, our derivative gain was smaller. So, we

need to increase the derivative gain to get sufficient phase and here also we got a somewhat
higher bandwidth.
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That means we got the bandwidth to be around 30 kilohertz compared to the earlier case and
the phase margin is now 50 degree. So, you have a sufficient phase margin. Now you want to

see the transient response.
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So, if you see the transient response. So, this is a load transient response of the boost

converter.
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It is much better in the sense that you know we can get undershoot of around 140 millivolt
and then the settling time is coming to be around 0.8 millisecond. That means 80
microsecond which means it is taking around 40 cycles because you know it has a right half
plane 0. So, the bandwidth is limited, and here if you see the inductor current waveform you

know this is the transient response.

So, this response is pretty nice. So, we can design the controller very effectively. That means
if you want to get an additional phase I would say you can increase this derivative gain; that

means, you can make the derivative gain somewhat higher.
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That means I can say for the boost converter you can set 0.5 instead of 0.1 you can set 0.5.

So, we will get an additional phase boost, otherwise, the phase will be very very low.
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So, now, we can convert all this into digital using this conversion.
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* Recap of frequency domain design of analog voltage mode control (VMC)

* Frequency domain design of digital VMC in a buck converter
* Frequency domain design of digital VMC in a boost converter

® Design case studies and MATLAB simulation

So, in summary, we have discussed we have recapitulated the frequency domain design of
analog voltage mode control. We have discussed the frequency domain design of digital
voltage mode control in a buck converter. We have also discussed the frequency domain
design of digital voltage mode control in a boost converter and we have considered some

design case studies and MATLAB simulation.

And I think this should be you know this design approach should be motivating enough. So,
that you can design a voltage mode and digitally controlled buck and boost as well as the
other converter. So, | have shown the approach by this frequency round approach we can still
maintain the same continuous time approach and add the delay. But, in the subsequent
lecture, I will be showing this continuous time model is nice when you talk about the small
signal-based design, but as we want to push for a large signal design then this model cannot

predict the different types of instability subharmonic instability.

Then we need to go for the actual discrete-time model and that will be taken in the

subsequent lecture that is it for today.

Thank you very much.



