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So, in this module we will start to familiarise ourselves with some basics of design. Now
so far what we have done is modelling and lots of analysis of the system, analysis in
terms of stability starting from the Routh criterion, root locus gave us lots of other
information about how my closed loop systems change as I vary the gain from 0 to
infinity. This is also parallel of what to do you know for gains from 0 to minus we will
say for certain we will keep that for a little later that is not important at the at the
moment. We also saw analysis in the frequency domain, we characterised relative
stability in terms of the gain and the phase margins. So, what we will do now is to slowly

learn concepts of designs.

Now, what are typical design problem. So, while we were doing time response analysis
or even the frequency response analysis, we had some basic parameters or basic things
which we observed like the rise time the settling time the peak overshoot and we saw
how all these were related to the natural frequency and the damping. In similarly the
frequency domain concepts like the bandwidth the resonance frequency were also in a
way related to this system parameters. Now any design problem would be based on
setting this values like the peak overshoot or the rise time or the settling time the steady
state error, to some desirable numbers. Now that is what we will focus on how do we go
about doing this. So, there are three basic elements in this control design. So, we start
with a proportional controller, the integral and then the last would be the derivative

actions.



(Refer Slide Time: 02:26)

Recap

Consider the closed-loop control system-

D(s)

R(s) E(s)

R(s) is the reference input
Y(s) is the controlled output
D(s) is the disturbanceinput
N(s) is the measurement noise

We have seen that feedback control is capable of

» Improving the stability

» Meeting the performance specifications

» Decreasing the sensitivity to parametric variations
» Improving disturbance rejection

% Mitersiie el e meahnoke We especially care about E(s), the difference

between the reference input and the measured
output
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So, let us slowly go through these thing right. So, we started defining in our earlier
lectures the closed loop system of the form of this form where you know, I had a plant to
be controlled via this controller, I have a reference signal R of s which I need to track
here there was disturbances in the systems, there was noise and so on right. So, this
feedback configuration we saw is capable or it does improve the stability, it also in some
sense helped in meeting the performance specifications we will elaborate on this a little
more shortly, we also saw how feedback helps decreasing the sensitivity to certain
parameter variations of the system, this step is ejection was also very obvious while we
were doing the feedback control and of course, attenuation of the measurement noise and

so on right.

So, of course, what was the defining factor even when we looked at the error constants

was you know this signal E of s right.
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Performance specification

» We studied the responses of typical first order and second order closed-loop systems to different inputs.

* Firstordersystem:
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» Weidentified the features that captured the nature of these responses. For the second order system -
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So, a typical first order system with some time constant T looks assembling of this G 1 is
1 over 1 plus T s right and then it is response was supposed to become like this
depending on the time system, how fast or slow it was and it had. So, so inheritably some
steady state error. So, this u of t this is we call this y of t or c of t depending on whatever
terminology or rotation we are using. The second order system was of this form I had the
natural frequency omega n square, I had the damping ratio zeta and so on right and for a
second order system we defined some basic properties like the rise time again it was
depending on zeta and omega n, the delay time was also depending on zeta and omega n
similarly the peak overshoot was only depending on the zeta and settling time again both

zeta and omega n ok.
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Dominant poles of a system

> We typically specify the performance of a control system in terms of these metrics.
» Suppose that the plant has order that s relatively high and the closed-loop system has the

following pole zero distribution in the s-plane.

% Whatis the contribution of these poles and zeros to the
response of the system?

» The poles closest to the imaginary axis have the most
[ 7 dominant contribution and are called the dominant poles.

» Letus begin by analysing the systemwhen there s an extra
% pole or zero along with the dominant poles.
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So, typically any performance matrix are defined in terms of these 4 or 5 things which
we defined here rise time, delay time settling time, overshoot and sometimes also the
steady state error. Now if you see that you know all these were defined only for second
order systems and typically you may say well all not all these terms we come across are
second order systems, it might be we actually saw third order systems we also did
examples where we had a system with seven poles and so on. So, how do we deal how
do we translate these situations or these design parameters are performance matrix two
cases, where we have say several poles in the system. So, let us say I have a
configuration like this I have these two poles herem I have these two conjugate complex

poles here a pole here and a 0 here right.

So, this is something which has like 1, 2, 3, 4, 5 poles and a 0 right. So, say well what is
the contribution of the poles and zeros to the response of the system. So, you can say that
these two poles right I call them as the dominant poles of the system, because this as
time increases the response of this now it dominates more than these 3 or 4 guys over
here right. So, we will we will see now actually some plots and then we will do some
analysis on this right. So, let us first start by analysing the system where there is an extra
pole or 0 along with this dominant poles, and I think over the next few slides I think this

concept of dominant pole should be should be more or less clear ok.
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Effects of the addition of poles and zeros

Consider a typical second order closed-loop system
|
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Forsimplicity, let { = 0.5 and w,, = 1. Letus start by adding a zero at s= —a. ;

~

Tomaintain the DC gain at one we add G + I), toobtain
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So, we start with a typical second order closed loop system and we know that this is
always stable through we do not need to worry about stability here, and as far you know
computation purpose of a simplicity I say well I say the damping ratio 2.5 and omega n
is 1. Now I will start by investigating what is the affect of adding a 0. So, we do add a 0
let us say I add a O at s equal to minus a again in the left of plane. I just do a little
manipulation here just to maintain the DC gain at one nothing really changes, but just for
things to look a little neat, I just add you know divide this s, so the way I get this is as
follows. So, if I just use the 0 as S plus a my DC gain would be a right and I just want to

make it 1. So, I just do s plus a by a for which the DC gain is 1ok.

So, the response would now well how will my transfer function now look like C 1 of s is
this guy the 0 at minus a, in such a way that the d c¢ gain is 1 divided by this guy and I
will get something like this right. So, I have the original thing. So, when zeta equal to
0.5, omega n equal to 1 this guy just becomes 1 over s square, plus 2 times 0.5 times 1.
So, that is s plus 1. So, now, look at the something interesting here right. So, this is y
original transfer function which is already here and then what happens with transfer
function if I add this s over a plus 1. Well as you have this guy in the denominator and a
numerator at s and we know what is the idea of this s right in the in the Laplacian
domain; it has just to do with differentiation loosely speaking multiplying by s would
mean differentiating that particular signal right and therefore, if I look write it in terms of

in the time domain C 1 of t is c of t like the inverse of this plus 1 over a c dot of t.
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The step response of the system is
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Let us look at the response of the system for different values of a.
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Now, what happens to their response when this for simplicity take the step response. So,
Y of s is C 1 of s right over you know C 1 of s with a step unit step has a Laplace of 1
over s. So, this is C s over s plus s over a C s by s right. So, whereas, this come from this
something here right. So, this is if I were just to write the properly. So, this would be in
this C 1 of s is C of s plus s over a, c of s and that is what happens here. So, this is y 1 of

s plus s over ay 1 of s where right.

So, I will just define the output corresponding to the original plant C 1 as s by 1. So,
now, I go back to the inverse do the inverse of the Laplace go back to the time domain
what I have is y of t is y 1 of t the original response without a 0 plus 1 over a y 1 dot t.
So, when, so I just denote y 1 dot s by 2 and the total response is y of tis y 1 plus y 2.
So, let us I mean let us just you know remember this for a while y 1 is the original
response without the 0 y 2 is just the response of the 0 of adding the 0 and then y of t is

the total response c ok.
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Effects of the addition of a zero in the Left Half s-Plane
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We see the following major effects

Increased overshoot

L]
* Nosignificant change in the settling time e =t
* Faster response —<
* Asa — o, the contribution of the zero to the system response decreases and we get back ¥
the original behaviour. (,,\ + | ﬁ >/L

Control Engineering Module 7 - Lecture 1 Dr. Ramkrishna Pasumarthy 8

So, f I just take this system and I say I add a O at s equal to minus 0.5. So, what was my
original response I am calling this as y 1 of t. So, this is the signal in the black right this
is 1 of t, now I add a derivative term and what does sorry I add a 0 and what the 0 does is
adds this extra term into the response 1 over ay 2 of t whatisy 2 of t? Y 2 of tis y 1 dot
of t. So, the total response y which was y 1 plus 1 over ay 2 is just y this is red line here.
So, this, the black line or the black curve was the original response, I add a 0 at s equal
minus a and then I get this one again by maintaining the 0 the maintain the d c gain to p
1. So, this is at equal to minus 0.5. So, wherever my original poles of the system, the
original poles of the system were at minus 1 plus minus j square root of 3 this entire
thing divided by 2. So, I have something here. So, this is my minus 1, I will have minus
half plus minus root 3 by 2 somewhere here and here right. So, these two are the poles of
the system and I am just adding the O over here and this is again the sigma and the j

omega axis ok.

Now, say I add a 0 I remove this guy and I add a O over here, at s equal to minus 1 all I
remove this guy right this kind of longer axis. So, what I have is the open the second
order system plus a pole at sorry plus a 0 at minus 1. So, again we follow the same thing
and see what happens to the response, the response in the black remains as it is the scales

are different and therefore, this looks a little bigger right ok.



Now, y 2 looks like this, this 1 over a y 1 dot, and the overall response now is something
like this the red line. Now I do what do I do I just remove this 0 over here and I say I add
a 0 much further away right. So, is somewhere here and I say this is a 0 at minus 8, now
what happens well y 1 just still remains the same, y 2 well the blue line there is
something like this, and then I have the total response is something like this. Now again
let us compare these three plots. So, as I as the 0 is closer to the origin you see here
difference is quite big here right between the original response in the black curve and the
red and the and the response in the red which is the affect of adding a 0, at s equal to
minus 0.5. If T add a 0 at s equal to minus 1 whether is still some affect with the curves
get much closer, add a O further to the left right at very far at s equal to minus 8, say that
the response is more or less the same in a way I can just say will (Refer Time: 14:16) at 0

right and nothing changes ok.

So, apart from this distance in the curves here what else do we observe, what is the
difference between this black curve, and the red curve here well one thing is obvious that
this has an increased overshoot now here. So, the steady state value is one. So, [ am my
overshoot is like almost between 60 and 70 percent, this is at 0 at minus 5. Now here the
pole is the 0 is slightly to the further to the left. So, the overshoot still increases, but not
by too much well here well it is more or less the same well first is an increased overshoot
depending on the location of the 0, but what happens here right there is no too much
change in the settling time and it is much easier they more or less raised to 98 percent of
the original value in fairly the same time right, all 3 guys including you know the
original 1 and then well what is good here is that I have a faster response in a way that I
reach the peak time much faster here, I was taking about two and half seconds here I

reach in less than less than one second.

Similarly, here also the response is faster right now I reach this time you know when
obviously, is like two and half seconds here, I reach about little over one second and so
on. So, my response is faster and as I keep shifting or pulling my 0 further to the left and
I keep doing this, what I observe is that as a goes further to the left and furthest the
contribution to the 0 or the contribution of the 0 to the system response decreases, and
we get by the origin behaviour say this is minus a t I do not really need to plot this curve
also it would be almost exactly be the same right. So, there is some affect of adding the 0

and it is based on where we add the 0. So, we want them somewhere close to this these



guys to see the maximum affect of course, there are also drawbacks here at about that in
a way that the that the overshoot actually increases, but nothing changes in the settling

time ok.
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Effects of adding a zero in the Right Half s-Plane.

Let us now place the zeroat s = a. To maintain the DC gain at one we add (1 - %) toobtain
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Now, what if I add a 0 in the right half plane right, again we do the same thing that to
maintain the DC gain at 1 which has divide the entire thing by a. So, my transfer function
of the system is now 1 minus s over a is again looks fairly the same, I have 1 over s
square plus s plus 1 I just have a minus here, minus 1 over a one s square plus s plus 1 or

in other words C 1 of t is c t minus 1 over s c dot is at a plus earlier.

So, here similarly the response here also translate in this same way now the total
response, is the response y 1 and then in addition we have this response due to the O that

is placed at s equal to a ok.
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Effects of adding a zero in the Right Half s-Plane.

Zeroats=05

» Theinteresting feature is the undershoot in the transient
4 response for small a.

» Theundershoot leadsto sluggish response with the

e increase in rise time and delay time.

0 » Poles and zeros in the RHP are called non-minimum
—, phase poles and zeros
05 -
—y » The term ‘non-minimum phase’ will be dealt with in more

detail when we take up design in the frequency domain.
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So, what is happening here well again the black curve is as same as in the previous case,
the blue curve is the affect of adding a 0 on that half plane, now the red curve which is
the combination of these two looks something strange now right. So, initially if you look
at this plot you might see that well what I what do I want to reach I want to reach the
point plus 1 right well with less number of overshoots and you know setting time should

be fairly small and also no steady state error.

But what I am doing is initially if I just switch this on, and I see that well I am actually I
am actually going away from 0 which quite mean well you know I just want to stop it
over here because I think well this is something very weird right, but then if I just let it
go for a little while, it reaches you know the minimum here and then it actually starts
going up. Going up and it does something same as a previous one, but there is some
increase overshoot of course, you know there is nothing much in the response is a little
slower the overshoot has increased and of course, the settling time does not do much

things ok.

So, what is the first observation is that well so, far we have only analysed overshoots
right how much so I start from 0 my desired value is 1, how much do I overshoot before
settling down at 1 right. So, that is over here right this is this was the overshoot, now
addition to that we also experience something called an undershoot I go down from

minus 5 to less almost minus 0.8 and then come back here right and then this undershoot



what is does is that it actually increases my delay time the rise time and the peak time

and so on right which means that the my response is quite sluggish now.

So, when poles and zeros are in the right half plane, these are called non minimum phase
poles and zeros. We defined this last time and we will still stick to that definition that if
all the poles and zeros are to the left then it is a minimum phase system, and if some guy
sit to the right it is a non minimum phase system. We will do we will deal the we will
deal with this when we you know deal when we talk about design in the frequency

domain or maybe some special module or just dealing with a right half 0.

So, at the moment we will just restrict ourselves to this definition that will be enough for
our analysis. Just that we will just remembered that if I have a right half 0, I experience
an undershoot and this will always happen and I will show you a little proof for that little

later ok.

(Refer Slide Time: 20:20)

Effects of addinga pole in the Left Half s-Plane.

Tothe second order system consideredsofar, let us add a pole at s = —a.

1 1 1 1 il 1 il
-= Y(s) = C(s)==—=——

1(s) = Cy(s)= = s Rt
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a

Step responses of the system for different a.

Poleats=-0.5 Poleats =-2.5 Poleats=-8
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» Asa - w,the contribution of the pole at s = —a, to the systemresponse decreasesand y, (t) = y; (¢).

> Inthe design process, as a thumb rule, we roughly take a to be five times the real part of the dominant poles.
a»5 X (w,
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So, here what we will see is the affect of adding a pole to a standard step response of a
second order system. So, well this is a standard response is this one, 1 over s square s and
1 and 1 over s. Now I add a pole right I add a pole at different locations a. So, first I see
that if I just look at y 1 this is a natural response or the response without adding a pole, if
I add a pole very close to the origin and you see there is a significant change in the in the
response also good in a way because you know I kill the overshoots and other stuff.

Similarly if I had a pole slightly further may be little little 5 times to the to the left and I



see well the response is almost look the same right there is a very little margin here and

here and so on.

Now, if I go keep going further I see that the red line actually touches the black line right
now that is not surprising right. So, as a tends to infinity the contribution of the pole, it
decreases and as you know as this pole it keeps on till infinity there is no affect at all. So,
whenever we do in a design process where we have to add a pole such that it does not
have too much effect on the transient response, we take it to the 5 times the real part of
the dominant pole as in this in the middle case when we have a pole at s equal to minus
2.5. So, we will keep this in mind well we were well we will explicitly talk about design
problems while when we are looking at you know improving the transient performance

and steady state performance and so on ok.

(Refer Slide Time: 22:01)

Dominant poles of a system

% Dominant Poles :- The closed-loop poles that have
dominant contribution on the transient response of the
% system.

Itis often the case that these dominant poles occur in the
form complex conjugate poles.

Higher order systems are generally adjusted such that that
there exists a pair of dominant complex conjugate poles.

Itis desirable to have the real parts of the other polesand
*® zeros at least five times farther away than the real parts of
the dominant poles.

Dominant poles
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So, this leads to the definition of our characterisation of the dominant poles of the
system. So, the dominant poles are the closed loop poles that have dominant contribution
on the transient response of the system, and it is quite possible that this occur in
conjugate pairs, they could also be just sitting here right on top of each other say at s
equal to minus 1, and higher order systems are generally adjusted such that there exists a
pair of dominant complex conjugate poles, which in that case we would just restrict our

analysis to these two poles and we could the entire analysis and design right.



But for that well it is desirable to have the real parts of other poles and zeros at least 5
times further away then the real parts of the dominant poles. So, if this is in minus 1, this
guy should be at least at minus 5 and further away. This is at minus 1 and there is a say a
dominant not really dominant, but say some other pole pair at this one then I cannot
really call this the blue guys as the dominant poles. So, these are like typically because
the response of these guys over here they die down faster, the response of these guys is
even like a slower than this, but still fast enough that this also dies on fast and what is
remaining is just this one right and the limiting cases when the poles here right the
response never dies down right. So, this if this plus this is the case then these are the
dominant poles because this will still go to die down to 0 after a may be a fairly last time,

but this will remain as it is.

So, if I you know look at this in terms of a classroom, the guys who are on the you know
sitting on the last bench furthest away from me go to sleep much faster, then these guys,
then these guys and possibly you know the dominant guys are the ones who are on the on
the first row or the second row right. So, this is just like the attention panels or so right.
So, these guys loose attention faster these guys little slower, well these guys possibly are
a little more attentive than these other guys. So, if these guys are here well this will you
know go to 0, but it little after possibly after 45 minutes after the class or something. And
this is this guy is me here right the teacher n the inertia the axis he cannot go to sleep

right he will always be talking talking talking.

(Refer Slide Time: 24:37)
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Effect of adding poles to the open-loop transfer function

» The addition of a pole to an open-loop transfer function has the effect of pulling the Root
Locus to the right.

» Some of the closed-loop poles are nearer to the imaginary axis, which implies the relative
stability is reduced.

» We begin witha single pole systemand progressively add poles to illustrate these points.

Roo Locus Roo Locus Root Locus
04 15 1

10

[

Imaginary (seconds™)

5
10

i
A [ - R

0
Real (seconds)

1 1 iy
66)=— (= 6+8 (6= aG+a6+9)

Control Engineering Module 7 - Lecture 1 Dr. Rambrishna Pasumarthy 13

4 3 2 3 2
Real (seconds") Real (seconds")



So, we will see what is affect of adding poles to the open loop transfer function. So, far
we were just doing the closed loop alright s square plus 2 c tau omega n, s plus omega n
square right. Now we will see, what is the affect of adding poles to the open loop transfer
function well, we will do this in terms of the root locus. Now the step response
sometimes may not give too much information, but you know root locus actually is a
little is here to interpret and things are much much straight forward some in some sense

to see from the root locus. So, we will switch to the root locus plot right.

So, let us say I just have G of s is 1 over s plus 2 is just a pole here, how the root locus
look like as the gain k increases it just goes further and further to the left hand sits it is
stable all the time. Now to this guy I add another pole at s plus 4. So, this is my original
pole, I add another pole here and what I know from the first class of root (Refer Time:
25:46) root locus is that well this guy will move towards the right this guy will move

towards the left, they meet each other and then they go their own ways ok.

Now, when I say well I will just do some more experiment I will just add at s plus 8. So,
I have s at minus 2, minus 4 and minus 8. So, I have 3 guys all three would go to infinity
because there are no zeros this guy will choose the lazy path go here, this guys have to
move this guy has to move to the right this guy has to move to the left because
something tells me that point on the root locus lies on the real axis only if the number of
poles plus zeros to the right is an odd number. Therefore, this is not allowed to be on the
root locus this guys well this entire line is not allowed to be on the root locus he just take
the easy path and just goes runs away. Now these two guys meet here I calculate the

angles of the asymptote that will be 60, then this would be 180 and minus 60.

So, these guys will go this way. So, what is happening right? So, first well the root locus
was which were just going to infinity then the first case is now pulled now a little bit to
the right. So, the root locus exists just in this domain it was earlier existing in this entire
domain here right and I add a one more pole and it shifted further to the right, in such a
way that it can also go to the verge of instability after I attain a particular value of the
gain k right. So, these are the very simple things right there is nothing to actually
remember as a formula or anything like that, but just that we are just plotting various
things just kind of just doing some initial experiments to then you know evolve towards a

general theory.
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Effect»gf adding a zeros to the open-loop transfer function

» Theaddition of a zero to an open-loop transfer function has the effect of pulling the
Root Locus to the left.

» Theeffect of the zero is prominentwhen it is close to the imaginary axis.

» We begin with a third order system and add a zero at different locations on the real
axis toillustrate these points.
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Now, what happens if I add a 0 now to the open loop transfer function? So, let me say I
start with this open loop configurations. So, I have c a pole at the origin, a pole at minus
2, a pole at minus 5 and of ours you know I just plot a root locus this guy will go away to
infinity these two guys will meet up each other and then they having go to infinity, and
after a particular value of k at the Routh Hurwitz will tell me that I am going towards the
unstable region. So, let me just add a 0 just slightly towards the left of minus 5 right. So,

this was minus 5 and this is a 0.

So, this guy which was now running away is now trapped by this 0 here, now do not
need this right. So, this guy also does something nicer not only (Refer Time: 28:33) of
this guy here, he also does things in a way that the root locus now is well more or less
shifted to the negative region right, there is no point of instability here because my
asymptotes are just this is the imaginary axis. Now I add pole somewhere not really you
know very far at minus 7, but somewhere between these two poles right this and this. So,

well this guy again little just move to the right and stop here.

And now I see that the root locus has improved much because if I were to deal with this
gain here you see that I am close to the verge of instability right this and this right. So,
this this this kind of adding a 0 it makes my system stable because it is pulling this blue
and the red lines to the left, but it is well it may not be too good in terms of relative

stability. Now I add a 0 at minus 3 and say well it is actually fair, fairly stable for all



values of gain k right, and if I add it further add minus 1 then I get a configuration which
looks like this right. So, what does your observation tell us? The observation tells us that
the addition of a 0 to an open loop transfer function it pulls the root locus to the left right
and the affect of 0 is prominent when it is close to the imaginary axis. So, in these plots

we just start with a third order system and then study several affects right ok.

(Refer Slide Time: 30:13)

Proportional control

» The controlleracts on the error between the reference input and the measured output.
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» We have already performed significantanalysis with this
controller through the Root Locus, Nyquist and Bode plots. - X)

» Withthe freedom tovary only the gain K we are restricted to
move on the Root Locus.
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» If not, more sophisticated controllers are necessary. (5)=—————
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Now, based on these observations we will just start with the basic element of control.
One is the first one is the proportional control is just means what happens if I just keep
on adjusting the gain, does adjusting the gain achieve my control objectives or not right
you either increase the gain decrease the gain and so on and we will see under what
conditions just a proportional controller or just by adjusting the gain k we meet our
performance specifications, we will also see is there any drawbacks right just by
adjusting the gain even the system is stable does it always help us achieve good results
that is what we will do here right. So, again I have an R of s the G of s is a plant, and my
controller is just a proportional controller. So, as usual this is my reference signal this is
my output this is certain error and then and then the controller is supposed to adjust

according to itself based on the error and so on.

So, the first question is when will a proportional controller work. So, the steps we
usually here are at the following let us say I am given that well that my peak overshoot

should not be more than 20 percent, I am also given a specification that the settling time



should be well say 5 seconds or less correct and maybe some other things on t r and so
on. So, what this will translate to is some zeta some omega n, now I just keep on moving
my gain from 0 and see at any point of the root locus, if this specifications are met if
these are my domain impulse if it is met at this point and this point then I say yes I can
just adjust the gain and then that value of gain K would sit in the controller and do my

objectives.

But if this zeta and omega n translate to this pair of dominant poles, then no matter
whatever I do with my gain I am never here right. So, when does this work well of
course, we have the freedom to vary the gain K, which means we are recited to move on
the root locus and therefore, this worse when the poles of the root locus eet this
specification right. So, in just translate the given specifications into zeta and omega n
this zeta and omega n translate to appropriate locations on the root locus or all or on the
complex plane, if by adjusting the gain I could arrive at this complex planes then I did I
just say this is my controller without the value of gain k if not well we need to something

else right.

(Refer Slide Time: 33:33)

Proportional control

» The controlleracts onthe error between the reference input and the measured output.
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So what else is the proportional control do right. So, again it just depends on the
controller adjust according to the error and so on, what happens in the bode plot right. In
bode plot the gain K would just shift the magnitude plot, this does not contribute to the

phase the phase remains the same the magnitude could go like up and down depending



on whatever is the value of gain K again. So, this, the case of a unstable system could be
easily seen here and we could see that I know by this in the gain I could actually push the

bode plot or the system to the verge of stability.



