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Chapter 14

Hybrid Control
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Motivation

In this chapter we will study Hybrid Control. By
this terminology we mean the combination of a
digital control law with a continuous-time system.
We will be particularly interested in how the
continuous response differs from that seen at the
sampling points.

We recall the motivational example presented in the
slides for Chapter 12.

These are repeated below for compl eteness.
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D.C. Servo Motor Control

We consider the control of ad.c. servo system viaa
computer. Thisisavery smple example. Yet we
will show that this ssimple example can (when it is
fully understood) actually illustrate almost an entire
course on control.

A photo of atypical d.c. servo system is shown on
the next dide.
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Photo of Servo Laboratory System
with Digital Control viaa PC
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The set-up for digital control of this system is shown
schematically below:

input output
I—» Plant

D/A A/D

Digital

controller

!

i

The objective Is to cause the output shaft position,
(), to follow a given reference signal, v (z).
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Modelling

Since the control computations will be done inside
the computer, it seems reasonable to first find a
model relating the sampled output, { v(kA); £ =0, 1,
... } to the sampled input signals generated by the
computer, which we denote by { u(kA), k=0, 1, ... }.
(Here A isthe sample period).
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We saw in Chapter 12 that the output at time £A can
be modelled as a linear function of past outputs and
past controls.

Thusthe (discrete time) model for the servo takes the
form:

y(k+1A)=a,y (kD) +a, v (k=10 )+ byu (kD) + byu(k —1A).
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A Prototype Control Law

Conceptually, we want y(kT]A) to go to the desired
value y*. This suggests that we could simply set the
right hand side of the equation on the previous slide
equal to y*. Doingthiswe seethat u(kA) becomesa
function of y(kA) (aswell as y(k-1A)and u(k-14).
At first glance this looks reasonable but on reflection we
have left no time to make the necessary calculations.
Thus, it would be better if we could reorganize the
control law so that u(kA) becomes a function of
y(k=1A), ... . Actually this can be achieved by
changing the model slightly as we show on the next slide.
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Model Development

Substituting the model into itself to yield:
y(k+1a)=a,{y (ko) +a,y(k-10)
+b,u(k)+b,u(k~10)
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We see that y(k+ takes the following form:
vl +18)=ayylk -18)+a, (k- 20)
+ pulia) s pale=10)+ fouli=22)

where a, =a; +a, €tc.
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Actualy, a,, a,, B, B>, 5, can be estimated from the
physical system. We will not go in to details here.

However, for the system shown earlier the values
turn out to be asfollows for A = 0.05 seconds:

a, = 0.03554
a, = 0.03077
Bl

B, =-1.648
[; = 0.6483
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A Modified Prototype Control Law

Now we want the output to go to the reference y*.
Recall we have the modd!:

ylk+18)=a,y(k-10)+a,y(k-27)
+ ,Blu(/_cA)+ ﬁzu(leA)+ ﬂgu(ﬁm)

This suggests that all we need dois set y(leAj equal
to the desired set-point »* (kTJA) and solve for u(kA).
The answer is



Chapter 14 ~ Goodwin, Graebe, Salgado, Prentice Hall 2000

y*\k+1A )—ay\k-1A)-a,y\ k=20 |- Bou\k-A )= Bau| k —2A
70 e Gl il A i (ﬂl) (-8 )= Bau(k-21)

Notice that the above control law expressesthe
current control u(kA) as afunction of

- thereference, y* [k +1A)
» past output measurements, v (k—14), y(k—2A)
- past control signals, u(k=1A),u(k—24)
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Also notice that 1 sampling interval exists between
the measurement of (k-1A) and the time needed
to apply u(kd); 1.e. we have specifically allowed
time for the computation of u(kA) to be performed
after y(leAj is measured!



Chapter 14 ~ Goodwin, Graebe, Salgado,, Prentice Hall 2000

Recap

All of thisisvery plausible so far. We have obtained
a simple digital control law which causes y(k +1A)
to go to the desired value y*(kTZIA) in one step !

Of course, the real system evolves in continuous
time (readers may care to note this point for later
consideration).
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Simulation Results

To check the above idea, we run a computer
simulation. The results are shown on the next slide.
Here the reference is asguare wave. Notice that, as
predicted, the output follows the reference with a
delay of just 2 samples.
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Simulation Results with
Sampling Period 0.05 seconds
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|ntersampl e I ssues

However, we recall from Chapter 12, that if we |look
al the output response at arate faster than the control
sampling rate then we see that the actual response is
as shown on the next slide.
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Simulation result showing full
continuous output response
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This result was rather surprising when we saw it for
the first time in Chapter 12. However, we argued

ear|

ler that we only asked that the sampled output go

to the desired reference. Indeed it has. However, we
sald nothing about the intersampl e response!

AS
exp

oromised in chapters 12 and 13, afull
anation of this phenomenon will be given in the

current chapter.
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We saw in the example above (and several others
described in Chapter 13), that the continuous
response could contain nasty surprises if certain
digital controllers were implemented on
continuous systems. The purpose of this chapter
IS to analyze this situation and to explain:

0 why the continuous response can appear very different
from that predicted by the at-sample response

0 how to avoid these difficulties in digital control.
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Models for Hybrid Control Systems

A hybrid control loop containing both continuous
and discrete time elements is shown in Figure 14.1.

We denote the discrete equivalent transfer function
of the combination { zero order hold + Continuous
Plant + Filter} as[FGG,ql,. We have

[F'GoGh,l, = Z {sampled impulse response of F'(s)Go(s)Gh,(5)}
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Figure 14.1. Sampled data control loop. Block form

Continuous input

Continuous time

Continuous output

plant
u(t) Gol(s) y(t)
Zero-order Pre-sampling
hold filter
Gho(s) F(s)
yr(t)
Sampling period
A
k
Discrete bk [_]
controller O i
ulk] e[k] r[k]

Cq(2)
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Model Development

We assocliate afictitious staircase function, y(z) with
the sequence { y/[k]} where

ny w(t — kA) — u(t — (k+1)A))
where ((z-7) 1saunit step function starting at 7 - see

next slide . \We also note that, due to the zero order
hold, u(?) Is aIready a staircase function, i.e.

Zu w(t — kA) — p(t — (k+1)A))
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Figure 14.2: Connections between y(t), ylk] and
PL) for yfr) = sin2 ), 4=0.1
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The Laplace Transform of () can be related to the Z-
transform of {u|k]} asfollows:

U(s) = L{a(t) = | e ta(t)dt
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| nterchanging the order of summation and integration,
we have

6—kAs i 6—(k+1)As )

U(s) =U(s) = Y _ulk] (
k=0

i kz:%u[k]e_kAS F 7 z_AT

= U, (€2*%) Gho(s)

S

where U (s) 1sthe Z-transform of {u[k]} .
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We know from standard discrete analysis (see
Chapter 13) that Y, (z) Isrelated to U (z) and the
sampled reference input R (z) via standard discrete
transfer functions, i.e.

Ug(2) = Cq(2) [Rq(2) — Yiq(2)]
Multiplying both sides by G, 4(s) and setting z=e*2
gives
[Gho(8)Ug(e°2)] = —Cy(€°2)Gho(s)Ypq(€*2)
-+ C’(eSA)GhO(s)Rq(eSA)
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Using the earlier expressions for U(s) we obtain
U(s) = —Cq(€®2)Y¢(5) + Cy(€°)Gro(s)Rq(e*?)
Similarly we can see that
Y1(s) = [FGoGhol, ()T (s)

Hence for analysis purposes, we can redraw the loop
In Figure 14.1 as on the next dide.
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Figure 14.3: Transfer function form of a sampled
data control loop

G, 2
[EG.Crol, s
O
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From the previous slide, we see that the Laplace
transform of the continuous output of the hybrid loop
IS given by

Cyq(e*2)Go(5)Ghol(s)

Y8 = | T5 0, () FC.Croly (D)

Rq(GSA)
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Note that, even when the reference input is a pure
sinusoid, the continuous time output will not, In
general, be sinusoidal. Thisisbecause R, (e’ )isa
periodic function and hence it follows that Y(jc) will
have components at {w =, +27;k =...,-1,0,1,...}.

We next use the above insights to analyze the
continuous output response resulting from the hybrid
control loop.
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Analysis of Intersample Behavior

The starting point for analyzing intersample behavior
IS the set of results given above for the continuous
time output of a hybrid loop. In particular, recall

that

Cy(e*2)F(5)Go(5)Grols) (52)

) = T Gy (e8) [FG.Gal, (e2)
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Also, we recall that the sampled output response is
given by
qu(QSA) i Toq(GSA)Rq(QSA)
where T, (z) Is the shift domain complementary
sensitivity, i.e.
T (2) = Yia(2) _  Cal2) [FGoGiol, ()
’ Ba(2) (14 Cy(2) [FGoGiol, (2))

Also, the staircase approximation to the sampled
output is given by
Yy (s) = Gho(8)Ysq(e™?)
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Comparison of Continuous Response
with Stair-Case Version

The ratio of the continuous time output response to
the staircase form of the sampled output response is
given by

Yy (s) F(s)Go(s)

Yi(s)  [F'GoGnol, (e52)

For ssimplicity, in the sequel, we will ignore the anti-
aliasing filter F(s).
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From the above expression one then iImmediately sees
that the ratio of the continuous time output response to
the staircase form of the sampled output response
depends on the ratio

e o

[GoGhol, (e52)

This expression gives us away of predicting the nature
of the continuous time response based on the discrete
time response.

We illustrate below by reconsidering the servo
example. We recall this example below.
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Example 13.5

We recall the servo system of Chapter 13. The continuous
time transfer function for this system is given by

1
S s(s+1)

In Chapter 13, we synthesized a minimal prototype
controller with sampling period A = 0.1]s]. The results
were z 4+ 0.967

Gegser= 0008 e

C, (z) = 208.332-9%%

z+0.967
L Oq (z)= %
We also recall that the sampled and continuous output
responses were as shown on the next slide.
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Figure 13.6: Plant output for a unit step reference
and a minimal prototype digital control.
Plant with integration.

151

0.5F — y@®
O ylK

Plant output and ref.

1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]
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Note that the above results are essentially identical to
the ssmulation results presented for the motivational
example given earlier.
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Example 14.1

The magnitude of the ratio O(jw) for the above
design is shown in Figure 14.4 on the next slide. We
see from thisfigure that theratiois 1 at low
frequenciesbut al «w=2%[rad/s] thereisaratio of,
approximately 23:1 between the frequency content
of the continuous time response and that of the
staircase form of the sampled output. This explains
the very substantial intersample response associated
with this example.
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Discussion of the Results

We recall that this design canceled the sampling zero
and led to T;, (2) = z'* which is an all-pass transfer
function. Hence a sampled sine wave input in the
reference leads to a sampled sine wave output of the
same magnhitude. However, Figure 14.4 predicts that the
corresponding continuous output will have 23 times
more amplitude for a sinusoidal frequency « =Z[rad/s].
The reason for this peak Is easily seen. In particular, the
minimal prototype cancels the sampling zero in the
discrete system. However, this sampling zero is near
w=2[radls]. Hence, it follows that the continuous time
output must have significant energy at w="72[rad/s].
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We see that the basic cause of the intersample
problem in the above example isthat 7(¢“?) is all-
pass. Hence, the discrete frequency response has
magnitude 1 at all frequencies. However, inspection
of Figure 14.4 indicates that, for this example, there
will be substantial magnification of the continuous
response In the vicinity of the folding frequency.

The remedy would appear to beto use adesign in
which |7(¢“?)| is reduced near the folding frequency.
This observation is confirmed below.



Chapter 14 ~ Goodwin, Graebe, Salgado,, Prentice Hall 2000

We repeat the servo design example but instead of
the Minimal Prototype Controller (which cancelled
the sampling zeros in the discrete model ), we will
use the Minimum Time Dead Beat Controller. We
recall from Chapter 13, that this control law does not
cancel the sampling zeros but instead leads to the
following closed loop transfer function

T( )_CYB =HZ)
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Minimum Time Dead-beat Design

Thus, for the servo system, the minimum time dead-
beat design leads to the following discrete time
complementary sensitivity function:

Bog(z)  0.5083z 4 0.4917

Toq(z) ot Boq(1)22 e 2

The magnitude of the freguency response of this
complementary sensitivity i1s shown in Figure 14.5
on the next dlide.
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Figure 14.5 Frequency response of the complementary
sensitivity for a minimum time dead-beat
design
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We see that, in this case, the discrete time gain drops
dramatically at «w=2[rad/ls] and hence, although
Figure 14.4 still applies with respect to O(jw), thereis
now little discretetimeresponse at  “[rad /s] to yield
significant intersample ripple.

We observe that this design makes no attempt to
compensate for the sampling zero, and hence there are
no unpleasant differences between the sampled
response and the full continuous time response.

Thisis borne out in the ssmulated response which is
repeated below from Chapter 13.
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Figure 13.7: Minimum time dead-beat control for a
second order plant
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Summary

0 Hybrid analysis allows one to mix continuous and discrete
time systems properly.

0 Hybrid analysis should always be utilized when design
specifications are particularly stringent and one istrying to
push the limits of the fundamentally achievable.

0 Theratio of the magnitude of the continuous time
frequency content at frequency wthe to frequency content
of the staircase form of the sampled output is

oG
o661 (%)
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0 The above formula allows one to explain apparent
differences between the sampled and continuous response
of adigital control system.

1 Sampling zeros typically cause |GG, |, (e )tofall in
thevicinity of w=7%,1.e. |O(jw)| Increases at these
frequencies.

0 Itistherefore usually necessary to ensure that the discrete
complementary sensitivity has been reduced significantly
below 1 by the time the folding frequency, % , Is reached.



Chapter 14 ~ Goodwin, Graebe, Salgado,, Prentice Hall 2000

0 This s often interpreted by saying that the closed loop
bandwidth should be 20% or less, of the folding frequency.

0 Inparticular, it iIs never agood ideato carry out a discrete
design which either implicitly or explicitly cancels
sampling zeros since thiswill inevitably lead to significant
Intersample ripple.



