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I
Outline

The root locus design method is an iterative, graphical
procedure for selecting and tuning compensators.

e Basic Compensator Types

* The Root Locus Design process

e Example: BWR Pressure Control

e Hard Control Problems - a brief introduction
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Basic Compensators

Effect on Ultimate

G.(s) Name State Error Effect on Stability
K P (uncompensated)
S+a
K—— PI Improves Degrades
S
S+a,S+a
K 1 0 PID Improves Improves somewhat
S
S+«
K cr g’ > [ lag Improves somewhat Degrades somewhat
S+«
K S ,a<f lead Degrades somewhat Improves somewhat
+
K (S + a) Rate feedback (PD) Degrades Improves
s°+ 20,08 + 6012 Neutralizes plant
K Notch

s° +20,0,5 + @’

resonance




e
Procedure

1) Uncompensated system (proportional)
e Root locus
e Ultimate state error/step response

2) Compensated system
e (Choose/modify compensator
e Root locus
e Ultimate state error/step

3) Repeat step 2)




Example: BWR Pressure Controller

Pressure
Setpoint =
ressure
! Controller
m Pressure \
I I [
Load Error To Turbine
Level
Load Err
i f Level or
Controller * * Controller I ] ’
i To Condenser
Steam Flow
Feedwater Flow
S || e
Rod

Controller

Operator
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BWR Pressure Control Model

Compensator Valve Drive Plant

PL Pressure

Pressure G G. (s :
command 4’?% (s) —» (s+)l)1 — > x(5) Tatvalvelnput

G (S)_ y (S— Zr) (S— Zp) S +2EVv,S+ V] s? +2§NVNS—I—V§I
" (s=p,)(s=pp)| $* + 20,08 + &} S? +2p, 0 S+ @
Reagtor Pi[?)g Acoustics (fir;f N harmonics)
Pipe Dipole
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-
BWR Transfer Functions

Acoustics
Valve U Reactor U _ 1St harmonic
Pipe

G, (s) :15[ 25 j{s+o.05j(s+o.025j[s2 +2(0.05)12s +144J

(s+5) )\ s+0.1 S+4 s*+2(0.25)8s + 64

PIGC(S):K¥

s+25°+2(0.15)8s + 64
S (s+8)

PI plus Notch G, (s) =K




I
Uncompensated (P)

>> s=tf('s");
>> Gp=15*(25/(s+5)"2)*((s+0.5)/(s+0.1))*((s+0.25)/(s+4))*((s"2+2*.05*12*s+144)/(s"2+2*.25*8*s+64));
>> rlocus(Gp)
>> sgrid
>> [K,Poles]=rlocfind(G)
Select a point in the graphics window
sgrid
selected point =

-1.1137 + 7.2050i
K=

0.0324

Poles =

-7.0808 + 5.5584i

-7.0808 - 5.5584i

-1.1219 + 7.5434i

-1.1219 - 7.5434i

-1.5793

-0.1154
>> Gee=1/(1+K*Gp)
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Uncompensated (P)

limsG, (s )1 =0.7452

s—0 S

Root Locus
0. DEQ

a1l

' 0.042

. nza . nqz m'

Root Locus
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Imaginary &xis

I:II:IE.fZ IZIEI-'-IQ DDE’E EIIZI:12 7"':"

-0 -g -G .4 _2 ,:, 2 -
Real Axis e e B

1St harmonic Real Axis

UNIVERSITY



Uncompensated (P), error response to step




>> [K,Poles]=rlocfind(G)
g4+ 2 . — Select a point in the graphics window
i Stability limit selected_point =

PI GC(S)ZK g =S -0.0047 + 760871

K

0.0861
Poles =
Root Locus -76539 + 76078|
ez oo lods T oa odn ooe2 oz -7.6539 - 7.6078i
- : : ) L L 4D -0.0307 + 7.6511i
-0.0307 - 7.6511i
-2.2370
-0.2469 + 0.1235i
-0.2469 - 0.1235i
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Pl

Amplitude

Step Response

1.2

0.5

-0.2

Time [zec)

33



_x s+25°+2(0.15)8s+64
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Pl + Notch

40

G, (s)

S

Root Locus

(s+8)2

Imaginary Axis
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FoEEg oIl _bE 01 015 008 004 39
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Real Lxis

>> [K,Poles]=rlocfind(G)
Select a point in the graphics window
selected_point =
-2.7133 + 3.6025i
K=
0.0149
Poles =
-10.8605 + 4.7906i
-10.8605 - 4.7906i
-2.0317 + 7.7960i
-2.0317 - 7.7960i
-2.8100 + 3.7251i
-2.8100 - 3.7251i
-2.4630
-0.1163 + 0.1131i
-0.1163 - 0.1131i



e
Pl + Notch

Root Locus
6257 wigs T o2E T UoBS 0085 005 )

S T ~ . L 12:
_____ __:::.=_-a--------5-;-----*":t:"""r\“'“%}""I“"':
10k "_::::‘:"_"__:::‘"__"::f____:1\_"_11""-1'"1_0_5 s Root Locus
o5 00S8_00% 001615 |
a P LR
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1
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Pl + Notch

Step Response
1.2 T T T T T

1 L Gain backed off a bit to achieve
~0.7 damping ratio

Amplitude

-0z '
1] 10 20 a0 40 a0 G0 7a
Time [zec)
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Hard Control Problems

Control design problems can be
difficult for many reasons:

Demanding specifications
Nonlinearity
Actuator/sensor constraints
Coupling

Implementation constraints

to name a few. But here are some
deceptively simple issues involving
linear SISO systems that can give a
designer headaches.




Example: Collocated vs Non-collocated

Hl 92
- .-;- I _}_

|
motor load
flexible shaft
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Example Cont’d
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Lead Compensation

Collocated

Foot Locus Non-COI Iocated

A

I cmemeoie St
£ e
preee mm-FEmagizoomTTIIIOS ot Loous
| L “ToEn 0a4--0Y 044 35 . .
rE=a . _____::"_'::...!-__, f’./ = 0H. )
- Yer v
____-::--.-:::::::_

PR

Imaginary &xis

n 02l 015" 0495 007 0044 00235 |
et T S ey g 1 AR RS- Lo log 1t

-1 -0.9 -0 -0.7 -0E -0.5 -0.4 -03 -0z -0 ]
Real Axis

- P ’ A

it

o0& 04f .03 014 35
o] - r - -

=l

|
-4 -3 -2 -1 ] 1 2 3
Real Axis
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Lead Response (collocated case)

Step Response Step Response
1.8

16

0,

14+

1.2+

Amplitude
Amplitude

0a

05

04

0z

0EF 1 1 1 1 1 0

Time [zec) Time [zec)
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I
Right Half Plane Zero

B s—1
s? ++/25+1

G(s)=

1
G(s)=
(5) s? ++/25+1
y

1f
0.8}
0.6
0.4}
0.2}

02|




Example: Simple Nonminimum Phase System

Root Locus

Consider the process
—10s+1
G —
»(5) s(s+1)
Try a PD compensator
G, (s) =K (s +1.1)

Imaginary &xis

B335 oa7 074 045
-1 -0.5 1] 0.5 1 15
Real Axis

-0.4
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.
Example with PD

Poles look decent, but look at the

Root Locus initial error.

0.4

L0
og foess [ 5
I Step Response

5 T T T T T

1
1 F v
1 =1
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]
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Example: Check Initial Error

1 1

-10s+1
s(s+1)
o s(s+1) _ s(s+1)
" (s?+5)+K(s+11)(-10s+1) (1-10K)s®+(1-10K)s+1.1K
K =0.0790 (from MATLAB)
o s(s+1)
° 0.2099s° +0.2099s +0.08691

e(0")=limsG, (s)E 1 47642
500 s 0.2099

TS

1+ K(s+1.1)




e
F-16, X-29
s(s+0.0423101)(s +0.586543)

G (s)=1.645
»(3) (5—0.730937)(5 +1.7036) (5 +0.0876334s + 0.044546)

Unstable Pole

Minimum phase part



Comments on Positive Feedback Root Locus

Positive feedback (or K<0) root locus rules are slightly different from the
negative feedback rules. Here are the two changes.

4. Real-axis segments: For K <0, real axis segments to the left
of an even number of finite real axis poles and/or zeros are part of the root locus.

5. Behavior at infinity: The root locus approaches infinity along
asymptotes with angles:
0=— kr__ k=0,+1,+2,3,. .
# finite poles —# finite zeros
Furthermore, these asymptotes intersect the real axis at a common point given by
o > finite poles— ) finite zeros

# finite poles—# finite zeros
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