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Notes on Bode plot (review) C%B

* Advantages

* Without computer, Bode plot can be sketched easily by
using straight-line approximations.

 GM, PM, crossover frequencies are easily determined on
Bode plot.

* Controller design on Bode plot is simple.



Compensators

1) Proportional (P) compensator:
G (s) =k,
2) Dominant pole {I, int[-zgratnr) compensator:

Wi
GC (S) = ?

3) Dominant pole with zero (Pl. proportional plus integrator)

Gc(s):%(ui)

wz
4) Lead compensator:
]
1+ o

G.(s)=G ,
C(S) Col—l—wi

W, < Wp

5) Lead with integrator and zero compensator

(;’.:._(s):wr (1—'—“’21) (l—i_w;)

3(1-!—5?)




Application to the lab: C-%-D
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Uncompensated System
Loop Gain, T(s):

where




Uncompensated System
Loop Gain, T(s):

1,
T(S) p— . ) | 2
Quwg (wo)
where
_ VeH(0)
1T, = v

Example used here:
1, = 2.33, Q =95, wy = fo = 1kH=~



Uncompensated System (%D

Asymptotic Bode plot:

fo
= 1kHz
—T,Q =22
N ”II
e Ly Q =95 £\
‘ T(s) T, = 2.33 4 N T ( J.)
1 = 0dB
—40dB/dec
1072 f, 2
0° = 900H> T, (%) =1
- x 1807 /dec — fC = 1.5kHz
T(s) N / ooe Phase margin =0°
—tan~! | 2L v .
ot | i = compensator is
1 needed
—180°
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Lead Compensation c%g

G S —G W W
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Asymptotic Bode plot:

R

)

¥ (I':" (
I{_{I -% I e

15%log ( j—:ﬁ’—)

—45%log (ﬁ)
JI

.1[_'”]_{}::1' (ﬂ}__
FLOB T — | / /
Gels) e -15”‘.5:111{:|

Jo 10f. 1of,

= by
[
'L\_.'_.



Lead Compensation @%.3

The basic idea of using a lead compensator is to
provide a phase boost at the unity gain crossover
frequency

Will extend bandwidth (i.e. unity gain crossover
frequency) while also providing phase boost

Maximum phase boost occurs at: | = v/ J./p

Set f to the new crossover frequency: fc= v/ f:/p
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Lead Compensation

Lead compensator transfer function:

1+ =

G.(s) = G, 1+

, Wy < Wy

Lead Compensated Loop Gain:

TC(S) = G- T(S)

—
1+ = T,
T.(s) = G, 1L ra T s [ s)\2
Wp 1 | Quwo ( )
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Combining:

Lead Compe

| 7(s)

nsation

f;' fJJ
Q=95 = Vi J
TG., \‘{
—40dB/dec Lo _ ToGopfd
f - f-f
1 = 0dB
T,G., (& ’ ~20dB/dec fef b f fe
(I) ?“:T"(’*'uﬁ(f)
45°log [ 21
dat ( J: ) —40dB/dec
n= 45°dec
—(€) x 180” — 45°) /dec
W o
‘ 45%log Gﬂ) — 180
/—-’15"lc)g (ﬁ) — 180
—-’1;1”;{1(‘.(: L’d' Phase /
80P Margin
45°/dec \
W0af, |10, |
L i Lo fo 0f 10f,
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Lead Compensation

Focusing around f,: |
45°1og (%—) — 180°
Y /—45"10g ﬁfL) — 180
—45°/dec, L= 'I g-\<\
s
—180° e |
45° /dec
1073 f, | 10%f,
e T Y
:> Phase margin:  PM = 45° log (”J{p)
A

For a desired phase margin of 45° :

45° = 45° log (j}')
= fo=10f.
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Lead Compensation c.%g

Set the unity gain frequency, f.:  (e.g. let f. =5 kHz)

fC: V fzfp
5 kHz = 1/10f.°
;D kHz
z \/E
f» =158 kHz and f, = 15.8 kHz
= 1+ =
Gc(S):G001+£, wz<wp

Found w, and w,, will next find G¢_
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Lead Compensation G%.)

Finding G, :

* Focus on magnitude response

.fo f:'- fc fi—"
Q=95 =V ‘

‘ T(s)

TGG%( 0)2 —20dB/dec
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Lead Compensation c-%-:

Bode asymptotic magnitude response review:

A
AJ% Given a magnitude of A at a
/ f frequency f,, the magnitude
\ 4 expression for a line sloping at:

A | 20dB/d f
- ecC
\B\ 1) -20 dB/dec: ATA

. fa\’
A\fA A(f_A>2 2) -40 dB/dec: A(TA)
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Lead Compensation c-%a
Finding G¢_:

£ e
% i / f @ f, magnitude is: %
) \fc 1 0dB
|\‘>-2$:I8/dec
fO 2
T,G., | 16.(%)

. - fo\
-40dB/dec%if @ f, magnitudeis: T,Gc, (f_z)
© fe
AN f
TGo(fz) ‘\S/\lfc o

-20dB/dec
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Lead Compensation
Finding G¢_:

 Equating the two expressions for the
magnitude at f, :

At f,: TGCO(fO) _ I

I f

; 2\ /e
GC P

’ (fo) I

* All quantities on the right are known, so

we can solve for G
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Lead Compensation

Finding G :
11\ /e
Ge, = e
° Ty (fo) Iz

1 /158 kHz\” 5 kHz
Go, =
= : 2‘3‘3( 1 kz ) 1.58 kllz

—>  Design of lead compensator is complete
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Lead Compensation

Exact loop gain using Matlab :

Magnitude (dE)

£
1]

Phase (deg)

i35

Bode Diagram
w_Gm = InfdB (at InfHz) , Pm = 55.9 deg (at 5.35¢+003 Hz) _

]
[=]

ra
=

2

-]
i
T

1:'-E 10
Frequency (Hz)

Phase margin = 55.9°
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Lead Compensation G%.)

Time response to input voltage change using PECS:

VP

1512

1510

xio!

1.508

1.506

1.504

1.502

1.500

1.498
8.0 10,0 120 14.0 16.0 18.0 200 220

o2

Non-zero steady state error

— Need a different compensator to null SS error
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New Compensator: %
Dominant Pole with Lead Compensation

Given the following magnitude response, what is
the transfer function?:

N
-20dB/dec /

fa
A

Answer:
1) The low frequency asymptote is that of a pole at zero where
the magnitude at f, isA =2 A%

2) This is followed by a zero at f;: 1+ =

WA

m A
22



Dominant Pole with Lead Compensation %

—_

Added low frequency compensation:

fa
-20dB/dec |

A
|
+
Lead compensated system:

Jo

IoGe, |
-40dB/dec

/=
fe
1-> 0dB

-20d B/delc\m

e

Combining:

1) Set f, (where f4 < f,)
2) Adjust A to match low frequency

magnitude T, G, |Iead

fA fo

-20dB/dec A=TG.

S

lead

-40dB/dec

fe

-20d B/de‘c\R
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Dominant Pole with Lead Compensation %

wr(l+2)(1+2)
GC(S): 8(1+§p)

where w; will next be determined

Compensated loop gain:

Te(s) = Ge(s) - T(s)

—
n o UHe)l+s) L
C s(1+2) 1+t (2)
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Dominant Pole with Lead Compensation @

wr(l4 )1+ 2) T,
s(1+2) 1+ 2 (=)

Quwo w0

At frequency w, the magnitude of the compensated
loop gain is given by:

T.(s) =

= — -1, (wa < Wy, Wy, wp)

This should equal the low frequency gain of the lead
compensated loop gain:
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Dominant Pole with Lead Compensation C.%D

wI:wA-GCO

lead

w,y = 2nf,. How to choose f,?

Answer: f, < foand f < %so

as to maximize phase lead at f,

from the zero at f,.

-20dB/dec A= Tcho |lead

Note: There are disadvantages
fz in making f4 too low (as shown
in the next few slides)

-40dB/dec

fe

—ZOdB/de‘c\R

1-> 0dB

26



Dominant Pole with Lead Compensation @

Compensator transfer function:
1+ =) (1+ =
ey = 0 20+ 2)
8(1 + wip)

Four parameters needed to be determined:
Wy, Wy, Wy, and w;

— Design of Dominant Pole with Lead Compensator is
now complete

* Let’s look closer at the how to choose wy4
(which also changes the value of w;)

27



fo - fe o
-

Dominant Pole with Lead Compensation @

Phase response of
K 45" fde
lead compensated . » )/,’h
. . 45%log 10f
loop gain combined

. FAEY 45 lu}.,("—;L) 180
with low frequency [r0].., L / / () s

compensation with e papdee || S

f _ fc . —45° feled
47 10 -

Iofy
—(€ x 180° — 45°) /dec e

—ag°

Note: f, is denoted 457
as fi in the figure o

along side (and in 45%tox () L /\ i
subsequent figures) — i -

'T'[:.'s]

Aqmmumwm_+%mw

F Pl —45"ft]:1-

— 18P / Blargin ¢
T 4007 fdec
1075 f Jt}LJ w
£ ’ @ : Erl 28
i i fo Lo f 10f. 10f,

=10f,



Asymptotic
Bode plot for
compensated

f] fr.- -'F: j: f.l.l

e —
—20dB/dec

loop gain

7

-}—:'y% = 'I-:.IGF.-. | lesad

1 = (dB

—40dB /dec

Dominant Pole with Lead Compensation @

-5 |

/

fa= 15

Note: f, is denoted
as fi in the figure
along side

‘MJL.m“1(%)?fff’fiiudﬂfdﬂ: q

. +90° /dec B
15%log (}_{)—-—-—-__\_\
—90° _‘rﬁff VIl
+45° /deg
+45° /dec
—(Q x 180° — 007) /e § 1
Phase —45° [dec
—180° Margin
T+90° /dec
~ ,,-""'-H-/ "n____‘.-. \__\\
-1, A,
102 f, 1[,1:%,1r
i & Jo T [ 10f. 10f, 79
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Dominant Pole with Lead Compensation %

fe

Exact Bode plot for compensated loop gain (f4 = ik

Bode Diagram
Gm = Inf dB (at Inf Hz) , Pm = 50.5 deg (at 5.37e+003 Hz) _

Magnitude (dE)
o & & B & B
T T 1T T

£ 8 8 & 18
T T T T 1

a5

Phase (deq)

135

B0 - -
1’ 10" 10 10 10 10"

Frequency (Hz)

Phase margin = 50.5°
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Dominant Pole with Lead Compensation %

Associated time response to input voltage change:

VP

1.504 h
1.503 \

1.502

1.501
1_5ﬂn_7h7F
1499

. /
V

1.408
9.80 5.90 10.00 10,10 10.20 10.30 10.40 10.50 10060 1070 10.80

102

w10t

Settling time = 1 ms
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i fo [ fe o
=V

Dominant Pole with Lead Compensation @

Phase response of

lead compensated i A
loop gain combined {“‘”1"“(%3' T
. — 0 x 1807 — 457) fdec . A )
with low frequency /7| i () = 180
. . o /—45"1:1y; (ﬂ{f—) — 180°
compensation with —/
—180° +45" fdec Margin
fA — E : —45”;":](!1'
33 .
1+ 45”Ing(%’|’£) ’//
a0~ ,ﬁ%:cw'
Note: f4 is denoted as
f1 in the figure along side 5t (81). +*.Ju",/:1:~c;.m
A
— e i
T(s) e ik
— (0 = 180° — 90°) fdec
Pl —45% fdec
—180° +‘Jill”,/c]:~{ "‘""‘"'i'"l
| |

|

1 1
waf, | 1=y,
I f f

fe 10f. 10, 32
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Dominant Pole with Lead Compensation

Asymptotic
Bode plot for
compensated
loop gain

(fa = ;g

Note: f4 is denoted
as f7 in the figure
along side

‘ T(s)

@

2
¥ 'r,,l'-;f.n |lvi=r1 (f—;)

f 1 frl f x f* f e
= Vi, J
—20dB/dec
I:-;%IL = 'I-:.IGF.-|||¢\'I.IL‘-’/
| — 0dB —-IU(IEI.-"{I(y
—20d4B/dec

+90° /dec
= oS
45%log (T)—‘-Hx\
—a0e 1.
+45° {dec +90° /dec I
—(Q|x 1807 — 907) /dec
i —45° [dec
_ | };.'[-]':‘_| AT
) | |
,.»,«"' - N,
S i w
10 'Eﬂj” l[J:qu i
& & fo » 10f. 10f, 33

= 10,



Dominant Pole with Lead Compensation %

Exact Bode plot for compensated loop gain (f4 = ?{—g ;

Bode Diagram
Gm = Inf dB (at Inf Hz) , Pm = 54.3 deg (at 5.35e+003 Hz) _

2 & & &8 B
T T

Magnitude (dB)

2 8 8 & 8
m 1T 1T 1T 1

[=]
T

-45 -

Fhase (deg)

10" 10’ 10 10" 1o 10"

10
Frequency (Hz)

Phase margin = 54.3°
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Dominant Pole with Lead Compensation %

Associated time response to input voltage change:

x1ot VP
1.506

-
AN
1500 I
/7
l

1.496 v

1404
9.8 10.0 10.2 10.4 10.6 10.8 1.0 1.z 11.4

X102

Settling time = 4 ms

——>  Slower settling time
——>  The first design is better
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Summary G(%'D

* Looked closely at the design of two compensators
i) lead
i) dominant pole (integrator) with lead

* Derived the formulas needed to design, not just used
available formulas

* Lead compensator: extends bandwidth while boosting
the phase which can result in quick response with a
good phase margin (minimal overshoot)

 dominant pole with lead compensator: has the
properties of the lead compensator together with an
integrator which provides zero steady state error

* Next, frequency domain specifications
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