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3rd Lecture

11.4 Feedback Design via Loop Shaping

Loop Shaping
Bode’s Relations

Keyword : 

11 Frequency Domain Design

(9.4 Bode’s Relations and Minimum Phase Systems)

11.5 Fundamental Limitations
Right Half-Plane Poles and Zeros
Gain Crossover Frequency Inequality

Keyword : 
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11.4 Feedback Design via Loop Shaping

Loop transfer function

Sensitivity Complementary Sensitivity

• Load disturbance 

• Tracking 

• Robust stability

• Measurement noise
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improve not only stability (Nyquist) but also performance
and robustness

Loop shaping
Choosing a compensator              that gives a loop 
transfer function             with a desired shape 
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(a) Frequency response ( ) (b) Frequency esponse (         )
Fig. 11.8

• Load disturbances will be attenuated by a factor of 100

At low frequencies 

Loop Gain Feedback 
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Loop Shaping 

At high frequencies

(a) Frequency response (        ) (b) Frequency response (  )
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Bode’s Relations (§9.4)

the phase is uniquely given by

at gain crossover frequency
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: phase margin

the slope of the gain curve at gain crossover 
cannot be too steep 
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Bode’s Relations
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• Gain Margin

• Phase Margin

• Stability Margin
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[Ex. 11.9] Balance system (§6.3)

Fig. 6.2 (a) Segway (b) Cart-pendulum system

Equations of motion
( ) FmlpcmlpmM +−−=−+ 2sincos θθθθ 

( ) θθγθθ sincos2 mglpmlmlJ +−=−+ 

11.5 Fundamental Limitations
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Effect of RHP Poles
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(11.13)

: minimum phase part
: all-pass system

Factor the process transfer function as

Ex. )

minimum phase part all-pass system

*

RHP poles, zeros and time delay

Gain Crossover Frequency Inequality

(nonminimum phase part s.t.                       : negative)
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Ex. )

minimum phase part all-pass system
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Phase of 

Slope of               at  

Derivation of the Gain Crossover Frequency Inequality 
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Derivation of the Gain Crossover Frequency Inequality 

(11.15)

Bode’s Relations

holds for minimum phase systems

Combining it with (11.14)
(11.14)

ω
ωπω

log
)(log

2
)(arg 0 d

jGd
jG ≈

( )

2
         

log
)()(log

2
         

)()(arg

π

ω
ωωπ

ωω

gc

gc

gcgcmp

gcgcmp

n

d
jCjPd

jCjP

=

≈

(9.8) 

mgcgcmpgcap jCjPjP ϕπωωω +−≥++ )(arg)(arg)(arg

( )
2

 )()(arg πωω gcgcgcmp njCjP ≈

lgcmgcap njP ϕπϕπω :
2

)(arg =+−≤−



mpParg

apParg
Parg

Gain Crossover Frequency Inequality

(11.15)

Gain Crossover Frequency Inequality
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• The phase lag of the nonminimum phase component must not be
too large at the crossover frequency.
• Nonminimum phase components imposes severe restrictions on 
possible crossover frequencies.



Gain Crossover Frequency Inequality

slope:

• for high robustness 
required phase margin : 

slope :

• for lower robustness 
required phase margin : 
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