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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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and robustness

Loop shaping
Choosing a compensator              that gives a loop 
transfer function             with a desired shape 
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• Load disturbances will be attenuated by a factor of 100

At low frequencies 

Loop Gain Feedback 
Performance
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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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: slope of the gain curve 
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: phase margin

the slope of the gain curve at gain crossover 
cannot be too steep 
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• Gain Margin

• Phase Margin

• Stability Margin

)52( −

)6030( °−°

)8.05.0( −Sm Ms /1=

Sensitivity Function )( ωjS

A

bSω

2<SM )( ωjS

1
11

1
=

+
+

+
=+

PC
PC

PC
TS

)( ωjT
]dB[3−

bTω

Complementary Sensitivity
Function )( ωjT

-3

])dB[2(  25.1<TM

2<SM

25.1<TM

• Maximum Peak Magnitude of
• Maximum Peak Magnitude of

S
T

Important
Relations

2<SM

T

S

L

gcω
bTωbSω

- 3[dB]

25.1<TM

Loop Shaping 

1−
≥

S

S
m M

Mg

T
m M

g 11+≥

SS
m MM

1
2

1arcsin2 ≥⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≥ϕ

TT
m MM

1
2

1arcsin2 ≥⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≥ϕExercise

[Ex. 11.9] Balance system (§6.3)

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

Equations of motion
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11.5 Fundamental Limitations
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Effect of RHP Poles
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: 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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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)
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Gain Crossover Frequency Inequality
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Gain Crossover Frequency Inequality
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: slope at 

: gain crossover freq.

: required phase
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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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