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Control Theory – Definition in Wikipedia

• Control theory deals with the control of dynamical systems in engineered 
processes and machines. The objective is to develop a model or algorithm 
governing the application of system inputs to drive the system to a 
desired state, while minimizing any delay, overshoot, or steady-state 
error and ensuring a level of control stability; often with the aim to 
achieve a degree of optimality
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From Physical Circuit to S-Domain
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Physical World Circuit Model
Laplace Transform

(S-Domain)



Ch1 : 1st and 2nd order Transfer Function
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1st Order Transfer Function 
𝐺𝐺 𝑠𝑠 =

𝑝𝑝
𝑠𝑠 + 𝑝𝑝

2nd Order Transfer Function

𝐺𝐺 𝑠𝑠 =
𝜔𝜔𝑛𝑛2

𝑠𝑠2 + 2𝜁𝜁𝜔𝜔𝑛𝑛𝑠𝑠 + 𝜔𝜔𝑛𝑛2

To Understand Basic System Dynamic
• Poles : Determine stability

• LHP stable
• RHP unstable

• Zeros : Affect transient dynamic
• LHP increase overshoot
• RHP step response starts in wrong direction

• Damping factor and natural frequency
• Overshoot
• System response time



Ch2 : System Identification Method
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SMPS
G(s)Input Output

[1] Inject step response

[2] Measure output profile

[3] Identify System Transfer Function G(s)



Ch3 : Close Loop and Open Loop System
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G(s)
+

-

H(s)

Vin Verror Vout

Vf

G(s)
+

-

H(s)

Vin Verror Vout

Vf

Open-Loop Transfer Function

Close-Loop Transfer Function

Goal is close-loop

But firstly back to something we familiar

𝑇𝑇 𝑠𝑠 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

=
𝐺𝐺(𝑠𝑠)

1 + 𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠)

𝐺𝐺𝐺𝐺 𝑠𝑠 =
𝑉𝑉𝑓𝑓
𝑉𝑉𝑖𝑖𝑖𝑖

=
𝑉𝑉𝑓𝑓

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
= 𝐺𝐺 𝑠𝑠 𝐻𝐻 𝑠𝑠

Open Loop and Close Loop Relationship
Bode Method (Frequency Domain)
• DC Gain – Steady State Error
• Phase Margin – Damping Ratio
• Gain Margin – System Robustness
• Gain/Phase Crossover Freq – Natural 

Frequency



Effect of Poles and Zeros in Transfer 
Function

Kelvin Leung
7-8-2021



Effect of Poles in 1st

and 2nd Order System

First_Order_System.m
Second_Order_System.m
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First-Order System Response
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1st Order Transfer Function Format
𝐺𝐺 𝑠𝑠 =

𝑝𝑝
𝑠𝑠 + 𝑝𝑝

Summary
• Stable First Order System with 

one LHP (Left Half Plane) pole
• Magnitude of pole determine 

system response rate



First-Order System Response - Cascade
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𝐺𝐺1 𝑠𝑠 =
1

𝑠𝑠 + 1

𝐺𝐺2 𝑠𝑠 =
5

𝑠𝑠 + 5

𝐺𝐺3 𝑠𝑠 = 𝐺𝐺1 𝑠𝑠  𝐺𝐺2 𝑠𝑠 =
5

𝑠𝑠 + 1 𝑠𝑠 + 5

Summary
• For cascade system, if real part 

magnitude of two poles are far 
away, less magnitude is always 
dominate



Second-Order System Response – Effect of Damping Factor 𝜻𝜻
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𝐺𝐺 𝑠𝑠 =
𝜔𝜔𝑛𝑛2

𝑠𝑠2 + 2𝜻𝜻𝜔𝜔𝑛𝑛𝑠𝑠 + 𝜔𝜔𝑛𝑛2

Summary
• Damping factor (𝜁𝜁) affect 

overshoot and ringing
• 𝜁𝜁 within 0.7 to 1 yield best 

response with minimizing 
overshoot

• 𝜁𝜁 > 1 will generate 2 poles 
without imaginary part, which is 
equivalent two 1st order system 
in cascade

𝜔𝜔𝑛𝑛 = 1



Second-Order System Response – Effect of Natural Freq 𝝎𝝎𝒏𝒏
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𝜁𝜁 = 0.38

𝐺𝐺 𝑠𝑠 =
𝜔𝜔𝑛𝑛2

𝑠𝑠2 + 2𝜻𝜻𝜔𝜔𝑛𝑛𝑠𝑠 + 𝜔𝜔𝑛𝑛2

Summary
• Natural Frequency (𝜔𝜔𝑛𝑛) affect 

system speed
• Natural frequency has no 

impact on overshoot or 
undershoot magnitude



Effect of RHP Poles
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Summary
• System response cannot 

converge with RHP Poles – 
Unstable System

𝐺𝐺(𝑆𝑆) with RHP Poles



Effect of LHP and RHP 
Zero

Effect_Of_Zeros.m
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Effect of LHP Zero – Part 1
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𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑠𝑠 + 1

𝑠𝑠2 + 2𝑠𝑠 + 2

𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
1

𝑠𝑠2 + 2𝑠𝑠 + 2

Overall response

Original response
(without zero)

Response introduced by LHP zero

Summary
• The major effect of the LHP 

zero is to increase 
overshoot



Effect of LHP Zero – Part 2
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𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.2
𝑠𝑠 + 5

𝑠𝑠2 + 2𝑠𝑠 + 2

𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
1

𝑠𝑠2 + 2𝑠𝑠 + 2

|Re(zero)| >> |Re(poles)|
Overall response

Original response
(without zero)

Response introduced by LHP zero

Summary
• If the zero is far away from 

real part of complex poles, 
effect is negligible



Effect of RHP Zero

kskelvin.net 11

𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
−𝑠𝑠 + 1

𝑠𝑠2 + 2𝑠𝑠 + 2

𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
1

𝑠𝑠2 + 2𝑠𝑠 + 2

Overall response

Original response
(without zero)

Response introduced by RHP zero

Summary
• The major effect of the RHP 

zero is to cause an initial 
undershoot (i.e. the step 
response starts in wrong 
direction)

• This represents a system 
when increase its control 
input, its output will firstly go 
into a reverse direction



Converter Transfer Function Kelvin Leung
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Buck Converter
• Switch ON

• 𝑉𝑉𝐿𝐿 = 𝐿𝐿 𝑑𝑑𝐼𝐼
𝑑𝑑𝑡𝑡

• 𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑜𝑜 = 𝐿𝐿 ∆𝐼𝐼
𝑡𝑡𝑜𝑜𝑜𝑜

= 𝐿𝐿 ∆𝐼𝐼
𝑑𝑑 𝑇𝑇𝑠𝑠

• 𝐿𝐿 ∆𝐼𝐼
𝑇𝑇𝑠𝑠

= 𝑑𝑑 𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑜𝑜

• Switch OFF
• 𝑉𝑉𝐿𝐿 = 𝐿𝐿 𝑑𝑑𝐼𝐼

𝑑𝑑𝑡𝑡

• 0 − 𝑉𝑉𝑜𝑜 = 𝐿𝐿 −∆𝐼𝐼
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

= 𝐿𝐿 −∆𝐼𝐼
1−𝑑𝑑 𝑇𝑇𝑠𝑠

• 𝐿𝐿 ∆𝐼𝐼
𝑇𝑇𝑠𝑠

= 1 − 𝑑𝑑 𝑉𝑉𝑜𝑜

• Combine formula
• 𝑑𝑑 𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑜𝑜 = 1 − 𝑑𝑑 𝑉𝑉𝑜𝑜

• 𝑉𝑉𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

= 𝑑𝑑 : steady state is not affected by L or C

• Question
• What is the effect of having different L and C ?
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t1 t2 t3

∆𝐼𝐼

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑡 − 𝑡𝑡𝑡
=
∆𝐼𝐼
𝑡𝑡𝑜𝑜𝑜𝑜

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑡 − 𝑡𝑡𝑡
=
−∆𝐼𝐼
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

Inductor current profile



Buck Converter with L = 20uH, C=100uH, R = 1 Ohm
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Change duty cycle between 49% and 51%

Output voltage transient

Buck_Converter_02_SawToothDrive.asc



Buck Converter with L = 100uH, C=100uH, R = 1 Ohm
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Output voltage transient

Change duty cycle between 49% and 51%

Buck_Converter_02_SawToothDrive.asc



Control System of Switching Mode Power Supply

kskelvin.net 5

SMPS
G(s)Input : Duty (d) Output : Output Voltage (Vo)

Open Loop System

Close Loop System

SMPS
G(s)

Duty (d) Output : Output Voltage (Vo)Compensator
Gc(s)Setpoint error

+-



Example : Analog Device LTC3703 Switching Regulator
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R1

RB

R3

C3

C1

R2
C2



Example : Analog Device LTC3703 Switching Regulator
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VREF



First Course on Power Electronics and Drives - Mohan
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In Chapter 4



Transfer Function in Switching Converter
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The modeling ignore behavior within switching action
But to average each switching cycle to calculate its 
transfer function
e.g. state-space averaging technique

Model capture transient characteristic 
of converter

𝐺𝐺𝑣𝑣 =
𝑣𝑣𝑜𝑜
𝑑𝑑

𝐺𝐺𝑖𝑖 =
𝑖𝑖𝐿𝐿
𝑑𝑑

This may need 
in current 
mode control



Buck Converter Transfer Function with L = 20uH, C=100uH, R = 1 Ohm
Calculate from Textbook Formula

kskelvin.net 10

Matlab Implementation
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Buck Converter Transfer Function with L = 20uH, C=100uH, R = 1 Ohm
Estimated from System Identification Method with LTspice Simluation
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kskelvin.net 11ltspice_export_system_identification_forBuck.m



Understanding Poles and Zeros Effect in Transfer Function
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Effect of LHP zero in system 
identification method is neglectable as 
compare to textbook formula

Gs is system identification

Gi is textbook formula

Understanding_Buck_SystemIdentification_TF.m



Compare System Identification Results with AD Datasheet

With System Identification
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Boost Converter with L = 20uH, C=100uH, R = 1 Ohm
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Change duty cycle between 48% and 52%

Control input increase, output firstly in reverse direction
(i.e. system with RHP Zero)

Boost_Converter_02_SawToothDrive.asc



Boost Converter with L = 20uH, C=100uH, R = 1 Ohm
System Idenification Method in Matlab
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10
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0
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t (Ts = 1us) 10
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t
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out_est=Gz(in)
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RHP Zero

ltspice_export_system_identification_forBoost.m



Appendix
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Fundamentals of Power Electronics - Erickson
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In Chapter 8



Use of Simulink and Close Loop 
Feedback with Bode Plot

Kelvin Leung
7-16-2021



Open Loop Response 
in Simulink and 
Matlab Command
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Create a Simulink Model

New  Simulink Model Blank Model Library Browser



Create a Simulink Open Loop Step Response

kskelvin.net 4OpenLoop_Simulink.slx

𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
10

𝑠𝑠 + 1 − 2𝑖𝑖 𝑠𝑠 + 1 + 2𝑖𝑖



Method to Improve Simulation Result Precision

kskelvin.net 5

Step 1
• Right-Click to bring menu
• Select Model Configuration 

Parameters

Step 2: Reduce Relative tolerance

Relative tolerance : 1e-3 Relative tolerance : 1e-6



Equivalent Command for Open Loop Step Response

Control Toolbox Command Plot Results
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zpk
Constructs zero-pole-gain model or converts to zero-pole-gain format

step
Step response of dynamic systems

𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
10

𝑠𝑠2 + 2𝑠𝑠 + 5
=

10
𝑠𝑠 + 1 − 2𝑖𝑖 𝑠𝑠 + 1 + 2𝑖𝑖

OpenLoop_Simulink_equivalent_Command.m



Equivalent LTSpice for Open Loop Step Simulation
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LTspice Schematic .tran 10 uic .ac dec 100 1e-2 10

Transient simulation AC Sweep

Voltage dependent voltage source (E)

OpenLoop_Simulink_LTspice.asc



Close Loop Response 
in Simulink and 
Matlab Command
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Create a Simulink Close Loop Step Response

Resize to see the formula

Add Integrator as Compensator

CloseLoop_Simulink.slx



Equivalent Command for Close Loop Step Response

Control Toolbox Command Plot Results
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feedback
Feedback connection to multiple models

𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
10

𝑠𝑠2 + 2𝑠𝑠 + 5

𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1
3𝑠𝑠

CloseLoop_Simulink_equivalent_Command.m



Equivalent LTSpice for Close Loop Simulation
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LTspice Schematic .tran 10 uic .ac dec 100 1e-2 10

CloseLoop_Simulink_LTspice.asc



Control Theory in 
Close Loop Control 
with Bode Plot 
Method
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Close Loop Transfer Function

• Close Loop Transfer Function
• Eqn1 : 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐺𝐺 𝑠𝑠 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
• Eqn2 : 𝑉𝑉𝑓𝑓 = 𝐻𝐻 𝑠𝑠 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
• By 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑓𝑓
• 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝐺𝐺(𝑠𝑠)
= 𝑉𝑉𝑖𝑖𝑖𝑖 − 𝐻𝐻 𝑠𝑠 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

•  𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

= 1
𝐻𝐻 𝑠𝑠 + 1

𝐺𝐺(𝑠𝑠)
= 1

1+𝐻𝐻 𝑠𝑠 𝐺𝐺(𝑠𝑠)
𝐺𝐺(𝑠𝑠)

• 𝑇𝑇 𝑠𝑠 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

= 𝐺𝐺(𝑠𝑠)
1+𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠)

• Open Loop Transfer Function is 
defined as
• 𝐺𝐺𝐺𝐺 𝑠𝑠 = 𝑉𝑉𝑓𝑓

𝑉𝑉𝑖𝑖𝑖𝑖
= 𝑉𝑉𝑓𝑓

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
= 𝐺𝐺 𝑠𝑠 𝐻𝐻 𝑠𝑠

• where 𝑉𝑉𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 if loop is open

G(s)
+

-

H(s)

Vin Verror Vout

Vf

G(s)
+

-

H(s)

Vin Verror Vout

Vf
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Open-Loop Transfer Function

Close-Loop Transfer Function



Bode Plot Method

• Bode Plot Method
• A method to determine close loop performance 𝑇𝑇 𝑠𝑠 = 𝐺𝐺(𝑠𝑠)

1+𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠)
from its open loop transfer 

function 𝐺𝐺𝐺𝐺 𝑠𝑠 = 𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠)

• Limitation
• It can only be used to design close loop feedback from system with stable open loop 

transfer function, i.e. no RHP poles in 𝐺𝐺𝐺𝐺(𝑠𝑠).  Otherwise, root locus or Nyquist design 
technique is required

• Stability Criteria
• Open Loop Gain of 𝐺𝐺𝐺𝐺(𝑠𝑠) at -180° phase angle must <0dB (or 1) to achieve stable close 

loop 𝑇𝑇(𝑠𝑠)
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Understand of Physical Meaning of Stability Criteria

• By imagine the system with discrete 
timing
• 𝑉𝑉𝑖𝑖𝑖𝑖 𝑛𝑛 = sin(𝜔𝜔 𝑡𝑡 𝑛𝑛 )
• @ −180° phase

• 𝑉𝑉𝑓𝑓 𝑛𝑛 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 × −𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[𝑛𝑛 − 1]
• If closing the loop

• 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑛𝑛 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝑛𝑛 − 𝑉𝑉𝑓𝑓[𝑛𝑛]

kskelvin.net 15BodePlot_Stability_Explanation.m



Understand of Physical Meaning of Stability Criteria

Gain < 1 (0dB)
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Open Loop @ 180°
Gain = 0.5 
𝑉𝑉𝑓𝑓 = −0.5 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑉𝑉𝑓𝑓 achieved 
equilibrium and 
stable

error and feedback keeps amplifing with a positive feedback

That why open loop gain @ -180 degree must less than 1 (0dB) 
for a stable system design



Meaning of Gain Margin and Phase Margin

Stable System Unstable System

kskelvin.net 17

Gain margin (+ve) 
= 0𝑑𝑑𝑑𝑑 − 𝐺𝐺𝐺𝐺 𝑠𝑠 −180°

Phase margin (+ve)
= 180 − ∠𝐺𝐺𝐺𝐺 𝑠𝑠 0𝑑𝑑𝑑𝑑

Gain margin (-ve) 
= 0𝑑𝑑𝑑𝑑 − 𝐺𝐺𝐺𝐺 𝑠𝑠 −180°

Phase margin (-ve)
= 180 − ∠𝐺𝐺𝐺𝐺 𝑠𝑠 0𝑑𝑑𝑑𝑑

Phase crossover frequencyGain crossover frequency

gain_phase_margin_basic.m



Relationship between Open Loop and Close Loop Performance

• Natural frequency (ωn)
• ωn in closed-loop system is somewhere between the gain crossover frequency and phase 

crossover frequency in open-loop system.  
• page. 473-474 of “Modern Control Engineering”, Ogata, 5th Edition

• A very rough estimate is that the bandwidth (freq @ -3dB) is approximately equal to the 
natural frequency.
• [http://www.engin.umich.edu/class/ctms/freq/freq.htm]

• Damping ratio (ζ)
• Phase margin in open-loop system has linear relationship with ζ of closed-loop system 
• Exact Formula : Phase Margin (𝛾𝛾) and Damping Ratio (ζ)

• 𝛾𝛾 = tan−1 2𝜁𝜁

1+4𝜁𝜁4−2𝜁𝜁

• Approximation:  for  ζ < 0.6  ζ = 0.01 𝛾𝛾

kskelvin.net 18



Design Guideline with Bode Plot
• DC Gain : Determine the steady state error

• Increase of DC Gain, Decrease of Steady State Error 
(if 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 → ∞, 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 → 0 if )

• Phase margin : Determine the damping 
ratio and overshoot
• Phase margin is normally selected to between 30o-

60o.

• Gain margin : Determine the robustness of 
system
• To guarantee stability even if the open-loop gain 

and time constants of the components vary to a 
certain extend. Normally > 6dB.

• Gain/Phase crossover frequency : 
Determine the transient response speed
• Increase the crossover frequency, Increase transient 

speed.

kskelvin.net 19

𝛾𝛾 = tan−1
2𝜁𝜁

1 + 4𝜁𝜁4 − 2𝜁𝜁

PhaseMargin_DampingRatio_ExactRelationship.m



Design Example – Estimate Close Loop from Open Loop TF
• An example to estimate close loop 

performance from open loop transfer 
function

• Open Loop Transfer Function
• 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠 = 10

𝑠𝑠+1−2𝑗𝑗 𝑠𝑠+1+2𝑗𝑗
= 10

𝑠𝑠2+2𝑠𝑠+5

• 𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠 = 1
3𝑠𝑠

• 𝐻𝐻 𝑠𝑠 = 1
• 𝐺𝐺𝐺𝐺 𝑠𝑠 = 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠 𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠 𝐻𝐻(𝑠𝑠)

kskelvin.net 20

Estimation of Close Loop Performance from GH(s) Bode Plot
• DC Gain  ∞ : Steady State Error = 0
• PM is 72.6°, damping ratio is ~0.8 (from exact curve)
• From Gain/Phase crossover frequency, natural freq ~ 1 rad/s

Bode Plot of Open Loop System GH(s)

𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑠𝑠)𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑠𝑠)



Design Example – Close Loop Performance

• Close Loop Transfer Function
• 𝑇𝑇 𝑠𝑠 = 𝐺𝐺(𝑠𝑠)

1+𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠)

kskelvin.net 21

Close Loop System Response 

No steady state error 
in step response

CloseLoop_Simulink_equivalent_Command.m



Design Example – Close Loop Response with Increased I Gain

kskelvin.net 22

Changed from 1
3
 to 2

3

Increase Gain of Integrator, 
reduced phase margin

As predicted, 
Pm=33.8 represents 
damping rate is just 
~0.3
Ringing and 
Overshoot can be 
expected

Open Loop Bode Plot

Close Loop System Response 

CloseLoop_Simulink_equivalent_Command.m



Design Example – Close Loop Response to Unstable

kskelvin.net 23

Changed from 1
3
 to 4

3

Further Increase Gain of 
Integrator, Pm becomes -ve

As predicted, Pm is 
negative and close 
loop system unstable

Open Loop Bode Plot

Close Loop System Response 

CloseLoop_Simulink_equivalent_Command.m



Appendix : System Stability for Close Loop Transfer Function

• Close Loop Transfer Function
• 𝑇𝑇 𝑠𝑠 = 𝐺𝐺(𝑠𝑠)

1+𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠)

• Assume
• 𝐺𝐺 𝑠𝑠 = 𝑛𝑛𝑛𝑛𝑚𝑚𝐺𝐺

𝑑𝑑𝑑𝑑𝑛𝑛𝐺𝐺
and 𝐻𝐻 𝑠𝑠 = 𝑛𝑛𝑛𝑛𝑚𝑚𝐻𝐻

𝑑𝑑𝑑𝑑𝑛𝑛𝐻𝐻
• num is numerator and den is denominator

• 𝑇𝑇(𝑠𝑠) is stable
• if all its poles are in LHP, this represent roots of 1 + 𝐺𝐺 𝑠𝑠 𝐻𝐻(𝑠𝑠) = 0
• 1 + 𝐺𝐺 𝑠𝑠 𝐻𝐻 𝑠𝑠 = 0
• 1 + 𝑛𝑛𝑛𝑛𝑚𝑚𝐺𝐺

𝑑𝑑𝑑𝑑𝑛𝑛𝐺𝐺

𝑛𝑛𝑛𝑛𝑚𝑚𝐻𝐻
𝑑𝑑𝑑𝑑𝑛𝑛𝐻𝐻

= 𝑑𝑑𝑑𝑑𝑛𝑛𝐺𝐺𝑑𝑑𝑑𝑑𝑛𝑛𝐻𝐻+𝑛𝑛𝑛𝑛𝑚𝑚𝐺𝐺𝑛𝑛𝑛𝑛𝑚𝑚𝐻𝐻
𝑑𝑑𝑑𝑑𝑛𝑛𝐺𝐺𝑑𝑑𝑑𝑑𝑛𝑛𝐻𝐻

= 0
• 𝑑𝑑𝑑𝑑𝑛𝑛𝐺𝐺𝑑𝑑𝑑𝑑𝑛𝑛𝐻𝐻 + 𝑛𝑛𝑛𝑛𝑚𝑚𝐺𝐺𝑛𝑛𝑛𝑛𝑚𝑚𝐻𝐻 = 0
• Solve above equation and to verify if all roots are in LHP

kskelvin.net 24



Ch4 - PID and Loop Gain Measurement 7-18-2021



Understanding PID 
Controller

kskelvin.net 2



Fundamental of PID Controller

• PID Standard form
• 𝑢𝑢 𝑡𝑡 = 𝐾𝐾𝑝𝑝𝑒𝑒 𝑡𝑡 + 𝐾𝐾𝑖𝑖 ∫0

𝑡𝑡 𝑒𝑒 𝜏𝜏 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑑𝑑
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

• PID in Laplace form
• 𝐺𝐺𝑐𝑐 𝑠𝑠 = 𝐾𝐾𝑝𝑝 + 𝐾𝐾𝑖𝑖

𝑠𝑠
+ 𝐾𝐾𝑑𝑑𝑠𝑠 = 𝐾𝐾𝑑𝑑𝑠𝑠2+𝐾𝐾𝑝𝑝𝑠𝑠+𝐾𝐾𝑖𝑖

𝑠𝑠

• Example to explain meaning of 𝐾𝐾𝑝𝑝, 
𝐾𝐾𝑖𝑖 and 𝐾𝐾𝑑𝑑 in PID format
• 𝐾𝐾𝑝𝑝 = 10 = 20 log10 10 = 20𝑑𝑑𝑑𝑑
• 𝐾𝐾𝑖𝑖 = 2𝜋𝜋 103

• 𝐾𝐾𝑑𝑑 = 1
2𝜋𝜋 105

kskelvin.net 3
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Simulink Close Loop Feedback Example with PID Controller

kskelvin.net 4Close_Loop_withPID_Simulink.slx



Simulink Close Loop Feedback Example with PID Controller
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𝑮𝑮𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑(𝒔𝒔) 𝑮𝑮𝒑𝒑𝒑𝒑𝒑𝒑(𝒔𝒔) 𝑮𝑮𝑮𝑮(𝒔𝒔)

• Plant • PID Controller
• 𝐾𝐾𝑝𝑝 = 20
• 𝐾𝐾𝑖𝑖 = 1 × 2𝜋𝜋
• 𝐾𝐾𝑑𝑑 = 1

0.1 ×2𝜋𝜋

• Open Loop 𝐺𝐺𝐺𝐺 𝑠𝑠
• 𝐺𝐺𝐺𝐺 𝑠𝑠 = 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝

Pm=52o

DC Gain boost by 𝐾𝐾𝑖𝑖

Bring phase up with 𝐾𝐾𝑑𝑑

Close_Loop_withPID.m



Simulink Close Loop Feedback Example with PID Controller

kskelvin.net 6
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0dB crossover frequency increase, but Pm still +ve, therefore, natural frequency of close loop increase
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Overall Gain

Gain becomes 10



PID with Operational Amplifier Circuit
• Proportional

• 𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑍𝑍𝑓𝑓
𝑍𝑍𝑖𝑖

= −𝑅𝑅𝑝𝑝𝑝
𝑅𝑅𝑝𝑝𝑝

• 𝐾𝐾𝑝𝑝 = 𝑅𝑅𝑝𝑝𝑝
𝑅𝑅𝑝𝑝𝑝

• Integration
• 𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑍𝑍𝑓𝑓

𝑍𝑍𝑖𝑖
= −

1
𝑠𝑠𝐶𝐶𝑖𝑖
𝑅𝑅𝑖𝑖

= −
1

𝐶𝐶𝑖𝑖𝑅𝑅𝑖𝑖
𝑠𝑠

• 𝐾𝐾𝑖𝑖 = 1
𝐶𝐶𝑖𝑖𝑅𝑅𝑖𝑖

• Differentiation
• 𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑍𝑍𝑓𝑓

𝑍𝑍𝑖𝑖
= − 𝑅𝑅𝑑𝑑

1
𝑠𝑠𝐶𝐶𝑑𝑑

= −𝐶𝐶𝑑𝑑𝑅𝑅𝑑𝑑𝑠𝑠

• 𝐾𝐾𝑑𝑑 = 𝐶𝐶𝑑𝑑𝑅𝑅𝑑𝑑

• In this example
• 𝜔𝜔𝑖𝑖,0𝑑𝑑𝑑𝑑 = 2𝜋𝜋𝑓𝑓𝑖𝑖,0𝑑𝑑𝑑𝑑 = 1

𝐶𝐶𝑖𝑖𝑅𝑅𝑖𝑖
 𝑓𝑓𝑖𝑖,0𝑑𝑑𝑑𝑑 = 1

2𝜋𝜋𝐶𝐶𝑖𝑖𝑅𝑅𝑖𝑖
= 159Hz

• 𝜔𝜔𝑑𝑑,0𝑑𝑑𝑑𝑑 = 2𝜋𝜋𝑓𝑓𝑑𝑑,0𝑑𝑑𝑑𝑑 = 1
𝐶𝐶𝑑𝑑𝑅𝑅𝑑𝑑

 𝑓𝑓𝑑𝑑,0𝑑𝑑𝑑𝑑 = 1
2𝜋𝜋𝐶𝐶𝑑𝑑𝑅𝑅𝑑𝑑

= 159Hz

kskelvin.net 7PID_Opamp.asc

Opamp circuit is 
negative gain, a -1 
Gain is added to 
simulate positive gain 
to match PID transfer 
function



Loop Gain 
Measurement
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Review Open Loop Transfer Function Definition
• Open Loop Transfer Function Definition

• It is defined as cutting the feedback path as 
• 𝐺𝐺𝐺𝐺 𝑠𝑠 = 𝐺𝐺 𝑠𝑠 𝐻𝐻 𝑠𝑠 = 𝐺𝐺𝑐𝑐 𝑠𝑠 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠 𝐻𝐻(𝑠𝑠)

• When 𝑉𝑉𝑓𝑓 is break from the loop and AC test signal 
is from 𝑉𝑉𝑖𝑖𝑖𝑖
• 𝐺𝐺𝐺𝐺 𝑠𝑠 =

�𝑣𝑣𝑓𝑓
�𝑣𝑣𝑖𝑖𝑖𝑖

=
�𝑣𝑣𝑓𝑓

�𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

• If 𝑉𝑉𝑖𝑖𝑖𝑖 is DC only and inject an AC to feedback path 
as test signal
• �𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = −�𝑣𝑣𝑓𝑓
• 𝐺𝐺𝐺𝐺 𝑠𝑠 = �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜′

�𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
= − �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜′

�𝑣𝑣𝑓𝑓
• If 𝐻𝐻 𝑠𝑠 = 1, 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜′

• 𝐺𝐺𝐺𝐺 𝑠𝑠 = 𝐺𝐺𝑐𝑐 𝑠𝑠 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑠𝑠) = �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

= − �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑓𝑓

G(s)
+

-

H(s)

Vin Verror Vout

Vf

no ac

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜′



A Simple Close-Loop System

This is to simulate a simple close-loop system with only an 
Integrator as compensator.
Open Loop Transfer Function is �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜�𝑣𝑣𝑖𝑖𝑖𝑖

= �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

 if feedback is open, 

which is equivalent to AC sweep from 𝑣𝑣𝑖𝑖𝑖𝑖 and to plot �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

For Transfer Function:

𝐺𝐺𝑐𝑐 𝑠𝑠 = 1000
𝑠𝑠

 and 𝐺𝐺𝑝𝑝 𝑠𝑠 =

1
1
1

0.001𝑠𝑠
+ 1
10

1
1
1

0.001𝑠𝑠
+ 1
10
+10

=
1

0.001𝑠𝑠+0.1
1+10 0.001𝑠𝑠+0.1

0.001𝑠𝑠+0.1

= 1
0.01𝑠𝑠+2

PID_CloseLoop_01_Std.asc and PID_CloseLoop_01_Std.m
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Circuit and Simulink Relationship

kskelvin.net 11PID_CloseLoop_01_Std_Simulink.slx

PlantI term

Different



Loop Gain Measurement Injection Technique (Idea Explanation)

kskelvin.net 12

Idea to measure open loop response without breaking close 
loop
Add AC source between Vout and feedback of error amplifier
When Vin is DC signal, �𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = −�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, therefore, cut the 
loop and add ac distribute, can superposition a small signal ac 
to feedback path to measure open loop transfer function

Sweep ac source and measure 𝐺𝐺𝐺𝐺 𝑠𝑠 = − �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

PID_CloseLoop_02_LoopGainMeas_Idea.asc



Loop Gain Measurement Injection Technique (Practical)

kskelvin.net 13

Injected ac signal need to be isolated as AC source is always GND in 
one end.  An isolated transformer is required to isolate ac signal 
injection in practice.

A small resistor is added (for DC feedback path to close loop), it should 
be low as compare to resistance in feedback compensation network

PID_CloseLoop_03_LoopGainMeas_Practice.asc



Loop Gain Measurement Injection Technique (@100Hz)

kskelvin.net 14

This example show a 100Hz small signal is injected into the loop
Simulate a transient response with 𝑣𝑣𝑖𝑖𝑖𝑖 as a step input

− �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 : Gain = �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 and Phase = ∠�𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
∠−�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

= ∠�𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 − ∠ −�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

PID_CloseLoop_04_LoopGainMeas_Practice_Transient.asc



Loop Gain Measurement Injection Technique (@100Hz)
• Gain and Phase @ 100Hz

• Gain = �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

• Gain = 0.0311
0.1292

= 0.2407
• Gain = 20 log10 0.2407 = −12.37dB

• Phase = ∠�𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 − ∠ −�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
• Assume ∠ −�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 as 0° reference
• Phase = 189.36𝑚𝑚𝑚𝑚−184.85𝑚𝑚𝑚𝑚

10𝑚𝑚𝑚𝑚
× 360° − 0°

• Phase = −162.36°

kskelvin.net 15

�𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 =0.0311

�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =0.1292

189.36ms

184.85ms

100Hz : Ts=10ms

PID_CloseLoop_04_LoopGainMeas_Practice_Transient.asc
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Type I to III Compensator Overview

kskelvin.net 2

Type I Type II Type III

𝑓𝑓0 =
1

2𝜋𝜋𝐶𝐶2𝑅𝑅1

C2

𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 2 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧

2 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝One pole at s=0



Type I to III : DC Steady State Condition
• Opamp basic formula : 𝑣𝑣𝑛𝑛 = 𝑣𝑣𝑝𝑝 , As 𝑉𝑉𝐹𝐹𝐹𝐹 = 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅

• 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑉𝑉𝐹𝐹𝐹𝐹 = 𝑅𝑅𝐵𝐵
𝑅𝑅1+𝑅𝑅𝐵𝐵

𝑉𝑉𝑖𝑖𝑖𝑖

• Structure of Type I to III compensator includes 
different amplifier and 𝐺𝐺𝑐𝑐(𝑠𝑠)

• 𝑉𝑉𝑖𝑖𝑖𝑖 = 𝐴𝐴𝐻𝐻𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜  𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝐵𝐵
𝑅𝑅1+𝑅𝑅𝐵𝐵

𝐴𝐴𝐻𝐻𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
• To calculate 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐴𝐴𝐻𝐻

𝑅𝑅1
𝑅𝑅𝐵𝐵

+ 1 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅
• To calculate 𝑅𝑅𝐵𝐵 = 𝑅𝑅1

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝐴𝐴𝐻𝐻 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅

−1

kskelvin.net 3

Gc(s) Gp(s)

IN

-

+VREF OUT

AH



Type I Compensator Using Opamp
• Transfer Function

• Error amplifier in small signal, FB=VREF , RB is ignore

• 𝑇𝑇 𝑠𝑠 = −𝑍𝑍𝑓𝑓
𝑍𝑍𝑖𝑖

= −
1
𝑠𝑠𝐶𝐶2
𝑅𝑅1

= − 1
𝑠𝑠𝐶𝐶2𝑅𝑅1

• Refer to control block diagram, Type I compensator 𝑇𝑇(𝑠𝑠)
include different amplifier and 𝐺𝐺𝐶𝐶(𝑠𝑠)

• Therefore 𝑇𝑇 𝑠𝑠 = −𝐺𝐺𝐶𝐶(𝑠𝑠) 𝐺𝐺 𝑠𝑠 = 1
𝑠𝑠𝐶𝐶2𝑅𝑅1

• Bode
• 𝑓𝑓0 = 1

2𝜋𝜋𝐶𝐶2𝑅𝑅1

kskelvin.net 4

𝑍𝑍𝑖𝑖

𝑍𝑍𝑓𝑓
C2

Gc(s) Gp(s)

IN

-

+VREF OUT

AH

𝑇𝑇(𝑠𝑠)



Type I Compensator - 𝑻𝑻(𝒔𝒔) and 𝑮𝑮𝒄𝒄(𝒔𝒔) Relationship

kskelvin.net 5TypeI_CloseLoop_Transient.asc

𝐺𝐺𝐶𝐶(𝑠𝑠) 𝑇𝑇(𝑠𝑠)



Loop Gain Measurement Injection Technique

kskelvin.net 6

Add AC source between Vout and feedback of error amplifier
When Vin is DC signal, 
Sweep ac source and measure 𝐺𝐺𝐺𝐺 𝑠𝑠 = − �𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜

�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓



Type II Compensator Using Opamp
• Transfer Function

• 𝑍𝑍𝑖𝑖 = 𝑅𝑅1
• 𝑍𝑍𝑓𝑓 = 1

𝑠𝑠𝐶𝐶2
∥ 𝑅𝑅2 + 1

𝑠𝑠𝐶𝐶1
= 1

1
1
𝑠𝑠𝐶𝐶2

+ 1
𝑅𝑅2+

1
𝑠𝑠𝐶𝐶1

= 1

𝑠𝑠𝐶𝐶2+
𝑠𝑠𝐶𝐶1

𝑠𝑠𝐶𝐶1𝑅𝑅2+1

= 1
𝑠𝑠𝐶𝐶2 𝑠𝑠𝐶𝐶1𝑅𝑅2+1 +𝑠𝑠𝐶𝐶1

𝑠𝑠𝐶𝐶1𝑅𝑅2+1

=

𝑠𝑠𝐶𝐶1𝑅𝑅2+1
𝑠𝑠 𝑠𝑠 𝐶𝐶1𝐶𝐶2𝑅𝑅2+ 𝐶𝐶1+𝐶𝐶2

• 𝑇𝑇 𝑠𝑠 = −𝑍𝑍𝑓𝑓
𝑍𝑍𝑖𝑖

= −
𝑠𝑠𝐶𝐶1𝑅𝑅2+1

𝑠𝑠 𝑠𝑠 𝐶𝐶1𝐶𝐶2𝑅𝑅2+ 𝐶𝐶1+𝐶𝐶2
𝑅𝑅1

= − 𝑠𝑠𝐶𝐶1𝑅𝑅2+1
𝑠𝑠 𝑠𝑠 𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2+ 𝐶𝐶1+𝐶𝐶2 𝑅𝑅1

=

−
𝐶𝐶1𝑅𝑅2 𝑠𝑠+ 1

𝐶𝐶1𝑅𝑅2

𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2 𝑠𝑠 𝑠𝑠+ 𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

= − 1
𝑠𝑠𝑠𝑠2𝑅𝑅1

𝑠𝑠+ 1
𝐶𝐶1𝑅𝑅2

𝑠𝑠+ 𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

• 𝐺𝐺𝑐𝑐 𝑠𝑠 = 1
𝑠𝑠𝑠𝑠2𝑅𝑅1

𝑠𝑠+ 1
𝐶𝐶1𝑅𝑅2

𝑠𝑠+ 𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

• Bode
• 𝑓𝑓0 = 1

2𝜋𝜋
1

𝐶𝐶2𝑅𝑅1
• 𝑓𝑓𝑧𝑧𝑧 = 1

2𝜋𝜋
1

𝐶𝐶1𝑅𝑅2
• 𝑓𝑓𝑝𝑝𝑝 = 1

2𝜋𝜋
𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

kskelvin.net 7

𝑍𝑍𝑖𝑖

𝑍𝑍𝑓𝑓



Type III Compensator Using Opamp
• Transfer Function

• 𝑍𝑍𝑖𝑖 = 𝑅𝑅1 ∥ 𝑅𝑅3 + 1
𝑠𝑠𝐶𝐶3

= 1
1
𝑅𝑅1
+ 1
𝑅𝑅3+

1
𝑠𝑠𝐶𝐶3

= 1
1
𝑅𝑅1
+ 𝑠𝑠𝐶𝐶3
𝑠𝑠𝐶𝐶3𝑅𝑅3+1

= 1
𝑠𝑠𝐶𝐶3𝑅𝑅3+1+𝑠𝑠𝐶𝐶3𝑅𝑅1
𝑅𝑅1 𝑠𝑠𝐶𝐶3𝑅𝑅3+1

= 𝑅𝑅1 𝑠𝑠𝐶𝐶3𝑅𝑅3+1
𝑠𝑠𝐶𝐶3 𝑅𝑅1+𝑅𝑅3 +1

• 𝑍𝑍𝑓𝑓 = 1
𝑠𝑠𝐶𝐶2

∥ 𝑅𝑅2 + 1
𝑠𝑠𝐶𝐶1

= 𝑠𝑠𝐶𝐶1𝑅𝑅2+1
𝑠𝑠 𝑠𝑠 𝐶𝐶1𝐶𝐶2𝑅𝑅2+ 𝐶𝐶1+𝐶𝐶2

• 𝑇𝑇 𝑠𝑠 = −𝑍𝑍𝑓𝑓
𝑍𝑍𝑖𝑖

= −
𝑠𝑠𝐶𝐶1𝑅𝑅2+1

𝑠𝑠 𝑠𝑠𝐶𝐶1𝐶𝐶2𝑅𝑅2+ 𝐶𝐶1+𝐶𝐶2
𝑅𝑅1 𝑠𝑠𝐶𝐶3𝑅𝑅3+1
𝑠𝑠𝐶𝐶3 𝑅𝑅1+𝑅𝑅3 +1

= − 𝑠𝑠𝐶𝐶1𝑅𝑅2+1 𝑠𝑠𝐶𝐶3 𝑅𝑅1+𝑅𝑅3 +1
𝑅𝑅1𝑠𝑠 𝑠𝑠𝐶𝐶1𝐶𝐶2𝑅𝑅2+ 𝐶𝐶1+𝐶𝐶2 𝑠𝑠𝐶𝐶3𝑅𝑅3+1

=

−
𝐶𝐶1𝐶𝐶3𝑅𝑅2 𝑅𝑅1+𝑅𝑅3 𝑠𝑠+ 1

𝐶𝐶1𝑅𝑅2
𝑠𝑠+ 1

𝐶𝐶3 𝑅𝑅1+𝑅𝑅3

𝐶𝐶1𝐶𝐶2𝐶𝐶3𝑅𝑅1𝑅𝑅2𝑅𝑅3 𝑠𝑠 𝑠𝑠+ 𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

𝑠𝑠+ 1
𝐶𝐶3𝑅𝑅3

= − 1

𝑠𝑠𝐶𝐶2
𝑅𝑅1𝑅𝑅3
𝑅𝑅1+𝑅𝑅3

𝑠𝑠+ 1
𝐶𝐶1𝑅𝑅2

𝑠𝑠+ 1
𝐶𝐶3 𝑅𝑅1+𝑅𝑅3

𝑠𝑠+ 𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

𝑠𝑠+ 1
𝐶𝐶3𝑅𝑅3

• 𝐺𝐺𝑐𝑐 𝑠𝑠 = 1

𝑠𝑠𝐶𝐶2
𝑅𝑅1𝑅𝑅3
𝑅𝑅1+𝑅𝑅3

𝑠𝑠+ 1
𝐶𝐶1𝑅𝑅2

𝑠𝑠+ 1
𝐶𝐶3 𝑅𝑅1+𝑅𝑅3

𝑠𝑠+ 𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

𝑠𝑠+ 1
𝐶𝐶3𝑅𝑅3

• Bode
• 𝑓𝑓0 = 1

2𝜋𝜋
1

𝐶𝐶2
𝑅𝑅1𝑅𝑅3
𝑅𝑅1+𝑅𝑅3

• 𝑓𝑓𝑧𝑧𝑧 = 1
2𝜋𝜋

1
𝐶𝐶1𝑅𝑅2

, 𝑓𝑓𝑧𝑧𝑧 = 1
2𝜋𝜋

1
𝐶𝐶3 𝑅𝑅1+𝑅𝑅3

• 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

, 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

1
𝐶𝐶3𝑅𝑅3

kskelvin.net 8

𝑍𝑍𝑖𝑖

𝑍𝑍𝑓𝑓
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Bode Diagram

Frequency  (Hz)

System: Gc3

Frequency (Hz): 186

Magnitude (dB): -19.4

System: Gc3

Frequency (Hz): 5.29e+03

Magnitude (dB): 0.267

System: Gc3

Frequency (Hz): 1.99e+04

Magnitude (dB): 0.273

Type III Compensator in Texas Instrument SLVA633

• Calculated Frequency
• 𝑓𝑓0 = 30.138𝑘𝑘𝑘𝑘𝑘𝑘
• 𝑓𝑓𝑧𝑧𝑧 = 187.24𝐻𝐻𝐻𝐻
• 𝑓𝑓𝑧𝑧𝑧 = 186.76𝐻𝐻𝐻𝐻
• 𝑓𝑓𝑝𝑝𝑝 = 19.958𝑘𝑘𝑘𝑘𝑘𝑘
• 𝑓𝑓𝑝𝑝𝑝 = 5.2953𝑘𝑘𝑘𝑘𝑘𝑘

kskelvin.net 9

R1

C2 R3

C3R2C1

𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑧𝑧𝑧 

𝑓𝑓𝑝𝑝𝑝 𝑓𝑓𝑝𝑝𝑝 

TypeIII_Compensator_TI_Analog.m

Transfer Function 𝐺𝐺𝑐𝑐(𝑆𝑆)
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Bode Diagram

Frequency  (Hz)

System: Gc3

Frequency (Hz): 640

Magnitude (dB): 6.53

System: Gc3

Frequency (Hz): 1.52e+04

Magnitude (dB): 5.93

System: Gc3

Frequency (Hz): 4.98e+04

Magnitude (dB): 10.8

System: Gc3

Frequency (Hz): 

Magnitude (dB): 

Type III Compensator in LTC3703 Datasheet

• Calculated Frequency 
• 𝑓𝑓0 = 3.3893𝑀𝑀𝑀𝑀𝑀𝑀
• 𝑓𝑓𝑧𝑧𝑧 = 15.915𝑘𝑘𝑘𝑘𝑘𝑘
• 𝑓𝑓𝑧𝑧𝑧 = 639𝐻𝐻𝐻𝐻
• 𝑓𝑓𝑝𝑝𝑝 = 49.778𝑘𝑘𝑘𝑘𝑘𝑘
• 𝑓𝑓𝑝𝑝𝑝 = 723.43𝑘𝑘𝑘𝑘𝑘𝑘

kskelvin.net 10

R1
R3

C3

C1
C2R2

𝑓𝑓𝑧𝑧𝑧 𝑓𝑓𝑧𝑧𝑧 

𝑓𝑓𝑝𝑝𝑝 𝑓𝑓𝑝𝑝𝑝 

TypeIII_Compensator_TI_Analog.m

Transfer Function 𝐺𝐺𝑐𝑐(𝑆𝑆)



Type III Compensator in LTC3703 Datasheet

kskelvin.net 11

LTspice AC Sweep can be used to plot Bode Plot

TypeIII_Compensator_Bode.asc

Transfer Function 𝐺𝐺𝑐𝑐(𝑆𝑆)



Calculate Type III R & C from 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑝𝑝𝑝, 𝑓𝑓𝑝𝑝𝑝, 𝑅𝑅1 and 𝑅𝑅2
• User Input Parameters

• 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑝𝑝𝑝 and 𝑓𝑓𝑝𝑝𝑝
• 𝑅𝑅1 and 𝑅𝑅2

• Basic Formula for Type III Compensator
• 𝑓𝑓0 = 1

2𝜋𝜋
1

𝐶𝐶2
𝑅𝑅1𝑅𝑅3
𝑅𝑅1+𝑅𝑅3

, 𝑓𝑓𝑧𝑧𝑧 = 1
2𝜋𝜋

1
𝐶𝐶1𝑅𝑅2

, 𝑓𝑓𝑧𝑧𝑧 = 1
2𝜋𝜋

1
𝐶𝐶3 𝑅𝑅1+𝑅𝑅3

, 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

, 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

1
𝐶𝐶3𝑅𝑅3

• Calculation
• Put 𝑅𝑅1 to calculate 𝐶𝐶3 and 𝑅𝑅3

• By eqn 𝑓𝑓𝑝𝑝𝑝 : 𝐶𝐶3 = 1
2𝜋𝜋𝑓𝑓𝑝𝑝𝑝𝑅𝑅3

and eqn 𝑓𝑓𝑧𝑧𝑧 : 𝑅𝑅1 = 1
2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝐶𝐶3

− 𝑅𝑅3 , can calculate 𝑅𝑅1 = 1
2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝐶𝐶3

− 1
2𝜋𝜋𝑓𝑓𝑝𝑝𝑝𝐶𝐶3

= 1
2𝜋𝜋𝐶𝐶3

1
𝑓𝑓𝑧𝑧𝑧

− 1
𝑓𝑓𝑝𝑝𝑝

• 𝐶𝐶3 = 1
2𝜋𝜋𝑅𝑅1

1
𝑓𝑓𝑧𝑧𝑧

− 1
𝑓𝑓𝑝𝑝𝑝

• 𝑅𝑅3 = 1
2𝜋𝜋𝑓𝑓𝑝𝑝𝑝𝐶𝐶3

• Put 𝑅𝑅2 to calculate 𝐶𝐶1 and 𝐶𝐶2
• By eqn 𝑓𝑓𝑧𝑧𝑧 : 𝐶𝐶1 = 1

2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝑅𝑅2
• By eqn 𝑓𝑓𝑝𝑝𝑝 : 𝐶𝐶2 = 1

𝑅𝑅2 2𝜋𝜋𝑓𝑓𝑝𝑝𝑝−
1

𝐶𝐶1𝑅𝑅2

kskelvin.net 12



Calculate Type III R & C from 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑝𝑝𝑝, 𝑓𝑓𝑝𝑝𝑝, 𝑓𝑓0 and 𝑅𝑅1
• User Input Parameters

• 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑧𝑧𝑧, 𝑓𝑓𝑝𝑝𝑝 and 𝑓𝑓𝑝𝑝𝑝
• 𝑓𝑓0 : higher this value, overall gain becomes higher

• Basic Formula for Type III Compensator
• 𝑓𝑓0 = 1

2𝜋𝜋
1

𝐶𝐶2
𝑅𝑅1𝑅𝑅3
𝑅𝑅1+𝑅𝑅3

, 𝑓𝑓𝑧𝑧𝑧 = 1
2𝜋𝜋

1
𝐶𝐶1𝑅𝑅2

, 𝑓𝑓𝑧𝑧𝑧 = 1
2𝜋𝜋

1
𝐶𝐶3 𝑅𝑅1+𝑅𝑅3

, 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2𝑅𝑅2

, 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

1
𝐶𝐶3𝑅𝑅3

• Calculation
• Put 𝑅𝑅1 to calculate 𝐶𝐶3 and 𝑅𝑅3

• By eqn 𝑓𝑓𝑝𝑝𝑝 : 𝐶𝐶3 = 1
2𝜋𝜋𝑓𝑓𝑝𝑝𝑝𝑅𝑅3

and eqn 𝑓𝑓𝑧𝑧𝑧 : 𝑅𝑅1 = 1
2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝐶𝐶3

− 𝑅𝑅3 , can calculate 𝑅𝑅1 = 1
2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝐶𝐶3

− 1
2𝜋𝜋𝑓𝑓𝑝𝑝𝑝𝐶𝐶3

= 1
2𝜋𝜋𝐶𝐶3

1
𝑓𝑓𝑧𝑧𝑧

− 1
𝑓𝑓𝑝𝑝𝑝

•  𝐶𝐶3 = 1
2𝜋𝜋𝑅𝑅1

1
𝑓𝑓𝑧𝑧𝑧
− 1

𝑓𝑓𝑝𝑝𝑝
• By eqn 𝑓𝑓𝑝𝑝𝑝 : 𝑅𝑅3 = 1

2𝜋𝜋𝑓𝑓𝑝𝑝𝑝𝐶𝐶3
• Put 𝑓𝑓0 to calculate 𝐶𝐶1 and 𝑅𝑅2

• By eqn 𝑓𝑓0 : 𝐶𝐶2 = 1
2𝜋𝜋

1

𝑓𝑓0
𝑅𝑅1𝑅𝑅3
𝑅𝑅1+𝑅𝑅3

• By eqn 𝑓𝑓𝑝𝑝𝑝 : 𝑓𝑓𝑝𝑝𝑝 = 1
2𝜋𝜋

𝐶𝐶1+𝐶𝐶2
𝐶𝐶1𝐶𝐶2

1
2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝐶𝐶1

, can calculate 𝑓𝑓𝑝𝑝𝑝
𝑓𝑓𝑧𝑧1

= 𝐶𝐶1+𝐶𝐶2
𝐶𝐶2

•  𝐶𝐶1 = 𝑓𝑓𝑝𝑝𝑝
𝑓𝑓𝑧𝑧𝑧

− 1 𝐶𝐶2
• By eqn 𝑓𝑓𝑧𝑧𝑧 : 𝑅𝑅2 = 1

2𝜋𝜋𝑓𝑓𝑧𝑧𝑧𝐶𝐶1
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TypeIII_Compensator_Calculator.m

• A matlab script TypeIII_Compensator_Calculator.m is written to help 
engineer compute resistors and capacitors value to achieved desired type III 
compensator bode response

kskelvin.net 14TypeIII_Compensator_Calculator.m



Loop Gain 
Measurement with 
Type III Compensator
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Loop Gain Measurement Injection Technique

kskelvin.net 16

𝐺𝐺𝑐𝑐(𝑠𝑠)
Compare to next slide, 
same Bode response

This is 𝐺𝐺𝐺𝐺(𝑠𝑠)

Compare to chapter 4, an ac small signal test signal can be 
used to identify system transfer function

𝐺𝐺𝐺𝐺 𝑠𝑠 = −
�𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜

�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

TypeIII_CloseLoop_LoopGainMeas.asc

Phase Margin (37o)

Gain Margin (~35.26dB)



Type III Compensator Calculated by Matlab
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Transient Response Simulation
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+35.4dB

0dB

When gain is slightly larger than Gain margin 
(35.26dB), Vout starts oscillation


	Ch0 - Control for Power Electronics Engineering
	Control Theory – Definition in Wikipedia
	From Physical Circuit to S-Domain
	Ch1 : 1st and 2nd order Transfer Function
	Ch2 : System Identification Method
	Ch3 : Close Loop and Open Loop System
	Power Converter Control Ch1 - Effect of Poles and Zeros in Transfer Function.pdf
	Effect of Poles and Zeros in Transfer Function
	Effect of Poles in 1st and 2nd Order System��First_Order_System.m�Second_Order_System.m
	First-Order System Response
	First-Order System Response - Cascade
	Second-Order System Response – Effect of Damping Factor 𝜻
	Second-Order System Response – Effect of Natural Freq  𝝎 𝒏 
	Effect of RHP Poles
	Effect of LHP and RHP Zero��Effect_Of_Zeros.m
	Effect of LHP Zero – Part 1
	Effect of LHP Zero – Part 2
	Effect of RHP Zero

	Power Converter Control Ch2 - Converter Transfer Function.pdf
	Converter Transfer Function
	Buck Converter
	Buck Converter with L = 20uH, C=100uH, R = 1 Ohm
	Buck Converter with L = 100uH, C=100uH, R = 1 Ohm
	Control System of Switching Mode Power Supply
	Example : Analog Device LTC3703 Switching Regulator
	Example : Analog Device LTC3703 Switching Regulator
	First Course on Power Electronics and Drives - Mohan
	Transfer Function in Switching Converter
	Buck Converter Transfer Function with L = 20uH, C=100uH, R = 1 Ohm�Calculate from Textbook Formula
	Buck Converter Transfer Function with L = 20uH, C=100uH, R = 1 Ohm�Estimated from System Identification Method with LTspice Simluation
	Understanding Poles and Zeros Effect in Transfer Function
	Compare System Identification Results with AD Datasheet
	Boost Converter with L = 20uH, C=100uH, R = 1 Ohm
	Boost Converter with L = 20uH, C=100uH, R = 1 Ohm�System Idenification Method in Matlab
	Appendix
	Fundamentals of Power Electronics - Erickson

	Power Converter Control Ch3 - Use of Simulink and Close Loop Feedback with Bode Plot.pdf
	Use of Simulink and Close Loop Feedback with Bode Plot
	Open Loop Response in Simulink and Matlab Command
	Create a Simulink Model
	Create a Simulink Open Loop Step Response
	Method to Improve Simulation Result Precision
	Equivalent Command for Open Loop Step Response
	Equivalent LTSpice for Open Loop Step Simulation
	Close Loop Response in Simulink and Matlab Command
	Create a Simulink Close Loop Step Response
	Equivalent Command for Close Loop Step Response
	Equivalent LTSpice for Close Loop Simulation
	Control Theory in Close Loop Control with Bode Plot Method
	Close Loop Transfer Function
	Bode Plot Method
	Understand of Physical Meaning of Stability Criteria
	Understand of Physical Meaning of Stability Criteria
	Meaning of Gain Margin and Phase Margin
	Relationship between Open Loop and Close Loop Performance
	Design Guideline with Bode Plot
	Design Example – Estimate Close Loop from Open Loop TF
	Design Example – Close Loop Performance
	Design Example – Close Loop Response with Increased I Gain
	Design Example – Close Loop Response to Unstable
	Appendix : System Stability for Close Loop Transfer Function

	Power Converter Control Ch4 - PID and Loop Gain Measurement.pdf
	Ch4 - PID and Loop Gain Measurement
	Understanding PID Controller
	Fundamental of PID Controller
	Simulink Close Loop Feedback Example with PID Controller
	Simulink Close Loop Feedback Example with PID Controller
	Simulink Close Loop Feedback Example with PID Controller
	PID with Operational Amplifier Circuit
	Loop Gain Measurement
	Review Open Loop Transfer Function Definition
	A Simple Close-Loop System
	Circuit and Simulink Relationship
	Loop Gain Measurement Injection Technique (Idea Explanation)
	Loop Gain Measurement Injection Technique (Practical)
	Loop Gain Measurement Injection Technique (@100Hz)
	Loop Gain Measurement Injection Technique (@100Hz)

	Power Converter Control Ch5 - Type I to III Compensator in Power Electronics.pdf
	Type I to III Compensator in Power Electronics
	Type I to III Compensator Overview
	Type I to III : DC Steady State Condition
	Type I Compensator Using Opamp
	Type I Compensator - 𝑻(𝒔) and  𝑮 𝒄 (𝒔) Relationship
	Loop Gain Measurement Injection Technique
	Type II Compensator Using Opamp
	Type III Compensator Using Opamp
	Type III Compensator in Texas Instrument SLVA633
	Type III Compensator in LTC3703 Datasheet
	Type III Compensator in LTC3703 Datasheet
	Calculate Type III R & C from  𝑓 𝑧1 ,  𝑓 𝑧2 ,  𝑓 𝑝1 ,  𝑓 𝑝2 ,  𝑅 1  and  𝑅 2 
	Calculate Type III R & C from  𝑓 𝑧1 ,  𝑓 𝑧2 ,  𝑓 𝑝1 ,  𝑓 𝑝2 ,  𝑓 0  and  𝑅 1 
	TypeIII_Compensator_Calculator.m
	Loop Gain Measurement with Type III Compensator
	Loop Gain Measurement Injection Technique
	Type III Compensator Calculated by Matlab
	Transient Response Simulation


