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Outline 
•  Introduction – loop gain overview 
•  Empirical loop gain measurement methods 
•  Test setup and test examples 

–  Frequency analyzer setup 
–  Preparing converter for loop gain measurement 
–  Connecting equipment to circuit under test 

•  Summary 
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Introduction – Loop Gain Overview 
 
•  What is loop gain? 
•  Why do we measure loop gain? 
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Introduction – What Is Loop Gain? 
Loop gain: product of all  
gains around feedback loop 

G(s) 

H(s) 

- 
VOUT 

T(s) 

Simple Feedback System DC/DC Converter Control System 
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Why Do We Measure Loop Gain? 
1) Loop gain is good indicator of stability  

Load Step, 2 A/div 

VOUT (AC), 10 mV/div 

fC = 22.4 kHz 
Phase Margin = 15 º   

                                    Frequency (Hz) 

Loop Gain Transient Response 

Output Oscillates at about 20 kHz 
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Why Do We Measure Loop Gain? 
2)  Loop gain results guide us to improve load transient response 

Given the loop is stable, higher loop bandwidth improves transient response [1] 

IOUT, 2 A/div 

 
tP = 1

4 ⋅ fC

 
VP = ΔI

8 ⋅ fC ⋅COUTVOUT, 100 mV/div 
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Loop Gain Measurement Method 
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Loop Gain Measured in Open-Loop Setup 

•  Difficult to maintain correct 
DC operating point due to 
high DC gain 

•  Easy to saturate circuits by 
injecting too much AC 
disturbance 

It is not practical to 
measure loop gain 
in open-loop setup 
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T(s)= M(s)⋅

Z1
Z1 + Z2

+ 
 
‒ 





Texas Instruments – 2018 Power Supply Design Seminar 

Test Setup 

•  Frequency analyzer setup 
•  Selecting the correct injection isolator 
•  Preparing converter for loop gain measurement 
•  Minimizing error 
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Typical Loop Gain Measurement Setup 

•  Setting up equipment 
–  Frequency analyzer 
–  Source injection isolator 

•  Setting up power 
supply 

–  Identify voltage injection 
point 

–  Connect equipment to 
circuit 
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• Provides AC voltage source:  

• Measures response:  

• Calculates loop gain:  

Frequency Analyzer’s Functions 

Voltage Source 
ROUT = 50 Ω 

Receiver 
A 

Receiver 
B 
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!VSRC

  
!VA  and !VB

T(s)= −
!VB
!VA

Image reproduced with permission from AP Instruments, Inc. 
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Injecting Sufficient AC Voltage 
AP300 Specification:  Measurable Signal Range  5 µV to 1.77 V 

System closed-loop response: 
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!VINJ  to !VA  and !VB

!VB(s) = T(s)
1+T(s)

!VINJ (s) !VA(s) = -1
1+T(s)

!VINJ (s)

!VA(s)
!VINJ (s)

!VB(s)
!VINJ (s)

  
!VA   

!VB• Both      and      should be
of sufficient amplitude for 
loop gain measurement 

• At f = 100 Hz, to have

• At f = 300 kHz, to have

V!A >5 µV, V!INJ >5 mV

V!B >5 µV, V!INJ >50 µV
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Excessive Voltage Injection Leads to Saturation 

What could happen if voltage 
injection is excessive? 
•  Duty-cycle saturation 

•  Error amplifier saturation 

•  False triggering of over-current 
protection 

•  False triggering of over-voltage 
protection 

•  LDO driver and pass device 
saturation 
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Loop Gain Measurement 
with Different VSRC 

Programmable 
VSRC 

High VSRC at Low 
Frequencies 

VSRC is the voltage source of the frequency analyzer 
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VA 
~ 

– VSRC = 2  mV,  Constant – VSRC = 2  mV,  Constant 
– VSRC = 10  mV,  Constant 

(Image reproduced with permission from Ridley Engineering Inc.) 
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Servo Control VSRC 
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Loop Gain Measurement 
with Different VSRC 
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Generated by Venable Instruments' Stability Analysis Software and reproduced here 
with permission from Venable Instruments. 
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Frequency Analyzer– IF Bandwidth (Integration Time) 

Narrow intermediate frequency (IF) BW: 
+  Less susceptible to random noise 
‒  Longer  sweeping time 
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BW = 100 Hz 

BW = 10 Hz 

BW = 100 Hz 

BW = 10 Hz 

Frequency (kHz) 
Generated by Venable Instruments' Stability Analysis Software and reproduced here with 
permission from Venable Instruments. 

Image reproduced with permission from Ridley Engineering Inc. 
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Using Injection Isolator with Correct Frequency Range  

Injection Isolator 
BODE BOXTM: Injection Isolator + 
Pre-Connected Signal Receiver  

Active BODE BOXTM 
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Image used with permission 
from Venable Instruments. 

Image used with permission from Venable Instruments. 

Image reproduced with permission from Ridley Engineering Inc. 
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• Identify correct voltage injection point
• Connect equipment to circuit under test

Setting Up Circuit for Loop Gain 
Measurement 

6-20 
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Maintaining DC Static Operating Point 
Insert small resistor (10 Ω to 100 Ω ) between point A and B to maintain ~ same static 
operating point  

Source ROUT = 50 Ω 
6-21 

VSRC  is the AC 
source of 
frequency 
analyzer 

~ 
Image used with permission from Venable Instruments. 

Image reproduced 
with permission 
from AP 
Instruments, Inc. 
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Measuring Loop-Gain for VMC 
TPS40425, Dual-Phase Buck Converter 

Measured crossover frequency and phase margin match simulation well! 

6-22 
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1 A LED Lighting Driver 

Measuring Loop Gain for LED Driver 
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Multiple Feedback Paths 

• Bandwidth of T(s) can
predict transient
performance

• Loop gain with
feedback path 2
closed:

• Bandwidth of TM(s)
might not tell how
transient response
performs

6-25 

IOUT, 2 A/div 

VOUT, 100 mV/div 

T(s) = H1(s)+H2(s)

ZOUT(CLOSED)(s) = 
ZOUT(OPEN)(s)

1+ H1(s)+H2(s)

TM (s) = 
H1(s)

1+H2(s)

ZOUT(CLOSED)(s) = 
ZOUT(OPEN)(s)

1+T(s)
VP  = ΔI

8 ⋅ fC ⋅COUT
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Multiple Feedback Paths – Isolated Converter 

9.4 A to 12.6 A Step 

VOUT, 200 mV/div 

Time: 50 µsec/div 

Measured loop gain correlates 
well with transient response 

The correct injection point 
includes all feedback paths 

VOUT 

fC = 15 kHz 
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Measurement matches 
calculation 
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Measuring Loop Gain for PFC Converter 
Challenges of measuring loop gain for 
power factor correction converter 
• Low control bandwidth

• High output voltage

• Use DC input

Isolator of correct 
frequency range 

High-voltage 
frequency analyzer 

Oscilloscope for gain  
and phase measurement 

OR + 
[5] 

VIN = 
150 V 

Loop Gain of PMP5242, PFC SEPIC 

1 10 100 
Frequency (Hz) 

VIN = 
300 V 

High Voltage 
Setting 
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20 µs/div Image used with permission from 
Ridley Engineering Inc. 

Generated by Venable Instruments' Stability Analysis Software and 
reproduced here with permission from Venable Instruments. 
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Connecting Equipment to Converter 

•  How connection wires affect loop gain measurement 
•  Where to connect reference leads of two receivers 

6-30 
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TPS53355 
VIN = 12 V 
VOUT = 1.2 V 
FSW = 400 kHz Why does the gain increase at high frequency 

Measured Loop Gain Bode plot measured with single-pair 
6-inch long wires 

Bode plot with 0.5-inch short wires to 
connect receivers and adaptor to 
converter under test  
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while the phase drops rapidly?  

Single	
  Pair,	
  0.5	
  inch

Single Pair, 6 Inches 

Single Pair, 0.5 Inches 

Single	
  Pair,	
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Single Pair, 6 Inches 
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How Connection Wires Affect Loop Gain Measurement 
Receivers and adaptor share one pair of wires  

Measured loop gain: 

At high frequencies: 

Recommendation: 
•  Use wires as short as possible 
•  Use separate wires for measurement 

and voltage injection 

Receivers and adaptor use separate wires              
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TM (s) = - 
!VB(s)
!VA(s)
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T(s)+(1+T(s))⋅
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ZINJ (s)

1+(1+T(s))⋅
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ZINJ (s)

 
TM (+j∞ ) ≈
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ZINJ (+ j∞ )+ ZL(+ j∞ )

T(s) T(s) 
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Considerations for Bode Box™ 
Receivers are pre-connected to output of injection isolator 

Receivers are forced to 
sense voltage drops 
across connection cable  
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Which Is the Correct Reference Point? 

Voltage Injection Point A and B 

Receiver A, B Coaxial Cables 

Reference Leads 

Reference Clip 

•  For single-ended system, use controller 
signal ground for reference 

•  For converter with fully differential remote 
sensing, use remote negative sense for 
reference 

6-35 

Image reproduced with permission from Ridley Engineering Inc. 
and AP Instruments, Inc. 
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LM4041-N  Shunt-Regulator 

Block Diagram 

•  GND is the reference point 
•  VINJ is injected between VOUT 

and RTOP  
 

•  VOUT is the reference point  
•  VINJ is injected between 

GND and RBOTTOM  

" 

V R
EF

 R
ef

er
s 

to
 V

O
U

T 

! 
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Typical Circuit 12 V 

10 kΩ 

10 kΩ 

10 kΩ 
LM4041-ADJ 

VOUT 

220 nF 
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Check Stability Over All Conditions 

•  Over input voltage range 

•  Over output current range 

•  Over temperature range 

•  Over output voltage range 
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Compensation network should be 
designed so that system is stable over 
all conditions: 
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— VIN = 54 V, IOUT = 12.6 A 
— VIN = 54 V, IOUT = 8 A 
— VIN = 54 V, IOUT = 3 A 
--- VIN = 54 V, IOUT = 1.25 A 
--- VIN = 54 V, IOUT = 0 A 

— VIN = 54 V, IOUT = 12.6 A 
— VIN = 54 V, IOUT = 8 A 
— VIN = 54 V, IOUT = 3 A 
--- VIN = 54 V, IOUT = 1.25 A 
--- VIN = 54 V, IOUT = 0 A 
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Summary 
•  Prepare circuit for test 

–  Identify correct voltage injection point 
•  Impedance looking backward should be as small as possible 
•  Injection point should include all output feedback paths 

–  Identify correct reference point 

•  Setup frequency analyzer with correct voltage source amplitude 
•  Select right injection isolator 

•  Maintain same DC and AC static operating point 

•  Receivers should not include voltage drops on connection wires 
•  Check stability over all conditions 
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Appendix 
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Derivation of Closed-Loop Responses 

When Z2 = 0 Ω, T(s) = M(s) 
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testing other than that specifically described in the published documentation for a particular TI Resource.
You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
TI RESOURCES ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.
TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
You agree to fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.
This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, TI products and services.
These include; without limitation, TI’s standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).
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