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2 Optimizing Closed Loop Performance 

Heat 

sink 

Inductor 

Capacitor 

Traditional (cut-and-try) design methods don’t work for high di/dt 

• Vspike = Lparasitic di/dt 

• Need to add a field solver to extract layout parasitics into an EM-based model  
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SiC or GaN Converter Designs switching at 0.5A/ns can lead to destructive failures. We 

need to analyze loop performance with an understanding of how parasitics effect stability. 
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A lot of thought can go into designing a closed loop power system on paper, and 

a initial system design may seem solid.  However, performance may not live up to 

expectations or worse yet the design is unusable, leaving the designer confused.  

Simple system simulations cannot guarantee performance. 

 

Fortunately, newer EDA tools can provide insights into issues allowing the 

designer to build their expertise and get designs right the first time. 
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Our topic is about: 

1. Understanding mechanisms which cause 

designs to not work as intended 

2. Learning new techniques which can 

provide insights into problems 

3. Avoiding and correcting issues before 

fabrication through an improved workflow 

Out topic is NOT about traditional 

control loop system design!  There are 

many papers and materials on this topic 

Optimizing Closed Loop Performance 
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S TA B I L I T Y A N A LY S I S  M E T H O D O L O G I E S  

O P E N  L O O P D E S I G N  A N A LY S I S  

C A S E  S T U D Y:  C L O S E D  L O O P P E R F O R M A N C E  O P T I M I Z AT I O N  

N I S M  –  N O N  I N VA S I V E  S TA B I L I T Y M E A S U R E M E N T  
 

Optimizing Closed Loop Performance 
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R E S T O R I N G  P E R F O R M A N C E  D E S T R O Y E D  B Y  P H Y S I C A L  I M P L E M E N TAT I O N  

Optimizing Closed Loop Performance 
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• Bode Plot, perhaps the most famous 

• Stepped load response, examining damping 

• Output impedance analysis, avoiding resonances within the loop BW 

• NISM – Non-invasive Stability Measurement 

S O M E  A N A LY S I S  M E T H O D S  U S E D  T O D AY  

Reference:  

“Characterizing and Selecting the VRM” 

Steven Sandler 

DesignCon 2017 

Optimizing Closed Loop Performance 

Gain margin = attenuation @ -180deg (-20dB or better) 

Phase margin = phase @ 0 dB gain (60deg or better) 
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A C I R C U I T  I M P L E M E N TAT I O N  O F  A S Y S T E M  

 

Gate driver 

Optimizing Closed Loop Performance 

Controller IC  

includes  

integrator, PWM,  

voltage reference 
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M U LT I - S T E P  T E C H N I Q U E S  T O  V E R I F Y  T H E  D E S I G N  

Optimizing Closed Loop Performance 
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S T E P  1 :  A N A LY Z E  T H E  L O O P  F I LT E R  

 

Verifying the loop filter Bode Response Looks Good 

A quick AC analysis check. 

<1 second simulation in ADS 
Optimizing Closed Loop Performance 
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An S-parameter analysis is fast and easy. 

<1 second 

Resonance 

Magnitude and Phase 

Ideally, the output impedance should be  

flat within the loop bandwidth (black) 

S T E P  2 :  O P T I M I Z E  T H E  O U T P U T  I M P E D A N C E  

Optimizing Closed Loop Performance 
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S T E P  3 :  FA S T  O P E N  L O O P  B O D E  P L O T  A N A LY S I S  

“Averaging” switch model 

N=1/Duty_cycle 

Optimizing Closed Loop Performance 
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• Mentioned in 1972 IEEE Power Processing and Electronics Specialists Conference.  “Low 

Frequency Characterization of Switched DC –DC converters.”  G.W. Wester and R.D. Middlebrook 

• Robert Erickson’s book “Fundamentals of Power Electronics.” 

 

L I N E A R I Z AT I O N  O F  N O N - L I N E A R  C I R C U I T S  

A buck converter switch can be modeled as a transformer with a turns 

ratio of 1/duty cycle ~ 2 for a 50% duty cycle. 

Linearization gives up 

some detail, but gives a 

reasonable initial look. 
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T H I S  L O O K S  G O O D  

<1 second simulation time 

Loop Filter Alone Open Loop System Response 
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R E S T O R I N G  P E R F O R M A N C E  D E S T R O Y E D  B Y  P H Y S I C A L  I M P L E M E N TAT I O N  

Optimizing Closed Loop Performance 
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I N J E C T I O N  M E T H O D  T E S T S  C L O S E D  L O O P  P E R F O R M A N C E  

• Using the same methodology in simulation and test 

provides consistency in the design validation process. 

• Captures the non-linear and parasitic effects which impact 

loop performance in a closed loop condition. 
Optimizing Closed Loop Performance 

http://literature.cdn.keysight.com/litweb/pdf/5990-5902EN.pdf 
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T H I S  W I L L  M O D E L  N O N - L I N E A R  B E H AV I O R  

Tone injection point 

Controller IC includes integrator, 

PWM, voltage reference 

Gate driver 

Optimizing Closed Loop Performance 
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Tone sweep controls 

Injection probe 

Simulation Controls 

Power Supply 

Load 

Virtual DUT look alike 

 

• The underlying circuit schematic is 

included in the virtual DUT symbol. 

• This method allows the user to 

toggle between a schematic view 

and one that also contains the 

layout! 

Note: the EM Co-simulation topic is covered in other Keysight Papers 

Optimizing Closed Loop Performance 
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Because of the high loop 

gains, the injection tone 

should be between 50 and 

200 mV to maintain linearity 

of the loop 

Monitor points 

Injection points 

on DUT 

Optimizing Closed Loop Performance 
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• The injected tone amplitude and phase is compared with the same tone present at 

the output of the power converter.   

• The amplitudes and phases are compared to determine the loop gain and phase. 

• The tone gain and phase relationships change with tone frequency. 

Phase & amplitude 

difference 

C O N V E R T E R  O U T P U T  T O N E  V S  I N J E C T I O N  T O N E  

Optimizing Closed Loop Performance 
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P R O C E S S I N G  T O N E S  I S  D O N E  I N  T H E  D ATA D I S P L AY  

• At low injection tone frequencies, the tone present at the output of the converter 

will be large.  The opposite is true at higher frequencies. 

• Non-linearities and noise generated by the physical implementation will mask 

the injection tone.  Fourier processing is done to pull the signal out of the noise 

and produce consistent results 

• In the ADS analysis, the Fourier processing and tone frequency sweep are 

controlled through AEL expressions. 

Optimizing Closed Loop Performance 
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N O N - L I N E A R I T I E S  H AV E  A LT E R E D  T H E  L O O P  R E S P O N S E  

Transient simulation sweeps were done to 

populate the graph but the length of each 

simulation varies with tone frequency. 

 

The simulation time can be shortened by 

only using injection tones in the red box. 

Most issues with gain and phase 

margin occur within the red box. 
Optimizing Closed Loop Performance 
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T H E  L AY O U T  I S  A D D E D .   W H AT  H A P P E N E D ?  

A closer examination of the load and feedback 

voltage gives clues, but is there more to this? 
Optimizing Closed Loop Performance 
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T R O U B L E S H O O T I N G  T H E  F E E D B A C K  PAT H  

 

• Significant noise is generated near the ground pin 

of the voltage reference (Vrefgnd) which is also 

the controller ground. 

• The feedback (FB) voltage also shows the noise. 

• FBref is the feedback voltage relative to its local 

ground.  It is what the controller IC sees. 

• V1 is the output of the PWM showing misfires.  

The pulses should be uniform in the steady state 

condition. 

The grounds should be improved. 

Optimizing Closed Loop Performance 
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S H O R T E R  C U R R E N T  L O O P S  A M O N G  O T H E R  I M P R O V E M E N T S  

 

Low ESL 

capacitors 

More vias 

More ground plane added, 

and effective shunt 

capacitance increased 

A virtual board spin is faster, costs much less, and 

provides valuable insights into designs 

Optimizing Closed Loop Performance 
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C L E A N E R  R E S U LT S  B U T  T H E R E  A R E  S T I L L  I S S U E S  

 

Gain and phase margin results are good, technically… 

Residual ripple 

Optimizing Closed Loop Performance 
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H O W  A R E  T H E  G R O U N D S ?  

• Noise in the FB path (FBref) is significantly reduced 

• The PWM produces a more uniform pulse train 

 

Can we improve things further? 

 

If the FBref noise is reduced to zero, there will be little 

impact on the gain and phase relationship within the 

controller IC. 

Optimizing Closed Loop Performance 
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D E V E L O P I N G  A F I G U R E  O F  M E R I T  ( F O M )  

 

In a perfect world, the 5V output is scaled down to the 

0.8V reference voltage, by scaling factor X (resistor 

divider). 

 

Adding noise… 

  

(5V + noiseA) – Loadgnd = X (0.8V + noiseB) – Vrefgnd 

 

We need noiseA=noiseB and Loadgnd=Vrefgnd for a 

noiseless feedback voltage.   

 

The figure of merit plot shown here represents this 

relationship. 

 

0.85 Vpp 

Optimizing Closed Loop Performance 
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High current return path 

Controller 

Vrefgnd 

1. High current path coupling to the FB loop is reduced so noiseA ~noiseB 

2. The controller ground is tied tightly to the load ground.  Little other non-feedback 

current flows thru the connection so that Loadgnd ~ Vrefgnd 

3. To accomplish 1 & 2, grounding is actually reduced! 

Loadgnd 

FB=0.8V 

Vload=5V 

Optimizing Closed Loop Performance 
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T H E  F O M  A N D  F B  V O LTA G E  I S  B E T T E R  

0.4 Vpp 

Using the FOM simulation, we do not have to re-run the 

Bode Plot verification simulation until we get the FOM where 

we need it to be and the pulse widths are uniform. 

Optimizing Closed Loop Performance 
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Bode response is much closer 

to schematic simulation The output of the SMPS is “clean” 

Optimizing Closed Loop Performance 
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D Y N A M I C  L O A D  R E S P O N S E  

  

• Test stability under dynamic conditions (varying load) 

• This is a quick and easy test Optimizing Closed Loop Performance 
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T H E  T R A N S I E N T  R E S P O N S E  I S  A C C E P TA B L E  

  

• Acceptable overshoot 

• No ringing or oscillations 

Optimizing Closed Loop Performance 
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K I L L I N G  T H E  B O D E  P L O T  –  S T E V E  S A N D L E R  ( P I C O T E S T )  –  D E S I G N C O N 2 0 1 6  

Optimizing Closed Loop Performance 
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T H E  B O D E  P L O T ’ S  D AY S  A R E  N U M B E R E D  

 

Optimizing Closed Loop Performance 

phase 

gain 

R.I.P. 
The worlds most 

popular stability 

assessment test 

Rest in Peace 

1947-201? 

The first problem is that 

the Bode plot is a POOR 

indicator of RELATIVE 

stability.  

 

Another problem is that 

the measurement 

requires us to inject a 

signal into the loop. Many 

devices simply don’t 

provide access to the 

loop. 
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W H Y  A R E  B O D E  P L O T S  B E C O M I N G  I R R E L E VA N T  

 

3.3V/1.5A 

LDO 

Fixed regulators/references 

don’t allow access to the 

control loop 

In other cases, we might not have 

physical space to inject into the loop or 

their might be a large number of power 

supplies 

Or we might not want to gain access 

because it requires cutting a trace or a 

wire 

Poor or No Control Loop Access 

8.5mm 

8.5mm 

More power supplies 

6 output power supply 

Multiple or Digital 

Control Loops 
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A D C - D C  C O N V E R T E R  E X A M P L E  
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O U T P U T  I M P E D A N C E  I S  A S  G O O D  A S  N Y Q U I S T  
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H O W  T O  M E A S U R E  N I S M  
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H O W  T O  M E A S U R E  N I S M  
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• On-paper designs – no longer sufficient.  

• Noise from switching and layout parasitics – leads to problems.  

• Techniques shown enable insight and better performance 

• NISM shows a practical method for assessing stability without tone 

injection 

Optimizing Closed Loop Performance 





44 Optimizing Closed Loop Performance 



45 

A E L  E X P R E S S I O N  F O R  P O S T  P R O C E S S I N G  

Location of AEL files AEL expression call within the data display 

Optimizing Closed Loop Performance 




