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Typical Switched Mode Power Supply

r---BG-DC conv. under test---,
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Traditional (cut-and-try) design methods don’t work for high di/dt
- Vigaes S B di/dt
* Need to add a field solver to extract layout parasitics into an EM-based model

parasitic
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Typical Switched Mode Power Supply

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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Closed Loop Challenge

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.
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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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What This Paper IS About

Out topic is NOT about traditional
control loop system design! There are
many papers and materials on this topic
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Our topic is about:

1.

Understanding mechanisms which cause
designs to not work as intended

Learning new techniques which can
provide insights into problems

Avoiding and correcting issues before
fabrication through an improved workflow




Agenda

STABILITY ANALYSIS METHODOLOGIES

OPEN LOOP DESIGN ANALYSIS

CASE STUDY: CLOSED LOOP PERFORMANCE OPTIMIZATION
NISM — NON INVASIVE STABILITY MEASUREMENT
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Stability Analysis Methodologies

RESTORING PERFORMANCE DESTROYED BY PHYSICAL IMPLEMENTATION
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Closed Loop Stability Analysis

SOME ANALYSIS METHODS USED TODAY

» Bode Plot, perhaps the most famous

» Stepped load response, examining damping

Gain margin = attenuation @ -180deg (-20dB or better)
« Output impedance analysis, avoiding resonances within the loop BW

* NISM — Non-invasive Stability Measurement can} ;
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Phase margin = phase @ 0 dB gain (60deg or better)
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Consider:

A CIRCUIT IMPLEMENTATION OF A SYSTEM

Half-Bridge DC-DC Buck Converter With Controller T h e co n t ro I I o 0 p Syste m h as
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Power Inductor
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jhdref

Filter Capacitor
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Output capacitors
includes ESL & ESR

; already been designed on paper

i

Power
supply

DC-DC converter under test

:




Open Loop Design Analysis
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Control Loop Circuit Level Verification

Verifying the loop filter Bode Response Looks Good

R
R5 s 907
R=2 MOhm 50—
A% 40—
] ~95deg
30_ ---------------------
i =
20— n:;'
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AN — | g 10 :
V_AC out -20— %
SRC6 - - @
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SRC5 = = AMP2Z 50 180
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A quick AC analysis check.

-l <1 second simulation in ADS
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Examining the Converter Output Impedance

w— Y Y\ -
L1 C1 Term
[ Term1
N Num=1
- Z=50 Ohm
T
Output capacitor |
includes ESL & ESR

+
‘ Ak ‘ S-PARAMETERS I =N
. o -

S_Param =L
SP1 Zin
Start=10 Hz Zin1
Stop=10.0 MHz Zin1=zin(S11,PortZ1)
Dec=10
An S-parameter analysis is fast and easy.
<1 second
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Putting It All Together

STEP 3: FAST OPEN LOOP BODE PLOT ANALYSIS

R
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The “Averaging Model” for The Switching Circuit

« 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.”

A buck converter switch can be modeled as a transformer with a turns
ratio of 1/duty cycle ~ 2 for a 50% duty cycle.

P2

Nz Linearization gives up
A transformer provides a linear some deta”, bUt g|VeS a
Lr L Thcumeratowihaywinheduy ole  reasonable initial look.

i
T=1/Duty_cycle
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Open Loop Bode Plot Analysis

Open Loop System Response Loop Filter Alone
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Case Study: Closed Loop Performance Optimization

RESTORING PERFORMANCE DESTROYED BY PHYSICAL IMPLEMENTATION
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Testing Closed Loop Converter Loops

http://literature.cdn.keysight.com/litweb/pdf/5990-5902EN.pdf

Keysight Technologies

Evaluating DC-DC Converters E5061B with option 3L5
and PDN with the E5061B LF-RF
Network Analyzer

B
o S o
Application Note
Power
supply ”
LF OUT
TTETTTTEET AL LU LLLL [ | § JRa Commeetan
L e e s | | | i ;500 ] e {:has_susﬁND
| [ : (option
o e : - : R Cl i é) ) o
S () : rin |
B Bl :: e : : :
: ,- DC-DC converter under test i ! TP1 Port-T: Zin = 1 MQ)
po-==% @ ' ‘

Port-R: Zin =1 MQ1

« Using the same methodology in simulation and test
provides consistency in the design validation process.

« Captures the non-linear and parasitic effects which impact
Tmoioet loop performance’ii’4 closed 160p condition.



Closed Loop Bode Analysis for Simulation

THIS WILL MODEL NON-LINEAR BEHAVIOR

DC Voltage Input Vin

2
Controller IC includes integrator,
Filter Capacitor
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\ jhdref
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1 . :
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Value=1 pF I_
s 2 1
gndref

KEYSIGHT

TECHNOLOGIES



Stability Analysis

» 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!

Half Bridge Buck Converter Stability Test Bench

Tone sweep controls

Switching Frequency and Input Voltage Transient Simulation Controls Bode Plot Sweep Set Up

[H] varR

VAR1 TRANSIENT
Clock_freq=2 MHz E
Vin=20 V Tran
. N Tran
StartTi
Simulation Controls :
[
s

] var

VAR2
Stal
Ton

=20 kHz  Single frequency test
1de=0.1V 50 to 200 mV is a good range
5 mS

= e

Me:
Stability_test_freq=Stability_freq
|

Injection probe

[}

——— | Aoadstability
Stability Test
Probe

|_Macstability

Voltage Input Supply

Power supply connection wiring
10 gauge (1in/2.58mm),
24 inches (61 cm) long

Note: the EM Co-simulation topic is covered in other Keysight Papers
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A Look At The Injection Probe

Because of the high loop Injection points o

gains, the injection tone on DUT “ . .
Monitor points

should be between 50 and Yioadstabifty—,

200 mV to maintain linearity R6 P3

R=1 MOhm Num=3

of the loop
VtSine obe_gnd
SRC3
Vdc=0 V | .
TF 1 —— Yacstability4

Amplitude=.'ll'one_amplitudeV TF1 "T—J TR . Q
Freq=Stability_freq T=1.00 Short R7 P4
Delay=Tone_delay brobe_gnd Short2 R=1 MOhm Num=4
Damping=0 P5_ -
Phase=0

O Num=5 Num=2 Obe_gnd

KEYSIGHT

TECHNOLOGIES



Tone Analysis: Amplitude and Phase Relationships

CONVERTER OUTPUT TONE VS INJECTION TONE

Test Signal Integrity Check

Test Signal Integrity Check
__ 54 " " —54 i D8 —5.4
F53 5.3
52
o 51 =<
@ < ® 2.
E = o 3
B o = 50 ':
o — = 3 =
g = 4 =
= 3 38 'y
> 4.9 S
48 48
Phase & amplitude t.- | oy
difference - -
46 T | T | T I T l T 46 46 T T T T | T T T T | T T T T I T T T T I T T T T “"6
500 532 564 5965 628 660 500 552 604 656 708 760
time, usec time, usec

* 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.

KEYSIGHT
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Processing Tones

PROCESSING TONES IS DONE IN THE DATA DISPLAY

« 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.

KEYSIGHT
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Schematic Simulation Results Look Good

NON-LINEARITIES HAVE ALTERED THE LOOP RESPONSE

Bode Plot (Fourier processed)
40

ADS

30

Transient simulation sweeps were done to :
populate the graph but the length of each 20
simulation varies with tone frequency. :
10—
The simulation time can be shortened by
only using injection tones in the red box.

dB(cgain)

10—

20

1 |m1
1 |freq=15.63kHz -120
30— |phase(cgain)=96.445

1E3 1E4 1E5 1E6

freq, Hz

Most issues with gain and phase

margin occur within the red box.
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EM Co-simulation Results

THE LAYOUT IS ADDED. WHAT HAPPENED?

Bode Plot (Fourier processed)

. 40 0‘ —180
’ [ 160
- . 960 [ 140
: '\\‘ 120
’ '\\\ [ 100
20—: 2 k5
3 J [ 60
10 LR 40
E \‘GQ\‘ [ 20
> 0?0 K
. 20
10 40
] [ 60
] [ 80
20 .
1 Im1 ! L _—-100
- |freq=15.63kHz —-120
_30_5 phase(cgain)=-32.94 " 140
] M [ 160
40 : | [ 180
1E3 1E4 1E5 1E6
freq, Hz
A closer examination of the load and feedback
voltage gives clues, but is there more to this?
KEYSIGHT
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A Closer Examination

TROUBLESHOOTING THE FEEDBACK PATH

« 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. Itis 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.

KEYSIGHT
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[
=, |

IR ANARNANARAE
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Updating the Layout: Layout #2

® s O

Low ESL

58 5o B capacitors
»,

T gy

e
Wﬁechno\o

More vias

. . More ground plane added,
A virtual board spin is faster, costs much less, and

_ N _ _ and effective shunt
provides valuable insights into designs capacitance increased
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Results from Layout #2

Load Voltage and Inductor Current (cycle view)
CLEANER RESULTS BUT THERE ARE STILL ISSUES .. 60
‘ 5.8—_
B 5.6
Bode Plot (Fourier processed) :g), 54
LS 2 - Z: 5'2__
il - T | T~ | 1
] @ 5.0
30— < i
] .‘q_)| 4.8—_ . .
: g 46- Residual ripple
20— s _
] 4.2—
10 1
O s T T T T i
.g ] 3 399.0 399.1 399.2 399.3 399.4 399.5 399.6 399.7 399.8 399.9 400.0
g 0— ;;\ time, usec
. 5
-10 Feedback Voltage
- ADS : _
220 4—
7 m1 g i
1 [freq=24.69kHz , C 120 3]
301 [Phase(cgain)=-58.819 ol o |
: o . L
- - () T
-40 i i 180 m 0
@ o
1E3 1E4 1E5 1E6 1—
freq, Hz _2_:
-3—
Gain and phase margin results are good, technically... “3
-5 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 50 100 150 200 250 300 350 400
KEYSIGHT time, usec
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A Closer Examination

f—DEG

HOW ARE THE GROUNDS? > 4] ‘ ’ ‘ ‘ H " H H H
‘_h 2_
S _

FBref
1 1 | 1

* Noise in the FB path (FBref) is significantly reduced
« The PWM produces a more uniform pulse train

B,V
P I

Can we improve things further?

Vrefgnd, V
o
| 1 1

If the FBref noise is reduced to zero, there will be little
Impact on the gain and phase relationship within the a
controller IC. 2

Loadgnd, V
o
1 | 1 1

-1
I I I I I I I
495.0 4955 496.0 496.5 497.0 497.5 498.0 498.5 499.0 499.5 500.0

time, usec
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Developing Additional Insights

In a perfect world, the 5V output is scaled down to the > °
0.8V reference voltage, by scaling factor X (resistor

divider). 5_:

Adding noise... § ]

(5V + noiseA) — Loadgnd = X (0.8V + noiseB) — Vrefgnd °*7 Q.85 bR

We need noiseA=noiseB and Loadgnd=Vrefgnd for a 249_5.'0' 4955 4960 4965 4970 4975 B0 49BS5 4900 4905 5000
noiseless feedback voltage. time, usec

The figure of merit plot shown here represents this
relationship.

KEYSIGHT
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One More virtual Board Spin...Layout #3

Controller-

/O/

Vrefgnd

-------------------------- - V|Oad=5V

oadgnd

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!

KEYSIGHT Optimizing Closed Loop -Performance

TECHNOLOGIES
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Simulated Results Show Improvement

THE FOM AND FB VOLTAGE IS BETTER

ADS

—

%

1 1 1 1
—

2 | | | | | | | | |
495.0 495.5 496.0 496.5 497.0 497.5 498.0 4985 499.0 499.5 500.0

time, usec

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.
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Vrefgnd, V FB, V FBref VA1,

Loadgnd, V

VRef FOM
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Results Now Are Satisfactory

Bode Plot (Fourier processed) Load Voltage and Inductor Current (Cycle view)
8.0
7.5—
7.0—
6.5
6.0—
5.5—
5.0 — —
4.5—
4.0—
3.5
3.0
" 160 2.5—
0 1Il54 “1:5 e 180 2.0 — 1 T 17 1 17 "1 " 7 17 ' 1 © 7

399.0 399.1 399.2 399.3 399.4 399.5 399.6 399.7 399.8 399.9 400.0

40

ycles

(urebo)aseyd

Vloadref Last N C

dB(cgain)

mi i
freq=24.69kHz —120
phase(cgain)=123.405 B

o
IIII|IIIIIIIIIlIII]|IIII|IIIIIIIII|IIII

-t
m
w

freq, Hz

Bode response is much closer _
to schematic simulation The output of the SMPS is “clean”

time, usec
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One More Verification

DYNAMIC LOAD RESPONSE

Circuit_Transient_sim_v1
emCosim

Voltage Input Supply

A ramped supply is more realistic
start up behavior and prevents
large current spikes which can
damage components or impact
transient simulation.

B
L =
L1 VtStep :: 4
L=246nH SRC2 =
Power supply connection wiring - Viow=0 V. L=246 nH
10 gauge (.1in/2.58mm), R=.002 Vhigh=vin =002
10 inches (61 cm) long Iigh=Vin

Delay=0 nsec
Rise=50 usec

Mrefgnd

Stepped Load

ItPulse

SRC4
I_Low=.1A
I_High=10 A
Delay=60 usec
Edge=linear
Rise=0.5 usec
Fall=0.5 usec
Width=11 usec
Period=33 usec

When stressing the converter, a schematic simulation reveals some glitches,

but a stable system.

An EM Cosimulation reveals the converter is much more stressed and the control loop
works harder to maintain the output voltage. Unlike the case with a less than good layout,
this version of the design has much less noise and is more stable.

» Test stability under dynamic conditions (varying load)
KEYSIGHT ° ThIS IS a qUICk angﬁtiﬁi%ylogg%p Performance
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Dynamic Load Response

THE TRANSIENT RESPONSE IS ACCEPTABLE

V ‘I'Peo| |

Vload
10
| —10
8 i
_ —8
. I
—%WWW(\_6
« Acceptable overshoot § 4— 4
* No ringing or oscillations 2_- |,
| L
o I
1 —-2
2 T T T T T T T T T 1

245 250 255 260 265 270 275 280 285 290 295 300 305

time, usec
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NISM — NON INVASIVE STABILITY MEASUREMENT

KILLING THE BODE PLOT - STEVE SANDLER (PICOTEST) — DESIGNCON2016
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NISM — Non Invasive Stability Method

THE BODE PLOT’S DAYS ARE NUMBERED

R.I.P.

' The worlds most |
| popular stability

| Rest in Peace

| 1947-2017

| assessment test "

KEYSIGHT
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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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Poor or No Control Loop Access

3.3V/1.5A
LDO

ADP3339
Vin Om—(a) IN DUT(2)—_T_1::V0UT
Ty T3

Fixed regulators/references
don’t allow access to the
control loop

U1

REFO01/
REF02/
REF03
Vin 01_ Vin ~ Vour TO Vo
Cc1 c2
OWF] ] TEMZN;R'M — T o

In other cases, we might not have
physical space to inject into the loop or
their might be a large number of power
supplies

6 output power supply
L T PR
;-.:. b LLEELES -.o

A

’..llllllll

More power supplies

Or we might not want to gain access
because it requires cutting atrace or a
wire

Multiple or Digital

Control Loops

Inner-loop
breaking point

Combined-loop
breaking point

Vou

- N

Fast loop

/

| Outer-loop
breaking point

KEYSIGHT
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TR1/dB

Frequency TR1 TRz
Cursor 1 5,682 kHz 0.000 de 78.022*
11.503 kHz -6.738 dB 0,000
100
i 2
T~ . Bode
| |
I I 0
| \ |
| |
\ 0
| |
| |
|
A 50
________ _|. L1 I _\\_ .
| |
' : 100
103 104

78 degrees phase margin
6.7dB gain margin
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of/CHL

Real

Stability Margin

0.38

Min. Distance

from (1,0)

Frequenc y (kHz)

What’s Interesting

* Bode & Nyquist - same data

* Bode didn’t indicate stability

* Scope Owners: load step
ringing may or may not
indicate a stability issue

* Must use a Closed Loop Test

= Nyquist, Impedance, etc.

L

oad Step

A h

\/

But it Rings Severely i
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Flyback
Converter
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B @ phose PM =50Deg, 658 H
= eg, 4
1 1 1
BW = 658 hertz, PM = 50 .2 degrees |
180 40.0
e /
[ — "-..‘\ / ncy = 851 hertz
=21.34d
90.0 20.0 \\(/ egrees
w
H =
g 5 —_—] \<
o5 fia] \N\—‘--.._
= 0o 0 e
T < c Y
2 = | P,
= o frequency = 851 hertz ——
- gain = -3.85 dB{volts) IB
500 -200
; x=1.09k hertz, GM = 8.70 dB(vols) ‘ \
-180 -40.0 : ! : o
0 20/ B 22/ @ [ ] w -47107 10008/ Awo § [ 2047
10 20 50

Ringing at

860Hz

b Impedance
A A
Uik Peak, 860Hz
i | LT
| | I' f II-"I.'ll""-' 2
| | | | I' L
| " ’l |""1| 1
1|| ' Ll J| | ] L
roof -
. 500mf- /}
zig UZ DiStanCE — T freqlueggg=851hertz
-500mf real =5%8m
1w from (1,0) e
BET G0 ' 'ull — EUEE 200
J(1—0.598)240.2322 = 0.464 _
180 f | y (min)= 464 318m
b x= 851.138 hertz
§~ op Nyquist . o
Toomtl  851Hz —
200m | . — . —
100 200 500 K 2% 5k 10k

frequency in hertz
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Yes. You can
measure phase
margin from a single

measurement
z,

Vin

Rinj

R1
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| =

Co

1

s

T = ==

From 1 Impedance Measurement - 3 data points
— Impedance Magnitude, Phase, and Group Delay

The NISM software extracts data from output impedance
and the ‘Q’ via group delay and allows the Z; and Z, to be
mathematically determined so they can be converted to
Stability Margin

Phase margin is determined by setting |Tm| =1 and
solving for phase
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E5061B Network Analyzer

1Active ChfTrace 2Response 3 Stmulus < MirjAnalysis 5 Instr State Resize

1 Refl) Z Log Mag 10.00 de/ ref 20.00 de [F1] m

163.37860 MHZ 59.470 dB

>2 163.37860 MHz 59.470 dB i { Calculate Q
= Step 1: Measure Impedance j
= Step 2: Set Cursors T —

Edit Notes
Practically speaking, output 20.00 | | Ao Scale
impedance is measured with a suitable | o e mmnt ll sewre

probe in a1 or 2 port configuration

The software converts the impedance
to group delay and Q

The user positions waveform cursors T — St 300 vz TR
. opamp H2 (5 - y —20dB)
on the impedance and Q waveforms rave wargin | 2.1cos00sa12063

Z Frequency | 163378596.288037
Q Frequency | 163378596.288037

and the conversion to phase marginis Eefectived | 26. 3911580363507
read out on the instrument’s screen e e

TiM©Q20dB/R 1M Q 20 dB ExtRef| 2014-09-23 15:50
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Conclusions

« 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
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Appendix
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Processing Tone

AEL EXPRESSION FOR POST PROCESSING

Location of AEL files

=) » Users » cmueth » Simulations » hpeesof » expressions » ael

elp
rary v Share with »

Name

|| rep-power.ael
5_] rep-power.atf
|| user_defined_fun.ael
5_] user_defined_fun.atf

KEYSIGHT
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Burn

New folder

Date modified

9/1/2017 11:27 AM
1/9/2018 4:36 PM
9/1/2017 11:28 AM

1/9/2018 4:36 PM

Type

AEL File
ATF File
AEL File
ATF File

1KB
3 KB
1KB
1KB

AEL expression call within the data display

=l Vinject=Vacstability-Loadgnd  |ncjudes local ground reference
=e[alV/Ioop=VlIoadstability-Loadgnd

=elslcgain=rep_cgain(Vinject, Vloop, 500u, 1, 5)

Analyze cycles with 500 uSec simualtion tone delay,
one cycle post processing delay, 5 cycles of analysis





