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VRM Modeling and Stability Analysis
for the Power Integrity Engineer

S. Sandler, H. Barnes, and B. Dannan, "VRM Modeling and Stability Analysis
for the Power Integrity Engineer", DesignCon 2023.

Building the TPS7H4003 SSAM Measured Behavioral Model

Step 1 - Simulate Data Sheet Values Step 2 - Tune Ri and Vramp to match
for OPEN Loop PSRR. OPEN Loop PSRR Simulation
to Measurement.
TPS7H4003 Eval PCB TPS7H4003 Eval PCB
OPEN LOOP Simulation of PSRR OPEN Loop Tune Sim to Measure

‘Sandler SAM ‘Sandler SAM

TPS7H4003_Simple_OpenLoop MODEL TPS7H4003_OpenLoop_ MODEL
X1 X2

Step 3 - Run the Tuned Sandler State
Space Average Model (SSAM)
with HB for Steady State Behavior

TPS7H4003 Eval PCB
Sandler State Space Average Model

Sandler SAM

TPS7H4003_MODEL
X3

Step 4 - Matching with measurement Step 5 - Resonance at 1TMHz is

requires PCB EM model to mitigated by removing C24.
be added.

TPS7H4003 Eval PCB

TPS7HA4003 Eval PCB Improved Design with C24 Removed

SSAM with PCB EM Model

‘Sandler SAM

mSandIer SAM

TPS7H4003_MODEL_PCB_SW
X4

TPS7H4003_MODEL_PCB
X5
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-dB(PSRR)

TPS7H4003_Simple_OpenLoop_MODEL.dds

Showing Plant Open Loop Plant Gain
using datasheet Vramp and Ri Values
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Opening the loop

TPS7H4003 Open Loop PSRR
sVin, 1Vout, 1A Load

-30.000—4
A 4
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NOTE:

Results shown include coilcraft inductor spice model



TPS7H4003_OpenLoop_MODEL.dds

PSRR changes with load, so measure Open Loop _
5Vin, 1Vout, 1A Load

A o | TPS7H4003 Open Loop PSRR
. Colkratt spice model 10
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After tuning to match measurement, Vg,p = 0.15V NOTE:
Results shown include coilcraft inductor spice model

TPS7H4003 Open Loop Gain TPS7H4003 Open Loop Gain Phase
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TPS7H4003_MODEL.dds

This Hybrid State Space VRM Model enables fast simulation of PDN performance.

It is adjusted/tuned with measurements to capture actual design parasitics and tolerances.
This model enables accurate simulation of VRM active output impedance and control loop with
the passive decoupling and dynamic load, as well as switching transients.

Simulation speed is less then 1 minute.

Sandler Small Signal Hybrid State Based Averaged VRM Model
including Discontinuous and Continuous Mode (DCM) Operation

TPS7H4003 EVAL | Averaged Small Signal Output
TPS7H4003 EVAL Board e | eSO

Design

Measured Output Z

Simuiated PDN Decoupling and Load Power OFF and Power ON
Coleratspica model  PCB Resistanco

ONOFF Z Massurea

orF on
IMPEDANCE 4

Measured Power Supply Rejection Ratio
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R Condickance Switching Ripple Transients
Amplifier (OTA) % Ripp

smused  PDN Decoupling and Load
spico madel PGB Reossiance

DCLOAD Hrmiom

|

Tur iables for N hi
e o Matching Three Separate Simulations in one Schematic

Variables Simulation Controllers Equations

Sandler State Space Hybrid Model - TPS7H4003
Transient Harmonic Balance S-Parameter Z and AC Sweep
Switch Voltage Switch Current Spectrum VRM Output Impedance Error Amp Gain
DS ADS s = ADS
o] =- MEASURED el
> ] g " #z | SIMULATED ==
- @ = .y
g . 2o NN T e
g =] g8 g
= — o 2
& 1 a iz freq=26.33 kHz
o] 10 1ea- | mag(Eamp)=8.393
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1w: " T Does not include PCB parasitics DS DS - PSRR measurement shown
o “7 is closed loop measurement
> ) T o 75|
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£ s 5 £g o
£ g 2
. © ] - i ~/MEASURED ™3I
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time, usec freq, Hz freq, Hz freq, Hz
Output Inductor Current Inductor Current Spectrum Inductor Current dBm TPS7H4003 Extracted Loop Gain
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NOTE: ™ LoopBW=indep(m2)1000 BN PM=180+m3

m2 m3
freq=26.33 kHz || freq=26.33 kHz
dB(T)=-140.7 m || unwrap(phase(T))=-111.582

Results shown include coilcraft inductor spice model




Adding PCB EM Model

TPS7H4003_MODEL_PCB_SW.dds

Measured Ripple
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i

Locating 1 MHz Resonance

*C23 22uF

* NOTE: C23 is in the simulation,

C24 22uF but was not installed on the PCB

Transient Harmonic Balance

State Space Hybrid Model - TPS7H4003

S-Parameter Z and AC Sweep

Switch Voltage Switch Current Spectrum VRM Output Impedance Error Amp Gain
1 AD: * Simulation includes PCB parasitics k
5 1E-1 1E2—]
] 0]
> ] 7 g
% . § 30!‘ N 2 e
s & [ 8
& & ] E " Hreq=26.33 kHz
0] @ mag(Eamp)=10.712
o] ]
1 E tea] 1]
SN NS NN S SN S N — : k E E : : : : : :
0o 05 10 15 20 25 30  as 40 it h it i it it s it S Y R R A
time, usec freq, Hz freq, Hz freq, Hz
TPS7H4003 Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum Low Frequency PSRR
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. [e3f LoopBW=indep(m2)/1000 (3] PM=180+m3
NOTE: q y

Results shown include coilcraft inductor spice model

m2 m3
freq=33.15 kHz || freq=33.15 kHz
dB(T)=1.089 unwrap(phase(T))=-110.921




This model enables accurate simulation of VRM

Simulation speed is less then 1 minute.

This Hybrid State Space VRM Model enables fast simulation of PDN performance.
Itis adjusted/tuned with measurements to capture actual design parasitics and tolerances.

the passive decoupling and dynamic load, as well as switching transients.

active output impedance and control loop with

Small Signal Hybr od Averaged VRM Model

including Discontin

PON Impedance)

Tuned Variables for Matching
VRM Mod

lodel with Messurement ~_Three Separate Simulations in one Schemati

mall Signal Output

t

CCLOD S etmes Measured Power Supply Rejection Ratio

IMPEDANCE

Large Signal Output
Switching Ripple Transients

Variables Simulation Controllers

TPS7H4003_MODEL_PCB.dds

TPS7H4003 VRM Evaluation Board

Measurement vs. Simulated State Space Average Model
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Switch Current Spectrum

State Space Hybrid Model - TPS7H4003
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S-Parameter Z and AC Sweep
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Results shown include coilcraft inductor spice model

Eqn LoopBW =indep(m2)/1000

m2
freq=26.33 kHz
dB(T)=3.378

m3
freq=26.33 kHz
unwrap(phase(T))=-121.062

el PM=180+m3
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VRM Modeling and Stability Analysis
for the Power Integrity Engineer

S. Sandler, H. Barnes, and B. Dannan, "VRM Modeling and Stability Analysis
for the Power Integrity Engineer”, DesignCon 2023.

TPS7H4003 SSAM Model Compare

Simple VRM Model

Lumped Passives
L

: Vout

SRL

TPS7H4003_Fitted_Spice_Model

X4

TPS7H4003 Eval PCB
Step Load Transient Behavior

‘Sandler SAM

Transient step
behavior without
the PCB EM model.

TPS7H4003_MODEL_Step_Load
X6

TPS7H4003 Eval PCB
NISM Stability Assessment

wSandIer SAM

TPS7H4003_MODEL_NISM
X5

NISM stability
assessment of
the VRM control
loop.

Comparing simple passive RLC models for
the VRM vs. measurement.

TPS7H4003 Eval PCB

Step Load Transient + PCB EM Model

WSandIer SAM

Transient step
behavior with the
PCB EM model.

TPS7H4003_MODEL_Step_Load_PCB
X7

TPS7H4003 4 Phase Example

" I_lm I‘Jlma
min i
o M un Nl ul

Sandler SAM

TPS7H4003 SSAM
extended to a
4-phase model

TPS7H4003_4phase MODEL
X1

TPS7H4003 Simple Error Amp Model
Series vs. Shunt Feedback

Vref

Simple error amp
behavioral model
for VRM feedback

TPS7H4003 OTA Transistor Model
Series vs. Shunt Feedback

]

VW

AA

Z [5]
] [E]

TPS7H4003_Error_amp_series_vs_shunt
VRKE Model_lib

-readme_vrm_model_compare

TPS7H4003_OTA_series_vs_shunt_amp
X3

Operational
Transconductance
Amplifier transistor
model for the

VRM feedback.
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TPS7H4003_Fitted_Spice_Model.dds

FITTED R-L PASSIVE SPICE MODEL

VRM RL Z
R L
i L% I_AC SRLC
R=R_PCB uOhm L=250.25 nH {t} SRC2 ;Rté2
R=
A | Jac=polar(1,0) A R=.0012 Ohm
Freg=freq =600 pH
I C=1500 uF
1
Measured Output Z
FITTED VRM PASSIVE SPICE MODEL Power OFF and Power ON
VRM Z
i b ON/OFF Z Measured
R1 AC i
R=R_PCB uhm L2y ot e Tema Toma
- A lac=polar(1,0) A & TermG TermG2 TermG3
=il PO E R Ohm TermG1 Num=2 Num=3
i Num=1 7250 Ohm 2250 Ohm
SRL i jj SCeiCUE 2250 Ohm
SRL1 OFF l ON
R=2.97 mOhm {t} s b s
L=1000 pH {t} . snPs . snPe
VAR 7] | MoasEqn
A R | S-PARAMETERS I ] e
C_ESR=0.001765 {t} . = SIMULATED_Z_VRM_FITTED=mag(Z(1,1))
C_ESL=1675 {1 ;«\éw ;5:“‘“ MEASURED_Z_VRM=mag(Z(3,3))
Cap_C=730 {1 SeErE Siants0s FITTED_VRM_Z=mag(VRM_2)
R_PCB=275{ Stop=40 MHz Stop=40 MHz
Step= Step=

NOTE: The output impedance is equal to the output node voltage if the output AC load is set to 1 Amp.
Alternatively, one can measure output impedance using an S-Parameter port.

TPS7H4003 EVAL

Measurement vs. Fitted VRM Passive Spice Model

2E-1 2E-1
ws ISIMULATED FITTED MODEL, pos 2"

2 MEASURED n
3t <E
>|§I N|>|N|
N ZN=

=  1E-2— I 1E-2—
B Nl = 8 >I
x | Xyo
50 >5u
2p g2k
i EqLE
= g 1E-3— = 1E-3—

%)

*Measurement result shown is with C24 removed
| | [ [ [ I I [ | [ [ \
1E2 1E3 1E4 1E5 1E6 1E7  4E7 1E2 1E3 1E4 1E5 1E6 1E7  4E7
freq, Hz freq, Hz



TPS7H4003_MODEL_Step_Load.dds

TPS7H4003 EVAL
VRM Step Load Response - State-Space Ave VRM vs. Fitted VRM Spice Model
Step Load = 10A, 100 nsec rise time

1.02 7 o
ms T, Does not include PCB parasitics| /c "** JDoes not include PCB parastigs, , | . ZOOMED IN VIEW
100 100 "-‘.‘.-“,'l'l,'l‘-!',."‘-'n‘“‘,ﬁ
0.98— 0.98—
< %7 FITTED SPICE VRM MODEL| o °%]
E 094+ STATE-SPACE AVE VRM MODEL £ 094
2 o9 Fitted Step Response = 135.584 mV 2 0.92.]
S i SSA Step Response = 152.407 mV s ]
0907 Step Response delta = 16.823 mV 0-907
0.88— 0.88—
0.86] wsedl 4111} FITTED SPICE VRM MODEL
0.84_] 05a] STATE-SPACE AVE VRM MODEL
- \III|\I\I‘IIIIlIII\|\I\I|II\I‘I\II|\III . T T T T T T T T T [ T T T T [ T T T T T T T T T [ T T T T [ T T T T [ T T 17T
0.0 875 175.0 2625 350.0 4375 5250 6125 700.0 49.950 5o.|o19 50.|088 50.‘156 50.‘225 5o.|294 50.|363 50.1131 50.500
time, usec time, usec
. ADS 1020 Does not include PCB parasitics ZOOMED IN VIEW
Step Reponse Analysis 1.013— m4  STATE-SPACE AVE VRM MODEL
50.15 usec to 50.5 usec 1007 FITTED SPICE VRM MODEL m4
SSA Step Response = 41.135 mV 00 tT'E'XN?&fSu?f?%m
Fitted Step Response = 5.668 mV < - m5
_ £ 0.993— time=50.24 usec
Step Response delta = 35.467 mV 7 oo TRAN.0Utput=968.5 m
g ' m6
0.980— time=50.23 usec
007 TRAN.FITTED_SPICE_VRM_OUTPUT=0.989
' m7
0.967— time=50.24 usec
0560 TRAN.FITTED_SPICE_VRM_OUTPUT=0.983
. \II\|\|\|‘I\Illl\l\|\||||\|\||I\I\|\II\
50.150 50.194 50.238 50.281 50.325 50.369 50.413 50.456 50.500
time,
*State-Space Ave VRM Model = SSA Step Response me, tsee *Passive Fitted Spice VRM Model = Fitted Step Response
VRM Output Impedance
StatZ(IaE;S_pace Average VRM vs. Fitted Passive Spice VRM Model ] max_fitted=max(TRAN.FITTED_SPICE_VRM_OUTPUT)
ADs | ?T#;Eﬁsglel%ﬁiﬁl‘ﬁ\nvMRMD“gEDEL min_fitted=min(TRAN.FITTED_SPICE_VRM_OUTPUT)
= [ delta_fitted=(max_fitted-min_fitted)*1e3
Z|§ max_ssa=max(TRAN.output)
4
5? 1827 e} Mmin_ssa=min(TRAN.output)
%6)' = delta_ssa=(max_ssa-min_ssa)*1eS
E @ delta_step=(delta_ssa-delta_fitted)
T ET delta_ssa_mk=(m4-m5)*1e3
¥ delta_fitted_mk=(m6-m7)*1e3
L 1&3 1}1:4 nl:s 1{[:6 s delta_step1=(delta_ssa_mk-delta_fitted_mk)

freq, Hz



TPS7H4003 EVAL with PCB
VRM Step Load Response - State-Space Ave VRM vs. Fitted VRM Spice Model
Step Load = 10A, 100 nsec rise time

TPS7H4003_MODEL_Step_Load_PCB.dds

FITTED SPICE VRM MODEL
STATE-SPACE AVE VRM MODEL

ZOOMED IN VIEW

49.950 50.019 50.088 50.156 50.225 50.294 50.363 50.431 50.500

time, usec

m4
time=50.13 usec
TRAN.output=1.012

m5
time=50.19 usec
TRAN.output=951.5 m

m6
time=50.10 usec
TRAN.FITTED_SPICE_VRM_OUTPUT=0.878

m7

time=50.19 usec
TRAN.FITTED_SPICE_VRM_OUTPUT=0.968

50.240

ADS ] Does include PCB parasitics 105 "*IDoes include PCB parasitics
1.00 ]
_ 0.95 . FITTED SPICE VRM MODEL _ .
E 3 STATE-SPACE AVE VRM MODEL E
o 0907 Fitted Step Response = 151.883 mV @
2 . SSA Step Response = 258.017 mV S} ] 1
0853 Step Response delta = 106.134 mV 085 [ s
] m L] 1
.80 4 5 )
0.80 ] 0.80 R
1 1 v
0-7: \III|I\\\|IIII‘Illll\\\lllll\‘\III‘\\II 07:
00 875 1750 2625 3500 4375 5250 6125 700.0
time, usec
Step Reponse Analysis ADS 1,030 _|Does include PCB parasitics ZOOMED IN VIEW
50.95 usec to 50.240 usec 1018 m4
SSA Step Response = 60.661 mV 1,006
Fitted Step Response =-89.7756 mV "~ |
Step Response delta = 150.436 mV_ 0.993
\>§ 0.981—
= ]
% 0.969— ~
Z o957 v ";f’_/'
0.944—_
09301 FITTED SPICE VRM MODEL
g6 STATE-SPACE AVE VRM MODEL
0.920 .t T T T T T T T T T T T T
50.095 50.113 50.131 50.149 50.168 50.186 50.204 50.222
time, usec

*State-Space Ave VRM Model = SSA Step Response

*Passive Fitted Spice VRM Model = Fitted Step Response

6E-1

VRM Output Impedance

State-Space Average VRM vs. Fitted Passive Spice VRM Model

1E-3—

STATE-SPACE AVE VRM MODEL
FITTED SPICE VRM MODEL

1E2

1E7

=) max_fitted=max(TRAN.FITTED_SPICE_VRM_OUTPUT)

=y min_fitted=min(TRAN.FITTED_SPICE_VRM_OUTPUT)

[=elg) delta_fitted=(max_fitted-min_fitted)*1e3

[Helgl max_ssa=max(TRAN.output)

e} min_ssa=min(TRAN.output)

delta_ssa=(max_ssa-min_ssa)*1 e3
delta_step=(delta_ssa-delta_fitted)
delta_ssa_mk=(m4-m5)*1e3

Helg) delta_fitted_mk=(m6-m7)*1e3
delta_step1=(delta_ssa_mk-delta_fitted_mk)
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)
73

Sandler_NISM_Zout)

mag

Traditional Bode Plot

Does not guarantee stability

Requires access to the feedback loop

Picotest Sandler Non-Invasive

Stability Measurement (NISM)

TPS7H4003 EVAL

VRM Shunt Compensation Z vs. QTg - NISM Analysis

5E-2

&2+ T DESIGN =

1E-3—
M2
1E-4—
QTg
1ES 1 x I I I
1E2 1E3 1E4 1E5 1E6 1E7  4E7
freq, Hz
QTg_freq

Sandler_NISM_PM: >71 degrees
Z Frequency: 33147.205 Hz

Q Frequency: 41734.891 Hz
Effective Q: 0.366

5E4

—1E4

—1E3

—1E2

—1E1

—1

—1E-1

—1E-2

—1E-3

INSIN Je|pues

61O

TPS7H4003 Extracted Loop Gain

80

60

40

20—

dB(T)

(]

20— Loop BW = 26.002 kHz

Phase Margin = 68.478 deg
|

40
1E2 1E3 1E4 1E5

freq, Hz

M1
freq=33.15 kHz
mag(Sandler_NISM_Zout)=3.757 m

M2
indep(M2)=4.173E4

Peak

plot_vs(Sandler_NISM_QTg,QTg_freq)=0.366

=) Sandler NISM_Zout = Z(1,1)

[=els] Z_Frequency=indep(M1)
I=elg] Q_Frequency=indep(M2)
[=elg) Effective_Q=M2

[=elg] Time_Stamp=date_time()

100

0

TPS7H4003_MODEL_NISM.dds

((1)aseyd)deimun

I=elg) QTg_freq=QTg_freq_function(Sandler_NISM_Zout)
I=els} Sandler_NISM_QTg=Sandler_NISM_QTg_function(Sandler_NISM_Zout)
[=elg) Sandler_NISM_PM=Sandler_NISM_M1Z_M2Q_function(M1,M2)

11



TPS7H4003_4phase_MODEL.dds

State Space Hybrid Model - TPS7H4003 4-PHASE Design

ts(HB.|_Probe_PH4.i), A

Transient Harmonic Balance A S-Parameter Z and AC Sweep
©
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TPS7H4003 VRM

Nominal Error Amp Output

TPS7H4003_Error_amp_series_vs_shunt.dds
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TPS7H4003_OTA_series_vs_shunt_amp.dds
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