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 Step 5 - Resonance at 1MHz is 
             mitigated by removing C24.

 Step 4 - Matching with measurement
             requires PCB EM model to
             be added.

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

 Step 2 - Tune Ri and Vramp to match
             OPEN Loop PSRR Simulation 
             to Measurement.  

 Step 1 - Simulate Data Sheet Values
             for OPEN Loop PSRR.

 VRM Modeling and Stability Analysis
    for the Power Integrity Engineer

Building the TPS7H4003 SSAM Measured Behavioral Model
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  OPEN LOOP Simulation of PSRR
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Sandler State Space Average Model
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            TPS7H4003 Eval PCB
        SSAM with PCB EM Model

SW1
UPPER

Rds
top

Vout

Lout

SW2

Logic
Driver

Vin

DUTY

Fsw

PWM

vc

Vcc

Gnd

Rb

comp

Vref

VRM
FDBK

DUTY

Vc

Comp

Vin

vout

Imax

Imin
dutyrtnvc

vin

Vout

dcm

Sandler SAM

LOWER

Rds
bot

            TPS7H4003 Eval PCB
Improved Design with C24 Removed 
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TPS7H4003 Open Loop PSRR
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TPS7H4003 Open Loop PSRR
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Sandler State Space Hybrid Model - TPS7H4003
Transient Harmonic Balance S-Parameter Z and AC Sweep
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Results shown include coilcraft inductor spice model

Does not include PCB parasitics

TPS7H4003 EVAL Board

TPS7H4003_MODEL.dds

4



0.5 1.0 1.5 2.0 2.5 3.0 3.50.0 4.0

986

988

990

992

994

996

984

998

time, usec

ts
(H

B
.V

o
_

ti
m

e
),

 m
V

1E71E6 1E8

10E-301

freq, Hz

m
a

g
(H

B
.V

o
_

ti
m

e
)

1E71E6 1E8

10

20

30

40

0

50

freq, Hz

d
B

m
(H

B
.I
_

P
ro

b
e

5
.i
)

TPS7H4003 Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum

Switch Current SpectrumSwitch Voltage VRM Output Impedance

0.5 1.0 1.5 2.0 2.5 3.0 3.50.0 4.0

0.5

1.0

1.5

2.0

2.5

0.0

3.0

time, usec

ts
(H

B
.I
_

P
ro

b
e

6
.i
),

 A

Output Inductor Current

1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.50.5 10.5

0.08

0.16

0.24

0.32

0.00

0.40

freq, MHz

m
a

g
(H

B
.I
_

P
ro

b
e

6
.i
)

Inductor Current Spectrum

1E71E6 1E8

-80

-60

-40

-20

0

-100

10

freq, Hz

d
B

m
(H

B
.I
_

P
ro

b
e

6
.i
)

Inductor Current dBm

1E71E6 1E8

-104

-88

-72

-56

-120

-40

freq, Hz

d
B

m
(H

B
.V

o
_

ti
m

e
)

1E3 1E4 1E5 1E6 1E71E2 4E7

1

1E1

1E2

1E-1

4E2

freq, Hz

m
a

g
(E

a
m

p
)

m1

m1
freq=
mag(Eamp)=10.712

26.33 kHz

1E3 1E4 1E51E2 1E6

-20

0

20

40

60

-40

80

-250

-200

-150

-100

-50

-300

0

freq, Hz

d
B

(T
)

m2

u
n

w
ra

p
(p

h
a

s
e

(T
))

m3

m2
freq=
dB(T)=1.089  

33.15 kHz
m3
freq=
unwrap(phase(T))=-110.921

33.15 kHz

Error Amp Gain

Extracted Loop Gain

Low Frequency PSRR

State Space Hybrid Model - TPS7H4003Transient Harmonic Balance S-Parameter Z and AC Sweep

0.5 1.0 1.5 2.0 2.5 3.0 3.50.0 4.0

0

1

2

3

4

5

-1

6

time, usec

S
w

it
c
h

 V
o

lt
a

g
e

, 
V

Vripple =10.507 mV

1E3 1E4 1E5 1E61E2 1E7

1E-2

1E-1

1E-3

2E-1

freq, Hz

S
IM

U
L

A
T

E
D

_
Z

_
V

R
M

Phase Margin = 69.079 deg

Eqn PM=180+m3Eqn LoopBW=indep(m2)/1000

Loop BW = 33.147 kHz

AVE current = 1.606 A

2
E

2

3
E

2

4
E

2

5
E

2

6
E

2

7
E

2

8
E

2

9
E

2

1
E

2

1
E

3

60

70

80

90

100

50

110

freq, Hz

d
B

(P
S

R
R

)
-M

E
A

S
U

R
E

D
_

P
S

R
R

_
d

B

PSRR measurement shown
is closed loop measurement
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NOTE:

Results shown include coilcraft inductor spice model

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

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

 VRM Modeling and Stability Analysis
    for the Power Integrity Engineer

Transient step
behavior without
the PCB EM model.

 NISM stability 
assessment of
the VRM control
loop.

TPS7H4003 SSAM
extended to a 
4-phase model

 Simple error amp
behavioral model
for VRM feedback

TPS7H4003 SSAM Model Compare

Transient step
behavior with the 
PCB EM model.

Operational 
Transconductance
Amplifier transistor
model for the 
VRM feedback.
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VRM_Model_lib:-readme_vrm_model_compare:schematic
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TPS7H4003 EVAL
Measurement vs. Fitted VRM Passive Spice Model

SIMULATED FITTED MODEL
MEASURED

*Measurement result shown is with C24 removed

TPS7H4003_Fitted_Spice_Model.dds
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SSA Step Response = 152.407 mV

Eqn delta_ssa_mk=(m4-m5)*1e3

Eqn delta_step=(delta_ssa-delta_fitted)

TPS7H4003 EVAL
VRM Step Load Response - State-Space Ave VRM vs. Fitted VRM Spice Model

Step Load = 10A, 100 nsec rise time

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

FITTED SPICE VRM MODEL
STATE-SPACE AVE VRM MODEL

STATE-SPACE AVE VRM MODEL

FITTED SPICE VRM MODEL

Fitted Step Response = 135.584 mV

Eqn max_fitted=max(TRAN.FITTED_SPICE_VRM_OUTPUT)

Eqn min_fitted=min(TRAN.FITTED_SPICE_VRM_OUTPUT)

Eqn delta_fitted=(max_fitted-min_fitted)*1e3

Eqn delta_ssa=(max_ssa-min_ssa)*1e3

Eqn min_ssa=min(TRAN.output)

Eqn max_ssa=max(TRAN.output)
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ZOOMED IN VIEW

FITTED SPICE VRM MODEL
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Does not include PCB parasiticsDoes not include PCB parasitics
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ZOOMED IN VIEW

FITTED SPICE VRM MODEL

STATE-SPACE AVE VRM MODEL

Fitted Step Response = 5.668 mV

SSA Step Response = 41.135 mV

Step Response delta = 16.823 mV

Step Response delta = 35.467 mV

Eqn delta_fitted_mk=(m6-m7)*1e3

Eqn delta_step1=(delta_ssa_mk-delta_fitted_mk)

Step Reponse Analysis
50.15 usec to 50.5 usec

*State-Space Ave VRM Model = SSA Step Response *Passive Fitted Spice VRM Model = Fitted Step Response

Does not include PCB parasitics

TPS7H4003_MODEL_Step_Load.dds
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SSA Step Response = 258.017 mV

Eqn delta_ssa_mk=(m4-m5)*1e3

Eqn delta_step=(delta_ssa-delta_fitted)

TPS7H4003 EVAL with PCB
VRM Step Load Response - State-Space Ave VRM vs. Fitted VRM Spice Model

Step Load = 10A, 100 nsec rise time

VRM Output Impedance
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State-Space Average VRM vs. Fitted Passive Spice VRM Model
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STATE-SPACE AVE VRM MODEL

FITTED SPICE VRM MODEL

Fitted Step Response = 151.883 mV

Eqn max_fitted=max(TRAN.FITTED_SPICE_VRM_OUTPUT)

Eqn min_fitted=min(TRAN.FITTED_SPICE_VRM_OUTPUT)
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ZOOMED IN VIEW

FITTED SPICE VRM MODEL

STATE-SPACE AVE VRM MODEL

Fitted Step Response = -89.775 mV
SSA Step Response = 60.661 mV

Step Response delta = 150.436 mV

Eqn delta_fitted_mk=(m6-m7)*1e3

Eqn delta_step1=(delta_ssa_mk-delta_fitted_mk)

Step Reponse Analysis
50.95 usec to 50.240 usec

*State-Space Ave VRM Model = SSA Step Response *Passive Fitted Spice VRM Model = Fitted Step Response

Does include PCB parasitics

Does include PCB parasitics Does include PCB parasitics

Step Response delta = 106.134 mV

TPS7H4003_MODEL_Step_Load_PCB.dds
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VRM Shunt Compensation Z vs. QTg - NISM Analysis

TPS7H4003 EVAL

Effective Q: 0.366
Q Frequency: 41734.891 Hz
Z Frequency: 33147.205 Hz
Sandler_NISM_PM: >71 degrees
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indep(M2)=
plot_vs(Sandler_NISM_QTg,QTg_freq)=0.366
Peak

4.173E4

Eqn Time_Stamp=date_time()

Eqn Effective_Q=M2

Eqn Q_Frequency=indep(M2)

Eqn Z_Frequency=indep(M1)

Eqn Sandler_NISM_PM=Sandler_NISM_M1Z_M2Q_function(M1,M2)

Eqn Sandler_NISM_QTg=Sandler_NISM_QTg_function(Sandler_NISM_Zout)

Eqn QTg_freq=QTg_freq_function(Sandler_NISM_Zout)

Eqn Sandler_NISM_Zout = Z(1,1)

QTg

TI DESIGN

Picotest Sandler Non-Invasive
Stability Measurement (NISM)

Traditional Bode Plot
Does not guarantee stability
Requires access to the feedback loop

TPS7H4003_MODEL_NISM.dds
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State Space Hybrid Model - TPS7H4003 4-PHASE Design
Transient Harmonic Balance S-Parameter Z and AC Sweep
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Nominal Error Amp Output
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TPS7H4003_Error_amp_series_vs_shunt.dds
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TPS7H4003 - Nominal Error Amp Output
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