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Outline

1. Data Centers Power Converter Architectures
& Challenges
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Data Centers: Typical Power Converter Architecture
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Data Centers: Instability Issue
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(a) (b)

 Measured resonances in data center power systems: (a) low-frequency resonance and (b) high-frequency resonance

* Modeling impedance can help to reduce the resonance problems.

o ?"i'b"n"' Reference: J. Sun, M. Xu, M. Cespedes and M. Kauffman, "Data Center Power System Stability — Part |: Power Supply X
{ ‘ ‘ ‘ ‘ ‘ U?\iv::rsi?y Impedance Modeling," in CSEE Journal of Power and Energy Systems, vol. 8, no. 2, pp. 403-419, March 2022. PEARS LAB 4
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2. Power Factor Correction Basics
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\Why do we need Power Factor Correction

PFC circuits make the input of a circuit act
like a resistive circuit to maintain the power
quality of the AC source.
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Desired PFC Input Waveforms
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Example PFC Boost Converter

PWM
Duty Cycle

AC Source Rectifier Boost PFC Filter Load
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v Controller —
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PFC Input Current and Inductor Current Waveforms

10
7.5

-7.5
-10
I(L)
7
6
5
4
3
2
1
0 v
0.85 0.86 0.87 0.88 0.89 09 0.91
Time (s)
T National Source: https://www.allaboutcircuits.com/technical-articles/how-the-boost-pfc-converter-circuit-improves-power-quality/

Taiwan 1
IO niverse PEARSLAB ¢



10.000
4 E
1.000 ‘\ T
" IEC61000-3-2 Limit
N\ N .
pe - = = = nit A, Without PFC
0.100 e == =+ : .
~ L N = = = |JnjtB, Passive PFC
/
\,//“ " ™\ Unit C, Active PFC
0.010
0.001
3 13 23 33

Harmonic Number

Source: Power Factor Correction (PFC) Handbook, ON Semiconductor, Rev. 5, 2014

Harmonic Content with Different PFC Types
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Rating Symbol Unit
AL
Continuous  Always hard-switching
o~~~ Conduction Mode * Inductor value is largest
(CCM) * Minimized rms current
-
AL
Discontinuous » Highest rms current
Conduction Mode » Reduce coil inductance
(DCM) » Best stability
- =
AL
il » Largest rms current
Conduction Mode = ,
(CrM) » Switching frequency is not fixed
=

Source: Power Factor Correction (PFC) Handbook, ON Semiconductor, Rev. 5, 2014

Converter Conduction Modes
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3. Modeling for DC-DC Converter Circuits
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Why do we need to model converters
using small-signal analysis?

e Control:
Understand the stability and dynamics of the control loop

e Output Impedance:
Understand the interactions with the load

* Input Impedance:
Ensure the interactions with the source will be stable

aiwan
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Let's model a
converter

Pulsewidth Modulated
~» What is the modeling process? Dc-to-Dc Power Conversion
) Circuits, Dynamics, Control, and
- Reference: Pulsewidth Modulated DC- Dc Power Distribution Systems
: Second Editi
to-DC Power Conversion by Dr. S
Byungcho Choi BYUNGCHO CHO
Al Jhe
IEEE PRESS
U ?;:L‘;"n‘" Source: Byungcho Choi, Pulsewidth Modulated Dc-to-DC Power Conversion. Wiley IEEE Press, 2nd Edition. X
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Converter System Block Diagram

INnputs

Input voltage
*duty ratio
INnput current

Wil National
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DC-DC
Converter

outputs

*output voltage
input voltage
INnput current
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Example Power Converter with Feedback Control

5 Power stage %

| L \— V ves 3

it
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PWM block Voltage feedback circt

-

Wil National Source: Byungcho Choi, Pulsewidth Modulated Dc-to-DC Power Conversion. Wiley IEEE Press, 2" Edition.
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Conventional Modeling Process

Modeling Process for DC-DC Converters

Start with a Geritify: inpuband Write differential Average two
converteranda bt sip sl EE— Identify states —» equation foreach —» equations together —
tafguet t;gnsfer P g state in each mode with term d

cntion
Write Write
them them
down! down!
Average Model

Use circuit theory to

Linsenze srouns S small-signal model » Laplace Transform — s.s. model in s-domain»  getequations in
operating point terms of only input

and output s.s.
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Two Essential Steps of Power Stage Modeling

« Averaging to remove the time-invariant from power stage dynamics

Exact response
Ll
Averaged response i.' (st

AR nl 1A Illll ,
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- Linearization to approximate a nonlinear function into a linear relationship
under small-signal assumption
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Vi v,
Wil National ( \
| Joiwan Source: Byungcho Choi, Pulsewidth Modulated Dc-to-DC Power Conversion. Wiley IEEE Press, 2" Edition.
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Steady-State Response of Switch Model and Average Model
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Buck Converter Transfer Functions
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Source: Byungcho Choi, Pulsewidth Modulated Dc-to-DC Power Conversion. Wiley IEEE Press, 29 Edition.
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Small-Signhal Model for Converters

 Block diagram representation

. - + 11 (S)
v(s) G, (s) > ) °
+ A\+
i(5) Z,(s)
G\‘(‘/ (S)
d (s)
Y eon (5)
Fm - —F\(S)
« Power stage transfer functions:
. v ) A .
G (s) = —O : input-to-output transter function
Vs ;0: d=0
. v . o
G (s)=—2 . duty ratio-to-output transfer function
dly,=i,=0
v o
Z » (s)= i : load current-to-output transfer function
/4 ~ 5
Wil National 0ly.=d=0
=
‘ ‘ ‘ ‘ ‘ H u?,‘;‘::,’;ny Source: Byungcho Choi, Pulsewidth Modulated Dc-to-DC Power Conversion. Wiley IEEE Press, 29 Edition.
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Converter Modeling Summary

* Modeling Goal: Model DC-DC converters as a linear time-invariant
(LTI) system

* Averaging: eliminate time variance from the power stage
configuration

* Linearization: remove nonlinearities from the power stage dynamics
and PWM process

* Small-signal model for PWM DC-DC Converters: used to build the
complete small-sighal model for closed-loop control

| : X
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4. Modeling for PFC Circuits
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Small-Signal Analysis of AC-DC
Circuits

~» The modeling process in not necessarily the same as standard
DC-DC converters

-~ Averaging must be done over half the line cycle, not a switching
period

» For PFCs, we are interested in Input Impedance (Zin), Output
Impedance (Zout), and Control Loop

- Reference:
https://www.monolithicpowercom/en/learning/resources/power-

CCM

Y

factor-correction
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Simulation of AC-DC PFC Circuits

~» AC Small-Signal Analysis: Outer Control Loop, Input Impedance, Output Impedance

» Circuit Simulation: often used to test and validate designs

» Long Simulation Time: becuase line-frequency period is much longer than converter-switching period

» Sometimes an AC source could be replaced by a DC source set to the AC RMS value and yield the same

frequency response

Wil National \
W S PEARSLAB 25
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: ABSTRACT Power facior correction (PFC) boost converters are widely used for single-phase industrinl ac-
de applications, where simulation is typically used for design and vesification. However, unaing simulations
with an ac source at the line frequency (50460 Hz) can be time-comsuming due 1o the Jong line period
compared to the converter switching period. For PFC converters, the control loop, input impedance, and
output impedance are critical 1o analyze the converter performance. We show that the ac analysis of the
control loop and output impedance yiekls the same frequency response when using an ac and de voltage
source with the same rms value for u single-phase constant-frequency PRC boost converter operating in
continuous conduction mode with a high power factor. The mathematical basis for this finding s derived
based on a linc-averaged rectified converter model. In contrast, for the ac analysis of the input impedance.

an ac source must be used for the simulation, A mathematical derivation of this result is preseated based on
a linc-averaged ac-side converter model. From these findings, the use of a d¢ source for ac analysis of the
control loop and output impedance reduced the simulation time to less than 6.8% of that with an ac source

: INDEX TERMS AC analysis, boost comverter. inpul impedance. outer control loop, output impedance. power
fuctor correction, simulation techniques, small-signal modeling

L INTRODUCTION
Power factor correction (PFC) circuits in ac-to-de converters
are critical for modern applications because they reduce
the harmonics imposed on the grid by nonlinear electronic
loads, such as computer power supplies and household
appliances [1]. Since harmonic suppression limitations and
maximum harmonic currents wre regulated by international
standards, such as [EC 61000.3-2 [2], commercial ac-to-
de converters with inputl power over 75 W are generally
equipped with PFC circuits, The boost converters are the
most common topology used to implement & PFC circunt
becanse they have the advantages of a conts

ols input
current and u straightforwand design of the gate driver and
conteol circuits | 3]

The sssiciate ediece covrdinating the seview of this mumiscript und

upproving it for pubbication was Haseng Led

More recently, higher-power applications in the KW power
range are alwo incorporating PFC circuits, including data
centers [4], electric vehicle chirging [5] and induction heating
systems [6). The higher the power draw, the larger the
potential effect on the power quality of the grid. For example,
n applications such as datu centers, where there are pumerous
PRC converters druwing power from the same point of
common coupling (PCC) [T], low-lrequency stability issues
have been wdentified that are finked 10 the design of the
PRC circeit [8]. The work in [9] showed mathematically that
mstability can occur after a certain number of PFC converters
are connected in parallel w the same PCC. Another study
in [10] shaws the importance of input impedance analysis for
PRC converters 1o avoid resonance problems when connected
1o the grid

To charpcterize and validate the operation of o PFC
converter, ac xmall-signal analysis (often referred 1o simply as

© 2024 The Aumacs. This wonk is bennsed under 3 Coratwe Comvmans Atibution NeaCommenoah NoDerhatives 4.9 Licease
165130 Pon e wairnation, Sine hitps./ creatvw cesmenans sig /i airsey /by he /4 0 VoLLME 12, 3024

Source: K. A. Kim & T. G. Wilson, “Simulation Technique and Mathematical Basis for Faster AC Analysis of Power
Factor Correction Boost Converters. IEEE Access, 2024.

Recent Paper

K.A.Kimand T. G. Wilson, "Simulation
Technigue and Mathematical Basis for
Faster AC Analysis of Power Factor
Correction Boost Converters," in IEEE

Access, doi: 10.1109/ACCESS.2024.34912909.
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PFC Boost Converter Schematic in SIMPLIS
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Source: K. A. Kim & T. G. Wilson, “Simulation Technique and Mathematical Basis for Faster AC Analysis of Power
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Control Loop Frequency Response
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Input Impedance Smin. 3§ 19 s
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Measuring PFC Input Impedance in SIMPLIS
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Video: Simulation Technique for PFC Converter AC
Analysis Using SIMPLIS
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ooooo Watch: https://youtu.be/ES8KGRb1CejQ?si=e3WuVp7L9UXIuREa .
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https://youtu.be/E8KGRb1CejQ?si=e3WuVp7L9UXIuREa

Line-Averaged AC-
Side Model

For Input Impedance

Assumptions
5. Input to boost converter is a (non-rectified) sine
wave

6. Input filter simplified to an input C, series L, and
parallel C

7.= 3. Inductor current perfectly matches the current
reference

8.=4.Boost converter operates in CCM with no losses

LTI

I 1

National
Taiwan
Umvorsny

% ©Katherine A. Kim 2025

LB

Vi = V2V, sin Q7 fi1)

C; = Cq

L = L3+ Ly

Cr = Ce + C3

. v .
I = Efvcon = lyef
(1—d)=-L

Vo
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Source: K. Kim & T. Wilson, "Simulation Technique and Mathematical Basis..."

Source: K. A. Kim & T. G. Wilson, “Simulation Technique and Mathematical Basis for Faster AC Analysis of Power

Factor Correction Boost Converters. IEEE Access, 2024.

Line-Averaged AC-Side Model: Input Impedance
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1. Dynamic Equations
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2. Large-Signal Equilibrium Values
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3. Linearization
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4. Average over Half the Line Period
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o ACSim: 185V
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_] 8() 1 1 1 1 1 0 . .
- o0 e e e o » impedance characteristics

Frequency (Hz)

Source: K. Kim & T. Wilson, "Simulation Technique and Mathematical Basis..."

Input Impedance: Simulation vs. AC-Side Model

National Source: K. A. Kim & T. G. Wilson, “Simulation Technique and Mathematical Basis for Faster AC Analysis of Power
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Outline

1. Data Centers Power Converter Architectures
& Challenges

. Power Factor Correction Basics
. Modeling for DC-DC Converter Circuits
. Modeling for PFC Circuits
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. Conclusion
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Conclusion

For a Boost PFC in Continuous Conduction Mode

* For the control loop and output impedance:
* DC source set to the AC RMS value can be used
e Simulation time can be significantly shortened

* For input impedance:
* Line-averaged ac-side model can be used (derivation in paper)
» Accurately captures all characteristics except around the line frequency
* AC source must be used in simulation for accurate results

* In Data Centers:

* Input impedance characteristics should be given extra attention to prevent instability
in systems with many PFC converters connected to the same AC connection point
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