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Data Center Near Phoenix, AZ (~100 MW)
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Data Center Architecture: From POI to IT Racks

AC UPS
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Data Center Architecture: Inside IT Racks
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Factors to Consider for EMT Modeling of Data Centers

Model

Architecture of Data Center Power System Applications
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Summary

» Generally, two types of power electronic converters in the data center power
systems can interface with the grid:
- AC UPS
o PSU

» Tens to hundreds of AC UPS, each rated at few megawatts, are present in a
large data center

o Power electronic converters inside AC UPS can interact with the grid when the AC
UPS is operated in so-called double conversion mode

 Tens to hundreds of thousands of PSUs, each rated at few kilowatts, are
present in a large data center

o Power electronic converters inside PSU can interact with the grid when the AC UPS
is operated in so-called bypass or eco mode
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Two Types of Converter-Driven Control Interactions
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PSCAD Model of a 33 kW IT Rack (3 x 2 x 5.5 kW PSUSs)
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Tl Refence Design Used for EMT Modeling of a PSU

Test Report: PMP23338

3.6kW Single-phase totem-pole bridgeless PFC reference
design with e-meter functionality

Description

This reference design is a Gallium nitride (GaN)
based, 3 6kW, single-phase, cont

*i3 TExAs INSTRUMENTS

Peak efficiency of 98.93% at 230Vac
Smart re-rush current control when AC comes
back from dropout, meet M-CRPS re-rush current

N

mode (CCM) totem-pole bridgeless power factor
correction (PFC) converter targeting M-CRPS
server power supply. This design includes E-meter
functionality with 0.5% accuracy using AMCx306
as current sensing device, eliminating the need for
external power metering ICs. An alternative low
cost current sensing option using TMCS1133 is also
provided in this design. The supply is designed
to support a maximum input current of 16-ARMS
and peak power of 3.6kW. The power stage is
followed by a baby boost converter, which helps to
greatly reduce the size of the bulk capacitor. This.
uesgn can work with sither LMG3522EVM-042 o

3 GaN EVM. L
LMG3422R030 are T1 30mQ high-voltage GaN FET
with integrated driver and protections, enable high
efficiency and high power density. The F28003x
€2000™ real-time microcontroller is used for all the
advanced controls including re-rush current limit,
baby boost operation during AC drop out event,
e-metering, and communication between PFC and
house-keeping controller. In addition, the F28003x
microcontroller has built-in Sigma-Detta filter module
to interface with AMC1308 precision current sensing
reinforced isolated modulator to achieve industry
leading low total harmonic distortion (iTHD) and
high measurement accuracy. The PFC operates at
a switching frequency of 65kHz and achieves peak
efficiency of 98.93%.
Features
1. Integrated e-metering function with 0.5% accuracy
2. <10% iTHD at 0-10% load, <6% iTHD at 10% -

20% load, <3% ITHD at 20% - 50% load, <2%
iTHD at 50% - 100% load

@

Include baby boost converter to extend holdup
time and allow only 720uF bulk Cap

6. Two current sense options: Isolated Delta-Sigma
Modulator (default) or Hall Seow

GaN optimized with driver int

3.6kW rated power targeting 73. smm M-CRPS
PSU.

@~

Applications

« Rack and server PSU with 48V output
« Server PSU with 12V output

« Merchant telecom rectifiers

« Industrial AC-DC

« Single phase online UPS

Resources

TMS320F280039C

LMG3522R030

AMC1306M05

TMCS1133

How to reduce current spikes at AC zero-crossing
for totem-pole PFC

Improve power density with a baby boost converter
ina PFC circuit

Control challenges in a totem-pole PFC

Increase power factor by digitally compensating for
PFC EMI-capacitor reactive current

AC cycle skipping inproves PFC lightoad

efficien

Five major trends in power-supply designs for
servers

TIDT3698 - NOVEMBER 2023 - REVISED JULY 2024
¢ Feeatac

Copyright © 2024 Texas Instrumerts Incorporated

wenemeter 1

Architecture of TI PMP23338 Ref. Design

RT

BB Bypass
VBIIIK

LFFET_LS

33v

Baby Boost

Single Phase Totem Pole Bridgeless PFC

Source: Texas Instruments (TI)

Tl has supported the NLR team on the development of the EMT
model by providing information on PSU control system design

and typical parameters used in the reference design.
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Single-Phase Bridgeless Totem-pole PFC (TPPFC)

* Topology » Control Design

' Vd ref
5 @O
i, L ]
V-:z_ . C=
Rk

Fast Sjow
Leg

'id

+

]
<
o

Leg

Fast leg switching frequency is 50 kHzto 150 kHz Current control bandwidth is 5 kHz to 15 kHz

o Simulation timestep should be smaller than 1 . . .
s to capture the switching dynamics - Simulation timestep should be smaller than 10

= Notimportantfor power system studies us to capture the current control dynamics

Slow leg switching frequency is the same as the — Usually not important for power system studies
fundamental frequency, 60 Hz
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PSCAD Model of a Single-Phase TPPFC-Based PSU

PSCAD Library Component

Input 1¢
Voltage:
LVAC

Output
Voltage: 400
Vdc

* Features of the Model

o

o

Can represent PSUs of different ratings
Advanced averaging techniques to enable
fast EMT simulations

— Three modes of operation for the model

GPU load can be represented as constant
resistance, constant current, or constant
power load

GPU load profile can be supplied directly
to the EMT model

(Generic Electromagneti Transient (EMT) Model of a Power Supply Unt (PSU) Based on Single-Phase Totem-Pole Power Factor Comection (TPPFC) Converter Topology
National Laboratory of the Rockies (NLR), Golden, CO, 80401

Authors: Shahi Shah and Weihang Yan (For any quenies, please contact at shahil. shah@nir.gov)

(Operation Modes
model has tivee operation modes. Ether of the three modes can be used by properly selecting the conginiation for three layers used in the simulaton mode.
l Switching Mode: This mode enables simulation of switching model with semiconductor switches represented by GaN FETs. Switching frequency is set to 50 kHz. Maximum recommended simulation timestep
for this mode is 0,1 us
© "Switched" layer: Enabled, “Averaged” layer: Disabled, "CurrentControl” layer: Actual

2. Swt-Averaged Mode: This mode uses averaged model that removes switching dynamics. This mode accurately represents the dynamics of the PSU upto half of the switching frequency. Maxmum
recommended simulation timestep for this mode i 10 us.
o “Swiched loyer: Dsabled “Averaged”yer: nabled, "CurertCortol layer: Actua

3. Double-Averaged Mode: This mode removes swiching dynarmi<s a5 wel s the dynamc of the curent cortrolloop. This mode accrately represents th dynamics of the PSU up to xaund 300 to 500 .
Maamum recommended simuation tmestep for this mode 1
o "Switched" layer: Disabled, “Averaged” layer: Osaekd “CurrentControf” layer: Ideal
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Averaging Techniques

« Switching Averaged Model * Double Averaged Model
o Ts <10 pus o Ts <100 ps
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ne v
SﬂE’ES S:J:‘:"'} ’ vy

]
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Leg Leg
dig _ _(1—
for v, > 0 : L at — Ve ,(1 d)va
g = (1 — d)?,g, . . . Uﬂ. . "U(QL ]_
i Lar = larygef = la =P V2 and@d_p' V2 A
) LGt =va+ (1 —d)vg rms rms  Ud
for v, < 0:
ig = —(1 - d)iq

o Captures dynamics up to 10kHz > Captures dynamics up to 1 kHz
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Comparison of 5.5 kW TPPFC Models

Switched Model

s Gagrs
ety
Y AVAVA Y-y

ea BEHSEEZAL
S L CUUET

£ A
'*"“/‘ ALAAAAAAN

u*’v“*Jv‘\ﬁaJ'E:4,f=.,'*"'«.,fu*J"v‘u‘U"u’“v*u’u*"v’\fv"u‘u’v‘u*u‘v"u

S -

o

S

AT T T

a - .-/

g
- 05 3 3 3

+ Simulation time step: 0.1 us

» Time for simulating one sec.: 53 s

Swt-Averaged Model

S iy

+ Simulation time step: 10 us

+ Time for simulating one sec.:

0.86s

Double-Averaged Model

ToPie PIC ST
=ity

wpp EHEESEEE
S DU LTSI OL)

FEEEEssg EecpBEEREE e EEE S S

« Simulation time step: 500 ps
« Time for simulating one sec. :
0.12s National Laboratory of the Rockies | 14



Weak Grid Instability in Datacenters

« UPS Bypass Mode

o |nstability observed at 9
Hz under weak grid

conditions
50
— The frequency of instability -
: - e m 40 Impedance Response |
is strongly correlated V.VIth S | ofITRack Zys) ||
dc voltage control design 2 30
in PSUs used within IT " =R E 5
Racks i W S T T~ 1L
. — = N
* Double Conversion Mode N““,. O o 1k ]
> Weak grid instability i o _ _
mechanism is the same = RSN ey VY T T I Dips fromdc  Dips from
- e — T e voltage control current control
as in IBRs - 65 —
BW: 10 Hz BW: 5 kHz
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Impedance-Based Stability Analysis

=

IBR/LEL
/ Z{(s)

* Loop Gain: Z(s)/Z(s)
* Pre-requisite:

— Standard Criterion: IBR
and the Grid are Separately
Stable '

— Reversed Criterion: IBR KVORE B
and the Grid are Stable
when Interconnected

-60 |
Zpls)  '9Hz

2 —80 |
10 Hz

100 Hz

1000 Hz
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Mechanism of Control Interactions in Data Centers

» Impedance of Single-Phase VSC ° Impedance response of single-phase
VSCs (such as PSUs) has two dips

. -1
Zye(s) = {S 7 Vl ) —éll[Tp(s —jo) = T,(s +jc01)]} around the fundamental frequency and
e it exhibits negative damping

o T T
S Z.o() ) ! — These dips can interact adversely with
§ 46 S i inductive or capacitive impedance of the
= il Dt . . .
c 30 Xl source (grid + distribution network) and
Sinductive Grid__ A AT ) . I
= 01 \V, Grid w/ Se:.es potentially create low-frequency oscillations
e Compensation
— 2;%1 IHz 10 Hz 100 Hz [l1kHz - 10% — The distance of the dips from the
CLa fundamental frequency is correlated with the
a i bandwidth of dc-bus voltage control in the
o —* mi il single-phase PFC front-end of the PSU.
(U ;ndﬁ‘c
C TI00
£ i
[ 200

1Hz 10Hz 100 Hz 1kHz  10*

S
-

Ref.: Shahil Shah, “On impedance modeling of single-phase voltage source converters,” IEEE ECCE, 2016. National Laboratory of the Rockies | 17



Impedance-Based Specifications from Meta

o _ _  Building Requirement: Must be designed to
* Building Impedance Ratio (BIR) is the have h%h BIR 7

ratio of PSU base impedance (V?/P) to

building impedance (2nf,L,) 505 Pass
o |t is equivalent to grid Short-Circuit 201025 Marginal Pass
Ratio V2 i 151t 2.0 Marginal Fail
BIR = — - <15 Fail
P 2rnf|L,

* PSU Requirement: Must be stable with low BIR

G:==9) >2.0 Fail
r : :.: 15t0 2.0 Marginal Fail
Z/(S) t‘-l_nlt 1.0t0 1.5 Marginal Pass
Rack <1.0 Pass

Reference: Melaku Mihret, OCP Summit 2020
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Summary

« AC UPS are the power electronic converters seen by the grid withing a data center when they
operate in the double conversion mode

> Modeling of AC UPS is very similar to IBRs, if not the same, as they use similar inverters (PCS).
Hence, existing knowhow on EMT modeling of IBRs can be directly leveraged.

* PSUs are the power electronic converters seen by the grid within a data center power system
during normal operation when AC UPS is operated in the bypass mode.
> Single-phase PFC ac-dc converters are the front-end within a PSU and they must be accurately
modeled for evaluating control interactions between datacenters and power grids.
> The switching frequency of PSUs range from 10s to 100s of kHz. The current control bandwidths
range from few to 10s of kHz. These high frequency dynamics do not penetrate the grid; hence,

switching frequency and current control dynamics can be ignored in the PSU models used for grid
reliability studies.
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