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Typical enterprise data center system

Rack Power

AC/DC Conversion
PSU
owel

PSU
Power Supply
Unit

» Each power-supply unit (PSU)
supplies several kilowatts

* PFC efficiency >98%

+ Data center needs 50 MW

l » =8,000 data centers worldwide

ntroller

Power factor correction (PFC) circuit W Texas INSTRUMENTS




Totem-pole PFC — using one boost converter for PFC

Positive half cycle Negative half cycle

) Control field-effect transistor (FET) “D”
« Can you control the input

current with one boost
converter?

* Yes, if you add the ability to
reconfigure the circuit

during each half cycle
Rectifier “1-D”

o4
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Totem-pole PFC

Strengths

Positive half cycle Negative half cycle

_ o Control FET “D”
» Highest efficiency

* Minimizes conduction loss
Weaknesses

« Control complexity

* Usually requires wide

_ ; Synchronous
band-gap switches etifier “1.D”
« Current sensing
« Common-mode
electromagnetic
interference (EMI)
CCM totem-pole PFEC paper 5
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https://www.ti.com/seclit/wp/slup327/slup327.pdf

PFC conduction modes

CCM TCM Multi-mode (TCM & CCM)
40r , . - 40r \ . , 15 . ' \
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éurrent (A)

— Ripple Current Envelope — Average Current

Continuous conduction mode (CCM) Transition conduction mode (TCM) Multimode

+ Hard switching and reverse recovery e« Zero voltage switching (ZVS) + Combination of CCM/TCM

* Lower conduction loss * Higher conduction loss + Attempts to get benefits of each
« Small ripple current + Large ripple + Complex control

« Simple control + Complex control

<1Lg (t)> denotes the current in L, averaged over each switching cycle ]
T

S
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Conduction-mode impact on FET losses

Topology CCM/TCM TCM

Inductor 150 pH 25 pH

f, range 60 kHz- 75 kHz-
250 kHz 750 kHz

FET loss High Low

Inductor Big Small

volume

EMI filter Small Big

size

800~
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200} é § ; é 1
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Time (ms)

GaN FET Losses
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Control constraints

TCM converter

L, Sk 5} s:
COSS

i)

Y|
I

Vac

COSS

Vc(t) -||f‘ SZT ’21} S4
ZN'S equwalent circuit

OSS
OSS

ij(t) = Coss

Vae(® = ve(©) = Ly 'dt

* PFC requirements
— Condition No. 1: ZVS
» S, achieves ZVS if v.(t) = vyt before turnon
* S, achieves ZVS if v.(t) = 0 before turnon
— Condition No. 2: low total harmonic distortion (THD)
* Vae() = V2 Voo rms - Sin(w - t + @)
(1), =55 Re =

2
Vac,rms

Pout

» Well-known solution to equivalent circuit

- ve(t) = ij(tg) - Zo* sin(wg - ) + (Vc(to) - Vac(to)) - cos(wg - )

_ 1 (t) (Vac(tO)ZOVC(tO))

» Microcontroller solves for required timing

<1Lg(t)>T denotes the currentin L, averaged over each switching cycle

sin(wg - t) + i1(ty) - cos(wg - t)
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- " . ., . _L )
Control timing definitions Egkg_fs_lfrg s
Isw(t)

0ss

=
n

» Control variables

— t,, — on-time of the control FET Coss
Vsu(t) +q g,

— 1,5 — on-time of the synchronous rectifier (SR) I —
t,, — dead time between the control FET - e ’ff '—MT’W — Vieg, Low Side Gate
turnoff and synchronous rectifier turnon : 7l : — Vhszvo, High Side ZVD

— Viszva> Low Side ZVD

t,, — dead time between the synchronous
rectifier turnoff and the control FET turnon

[

 Positive AC half cycle
— S1 - synchronous rectifier
— S2 — control FET

- Negative AC half cycle \

— S1 - control FET _ B
-0.5 0.0 0.5 1.0 15 2.0
— S2 — synchronous rectifier Time (us)

| |

Loy (A)
BANONEOKND

= 200
100

Vs w(V)
w B
(= =)
=) S O
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Transition-mode control — COT

Viws = 240.0 V, Viy = 142V

n

« Constant on-time (COT) control 4007 c
0ss
 Vae(®) 300 If‘S_—L E}}S
- <1Lg(t)>T = 1, lon S AL, ST 4
» Operates on the discontinuous-conduction-mode S
(DCM)/CCM boundary 100
» Large switching frequency variation of/ | | | |
_ _ _ 0 2 4 6 8 1,
* The inductor current will go negative every cycle Time (ms) — Valt
Switching Waveforms — Yl
« ZVS e 4000 T Ve
— V|y < 1/2 Vg 7 — ZVS for all loads 15 l200.0 ’
_ _ SN 1§ SRS AR SN AN TN N PPN SRS RU 12000
* Low THD is challenging 3 g
5 05 1100.0 B
Q >
O.-;LL-AL\&-A—AMO.O
<1Lg (t))Tsdenotes the current in L, averaged over -0.5, 5 ; g 5 151000
each switching cycle Time ()

Nete: Time base in zoomed plots is relative fo: 0.1 ms.
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Transition-mode control — ZCD

Solves the loss of ZVS
issue for V> 1/2 Vo1
Requires:

Precise ZCD
Robust algorithm

L 4ﬁ51—— % S3

| T,

Isense

—E?z:I: 43S,

400

300

Voltage (V)

200

/N
/

t,n — on-time of the control FET
t, — on-time of the SR

— Va2

t, — dead time between the control FET turnoff and SR turnon 0
t, — dead time between the SR turnoff and the control FET turnon

301
20
<
e
10
0
0 2 4 8 10 12 14 ut,,
t(us) u trp
Wt
400} Bt
v
3001
=
= 2001
RS
1001
0
2 4 8 10 12 14
t(us)
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ZCD solution

Voltage (V)

Frequency (kHz)

Ve < 1/2 Ve natural ZVS

* V> 1/2 V. additional SR time required

» Exact timing solution is not available

300
250+
200
150
100}

50}
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200¢
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100}

a
(=]

time (ms)

time (ms)

4 6 g

time (ms)

— ton

¢

off

—; .

™

v

Current (A)

L -|ﬁ Slj— Jq S3

sense
Vac
40

57
A

V=
i

0 —— Ripple Current Envelope
—— Average Current
-20
=404 I I |
0 5 10 15
time (ms)

t,n, — on-time of the control FET

toi — on-time of the SR

t, —dead time between the control FET turnoff and SR turnon

t, — dead time between the SR turnoff and the control FET turnon 12
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ZCD —timing challenge

Ideal case resonance Real case with 90-ns Tpg Ay

: —
T O~ ;

i«-90ns

v

—

i

1
1
'
Microcontroller - '
1
1
1

—
[\

—
R

Pulse Gen :
t ldeal T timing

* Need accurate ZCD timing

* Requires high bandwidth, low delay sensor

« Delays limit response time (A
* Requires additional computation to compensate for delays
* Results in increased THD and unnecessary conduction loss’

2 ® m O

b B oo

L predict new Tgg timing

Line-cycle inductor current

= Without delay = With 90ns delay

13
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Path to solution: Step 1 — simplify timing g‘L—’rcoss
- Simplify by making t,, a constant Y
* Frequency variation is similar

* Ripple current is similar

400 r

ty (ns}
N
o
[~}
:

T T T T T T T T

1

Z'fr

T4 2w [Ty 2 Coss

—_t, = variable
1 1
- fr, = constant

2 4 6

Time (ms)

t,, — on-time of the control FET
t,s — on-time of the SR

t, —dead time between the control FET turnoff and SR turnon
t, — dead time between the SR turnoff and the control FET turnon
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300¢
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200F
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50
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Constant t,,
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Variable t,,
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TCM —constant t,,

* No exact solution
« ZVD feedback
» Eliminates another timing variable

« Enables an exact solution

L, f Si== Jﬁh

1\
n

Voltage (V)

100

0

300 /—\
200 /
0 2

R\

4
t(us)

t,n, — on-time of the control FET

t, — on-time of the SR

— Valt)
— Vi
— Va2

301

400}

300

V)

{

100

= 200}

t, —dead time between the control FET turnoff and SR turnon
t, — dead time between the SR turnoff and the control FET turnon

8 10 12 14 |_§+
t(us) ui,
u Ifoﬁ'
mt,
8 10 12 14
t(us)
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Path to solution: Step 2 — ZVD feedback

LMG3526R030 GaN FET_

« Status bit output indicating if turned on with ZVS = E |
. . . IL(Y) TMS320F280049C
— At 500 kHz, the gallium-nitride (GaN) switch Ve(t) L=
achieves ZVS LMG3526R030 GaN FET
— At 1.3 MHz, the GaN switch loses ZVS < *l
Low-side FET ZVD I | 1 . |7 ) ﬂm | /;

signal (5 V/div)

I, (1 Aldiv)

Vs (10 V/div)

20 V and 500 kHz 20V and 1.3 MHz 16
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Exact solution: ZVD feedback and constant t,,

L Vi L1 ks,
I
Vol loy o =V o
Vieg HES: »'s,zvmsi} S,
¥a°—» Microcontroller y
VE—’Stzvd e Estimate f; hs,g
Viswva | ® Calculate timing Visg

for 0% THD.
ton; toff; trp, 1:rv

Reduced control complexity
* t,Is aconstant
« ZVD feedback determines f,
Microcontroller now can force ZVS and unity power factor

f: =586.6 kHz
L —— Loy o
— t ] fam | L] fom
I
10
8_
6_
3 4
32
~ ol
_at
4L
4001
3001
=
"’E 200
~
100
O_
-0.5 0.0 0.5 1.0 1.5 2.0
Time (us)

—— Vg, High Side Gate
— Wiy, Low Side Gate
—— Vg zvd. High Side ZVD
— Wig.zvd» Low Side ZVD

— Modulated Waveform
— Reference with THD = 0

— Modulated Waveform
— Reference with THD = 0
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Frequency dithering

hs,zvd
Lo VPSP
TV
SW| —
Vac W fWOUt
Vi s e g S
f; =636.6 kHz
1, logr
Gol fon | o] fon
I
1 1

10

8 L

6,

4

2 F

0,

2 E
_4fF
400
300
200
100

0_

-0.5 0.0 0.5 1.0 L5 2.0

Time (us) Time (us)

Microcontroller
e Estimate f;  Visg
e Calculate timing &9

for 0% THD.

tonn 1:offi trpi trv

— Vs g High Side Gate
— Visg, Low Side Gate
— Vhs.zvd. High Side ZVD
— Piszva. Low Side ZVD

——— Modulated Waveform
----- Reference with THD = 0

——— Modulated Waveform
----- Reference with THD = 0
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Z\VD benefits and comparison to other solutions

Circuit diagram

Periphery circuit

Periphery circuit cost

Efficiency impact

Footprint size

Control complexity

Tl GaN ZVD feature

LMG3526R0X0

LMG3526R0x0

ZVD—I

LMG3526R0x0

ZVD—I

Shunt resistor method

One shunt resistor,
One high-bandwidth op amp
One fast comparator

Two current transformers

Two comparators

Clamping circuits: two high-
voltage capacitors, two resistors

$$$

Reduced efficiency caused by

Reduced efficiency from current
transformer and snubber circuit

shunt loss
losses
Large Large
Complex Complex

19
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Design example — 5-kW PFC

Sx _522 ) Sy
TR
M s
L I & J:V
Vae v ngLb2 - T
i i Cb JE{}
o e Wi

PMP40988 link

Parameters Value

AC input 208 V-264 V
Line frequency 50-60 Hz
DC output 400V
Maximum power 5 kW
Holdup time at full load 20 ms

L., low-frequency inductor 140 uH
L,,, high-frequency inductor 14 pyH
C,, high-frequency blocking capacitor 1.5 uF

THD

<5%

EMI

EN55022 Class A

Operating frequency

Variable, 75 kHz-1.2 MHz

Microcontroller

TI: TMS320F280049C

High-frequency GaN FETs (S;1, S15, Sos, So1)

TI: LMG3526R030

Internal dimensions

38 mm x 65 mm x 263 mm

Power density

120 W/in3

20

W3 TEXAS INSTRUMENTS



https://www.ti.com/tool/PMP40988

ITCM vs. TCM design

TCM -

T T ITCM potential benefits

* Optimized inductors
- Ly (ferrite) — reduced peak currents
Lgircm inductor (powder iron) — low
ripple
* Lgrcm is ferrite for high-
frequency ripple
0 2 4 6 8 s « Improved differential-mode EMI as
Time (ms) — Igem high-frequency ripple bypasses
40 ‘ . . . T — input
30} v — Reduces EMI filter size
= 20F - Lgircm forms part of differential-
= 10} mode filter
@ ]
E O ; * Lgtcm = Lgitem I Ly
. o ]
+ g S _20_ é
Low Frequency High Frequency Switch node 30 | | | |
Ripple Cumrent Ripple Current Ripple Current - 0 2 4 6 8 10
t (us)

21
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Efficiency and THD with phase shedding

Measured PFC Efficiency Total Harmonic Distortion
: . . : : : 20—

99.0f I — PMP40988
— 15F = . OCP ORV3
e S
> 98.5
c
2
Q
E 98.0 — PMP40988

----- 99.1%
M55 1 2 3 4 5
Pout (kW)
V\: 230V

Phase shedding/additional threshold: 1.8 kW

22
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Viy =230 Ve
Vour =400V
lour=125A
38 CFM fan

Full-load thermal scan

23
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Experimental results — full load

Viy = 230 VRMS  Voup = 400 V

V,y < VOUT/2

Telitronix

—
Q
)
,__
w
|
Nn
<
33

P=5kW

© o

Suu Sz S3
Vin > Voyr/2

ﬁi

lp.a LB

Vg Vi

yﬂﬂﬂﬂﬂﬂ

Mu W- ]
s Smure\‘ it

200 V/d|v 20 A/dlv 2 ps/dlv

amﬁgmwggm

i |

200 V/dlv 20 A/div, 2 ps/div

Up VUa
PR | N B U PO SO
| H : "
A E e

3 g 2001
[y

200 V/dlv 20 A/div, 2 us/dlv
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Experimental results —no load {7 a2
T,
L I g =
Vacc"? @ |_b1§£Lb2 - T Vee
Vin = 230 VRMS  Voyp = 400V P =0kW I Cy 0 Jﬁ‘}
Su S S
Vy < VOUT/2 Vy = VOUT/2 Vi > VOUT/2
M\ /"\ LN \J““\; \W At
BREE=TTERS OEED BREE=TIE RS EED || | e

oy 'un
Zowen | T Zowen | T

200 V/div, 5 A/div, 400 ns/div 200 V/div, 5 A/div, 400 ns/div 200 V/div, 5 A/div, 400 ns/dlv
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Voltage-loop compensator

Notch filter removes Standard proportional integral controller equivalent to
120-Hz ripple an integrator with an added zero et
Notch Filter J\ (I)rxtearntzgerz:Zd
Voutr Y @ err (feedback error voltage) Kotks pwr ( gep o d) /><\ \><j P C
pwr> 05 Phase
lerr| > Increase K, & :’fsls:?egr

Vrer V,
1.0
‘ lemr| < Decrease K, Update K, -

Vi

P, — Phase adding threshold

P, — Phase shedding threshold
V, —Uppererrorthreshold

5 . vl—LF]werefmrthreshlé'd " Feedforward adjusts the
f yfsaﬁt"ca thange p O er:\a t?\ power command to each
aster transient response when the phase depending on how

output is far from its target many phases are running .
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Vi =230 Ve

Load transient: 40 W — 2.5 kW o 625 4

File utility Help ; 7 1 Tekitronix
Vour q
225 A
175 A
VIN
@ . . . . . . . - 125

lsw, Phase 2

lsw, Phase 1

— —
Horizontal Trigger [@1 | [ Acquisition -

200 V/div 200 V/div 50.0 A/div 50.0 A/div 10.0 ms/div ~ 8.00 A || Sample

1MQ 1MQ 1MQ 1MQ SR:100 MS/s Single: 1/1 20 Oct 2022

200 MHz B« || 20 MHz B« || 250 MHz B || 250 MHz B RL:10 Mpts | | < 10 Hz ] 10:43:23

27
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Vin = 230 Ve

Load transient: 25 kW — 40 W e N 001 A

File utility Help ; 7 1 Tektronix
[ 9
VOUT
225°R
175 A
VIN
@ . . . . . . . . 125
[
V \./ V V V A
H
lsw, Phase 2 -
-250 A
Isw, Phase 1
— —
Horizontal Trigger [@1 | [ Acquisition -
200 V/div 200 V/div 50.0 A/div || 50.0 A/div 10.0 ms/div Timeout Sample
1MQ 1MQ 1MQ 1MQ SR:100 M5/s | | Low >20.... Single: 1/1 20 Oct 2022
200 MHz B« || 20 MHz B« || 250 MHz B || 250 MHz B RL:10 Mpts ] 10:42:46
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AC dropout and restore sn

File Edit utility Help ; 7 1 Tekitronix
600 V|

200 V|

doo v| ¢
:

200 v

SIRTATAY,

-400 V|

-600 V|

Math Horizontal Trigger Acquisition
200 V/div 200 V/div Raetf 20.0 ms/div Tlmeout Sample
1MQ 1MQ Bus SR:50.0 MS/s | | Low >20... 1Acgs 3 May 2023
200 MHz B || 200 MHz B RL:10 Mpts 07 35:34

29
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Summary and conclusions

» A computationally simple TCM PFC control:
— Achieves ZVS across the full line and load range
— Achieves best-in-class THD
— Requires no control current sensor

» A two-phase interleaved solution using variable frequency and ideal interleaving
— Efficiency >99.1%
— THD <5%

* The use of a new ZVD-enabled GaN FET
 ZVVD enables the use of a cost-effective C2000™ microcontroller

30
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Startup

Help

Vi = 230 Ve
Vour = 400 V
lour=0A

Telitronix

e

File Utility
CH1 -V
CH2 —Vgour
CH3 - g, master
CH4 -1

-;
o/ /\v/\v/ AN J&t?&:\

Horizontal Zoom Scale:

@ 2.00 ms/div

7 STTTTITTAR T e,

ANEYA N AN AN A WY AN

VARV VAV VAV

(10x zoom)
=

Zoom Position: () 30.560 % )

200 V/div 200 V/div
1MQ 1MQ
200 MHz B, || 20 MHz B«

50.0 A/div
1MQ 1MQ

20.0 A/div

250 MHz B« || 250 MHz B«

Horizontal Trigger [2] | [ Acquisition
20.0 ms/div s 352 V | | Sample
SR:50.0 MS/s 0 Acgs

RL: 10 Mpts <10 Hz

-400 V

-600 V

20 Oct 2022
10:27:10
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<

Lyw (A)

Complete timing solution

8

Vhs,g_| LJ.Sl ] S3

—_—>

I ac
Vac

t,n — on-time of the control FET

to — on-time of the SR

t, —dead time between the control FET turnoff and SR turnon
t, — dead time between the SR turnoff and the control FET turnon

—
V
Lpt lsw 5 =

ty oy - tp| — Visg. High Side Gate =0
— Vg Low Side Gate

—

BNONPEONKO

400

0.5 1.0 1.5 200
Time (us)

4 6 8
Time (ms)

Time (us)

150

100

50

tp
— 0w
; y 6 57— sow
Time (ms) — 1000 W

-~ 1500 W

— 2000 W

that =

2 4 6 8
Time (ms)
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ITCM and TCM design equations

1l 1
ﬂ‘ 'y , _| Sy _”:Tszz JJ—'L s
A -
b QL | Ve
b1 b2
T.
“T
X 2 ‘”:lsu ‘I S12 Jﬁ'} > ¢
4 4 L -”5521 -”:TSzz J S
I_N‘Z‘;\ v .

»l
»

S1 JE‘.} 53

Sh

Lgirem =
Lyitem =

Chircm =

Lyrem =

- ——
Vepea 230 V2 1, oy = Mg Fetoms) 1) 6604 x 10°¢
Vout 400 ;ﬂm out |£ zvs g,pe?k
V2 eat: (Vour—V peak _
Fain [75000 || Lgireny = Lzt Vo Vae) 131.775% 108
P SOOO 72 ea};{V, Eak_th‘J 6
Izvs 4 Lb,iTCM = om ;::t [P U_g_;)_rm Vg,peal;] 12.7924 % 10
r 0.2 _ VoulTaw VypenP(2) -6
Vi peak (Vour=Vgpeak) d 0.25 Cosrem = 7757 Vé,i:k(rfm—rfg,pm} 140808 < 10
2:P-rVout fmin
V;_peuk-(vg,peuk_vnut)
2-Vout fmin- (P-(r—=2)—Izps'V g peak)
out'\fzvs’ eak—P-(r—2 H H
Yout Urvs Vgpeak P (r-2)) e I, ok — peak current in the switch
2-m ‘d‘fmin-Vg,pgak‘(vnut_vg,peuk) 12 )
» I4y4 — cycle-by-cycle average inductor
current
. AILg_<i>TCM —delta | in the inductor
e D —duty cycle
e I,,s —current required for ZVS
V% veak' Vout=V g peak) e V,ut — Output voltage
2Vout fmin(zvs'V g peak +2°P) * Vypeak — PEAK AC input voltage
e fmin — Minimum desired switching
frequency
e P — output power
e r —ripple current ratio
e d - impedance ratio
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PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI's products are provided subject to TI's Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
TI products.

Tl objects to and rejects any additional or different terms you may have proposed.
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