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Introduction

« Demanding efficiency requirements are driving engineers to the
LLC resonant converter

Cortification  NomRedundant 230V Internal Redundant
% of Rated Load | 10% | 20% | 50% | 100% | 10% | 20% 50% 100%
80 PLUS — | 80% | 80% | 80% N/A
80 PLUS Bronze — |1 82% | 85% | 82% — 81% 85% 81%
80 PLUS Silver — | 85% | 88% | 85% — 85% 89% 85%
80 PLUS Gold — | 87% | 90% | 87% — 88% 92% 88%
80 PLUS Platinum | — | 90% | 92% | 89% — 90% 94% 91%
- - eow | o

Courtesy: http://www.plugloadsolutions.com/80PlusPowerSupplies.aspx

 How do we identify and verify a robust set of compensation values
for this converter?
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Discussion Outline

 LLC Converter

* Modeling Process

« Case Study

* Tools

* Practical Limitations
* Conclusion
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Operating States

Gate
Drive

State
VEUELIES
*~—o i
A+ lLr()
Co T Vecolt)
- Vourl(t) | m(t)
esr
~ Ver(t)
) Veolt)
1 OFF @ OFF
2 ON OFF ON OFF
3 ON OFF | OFF | OFF
4 OFF ON OFF ON
5 OFF | ON ON @ OFF
6 OFF ON OFF OFF
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Mode: Resonance
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LLC Resonant Tank Waveforms
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Mode: Below Resonance

Vin Gate
Q1 Drive
oA B | e ——— —
| ILr(t Q3777 ,
‘ Lr(t) Transformer |
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Mode State Sequence: 1-3—5—6

State | Q1 Q2 Q3 Q4
1 ON OFF OFF ON
2 ON OFF ON OFF
3 ON OFF OFF OFF
4 OFF ON OFF ON
5 OFF ON ON OFF
6 OFF ON OFF OFF
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Mode: Resonance

VIN=410V

LLC Resonant Tank Waveforms
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Modeling Process Overview

Vin(t)
Fundamental Steps l
1. ldentify the states and Y
modes used Ve(t) CE(t) o
Vrer(t) P@ g Cor:)t(rzc;ller ——> T:‘ln?;\lll:;ai::g ——&—» Vourl(t)
2. Average the states for System
the identified mode
3. Calculate DC operating
point lout(t)
4. Linearize the result
Vin(s) ?
Operating Point —l l
Ve(s) CE(s)
Vrer(s) }@ q Corl‘Jt{Zc;ller —» Fg?sn)t 99— Vourls)
lout(s)
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Fourier Series

Square Wave Harmonic Content
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Control
Effort

LLC Power Stage
f(x(t), u(t),t)
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Spectral Considerations

State Variable Spectral Content

LLC Resonant Tank Waveforms Some harmonics
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Linearization

Model Linearization
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Describing Function Analysis

* Linear System
— X(t) = A-x(t) + B-u(t)

Control LLC Power Stage — y(t) = C-x(t) + D-u(t
Effort . Hx(t), u().) —» Output y(® x(t) + D-u(t)

* Non-Linear System
— X(t) = f(x(t) + u(t).t)
— y(® =gx(® +u®).,H

X (1) = X5 + Z(Xi cos(k-o_-)+ X% -sink-0_- t))
k=1

FSS—ZQTiA ®+B.-U.)-sin(k d
o= ?zij_l( x(O +B,-U,)-sin(k-o_-t)-dt
=

1

S

B2 2310 (A x(OF 4B k d
S 1= 1
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Steady State Operating Point

* LLC + C,,; = fourth order system

 Piecewise linear simulation:

% ()=Ax ()+B-U

- Xn(ti) = (eA'At —I)'A_1 B-U+e™ .x

(ti—l)

n

« Lightning fast, highly accurate results
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Compensation Objectives

« Stability
— How do we achieve stability?

— How do we ensure that we have sufficient stability
margin for all operating points?

e Performance

— Reference tracking
— Load transient response
— Input voltage transient rejection
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Plant Analysis

« 4TH order system, |
2ND order response ey
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Compensation

sy
(z.n.fz)2 2-7t-fZ-QZ
0 S

G

* 1/s term is required to
eliminate DC error

« 2 zeros are required for
stability

- QZ=135
- f,=4 kHz

Texas Instruments — 2014/15 Power Supply Design Seminar

Gain (dB)

Phase (°)

140
120

100 [

180
135
90
45

-45
-90

-135
-1804

Compensation

[}
o

60

Ty
H"“"--.
‘H.,“I‘
ll.““‘-“
R"“'--.., i
By LT |
""'h-.hm ! P
AT
™
\N
\\
10 100 1000 104
Frequency (Hz)
Phase
L
.--""""
~—
\ ’,.--"""-
= Plant >m:_
—— Compensator [
10 100 1000 104
Frequency (Hz)




Overall Stability
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Overall Stability with an Extra Pole
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Zout(s), Gp=0dB

Compensation
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Zour(s), G, = 9.5 dB
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Vout(s)Vin(s), G,=0dB
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100 -20 |
[ "'\,.“‘ : L —t
- T~ | | -30 | — f‘\
50[ = i // \
| e 1 [
"a"ia._i,.‘—\-. I _ -40 | H
a h-""-h__!__ - % r /!" 1
T 0 1 = 50 [ L i
£ | T 5 : / d \ i
© 3 [t (L) L ]
O T -60 | ! N
-50[ ——— [ #—,f 1
-!-u."\h.._h__h“h : =70 // — open Loop
[ T ~— i I [ I
-100[ i H 80k / — Closed Loop |
10 100 1000 104 10 100 1000 104
Frequency (Hz) Frequency (Hz)
Phase Phase
180 " 180
135 /} 135
90 ] | 90
Peted | --_h“
~ 45 ™~ - ~ 45 ™~
Y ~ Y N
4 0 @ 0 n\
= =
& 45 & 45 ‘\ﬁ
90| 90 AN
—— Compensation M —
-135|| — Plant '1\ -135
L P
g0l — —2%P -|’ == -180
10 100 1000 104 10 100 1000 104
Frequency (Hz) Frequency (Hz)

Texas Instruments — 2014/15 Power Supply Design Seminar 7-22



Vour(s)/Vin(s), G =9.5dB

Vo(s)/Vin(s)
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Load Variation
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Fusion Digital Power Designer

k3 Fusion Digital Power Designer - DC-DC LLC @ Address 89d - Page 0x0 - Texas Instruments

File Device Tools Help DCDCLLC @89d - Page 0x0
Design ***Voltage Start Up Loop (Bank #0) [Voltage Steady State Loop (Bank #1) | Voltage CP Loop (Bank #2) [Current Steady State Loop (Bank #3) |
(Power Stage - Rail #1 1 & [ ) a
@
< iags Metrics: (@ Loop O Stage Loop: wem =
ne 160000 o | 0.00( | Crossover:  3.53kHz  JStage:wmm ® 0dBCross OZerof | 8
- nen . 5
View Coeff "C" Code - 31500 @ R0l 400.00 E sy Phase Margin: 243.01° Comp: wes @ -180° Cross X Pole E
- = i Gain Margin:  18.50 dB S
Upload Compensation LR 43.00 Vin 380.00 @ v 2 g
e 2 | Lk L — — — 1§
RS 500.00 (& D 50.00 (£ v || [E=E= =
LM 530.00 £ R1 10.28 ] 90 &
70 =
R 90.00 R2 1.00 E)
_Store RAM to Flash 50 =y
— co 282 c2 220 - g
@ 30 a
Errors Vout 12.00 [ esr b o
= = g 10 )
1 °
fs 73.18 L 2 .. =
- 5 e [E
50 2
=)
" " o L )
C ient Set & Alpha C i Th s e o
T | [ i g
T 5 10 100 1,000 10,000 :)—'
Coef: |SetA ] {info Frequency (Hz) g
Mode: |Complex Zeros (K, Q, F2) (info) E
Use practical limits (info) (Gain - Phase -
K: 4.00E+0 Actual K: 4.00080E-+000 155
A i3
95
1.00 26.63 3
= 35 =t N
Q 1.350E+0 5] Actual Q: 1.35017E-+000 s = \\
0 g B X \;
e leo NS X X
b BNE AN \
0.01 5.00 s 8 - \
2 :lgg N~ N\
Fz: 400E+3[5] Hz  Actual Fz: 4.00521E4003 < 1% By N\
W -185 S-\
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_%zg 5%
1.00 100000.00 565 \
10 100 1,000 10,000
Alpha: |0 Frequency (Hz)
@en [ 1oraalFlu,
Tips & Hints PMBUS Log (7]
VIN_OV_FAULT_LIMIT [0x55] 09:05:17.509: USB-SAA #1: CONTROL1 now Low A
Input voltage that causes an input overvoltage [~1]| 09:05:28.650: DC-DCLLC @ 89d: FILTER_SELECT [MFR 05,0xD5]: wrote Filter Voltage Loop Start Up is Inactive [0x00] to RAM
fault, 09:05:29.541: DC-DC LLC @ 89d: FILTER_SELECT [MFR 05,0xD5]: wrote Filter Voltage Loop Steady State is Inactive [0x01] to RAM
09:05:29.550: DC-DC LLC @ 89d: FILTER_SELECT [MFR 05,0xD5]: wrote Filter Voltage Loop CPCC is Inactive [0x02] to RAM
Monitor 09:05:29.561: DC-DC LLC @ 89d: FILTER_SELECT [MFR 05,0xD5]: wrote Filter Current Loop Steady State is Inactive [0x03] to RAM
& status PMBus Log | 5]

Fusion Digital Power Designer v1.0.0.21580 [2014-01-06] I DC-DC LLC Firmware v0.0.72.2 @ Address 89d |VUSB Adapter v1.0.10 [PEC; 400 kHz]

] ® Texas INsTRUMENTS | fusion digital power
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Time Domain Behavior
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Limitations

Low efficiency scenarios may need additional work to
achieve proper correlation

Does not support PWM or PSM

Corner cases may exist which limit the accuracy due to
numerical approximations

Additional work may be required to ensure accuracy,
especially at higher frequencies
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Conclusions

* Analytical predictions of plant pole zero behavior enables
more robust compensation

— Parameter variations
— Extreme operating conditions

« Independent validation of the DC operating point

* |nstant visualization of:
— Key system waveforms
— Harmonic content

« Seamless integration with Tl standard isolated digital
controllers
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Future Work

« DC operating point « Additional States & Modes
— Switching transitions

* Performance metrics — Body diode conduction

— Zoyr(S)
~ Zin(S)
- VOUT(S)/VIN(S)

* Modulation methods
- FM
— PSM
- PWM
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video
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