®
AN145
HR1211 — Multi-Mode PFC + Current Mode LLC Controller
Programmable through UART Interface

HR1211

Multi-Mode PFC + Current Mode LLC
Controller

Application Note

Prepared by King Wang

09-2019

AN145 Rev. 1.0 www.MonolithicPower.com 1
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.
© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

INDEX
1. INTRODUGCTION ...ttt ettt ettt e ettt e e ettt e e ettt e e e sbeeeaasseeeaanseeeeannseeeenseeeeanseeeanseeaeaneeeeannes 4
T KEY FRATUIES ...t ettt e st e e e b bt e e sabe e e e s nee e e e 4
(2 = (oTed (g I =T = T OSSPSR 5
S RC TN T I 1= =T 4 T o <SSP 7
2. TYPICAL APPLICATION CIRCUIT .ttt ettt e e nee e e snnee e e eneee e eeneeeeeenneeeannes 8
3. POWER SUPPLY FUNCTIONS ... tiiieiiiit ettt et stte e e st e e s ssteea s snnaeaeasteeesansaeaesnnaeeeenseeennsanas 9
B Tt I oY T T T 1 1= TN P 9
3.1.1 Starting Up the IC with a High-Voltage Current Source (HVCS) .....coeeivviiiiiieeeiiiiieeee, 9
3.1.2 Starting Up the IC with an External Power SUpply ... 10
3.1.3 Capacitor on VCC and VREG...........oooiiiiii e 10
RIS 10 o] o] 1Y/ g Yo TN o117 = T ol (o TV 12
3.2.1 Supplying VCC with External Voltage.........c.coooiiiiiiiie i 12
3.2.2 Supplying VCC with LLC Auxiliary Winding.........ccceeeiiiieiie e 12
I Y O O 010 =1 o | SO PR 13
B R BN o o =Y o 1o o S SSSRSR 13
B OF= o I 1Tt T o = Y SRR 13
3.5 Surge Immunity Design Tips of VCC and HV ... 14
BB HV RESISION ...t e e et e e e e e eaeeeeeeeean 14
BT T2V @1 O U ] o] o] Y 1Ko T o S 14
4. DIGITAL PFC FUNGCTIONS ...ttt ettt e et e e e et e e e ettt e e e enseeeeeneeeeeneeeeneeeas 15
4.1 Operation of the Digital PFC ...t e e 15
4.1.1 Sensing the Input Voltage, Output Voltage, and Inductor Current............cccccevviiieenninenn. 15
4.1.2 Operation Flow Chartin @ Switching CYCle ..........cccviiiiri i 16
4.1.3 Designing the PFC INAUCTON. ... e 17
4.1.4 Selecting the Current Sensing ResiStor (Rs)......cccuuuiiiiiiieiiiieiiec e 20
4.1.5 Current of the MOSFET and Diode ........coouiiiiiiiieiiiee e 20
V32 o e= 1IN o I @70 o 0] o= g 7= | (o SRR 21
4.3 PFC OUtPUL REGUIATION ....coiii e e et e e e e e e e e e e e e nanaeeeeeeeenns 23
4.4 Burst Operation of the PFC ... e e e e e e 24
IS o] ) = L Ao ) PSPPSR 25
G o o (=Y 1o <SSR 26
4.6.1 AC Brown-In/Brown-OUt ..........ooiiiiiiiii et ee s e et e e enae e e e enneeas 26
G e ol O O 10 11010 A U E 27
4.6.3 PFC Over Current Limit . ... ...t e e 27
4.6.4 PFC Open LoOp ProteClioN.............uuiiiiiiiiiiieeee e 27
A e o O70 T 4 0T=T 0 F7= 111 o PSRRI 27
4.8 VaAllEY TUIN O ..ttt oottt e e e e et bt e e e e e e e s saeeeeee e e e aanbeeeeaeeaanseeeeeaaannsneeeaaaeann 29
4.9 FreqUENCY JIHTEI . ... ettt ettt e bt e nab e e abee e 30
4.10 Programmable Digital Filter...........coooiiiiie e e e e e e e s 31
4.10.1 CUrrent SENSE Filter. ... e e e eeees 31
4.10.2 Voltage SeNSE FIlEr ... e 31
5. HB RESONANT FUNCTIONS. ... ..ottt ettt e s etee ettt e e st e e s stae e e s ssteeessntaeessnseeeessaeaesnnseeennns 32
5.1 CUrrent Mode CONEIOL ... ettt et e e sae e e e etee e e ene e e s amneeeeans 32
5.2 LLC Operating Mode Control Strategy ..........coooo i 33
I IS (o I 1Y To o {3 @ o 1= =1 i o o SR 35
5.2.2 BUrst Mode OpPeration ..........coiiii it e e e e e e e e e e s e neaeeee s 37
5.3 Enabling and Disabling LLC OpPerations...........ccuiiiiuiiiiiee e e s seeee e s seieee e e e s ssneeeee e e s 40
5.3 SOft Start OPEration ..........o i et e e e 40
5.4 Adaptive Dead-Time Adjustment (ADTA) ..o i 41
5.5 Slope Compensation fUNCLION ............oooiiiiii e e e e e 41
AN145 Rev. 1.0 www.MonolithicPower.com 2
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.

© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

SN e (o) (=Tox i o] o [T U PRIt 42

5.6.1 Capacitive Mode Protection (CIMP) .........ueiiiiiiiiiieiee et 42

5.6.2 Over Current Protection (OCP)..........ooiii e e 43

5.6.3 Over Power ProteCtion (OPP).......cooiiiiii et 44

5.6.4 SO PIN ProteClioN ..o e e 44

5.7 LLC Resonant Tank Parameters DEeSIgN .......ccovuiiiiiee ittt a e e 45

5.8 SeNSING CirCUIt DESIGN .......uuiiiiiee e e e e e s e e e e e e e st e e e e e e e s enraeeeeesaanreees 45

5.8.1 CR SeNSING CllCUIL.......eiiiiiiiiiiiiiie et bt eere e e e 45

S I O] o 1= TS T=Y 13 g o T o U S 47

6. SYSTEM FLOW CHART ..ottt ettt ettt et e e et e e et e e e e ante e e e ameeeeesmneeeeasseeeaaneeesaneeaeans 49

7. SUMMARY OF PROTECTION FUNCTIONS ...ttt et e e e e enee e e 50

S N 2 16 SRR 51

LS TR I oY = T = SR 51

LS T2 € 140U Lo 1o Vo S PER 51

8.3 KY SIGNQIS.....eeeeeiii ittt e e et e e e e e b e e e e e e e e bae e e e e e eabeeeaa e e e nnees 52

8.4 Key Component PlaCemMIENT ..........ooi ittt nabee e 53

9. DESIGN EXAMPLE ...... oottt ettt ettt ettt e e et e e ettt e e sttt e e s aateeeeastaeeesnseeeeeaseeeesaseeesasseeesanses 55

9.1 DeSigN SPECIICALION ......cci it e e e e e e e e e e e e e e e eanrrees 55

S Y PSPPSR 55

9.3 SCNEMALIC ...eeeiiiiiiee et et e e e e e e e e e e e e e aa e e annnaaa 56

S T (0] 0 =T o O PPSRSTSR 56

AN145 Rev. 1.0 www.MonolithicPower.com 3
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.

© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

1. INTRODUCTION

The HR1211 is a combination controller that integrates Multi-Mode PFC and Current Mode HB LLC
controllers and exhibits very high performance. Please refer to the HR1211 datasheet for more details.

1.1 Key Features

1.

General features

High-voltage current source for start-up

Smart X-cap discharger when AC unplugged

UART interface for Parameters Programming
User-friendly GUI for optimizing PFC and LLC design

Power factor correction (PFC) controller

Patented CCM/DCM Multi mode PFC control with high efficiency from light loads to full loads
High PF due to Input Cap Current Compensation

Programmable frequency jittering for lower EMI level

Accurate regulation and auto-adjustable output voltage

Digital PI for voltage loop compensation

Half-bridge LLC controller

600V high-side gate driver with an integrated bootstrap diode and high dV/dt immunity
Current Mode Control

Adaptive dead-time adjustment with minimum and maximum limit

Skip/Burst mode switching at light load

Programmable Soft-start

Protections

Precise brown-in/brown-out protection (programmable threshold and de-bounce timer)
Cycle-by-cycle current limit of the PFC

PFC output over-voltage protection (OVP)

Programmable open-loop protection(OLP) of the PFC

LLC Short Circuit Protection (OCP)

LLC Over Power Protection (OPP)

SO pin for external Protections

LLC Capacitance Mode Protection

Thermal Shutdown (TSD)
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1.2 Block Diagram

Figure 1 shows the block diagram of the IC. The functions are described below:

1.

Power supply management

The power supply section of the HR1211 includes a high-voltage current source (HVCS) for IC
start-up and two LDOs to supply the internal circuits of the IC and gate driver. The HVCS also acts
as an X-cap discharger, which discharges X-cap when the AC input disconnected.

Digital PFC controller

HR1211 implements a digital control scheme for PFC which includes digital control logics, ADC,
DAC and comparators to achieved PFC function:

A 12-bit ADC, which senses the inductor current (CSP).

A 10-bit ADC, which senses the AC input voltage (ACIN), PFC output voltage (FBP), and LLC
feedback (FBL).

A 10-bit DAC, which produces a signal to turn on the PFC gate in CCM.

Three 8-bit DACs: one DAC that produces a programmable reference for AC Brown-in/out
comparator, the other one that produces a programmable reference for the OCL comparator,
and the third one that produces a programmable reference for the OVP comparator.

PFC digital core, such as a control algorithm, digital Pl loop, and calculation block.

The digital PFC can change operation modes from CCM to DCM. At light load, the switching
frequency is reduced, improving light-load efficiency.

Digital HB LLC controller

HR1211 implements a digital current mode control scheme for HB LLC which is used to generate a
regulated and isolated output voltage form DC bus:

e A 10-bit DAC, which produced a reference for Reset comparator to turn off the high-side gate in
soft start, skip mode and burst mode.

e Two 8-bit DACs: one DAC that produces a programmable reference for Over-Power-Protection
comparator, and another DAC that produces a programmable reference for ADOFF comparator.

e LLC digital core, such as a control algorithm, calculation block and adaptive dead time control
bock.

MTP and UART Communication

HR1211 implements MTP (Multiple-Time Programmable) memory as the NVM (None-Volatile
Memory). The memory organization is 128 x 16bits which can store at most 256 bytes data internal
the IC. When the digital core and MTP is power-on, HR1211 automatically loads all the parameter
data from MTP to RAM (Random Access Memory) for running. Users can also program customized
parameter data to MTP through RAM according to different applications.

HR1211 has a standard UART interface. With UART, it can read and write the MTP data through
RAM. It can send command to load the data from MTP to RAM or load the data from RAM to MTP
with the graphic user interface (GUI).

Considering the security of the users’ data, HR1211 also supports encryption to protect the data
stored in NVM from reading or re-writing. By writing a nonzero 16bits password in the register
(address 01h), the NVM of the IC enters read-write protection, in which condition no data can be
read or write. The users can write this password into the specific register (address 7Dh) to un-lock
this read-write protection status.
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Figure 1: Block Diagram of the HR1211
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1.3 Pin Descriptions
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Table 1: Pin Descriptions of the HR1211

Package

Pin # Name |Description

Senses PFC output voltage to perform PFC switch on-time calculation, OVP & OLP

1 FBP protection and calculate digital current reference lefn) which decide the PFC switching
frequency. A 3.3MQ pull-down resistor is connected internally.

2 ACIN Senses AC input voltage to perform PFC switch-on time calculation, brown in/out protection
and calculate digital current reference lref(n) which decide the PFC switching frequency.

3 CSP PFC switching current sensing which defines the PFC switch on timing, switching frequency
and cycle by cycle current limiting protection.

4 PGND | Ground reference of PFC and LLC Low side gate.

5 GATEP |PFC Gate Driver output.

6 VREG | Provide regulated voltage for PFC and LLC gate drivers and internal circuits.

7 LSG LLC low-side Gate Driver output.

8 Vielo IC supply power, VCC can be charged by internal current source through HV or by external
power supply.

9/14 NC No connection.

High voltage supply input for internal HV start-up current source and X-cap discharger

10 HV . :
when AC input disconnected.

11 BST Voltage bootstrap, an internal bootstrap diode is connected from VCC to this pin. Externally
connect a cap to SW for driving high-side MOSFET of HB LLC.

12 HSG LLC high-side Gate Driver output.
High-Side Switch Source. Current return for the high-side gate-drive current. Requires

13 SW : )
careful layout to avoid large spikes below ground.

15 GNDD | Ground reference for digital core of PFC
Current Sense of Half-bridge. Uses a sense resistor or a capacitive divider to sense the
primary current, this pin has multiple function as following:
1. Over Current Protection: If the current continues to build up despite the frequency
increase, when Vcsus>Vces-ocp, OCP is triggered and bring IC into programmable protection

16 csSHB | (auto-restart or latch)
2. Capacitive Mode Protection: At the moment of LSG turns off, CSHB compares with -
80mV CMP threshold, if VCSHB>-80mV, it blocks HSG gate output until slope comes out
or the CMP timer is out. At the moment of HSG turns off, CSHB compares with +80mV
CMP threshold, if VCSHB<+80mV, it block the LSG gate output until slope comes out or
the CMP timer is out.

17 UART |UART provides a half-duplex communication 10 interface.
LLC output voltage feedback input, internal pulled up by a 2.6V voltage source with an

18 FBL internal resistor. Defines LLC switching frequency according to load condition. Activating
LLC skip mode, burst mode and Over Power Protection (OPP) according to voltage level on
this pin.
LLC capacitor voltage sense input. Senses divided resonant capacitor voltage to decide the

19 CR e
LLC switching frequency.

20 SO This pin provides external protections such as OVP or OTP. Protection will be triggered

(auto-restart or latch) when SO voltage exceeds 1.5V.
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2. TYPICAL APPLICATION CIRCUIT
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Figure 2: Typical Application Circuit

AN145 Rev. 1.0 www.MonolithicPower.com 8
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.
© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

3. POWER SUPPLY FUNCTIONS

The power supply section of the HR1211 includes a high-voltage current source (HVCS) for starting up
the IC, a VREG regulator for powering the gate drivers, and a 3.3V regulator for powering the digital
core. The HR1211 has monitor circuits and protection circuits to make the IC more robust. Figure 3
shows an overview of the power supply circuits.

—_—_—————— —
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T 1

| | Bias = REGULATOR I I |

| | v

|

CONTROL 4—'—'
iy Y

VCCUVPZ
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ViegoN / Vreguve

]
I
I
X-cap | N HV Start up

discharger
T YY)

UVLO

(Hv) / Vecuvet

VecrsT]

°
Good Resot shift

PG ‘ UVLO

Figure 3: Overview of Power Supply
3.1 Powering the IC

3.1.1 Starting Up the IC with a High-Voltage Current Source (HVCS)

To power up the HR1211, the HV voltage should be a rectified sinusoid waveform, and the amplitude
should be at least 60V. Once this condition is met, HVCS begins charging the Vcc cap with a current
source of lhynor. HVCS is turned off if VCC is larger than Vccongv).

Once HVCS shuts down, VCC drops down to UVP point if there is no external power supply. After that,
HVCS will charge VCC up again. The operation sequence of the IC supply is shown in Figure 4.
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Figure 4: Operating Sequence of IC Supply

There are 2 Under Voltage Protection (UVP) thresholds of VCC. It is Vccuvez if D2D_BI/BO is low,
which means LLC has not started operation yet. Otherwise, the threshold is Vccuvei. This difference is
indicated at ts and t5 respectively in Figure 4.

V3.3 LDO is an internal supply for digital core, and it is enabled when VCC is higher than Vccuve2 and is
disabled when VCC is below Vccrst.

The VREG LDO begins working when VCC reaches Vccongv) and disables at VCC UVP. The LDO of
VREG is capable of providing up to 30mA of continuous current.

When VREG is higher than Viegon and VCC is higher than Vccuvez, both the PFC and LLC are ready to
work. PFC starts switching only when AC_BI/BO is high (Vin_pk > Varown-in), @and the LLC starts switching
onIy when D2D_B|/BO is high (VBUS > VD2D_BI)-

3.1.2 Starting Up the IC with an External Power Supply

To power the IC from an external power supply (e.g.: standby power), the voltage applied to VCC
should be larger than Vccuve2 and HV should be a rectified sinusoid waveform. The IC cannot work if
HV is floating or DC voltage is applied to HV.

3.1.3 Capacitor on VCC and VREG

VREG is the supply for the gate drivers of both the PFC and LLC. When the gate driver is on, larger
current drawn from VREG. The capacitor on VREG should be large enough to handle this current. A
ceramic capacitor of at least 10uF is recommended.
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The capacitor of the external VCC must be selected carefully, as it affects both charge time (10 to t3 in
Figure 5) and discharge time (t3 to t5 in Figure 5). Generally, it requires a ceramic and electrolytic
capacitor for better high-frequency noise suppression. Figure 5 shows the detail charge time and
discharge time waveform.

& Veconav) {_ Tok Prevu I I =

Vecuve

vCcC

. Aux Power
Charge Dischargey ' Supply

to it t t3its its

y —

HV charge current H ”

VCC consumption

Y

3.3VEN

VREG EN

PFC BROWN IN
LLC BROWN IN —

(@ 10ov_ & ® 10ov © s.00v lqunms “Lzs“sis € - 430V
[5M points ]| J

Yy vy v vy

CH1 GATEP, CH3 LSG,

Figure 5: Start-up sequence

To select the proper capacitance, the discharge time must be long enough to sustain IC power
consumption until the voltage from the auxiliary power takes over. For simplicity, the discharge time can
be divided to 2 periods: AC brown in time and bulk voltage boost time. In AC brown in detection period,
IC consumes Icc (no switch, about 8mA). In bulk voltage boost period, IC consumes about Icc (no
switch) plus PFC gate driving current (gate charge times PFC operating frequency). The discharge time
related with VCC capacitance and VCC voltage drop can then be calculated with Equation (1):

AV1 AV?2
discharge = TAC_BI + Tbulk_boost ~ TAC_BI + TPFC_soﬁ_start = CVCC ¢+ CVCC ' (1 )
CC_no_switch ICC_no_switch + Qg ' f PFC
VCC Voltage Drop = AV1+AV2 <Vconimry = Vecurm (2)

Where VCC voltage drop equals AV1+AV1, and should be less than Vcconv) - Vecuvez, otherwise, the
system will restart. Tac gi is the AC brown in time, Tperc_soft_start IS the PFC soft start time, Qq is the PFC
MOSFET total gate charge, frrc is PFC operating frequency. According to Equation (1) and Equation
(2), the minimum VCC capacitance can be calculated.

Similarly, the charge time can be divided to 3 periods: VCC SCP period (10 to t1 in Figure 5), V3.3
disable period (11 to t2) and V3.3 enable period (t2 to t3). In VCC SCP period, HV current source is
limited with lnviimit (typically 2.2mA). In V3.3 disable period, HV charge current is IHVNOR (typically
7mA). In V3.3 enable period, HV charge current keeps luvnor, but internal digital core consumes lcc-purst
(typically 2.2mA), so the current of charging VCC capacitor is lnvnor Minus lccwurst. The charge time can
be calculated with Equation (3):

Vecures =Vecser Vecon Hv) Vecurra (3)

C. . Veesce
vee

I

T

charge =

+ CVCC ’ I + CVCC ) I I
HVLimit HVNOR HVNOR ~— *CC-Burst

The sum of the charge and discharge time is the start-up time of the converter. If the VCC capacitor is
too large, the start-up time can be too long to meet expectations.
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The actual charge current is not a constant current due to HV being a sinusoid voltage. Therefore, the
charge time cannot be calculated accurately. Figure 6 shows the actual charge current waveforms of

HV.

Tek Prevu M 400ms

ITYYrrrm F"'I'TTT“‘VTI.

| 10°1HY ! o i e

CH1 Vyy,
Figure 6: Current Waveform of the Charge Current

3.2 Supplying Power to VCC
3.2.1 Supplying VCC with External Voltage

The external voltage can be standby power or DC power. Generally, the VCC voltage should be above
Vccuvez. To power up the IC normally when HVCS is charging VCC, a diode must be added to isolate
the standby power from VCC (see Figure 7).

Diso
vcc LA

m,
N I
r : Standby

Ce
:|: ’ | : Power

HR1211

Figure 7: Supplying VCC with Standby Power
3.2.2 Supplying VCC with LLC Auxiliary Winding

For non-standby applications, VCC is supplied by the LLC auxiliary winding for higher efficiency. Figure
8 shows two types of auxiliary winding configurations: a half-wave rectifier and a full-wave rectifier.
Generally, a full-wave rectifier has higher efficiency and produces a larger VCC if the turns of two
windings are same, thereby increasing efficiency at light load. However, the full-wave rectifier requires
another winding and rectifying diode, which increases cost.

Dauxi
Dauxi V Rauxi

VvCC Rauxi

HR1211[: i—: %Ce .
=

o
u} +

cc
L
HR1211 I E Cs
o,
— RAUX2

P N Dauxz
(a) Half-Wave Rectifier (b) Full-Wave Rectifier
Figure 8: Supplying VCC with LLC Auxiliary Winding
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Raux1 and Rauxz2 are implemented to limit inrush current. While the LLC works in burst mode at no-load
condition, the resistors and capacitor C6 work as a filter, so the value of the resistors affect VCC at no
load. As shown in Figure 9, the voltage of VCC is about 18.7V with 0Q, but 14.9V with 1Q at no-load.

Tek Preiiu Tek Prevu

1!

o 500V 400ms 250kS/s 2 7 - 500V 400ms. 250kS/s 2 /
@ i1.004 1M points 17.0V @ 1004 1M points 17.0
alue Mean Min Max Std Dev alue Mean Min Max Std Dev
@ S 18.6 W 18.6 18.6 18.6 0.00 .RMS 4.8V 4.62 322m 18.8 5.85
@ Peak—Peak 16.8 16.8 16.8 16.8 0.00 @ Peak—Peak 8.00 Y 4.67 1.40 22.8 5.56
@ Amplitude 16.8 W 16.8 16.8 16.8 0.00 @ Amplitude 8.00 Y 4.16 400m 16.8 4.52
a. Raux1= Raux2=0Q b. Raux1i= Raux2=1Q

Figure 9: Raux1 and Raux2 Regulating VCC at No Load

It is recommended that the auxiliary winding be placed beside the secondary-side winding of the LLC to
reduce the spike of the auxiliary winding and the VCC variation caused by output load change. N2 is
the auxiliary winding of VCC placed in the slot with the secondary-side winding (see Figure 10).

Py == 7
o .
N1 )
S - == 9 Tapes:3T—» 2 *Tapes:3T
+—Tapes:3T
| == - N4 M -
L L em 10
N2 N4
2 ==

Figure 10: Auxiliary Winding Coupled Closely to Secondary Side Winding
3.2.3 VCC Current

The current consumed by VCC includes the V3.3 current, VREG current, and bias current of the internal
circuit. The total current is the sum of these three currents.

In the duration of toto t2 shown in Figure 4, before V3.3 enabled, the current of VCC is about 200us. In
the duration of the V3.3 enabled and before IC enable (t2 to t3 and t7 to to), the current of VCC is lccstartt.
Once the IC is enabled, the current of VCC is Iccnor) in normal operation and lccsurst at burst-off mode.

3.3 Protection

To reduce thermal stress of the IC, the HR1211 implements short circuit protection of VCC and VREG.
The charge current of HV is limited to about lhyiimt Wwhen VCC is below Vecsce. For VREG LDO, the
supply current capacity is limited to about 15mA when VREG shorts to ground.

3.4 X-Cap Discharge

For safety consideration, the voltage of the X-caps should be discharged to a safe level within a certain
time when the input voltage is removed. The HVCS of the HR1211 also acts as an X-cap discharger. It
monitors the AC input voltage and discharges the X-caps when the AC input is removed. Therefore,
there is no need for additional resistors to discharge the X-caps, saving both component count and
power.

As shown in Figure 11, the X-cap discharge function is activated when the HR1211 detects that HV
voltage is DC for a detection time window Timer1 (60 x Tx.). Firstly, HVCS discharges the X-cap
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voltage and charges VCC for Time3 (30 x Tx.q). Then, HVCS is turned off for Timer3 (30 x Tx.4) and
detect whether the AC input is recovered. During the detcection period, the IC recovers to normal
operation if it detects that HV is no longer a DC voltage (Figure 11-b). Otherwise, the IC continues
discharging during the next Timer2 (90 x Tx.4), then stops for Timer3 (30 x Tx.q) detection time, and
repeats this process until the voltage of the X-cap is discharged very low (Figure 11-a).

v A -»AC remove v A »AC remove
HY HYV
Unplug Detect whether input re-plug to AC line Unplug _/
Detection; Detection
i D
v Discharg Discharge e
> >
Timer1 Timer3Timer3 Timer2 iTimer3 Timer2 t | Timer1 | Timer3Tinjer3 t
v & Rl Sie S e \ PO 1 L < <> >
» »
Vec o Vee g o
Veeon — —— Vecon
Veexeo Veexeo
Vecrst - .
Vreg A T Tt
o9 Vreg A
»
»
Driving 4 Tt Driving A =t
Signal Signal
» »
Tt !
to t B ty s te to b btz Ut
a). AC totally removed b). AC recovery

Figure 11: Waveform of X-cap discharger

3.5 Surge Immunity Design Tips of VCC and HV

Surge immunity is an essential test item of any commercial power supply. Surge leads in high voltage
and large inrush current to the power supply and maybe disturb the system operation, which sometimes
affects performance. Noise is difficult to deal with since the coupling path is difficult to identify. For the
HR1211, some design tips are provided below to help improve the surge performance.

3.5.1 HV Resistor

As shown in Figure 2, the resistor Ryy can help reduce voltage spikes on HV during a surge test. Ruy is
meant to protect the IC and is recommended to be 5kQ.

3.5.2 VCC Supply Loop

For CM surge, a stray capacitor between the primary-side winding and secondary-side winding of the
LLC transformer is one key coupling path to prevent surge noise from coupling to the reference GND.
There are two methods that proven effective at this (see Figure 12). In the first method, the reference
ground of the auxiliary winding should be separated from the IC reference ground and connected to the
power reference ground. The second method is to add a serial resistor (Rsurge) between VCC and the
electrolytic capacitor.

AN145 Rev. 1.0 www.MonolithicPower.com 14
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.
© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

VCC Rsurge DAUX1 RAUX1

HR1211 (R _T_ w _I_ | ] '§
I Cs Cs ;
{ I P_I | ] Rauxz ;

— IC reference T
Ground Power reference
Ground Daux2

Figure 12: Separate Ground Reference of VCC

4. DIGITAL PFC FUNCTIONS
4.1 Operation of the Digital PFC
4.1.1 Sensing the Input Voltage, Output Voltage, and Inductor Current

The input voltage, output voltage, and inductor current are monitored by peripheral components of the
IC (see Figure 13). The typical sensing circuitries of the digital PFC are described below.

ACIN connect to a resistor divider to sense the rectified AC input voltage. The ratio of resistor
divider should be fixed at 0.0032. A capacitor (C2) is recommended to parallel with pull-down
divided resistor to filter high frequency noise. The time constant of the RC filter is usually less
than 100us, otherwise, the power factor will be worse.

FBP also connect to a resistor divider to sense the bulk voltage. The internal pull down resistor
of 3.3MQ should be considered when design the external resistors. Make the total divided ratio
to 0.0032 according to Equation (4):

Rypl/33MQ oo @)

R +(R ., //33MQ)

out2

A capacitor (Cs) is also recommended to parallel with Rou2, and the time constant of RC filter is
usually between 15us and 150us.

CSP is used to sense the inductor current

» Rcs senses the inductor current directly. Since Rcs senses the PFC inductor current, the
voltage on CSP is negative, so the voltage Vcs sensed by the 12-bit ADC is Vcsp sias minus
VRes. Since Vres changes with the load, Rcs should be designed carefully to ensure that Vs
is below 1.6V.

»Rcsp connects to CSP to obstruct voltage spike in high inrush or surge test. It is
recommended to be 500Q.
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Figure 13: Typical Application Circuit of PFC
4.1.2 Operation Flow Chart in a Switching Cycle

Figure 14 shows the operation flow chart of the PFC in a switching cycle.

Start

ADC

L]

Sensing
Vin, Vo

'

Digital On-time
Voltage Loop Calculation
L] L]

Current Reference
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CF_DCM
[ofe] ] VF_DCM \
' DAC Input:
DAC Input: Off_cur_ref(n)=0
A Off_cur_ref(n)=0
DAC Input:
Reduce On-time
Off
ourreftn ¢ | Calculation
VF_DCM
y Off-time
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Figure 14: Flow Chart of the PFC in a Switching Cycle
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4.1.3 Designing the PFC Inductor

The PFC can operate in CCM at heavy loads and low-line voltages and changes to DCM automatically
at lighter loads or higher line voltages (see Figure 15). E.g. with 50Hz power grid frequency, the
converter works in CCM at 85V in full load. At 230V, the converter works partially in CCM and
partially in DCM.

| Vin=85V 80 1 o

iL() "

e
DM CCM DCM

Figure 15: Waveform of the PFC Inductor in a Line Cycle
The input voltage Vin(t) can be calculated with Equation (5):

V() =N2V, [sin@-7 £, 1) (5)
lef(t) is the average current of PFC inductor and can be calculated with Equation (6):

%'Sin(z‘”'ﬁine ~t) (6)
n-v,

in

Irgf(l/inﬂt) =

The turn-on time of the PFC MOSFET can be calculated with Equation (7):
v, =V.,@) 1

Toy(Vst) = v . ()
K is the ratio of the ripple current to the average current and can be calculated with Equation (8):
81, (e )
K= 41?””@ (8)
Iref (mem%)

K indicates the operation mode of the PFC inductor. When K = 2, the PFC works in CrM. Knowing the
value of K, the PFC inductor can then be calculated with Equation (9):

I/inmin (t) . (Vo — I/inmin (t)) . 1

= (9)
K ’ ]ref (I/m min ° t) VO fmax
The current ripple of the PFC inductor can be calculated with Equation (10):
2.7 sin2-x- f, -t

i,y = 2L O S Dy (10)
In CCM operation mode, the peak current of the inductor appears at Vin-min and full load and can be
calculated with Equation (11):
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1
Ai(V,
B 1 L( in—min 4ﬁine) 11
]ka - ]ref (Vin—min’ 4ﬁine ) + ) ( )

Once the PFC inductance (L) and maximum switching frequency are determined, the operation mode
of the PFC is only determined by Po and Vi(t). The switching frequency also changes according to
different input voltages and output load conditions.

Below are the entry levels for different operation modes.

e Mode 1: CCM occurs when [, (n) <21, ,(n). The switching frequency is fixed and is equal to

fmax-
e Mode 2: VF-DCM occurs when 2Iref(n)<ka(n)<21ref(n)~&, the switching frequency is
2-P,-L-
equal to ——° /o .
Vin 'U'Ton(Vm’t)
e Mode 3: CF-DCM occurs when ka(n)>21ref.(n)-fﬂ. The switching frequency is fixed and

min
equal to fmin.

Figure 16 shows the switching frequency profile in a line cycle. At heavy load, the switching frequency
is at fmax. When the load is reduced, the switching frequency changes to fmin at very light load.

Vin=85V 100% load Vin=230V
fmax A00KHZ I s sssnsnsnnsns

N
100kHz
fs | €=—50%load ] fs

50kHz (.__20(;_..;: load - 50kHz |

100% load
[EROR—— P}
50% load

1 1 1 1
. P 0 —
line fline 2fline fline

o

Figure 16: Switching Frequency Profile in a Line Cycle

The maximum and minimum switching frequency can be configured through the GUI of the HR1211
(see Figure 17).
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Figure 17: GUI Interface to Program Switching Frequency

The HR1211 can reduce switching frequency at light load, so the efficiency at light load is enhanced
due to lower core loss and switching loss. The HR1211 has higher efficiency at light load than a
conventional CrM controller (see Figure 18).

Efficiency at Virr230v

=
= A
- el
= —"
— %
b~
=
z
= a
-]
=
-
[y
@
o ] 10 & Ll - B
Load(%)

Figure 18: Efficiency Comparison between HR1211 PFC and Traditional CrM Controller

The CCM peak current of the inductor appears at Vin.min and full load and can be calculated with
Equation (12):

Al.L (I/in—min b 4;~)
ILPk = Irff (I/in—min > 4ﬁine ) + 7 line (1 2)
The CCM inductor current can then be calculated with Equation (13):
IL—rmv ~ i (1 3)
l 77 ’ I/in—min
The core size of the PFC inductor can be selected by calculating the AP value with Equation (14):
L1, -1
AP — Lpk L—rms (1 4)
Bmax : JC‘ : Ku

Where I pk is the peak current (A) of the inductor (which should be calculated at the minimum input
voltage and full load), l.-ms is the effective current of the inductor, Jc (A/m?) is the current density of the
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winding, Bmax (T) the maximum magnetic flux density that is allowed, and Ky is the usage ratio of
winding in bobbin window (typically 0.3~0.4).

The number of turns of the PFC inductor can be calculated with Equation (15):

N = Ll o (15)
Ae ' Bmax
Where I oL is the peak current of overload (for simplicity, 7, ,, = Ratio,, -1,, ). Ae is the core

sectional area, Bmax is usually taken the value of 0.28 (T). This calculated turns (N) ensures that
inductance will not be saturated under overload condition. The overload ratio can be defined by
application requirement.

4.1.4 Selecting the Current Sensing Resistor (Rs)
The peak value sensed by the 12-bit ADC can be calculated with Equation (16):

VCSpkﬁADClZ = VCSPfBIAS + [kafoL 'Rcs (16)

The reference of 12-bit ADC is 1.6V. Considering a de-rating of 30%, the value of Rs can be calculated
with Equation (17):
R. = (I/reffADCIZ - VCSPfB[AS) .07 (17)
cs °

Ratio,, -1,

Based on this formula, a proper Rsvalue based on the output power can be selected from the curve
shown in Figure 19.

Rcs vs. Pout

Pout{W)
Figure 19: Curve of Relationship between Rcs and Output Power
4.1.5 Current of the MOSFET and Diode
Figure 20 shows the waveform of the MOSFET and diode in CCM and DCM.

a) CCM b) DCM
Figure 20: Current Waveform of the MOSFET and Diode
The valley current in CCM can be calculated with Equation (18):
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Ai ,
valley( m’t) Iref( m’t)_% (18)

The valley current is zero in DCM operation.

If a switching cycle is treated as an independent waveform, then there can be hundreds of switching
cycles in a line cycle. Assume n is the n' switching cycle in a line cycle. The current valley can be
calculated with Equation (19):

Al )
valley( ln’n) Iref( in> ) L(2m ) (19)

The RMS current of the MOSFET of the n*" switching cycle can be calculated with Equation (20):

Ton(V;,.n) Vin(n
MOSRMS(Vm’n) \/2 -f}me J. (valley(Vl ) lf ) j -dt (20)

Therefore, the RMS current of the MOSFET can be calculated with Equation (21):

Num
IMOSRMS ( \/z []%40SRMS ( in? ) (21 )

Where Num is the total numbers of switching cycles in a line cycle. In CCM, Num = f.,/ f,... -

Similarly, the RMS current of the diode can be calculated with Equation (22) and Equation (23):

TOﬁ‘(Kn»n) Vo—-Vi
DRMS( m’n) \/2 flme ), ( valley(Vz y"w'oz ~dt (22)
Num
Lorus \/ 2 L orws Vo (23)

The peak current of the MOSFET and the diode is the same as the PFC inductor.
4.2 Digital PI Compensator
The HR1211 uses a digital Pl to compensate for the voltage loop (see Figure21).

> BOOST PFC >
Vin(Analog) Conterter V,(Analog)
2 1 ]
< <
Ly () V,(Digital)
ViDigtal |y Vo @ | Vg () error(m) X V")
—>| V() 2 - [«— Digital PI
(0.5-V,, ,(n) Y v,

Figure 21: Voltage Compensation Loop

The reference current at AC peak point can be calculated with Equation (24):

Vcomp(n Vecomp(n
re/ pk(D) m pk( ) p( ) 2 = p( ) (24)
(O.S-Vinipk(n)) 0.25-Vm7pk (n)
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The relationship between the input average current and the IC reference current is shown in Equation
(25):

I, (A L, (D) 16 1 Veomp(n) 1.6 1
I, .. (A)=—" S . . = . . (25)
- V2 N2 1023 Res +2:0.25-7, ,(n) 1023 Res
The sensed input voltage peak can be calculated with Equation (26):
Vi ()=0003232-7, ()12 (26)
The sensed output voltage can be calculated with Equation (27):
V (n)=0.0032-V (A) % (27)
Based on the energy balance equation shown in Equation (28):
Iinirms (A) : I/inirms (A) = I/o (A) : [0 (28)
Equation (29) can be used to obtain Vcome(n):
1. 1
reomp) 18 Ly (w1, (29)
0.5 1023 Rcs
Therefore, the transfer function voltage control loop without Pl can be calculated with Equation (30):
dv 1.6
G, ($)=—2L)__ (30)
dVcomp(n) 1023-0.5-Rcs -V, -C, -s
A Pl regulator in an S domain can be presented with Equation (31):
K (s+K.
6, (5= KooK (3
For a digital PI, the voltage error can be calculated with Equation (32):
error(n)=V, .=V, (n) (32)
The output of the digital Pl can be calculated with Equation (33):
Vecomp(n) =Vcomp(n—1)+ K, - (error(n) —error(n—1))+ K, - error(n) (33)
Therefore, the open loop transfer function can be calculated with Equation (34):
Gr(5)= Gy (5) +G 1y (S) (34)

Base on the above formulas, the Bode plot of Gyc(s), Gea(s), and Gr(s) can be calculated and plotted
(see Figure 22).
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Bode Plot
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Figure 22: Open Loop Bode Plot

Generally, the cross-over frequency of the PFC is designed to be less than 20Hz.

values for Kp and Ki to get a proper feedback loop performance.

Properly select

During load dynamics, HR1211 implements fast-loop function to achieve a fast loop response. If the
PFC output voltage decreases to the low level voltage of fast loop threshold, or PFC output voltage
increases to the high level voltage of fast loop threshold, Ki and Kp will be switched to the programmed
fast loop value. In this way, the PFC has a faster dynamic loop response, allowing it to regulate the

output voltage to the target value faster.

Vbulk + high level

Vbulk target

Vbulk - low level

Fast Loop T

4.3 PFC output Regulation

Figure 23: Fast Loop Function

The PFC output voltage Veus is regulated by the digital Pl loop. If the accuracy of Rour1 and Rourz in
Figure 13 is 1%, the accuracy of Veus is within 2.5%, considering the accuracy of ADC is about 0.6%.

To optimize the efficiency of the PFC, the HR1211 can auto-adjust the output voltage at different input
voltage and output load conditions. For example, the output voltage can be set to be lower when the

input voltage is lower. Figure 24 shows how to configure some parameters.

Adaptive Output Voltage: * on (| 100%Po
pEERS R s
1 I
VoutNormal:y (3% | V Vo
Rttt e O
Vout Level1: 39 | V 390 | V : sl
Vout Level2: 390 v v N\ Sl |
Vout Level3: 39 | Vv v ; 2
B high line low line 0 =

Figure 24: GUI Interface of Output Voltage Regulation
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There are a total of eight output voltages that can be programmed. The two columns are determined by
the input voltage ranges, which are indicated as high line and low line. The four rows are determined by
four output power ranges, and each range can be programmed based on the percentage of the full
output power (Vcowmprui). The relationship of Vcomerui and the full output power is shown in Equation (35):

2
Veomp,,, = 0.0032(%] 0.5-Res - Foyr p (35)

The function of the auto-adjustable output can be enabled by setting the Adaptive Output Voltage
button to ON; the auto-adjustable output can be disabled by setting the Adaptive Output Voltage button
to OFF. Please note that Vgys can be adjusted according to the low line and high line when the
adaptive output voltage is off. The target-regulated voltage is programmable by the row marked in the
red frame.

4.4 Burst Operation of the PFC

When the output load is decreasing, the PFC converter runs in burst mode operation. The level to enter
burst mode is programmable and is set using the percentage of Vcomerui. Figure 25 shows the GUI
interface of the specific load point needed to enter burst mode. A different burst point can be set at low
line and high line.

PFC Burst Mode Load:

high line: (3 ] (%Po) Tow line: 3 |(%Po)

Figure 25: GUI Interface of Setting Burst Point

The IC stops switching when the load is reducing, if the digital value (Vcome) decreases to Vcowmp Burst
and Vaus increases t0 Vius_target PIUS Viurst hys. The default value of Voursthys is 5V. If Veys drops down to
Vius-target, the 1C is enabled and prepare to turn on the gate driver again. Generally, the gate driver only
recovers at the peak point of AC line to reduce current stress. Additionally, a threshold voltage Vious-imit
that can be programmed is selectable to prevent the bus voltage from dropping too low under transient
conditions. This burst behavior is shown in Figure 26.

Vin A VPeak Point VPeak Point VPeak Point
il Y Y,
Vout S S - - -- - - Vout target+vburst hys
........ - : 4'""::3 e .- -e---. Vout_target
Transient/’ Vout_limit
Point > t
VCOmp 4
\ >
"""" ) = VComp_Burst Point
>t
A
GATEP

TN, [T Ty ¢

th t b ts tts 1 t7tg 1o tio

Figure 26: Behavior of PFC Burst Operation
When PFC recovers switching, the first switching cycle always works in CCM due to Ix=0,

1, (n)<21,,(n). Thus, he first several CCM switching leads to high peak current which aggravates the
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audible noise, as shown in Figure 27-a. HR1211 implements soft switching function at burst recovery to
limit the turn-on time and increase the time step by step, as shown in Figure 27-b. The Soft Switching
Turn-on Time Limit varies according to different AC input. In low line of input voltage, the pulse on-time
is limited with programmed value, and increases with a delta time step by step. In high line of input
voltage, the pulse on-time is limited with minimum on-time, and increases with the delta time step by
step. The soft switching function does not end until the next on-time is calculated less than the previous
one, or the soft turn-on switch number is counted to programmed value (see Table 2). If this function is
unnecessary, set the PFC Soft Turn-on Switching Number to zero.

Table 2: Parameters of PFC Burst-out Soft Switching Function

Tek Pre

PFC Burst-out Soft Switch
item value unit
PFC Soft Switching turn-on time Limit 3 us
PFC Soft switch on delta time 80 ns
PFC Soft Turn-on Switch Number 15 cycles

M4.00ms

Tek Prevu

s
Zoom Factor: 400 X Zoom Position: 2.80us Zoom Position: 52.0ps.

Zoom Factor: 200 X

SANNANIAL

Nl Vs e D lnsamnimasn

[ L N RV I "

2
S May 2019
14:40:38

125Ms/s

/
SM points

710,045
By 2824

125M5/5
SM points

720.05 o/ S May 2019
€ 1004 € 1004 w 1444 14:46:40

a) PFC Burst-out Soft Switching Function
disable

b) PFC Burst-out Soft Switching Function
enable

Figure 27: PFC Burst-out Waveforms

4.5 Soft Start of PFC

The HR1211 adopted a PFC soft-start to reduce the current stress at start-up. Figure 28 shows the
programmable soft-start time of the PFC. A different soft-start time can be set at low-line voltage and
high-line voltage.

PFC Soft Start Time High: (ms) PFC Soft Start Time Low: (ms)

Figure 28: GUI Interface of Setting Soft-Start Time

The soft-start time is defined by the internal output voltage reference ramp-up time duration, which is
the peak of the input voltage to the target output voltage (see Figure 29).

Vout_target

Vout

Vin

PFC Gate

(i

softstart_time

Figure 29: Definition of Soft-Start Time
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4.6 Protections

The PFC of the HR1211 provides multiple protection features, such as brown-in and brown-out, over-
current limit (OCL), over-voltage protection (OVP) and open-loop protection (OLP). These protection
parameters can be programmed by the GUI. Figure 30 shows the GUI interface for setting the
protection parameters.

T 5 §

] fo— (&

!}”ﬂ% PROGRAMMABLE POWER GUI(HR1210)
ikl b
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Figure 30: GUI Interface to Set Protection Parameters
4.6.1 AC Brown-In/Brown-Out

To prevent the PFC power devices overstress at a low AC input voltage, HR1211 employs an AC
Brown-in/Brown-out function. IC starts operating when input voltage is detected higher than AC Brown-
in Voltage and shuts down when input voltage is lower than AC Brown-out Voltage. AC Brown-out
Voltage should be set smaller than AC Brown-in Voltage.

Since input voltage is a sine wave, input voltage is not always higher than brown-in threshold. AC
Brown-in Time Out is used to reset the time counter if there is no signal of brown-in comparator output
during a fixed time. AC Brown-in Time Out must be set longer than line cycle.

HR1211 has two stage Brown-out function. A higher voltage level brown out with a long time can
provide enough hold-up time when a slight AC drop. A lower voltage level brown out with a short time
can prevent the power device suffering overstress when a huge AC drop.

If the accuracy of Rint and Rinz in Figure 13 is 1%, and the ADC accuracy is about 0.6%, the accuracy
of the brown-in/brown-out threshold is within 2.5%.

Considering the voltage drop of the EMI component, the actual brown-out voltage is higher than the
programmed threshold at a heavier load. HR1211 compensates for the voltage difference according to
the level of input current. As shown in Table 3, there are two programmable the input current levels that
used for brown-out voltage compensation is divided into three programmable ranges. Compensation
Voltage at High Load is used to compensate the voltage when output larger than High Load Level,
Compensation Voltage at Low Load is used to compensate the voltage when output between High
Load Level and Low Load Level. There is no compensation when output lower than Low Load Level.
If brown-out accuracy is not needed, Compensation Voltage at High/Low Load can be set to zero.

Table 3: Parameters of AC Brown-out Level Compensation Function

AC Brown-out Level Compensation
item value unit
High Load Level 70 %
Low Load Level 30 %
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Load Hysteresis 5 %
B/O Compensation Voltage at High Load -5 Vac
B/O Compensation Voltage at Low Load -2 Vac

4.6.2 PFC Output OVP

PFC output OVP can be set with different values at low-line voltage and high-line voltage. The PFC
stops switching when the output voltage reaches the programmed threshold and resumes switching
when the output drops down to the target voltage.

Rout1 and Rour2 can affect the accuracy of the OVP and the 8-bit DAC for OVP. If the accuracy of Rour1
and Rour2 is 1%, the OVP accuracy is within £2.5%.

4.6.3 PFC Over Current Limit

Figure 31 shows the OCL circuits and waveforms.
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TPWM(E.BV) ™ ViocL
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Digital
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A path loc(n) loct () t'
q } SET I 4
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e I 12-bit
10pF ADC \ -
a) Circuit b) Waveforms

Figure 31: Demonstration of OCL

With OCL, the input power can be limited in over-load condition. This method helps to reduce the risk of
over-stress to the power components, therefore improving the robustness of the converter. OCL is
achieved cycle by cycle, during which the voltage of V¢s is compared to the output voltage (VocL) of an
8-bit DAC. When Vs is less than Voci, the PFC gate driver turns off immediately.

4.6.4 PFC Open Loop Protection

If FBP voltage drops below Vsus_oLe for more than the programmable duration, it is considered to be an
open-loop condition. The IC will enter into latch or auto-restart protection mode (selectable in GUI)
when this condition happens.

If IC is in latch protection mode, the switching is latched off, and can only restart when VCC be charged
to above Vcconnyy after it drops to below Vccrst.

If IC is in auto-restart protection mode, the switching is suspended for an auto-restart timer (can be
programmed). If users set “self-power mode” (which means use LLC transformer aux winding to power
the VCC), the IC still need to wait for VCC be charged above Vcconnv) to restart.

4.7 PF Compensation

To meet EMI requirements, an X-cap is usually connected between L and N line, and there is also a
high-voltage capacitor connected to the output of the bridge diode is always in parallel with a high-
voltage cap. As shown in Figure 32, the input current will be distorted and shift ahead of inductor
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current. The current flowing through Cz (X-cap plus high-voltage cap after bridge) can be calculated
with Equation (36):

av,o _

lCZ (t) C 7T fline C \/_I/mrms COS(2 T fline : t) (36)

Where fiine is the frequency of the input voltage.
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\ 4
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\ 4

Figure 32: Relationship of Input Current, C1 Current, and Inductor Current

This current causes a phase shift of input current at light load and worsens the power factors and THD.
The impact on the PF can be calculated with Equation (37):

2
costcos(tan'[Z-ﬁ-f-CZ V’;’”’JJ (37)
o

Where Po is the output power.

Figure 33 shows the influence of Cz and THD on PF. The larger C; is, the lower PF is, particularly at
smaller loads. The trend is the same as THD, as a larger THD can deteriorate PF.
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Figure 33: Influence of Czon PF and THD

The HR1211 implements a digital triangular wave to compensate for Ic, (see Figure 34).
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Figure 34: Compensation with Triangular Wave
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The amplitude of the triangular wave is calculated based on lIc,, which is determined by the input
voltage (Vin), the input capacitor (Cz), and the line frequency (fuine). In the GUI of the HR1211,
compensate the power factor at different values according to the input voltage. There are four input
voltage ranges, the typical compensation value is auto calculated with input voltage, input frequency
and compensation percentage. So users can set different compensate value at each range (see Figure

[y sy Y = |
!}I’. PROGRAMMABLE POWER GUI(HR1210) i

[ Basic [ wus [ pwm | PFrcomp Control Light Load

.
#4 Circuit
PF Compensation: on )

(& Design | |
A an =
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e Protection _:: Input Voltage (Vrms) :

= Input Frequency (Hz):
i Connect Cap Compensation (%Cin):

i

¢) Monitor |

Figure 35: GUI Interface of PF Compensation
The compensation value in VIN-R3 can be calculated with Equation (38):
IREF _COMP _VALUE =2 x~2 x 7 x Vin(240v) x Cin(2uF ) x fline(50Hz) x %Cin(100%) (38)
Where %Cin is the percentage of the actual capacitance that needs to be compensated.

Figure 36 shows the experimental result of the proposed compensation method of the input capacitor
current. PF is improved at high line and light load especially.
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Figure 36: PF Result with and without Compensation Method

4.8 Valley Turn On

In DCM, the HR1211 can turn on at the valley of the MOSFET’s drain-to-source switching voltage,
which can reduce the switching loss. This function can be enabled or disabled with the HR1211’s GUI.
This function is enabled when the button reads ON and disabled when the button reads OFF (see
Figure 37).

Vally Turn-on (ZCD): () oFF ' |
ZCD Period (high line): us
ZCD Period (low line): us

Figure 37: Valley Turn-On GUI Interface
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The resonant period at low-line voltage and high-line voltage should be measured respectively and then
fill in the GUI interface. Because the resonant period at low line is larger than it is at high line due to the
delay time of the body diode recovery. As shown in Figure 38, in five resonant period tests, the time
duration at 6.96pus is Vin = 230V, and at 8.8pus is Vin = 110V. Use the average resonant period of high
line and low line as the value to fill in the GUI.

Tek Prevu M 2.00ms
Toom Factor: 500 X Toom Position: =2.70ms
) e © I
A [m]z) 14m: 0.000
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Value WMean Win Max Std Dev Value WMean Win Max Std Dev
@ s 340V 340 340 340 0.00 @ s 23V 223 223 223 0.00
@ Peck-Pedk 436V 436 436 436 0.00 @ Peck-Pedk 440V 440 440 440 0.00
@ Amplitude 408V 408 408 408 0.00 @ Amplitude 404V 404 404 404 0.00
a) Vin = 230V b) Vin = 110V

Figure 38: Valley Turn-On GUI Interface
4.9 Frequency Jitter

Frequency jitter is a common method used to pass EMI test. The HR1211 has a frequency jitter
function that can be configured by the GUI (see Figure 39). The frequency jitter function is enabled
when the button reads ON and disabled when the button reads OFF.

Frequency lJitter: LI

Frequency Jitter Amp. : kHz
Jitter Modulation Freq: Hz

Figure 39: Frequency Jitter GUI Interface

When the jitter function is enabled, the switching frequency of the PFC is modulated around its
switching frequency with a variation of programmed amplitude. The frequency modulation can be drawn
as a triangle waveform which is shown in Figure 40.

Vin 4

Vinpk

f max
ANz AN AN = AN

VX 1"\ VN I\ w_nor
( Tswimin

Figure 40: Frequency Jittering
Here, fsw-max - fsw-min is the frequency jitter amp and fy, is the jitter modulation frequency.
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4.10 Programmable Digital Filter
4.10.1 Current Sense Filter

The HR1211 implements two programmable digital filters (csp_filter and td_filter) internally for noisy
immunity improvement.

Figure 41-a shows that csp_filter is implemented on the input of the PFC SET comparator. It helps
reduce the current distortion and the audible noise in CCM operations. Figure 41-b shows that td_filter
is implemented on the calculation of the delay time. It helps reduce the current distortion in DCM
operations. With td_filter, the new delay time can be calculated with Equation (39):

Ly wew(M)=A-1,(n)+(1=4)-1, ., (n=1) (39)
Where A is a coefficient related to the bandwidth of td_filter.
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Figure 41: Programmable Digital Filter

Both csp_filter and td_filter are second-order filter and can be configured by the GUI (see Figure 42).
The filter function is enabled when the button set ON and disabled when the button set OFF. There are
15 levels of bandwidth for each order filter which is selected flexibly according to practical applications.

csp filter: on () td filter- on ()

csp filter stage: td filter stage:
1

1st csp filter cross freq set: | 15 1st td filter cross freq set: | 9

2nd csp filter cross freq set: | 15 2nd td filter cross freq set:| 15

Figure 42: Parameters of Programmable Digital Filter
4.10.2 Voltage Sense Filter

To enhance the anti-interference ability of PFC output voltage sense, HR1211 implements a
programmable filter on FBP sensing. The cut-off frequency of the digital filter is programmable with
three levels. With the voltage sense filter, the capacitor (C3) parallel with Rouiz can be reduced, which
can improve the dynamic response and improve the accuracy of overvoltage protection.

AN145 Rev. 1.0 www.MonolithicPower.com 31
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.
© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

5. HB RESONANT FUNCTIONS

The half-bridge resonant converter (LLC) can achieve high efficiency with the benefit of zero voltage
switching (ZVS). HR1211 uses a patented current mode control method for LLC converter.

5.1 Current Mode Control

As shown in Figure 43, the voltage mode LLC controller (e.g. HR1001) adjusts the frequency to control
the output power based on the first-harmonic approximation (FHA), which describes the relationship
between the DC gain (M) of the LLC resonant tank and the switching frequency.

LLC DC Gain vs Switching Frequency

N AAAAAAAAAAAAAAAAAAAA

— 100% load
= 50% load
5% load

05

0

f f e Fis s

min r

Figure 43: DC Gain of the LLC Converter

HR1211 uses a current mode control method for LLC converter. Equation (40) shows that the output
power has a linear relationship with the resonant capacitor voltage difference AVc¢.. The AV, has an
integral relationship with the resonant current I, as shown in Equation (41).

Pout :n'Pz’n :n.Vbus .AVCV 'Cr f‘s (40)

T
L?I,dt
C

I

(41)

AVCV =

Where T is the switching period.

HR1211 uses an comparator to control the resonant capacitor voltage difference AVc, directly to control
the output power. The advantage is that HR1211 obtains a quicker response than a voltage mode
controlled system.

Figure 44 shows the control block diagram of the HB LLC. The on-time comparator is used to turn off
the high side gate (HG) by comparing the current sense signal (Vcs) with the feedback signal (Vcowp).
The HG on-time is re-used for low side gate (LG). A digital counter with 1/fosc LLc minimum step is
implemented to ensure the on-time matching of HG and LG.
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Figure 44: LLC control block diagram

Figure 45 shows the LLC current mode control strategy by sensing CR and FBL voltage which
determines the LLC switching frequency.
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Figure 45: LLC Current Mode Control Strategy

CR pin senses the resonant capacitor Cr voltage by the external cap divider (Ci, Cr2). The capacitor
division ratio determines the maximum output power (primary current) of the LLC stage. A resistor (Rc1)
paralleled with C; is used to eliminate the DC component.

HR1211 senses the voltage of opto-coupler on FBL to generate the reference (Vcome) of the internal
on-time comparator which determines the HG on-time. The LG follows the previous HG on-time. There
is an internal pull-up resistor Rrg. assures that the FBL voltage increases with the output load
increasing.

5.2 LLC Operating Mode Control Strategy

For HB LLC topology, the switching frequency gets higher which lead to magnetization and switching
losses increase at light load condition. To control the output voltage and limit power consumption, the
HR1211 implements a skip mode operation in light load and a burst mode operation in extremely light
load which greatly reduces the average switching frequency, thus reducing the magnetic losses.

As shown in Figure 46, there are 3 operation mode: continuous steady state, skip mode and burst
mode, which are determined by the FBL pin voltage. When Veg_ triggers the threshold (V2), the LLC
system enters into skip mode and if FBL voltage further drops (load decrease) to below threshold (V4),
LLC switch triggers burst-off and LLC enters burst mode. Both skip mode and burst mode threshold has
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a hysteresis V3 & V5, above which the LLC enters back to continuous steady state or skip mode. All
the threshold V2-V5 can be programmable in GUI.

VFB[,

Resonant Fs (V1)

Conti 1s steady state

Hysteresis Fs (V3)
b Skip Mode Fs (V2)

Skip Mode

Hysteresis Fs (V5)
— Burst Mode Fs (V4)

Burst Mode

OV eommt—

Figure 46: LLC Working Mode by Monitoring FBL

Figure 47 shows the corresponding block diagram for this FBL voltage process and on-time comparator.
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Figure 47: FBL Voltage Processing for on-time Comparator

During continuous steady state mode, the FBL voltage is used as the reference for the on-time
comparator by Equation (42):

(42)

Veour = Vg — VFBLioffset

During skip mode & burst mode, the sampled FBL voltage is internally processed to Vcowe by digital
core and output from a 10-bit DAC which used as reference for the on-time comparator for turn-off the
HG gate driver, the 10-bit DAC output is calculated with Equation (43):

Veour = AVig + B (43)
Where A is the proportional coefficient and B is an offset for Vcome which both can be set in GUI.

Figure 48 shows the relationship of Vcowp and FBL voltage.
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5.2.1 Skip Mode Operation

When system enters skip mode, a switch-idle (both HG and LG) period will be implemented every N
(programmable in GUI) switching cycles. The skip cycle frequency fsip is kept at a programmable value.
The 1st high side gate always turns on with ZVS condition to minimize the switching loss (see Figure
49).

< Tskip »
HG
LG Skip Idle Time I-
HB \
ZVS for
1st HG

Figure 49: Skip mode operation of LLC

Figure 50 shows the GUI interface of skip mode parameters.
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Figure 50: GUI interface of skip mode
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Skip mode in level(FB) is the FBL voltage which is the threshold (V2) of entering skip mode. E.g. skip
mode is required under 20% load. The approximate value of Skip mode in level(FB) can be calculated
with Equation (44):

Skip mode in level(FB) = 20% - (V. it = Vins oper) +Vent oger (44)

Where VegL s is the voltage of FBL in the full load.

Skip mode in level(Ref) is the output of 10-bit DAC when FBL voltage is the value of Skip mode in
level(FB). The Skip mode in level(Ref) should be larger than Equation (45), otherwise the output
power in skip mode cannot sustain the output, which leads the bounce between the skip mode and
continuous steady state mode.

Skip mode in level(Ref) SO S (Skip mode in level(FB) =V, .. (43)

skip : skip

Where fs is the switching frequency in skip mode, Nsip is the Skip switching cycle counts, fg, is the
Skip frequency. The value calculated by Equation (45) is only used for reference, it also needs to be
fine-tuned according to the actual operating conditions.

In case of oscillation when IC translates from the continuous steady state mode to skip mode, the 1st
skip mode cycle works after a delay of a programmable continuous cycles (see figure 51).
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\Cgﬂinuous steady state Skip mode

Skip mode in level E— - —
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Figure 51: Waveform of conversion from steady state mode to skip mode

Once HR1211 entries the skip mode, the Skip mode hysteresis and Skip out time ensure that
operation mode does not bounce between the steady state mode and skip mode. The value of Skip
out time in the GUI is the number of skip mode cycles. E.g. setting the Skip out time to 500, When the
FBL voltage trigger the skip mode threshold plus the skip mode hysteresis, HR1211 converts from skip
mode to steady state mode after 500 skip mode cycles (see Figure 52-a). The skip mode fast out
level is used to entry steady state mode directly in the dynamic conditions in case of the excessive
voltage drop of output (see Figure 52-b).

VL Skip mode | Continuous steady state Vint Skip mode | Continuous steady state
’ I
Skip mode hys : o ‘1}\ : /\L/ﬁ
Skip mode level [-= T } Skip mode leve /}r i
HSG i HSG i i I=
I |
L e
t
a) Skip out time delay waveform b) Skip mode fast out waveform

Figure 52: Waveform of conversion from skip mode to steady state mode
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5.2.2 Burst Mode Operation

As the load gets even lighter, to further limit the average switching frequency, a longer switch idle time
will be inserted into the skip mode, which is called burst-mode operation.

As shown in Figure 53, during burst-on period, the LLC works in skip-mode which describes in Figure
48. During burst-off, the switching is totally off, the burst-off period ends when the FBL voltage
increases to trigger Ve _on threshold (programmable).

|
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[« faursT > Burst out Level

FBL \/ BursT Hys
i i i v

! Burst in Level
K— Burst-on ———————»i«—— Burst-off —>|

e TJL_ UL UL UL
o JUT_ U] T UL

Figure 53: Burst mode operation of LLC

The burst frequency fsurst can be adjusted by increasing or decreasing the switching pulses during
burst-on period. By adjusting the burst frequency to a proper range, the audible noise during burst
mode can be greatly decreased. As shown in Table 4, the Max Burst Frequency is the target of
frequency control. If the burst frequency is between the range of Max/Min Burst Frequency, HR1211
keeps the current state. Burst Frequency Blanking Period is used to blank several burst cycles to wait
the system stable, then enable next frequency control.

Table 4: Parameters of LLC Burst Frequency Control

LLC Burst Frequency Control

item value | unit
Burst frequency control enable 1

Max Burst Frequency 500 Hz
Min Burst Frequency 400 Hz
Burst Frequency Blanking Period (Burst cycles) 3

Figure 54 shows the burst frequency control strategy waveforms. E.g. the current burst frequency fourst[0]
is 1000Hz, the pulse cycles counter N[0]=4, the target control frequency is 500Hz, thus, HR1211
calculates the pulse number N[1] of next burst cycle to control the frequency with Equation (46):

N[0]- 0
N[l] — [ ] ﬁ)urst[ ] (46)
](target
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Figure 54: Burst Frequency Control Strategy

Where faget is the Max Burst Frequency programmed by user. If the next burst frequency fours1] is
between Max Burst Frequency and Min Burst Frequency, HR1211 will not change the next pulse cycles.

During the deep burst mode operation, the burst-off time is so long that the BST capacitor voltage
drops too low. Therefore, LG is turned on first for a programmable time when enter into burst-on if the
burst-off time exceeds the timer set in GUI to charge the BST voltage. E.g. as shown in Figure 55, if the
burst-off time is longer than 80ms (Bootstrap cap discharge Time), the LG is turned on first for 80us
(First low-side gate on Time) when IC exits the burst mode. Due to the long time LG turn-on, adaptive
dead-time adjustment (ADTA) is ineffective, an Idle time after 1st low-side gate is used to prevent
shoot-through.

Bootstrap cap discharge Time: 80 (ms)
First low-side gate on Time: 80 (Hs)

Idle time after 1st low side gate for BST charge: | 400 | (ns)

Figure 55: GUI interface of first LSG on function in bust mode

5.2.2.1 Power Saving on Feedback Loop

In deep burst mode (the switching counts during one burst-on period is lower than a programmable
value), the FBL pull up resistor RreL is increased from RrsLow t0 RrsL high gradually (with a
programmable timer) to decrease opto current to save power loss.

As shown in Figure 56, the Pulse Counts, Stable Time and Exit Time is the criterion of switching FBL-
pull resistor. If the number of skip cycles in one burst cycle is less than Pulse Counts for the
programmed consecutive burst cycles (Stable time), HR1211 switches FBL pull-up resistor from
RraL_ow t0 RrsL_nigh. Once IC switches to RreL nign, If the number of skip cycles in one burst cycle is larger
than Pulse Counts for Exit time, HR1211 switches FBL pull-up resistor to Rre. ow. HR1211 is added a
programmable hysteresis of Pulse counts to keep the power save function stable.

To prevent the loop oscillation of switching FBL pull-up resistor, a translation time of each switching
direction can be set. A basic time should be guaranteed, and a long addition time can be set
independently of each switching direction. E.g. setting the basic time as 100ms, setting the addition
time of RrsL_jow t0 RraL_nigh as 2x256ms, and setting the addition time of RrgL_nigh 10 RreL jowas 1X256ms.
So the total translation time of RrsL_jow 10 RreL_high is 612ms, and the total translation time of RrgL_nhigh t0
RFBL_Iow is 356ms.
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LLC extra power saving on feedback:' oN | | Pulse counts: |\ 8 (Skip cycles)
Stable time: (Burst cycles) Exit time: (Burst cycles)

VFEI.'__.source

Transiation Time T

Res. Low>High X 256ms + | =812 ms | switching

———————————————— Mmegl—————=——

s (re0
T lation T =
rransiation Timel ) x 2sems+—— | -G8 Jms

Rf BL_low Rﬂ BL_high

FBL

Figure 56: GUI interface of Switching FBL Pull-up Resistor

5.2.2.2 Ultra Low Power Mode

In order to further reduce the IC power consumption, HR1211 implements ultra low power mode during
burst-off period (both PFC and LLC enter burst mode). In ultra low power mode, the system clock is
reduced to 1/10, some internal bias current shuts down. The total IC consumption is reduced to lcc_grust
(typically 1.8mA).

As shown in Figure 57, HR1211 entries the ultra low power mode when PFC and LLC burst-off.
HR1211 exits ultra low power mode when PFC burst-out or FBL higher than a voltage threshold which
is output from a programmable 8-bit DAC. This voltage threshold should be set between burst in and
burst out level.

A low voltage threshold (need lower than burst in level) is set to force HR1211 suspending LLC
switching and entering ultra low power mode, if PFC is burst off. This threshold is used to prevent the
output overshoot in load dynamic condition or LLC burst frequency control. Since the ultra low power
mode in level suspends the switching, the LLC burst frequency control will be interrupted, thus burst
frequency will be higher than target. If users prefer burst frequency and don’t care about the output
overshoot, a force burst frequency control switch function can be set.

FBP
Vbulk burst in
Vbulk targe

-y

FBL A

Burst Out level

Ultra low power mode out level
Burst In level

Ultra low power mode in level

LLC GATE A

|
|
|
|
\
|
|
|
| Do \
PFC Burst T | L }
P I
[ !
[ |
| ! T
[ !
;o !
|
|
i
|

\ ‘ | >t
LLCBurst A ! | !
1 ! |
} + T [ >
Ultralow A I } I I t
power mode |
>
t
Figure 57: Ultra Low Power Mode
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5.3 Enabling and Disabling LLC Operations

As described in the IC power management section and shown with the waveforms in Figure 4, if VCC
and VREG are normal, then the LLC is enabled when D2D_BI/BO is high, which indicates that the PFC
output voltage is larger than the LLC brown-in threshold. The LLC is disabled when D2D_BI/BO is low,
which indicates that the PFC output voltage has dropped below the LLC brown-out threshold.

The brown-in threshold and brown-out threshold of the LLC can be set (see Table 5). LLC Brown-in
after PFC Brown-in switch is used to suspend LLC working until PFC enable, otherwise, LLC and PFC
enable independently.

Table 5: Parameters of LLC Brown-in/out

LLC Brown-in/Brown-out
item value | unit
LLC Brown-in after PFC Brown-in 1
LLC Brown-in Voltage 380 \'
LLC BI Timer (FB sample count) 15
LLC Brown-out Voltage 340 \'}
LLC Brown-out Timer 200 us

5.3 Soft start Operation

During LLC switching start-up, the internal Vcowp is overridden by a soft-start generator output voltage.
The soft-start timer can be set in GUI to define the soft-start duration.

At the beginning of startup, LG will be turned on first for a programmable time to charge up the BST cap
voltage (see Figure 58).

Because of resonant cap Cr voltage imbalance during system start-up, the current slew rate in the
resonant tank has a significant difference when HG and LG gate driver turned on. With 50% duty cycle
of HG and LG gate driven, the resonant tank current may not reverse in a switching half-cycle, in which
condition hard switching may occur (see Figure 58). In HR1211, the LG gate driver will not be turned off
until the resonant tank current drops below zero (Vcsne<Vesnr) to avoid hard switching during soft-start.
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LLC hard switching during startup
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v LS gate turned off
until current drops
below zero
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HSG & LSG imbalance to prevent hard
switching during startup in HR1210

Figure 58: LLC start-up to avoid hard switching in HR1211
5.4 Adaptive Dead-Time Adjustment (ADTA)

The adaptive dead-time control function adjusts the dead time automatically, which allows the LLC
converter to achieve high efficiency from light load to full load due to ZVS.

Figure 59 illustrates the possible dead time with ADTA logic. Note that there are three possible dead
time, minimum dead time (tomin), Maximum dead time (tomax), and adjusted dead time which value is
between tomin and tomax. When the transition time of SW is smaller than tpmin, the logic prevents the
gate of HG or LG until tomin is reached. This can avoid any shoot-through of the high-side and low-side
MOSFET. If the dead time is too long, it may lead to duty cycle loss and loss of soft switching. So a
maximum dead time tomax is set forcing the gate to switch on. Both tomin and tomax can be
programmable in GUI.

Vgate A
LSG HSG LSG HSG
>t
Vsw (
_ .
Vor T tDMIL - tDMEI’ i ‘tDMAX#
\ >t

to {1 tz ts t4 ts te t7
Figure 59: Waveforms Demonstrate ADTA
5.5 Slope Compensation function

For current mode control stability, a digital 4-bits programmable slope voltage Vcr siope is added on the
sensed voltage Vcr to generate Vcs (see Figure 60).
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Figure 60: Slope compensation waveform

As shown in Table 6, the slope compensation per LSB is dVsipe/dt (typically 2.6mV/us). E.g. set the
slope compensation level select to 2, and the HSG turn on time is 5us, thus the compensated
voltage on Vs is 2-2.6"7 -Sus =26mV .

Table 6: Parameters of LLC Slope Compensation

LLC Slope Compensation
item value unit
LLC slope compensation level select 0
LLC slope compensation on level 1.55 \'
LLC slope compensation off level 1.4 \'
LLC Slope compensation always on EN 0

The function can also be disabled when output load (FBL voltage) is lower than a programmable
threshold, in case the ramp voltage affects the load level of skip in/out and burst in/out. Slope
compensation on level is used to enable the slope compensation function when the FBL voltage is
higher than the threshold. Slope compensation off level is used to disable the slope compensation
function when the FBL voltage is lower than the threshold. Slope compensation always on EN is
used to enable the slope compensation function all the time, even if the FBL voltage lower than Slope
compensation off level.

5.6 Protections
5.6.1 Capacitive Mode Protection (CMP)

In fault conditions like over-load or short circuit, or just load transient condition, the LLC converter may
run into capacitive region. In capacitive mode, the voltage applied on resonant tank is lagging off the
current, which makes the MOSFETs lose ZVS and even be damaged, so operating in capacitive region
should be avoided.

Figure 61 shows the principle of the capacitive mode protection in HR1211. CSPOS and CSNEG
stands for the current polarity, which is generated by comparing voltage of CSHB pin with internal Vcspr
and Vcsnr voltage threshold.

AN145 Rev. 1.0 www.MonolithicPower.com 42
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.
© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

A
Vgate H HSG HSG .
A - e
Vaate L [~ Lsa LSG| | i LSG_
A
Vsw
VcshB A\ v
\ CSPR
= _::}F::;a :;__&ié'}
- 1 Vesnr
CSNEG A
A
CSPOS
DT A g

t0 t1 t2 2" 3

Figure 61: Operating Principle of CMP

At t0, the moment when Low-side gate driver is turned off, Vcsnie<Vcesng Which means current flows at
right polarity (negative), so that convertor is operating in the inductive mode. Capacitive mode
protection doesn’t take action.

At t1, the moment when High-side gate driver is turned off, Vcsis> Vespr Which also imply current flows
at right polarity (positive), so that convertor is operating in the inductive mode. Capacitive mode
protection doesn’t take action, either.

At t2, Vcsus reaches Vesnr, While the LG turn-off signal still didn't come. In this case, if the system
waited for the LG turn-off signal (at t2'), the LLC converter would work in the capacitor mode. In order to
avoid this capacitor mode operation, LG will be forced turned off when Vcsug crosses above Vesar,
instead.

If Vcsus never cross above Vcspr during HG on time, the CMP function won't be activated when HG is
turning off. Vice versa, if Vcshg never cross below Vesng during LG on time, the CMP function won't be
activated when LG is turning off.

Figure 62 shows the GUI interface of CMP parameters. A CMP function filter is used to prevent the
spurious triggering of CMP. The blanking time can be also programmable in the GUI.

Capacitive Mode Protection: oN ()

CMP filter: “on | ) CMP filter selection: 200 |(ns)

 —

Figure 62: GUI interface of CMP
5.6.2 Over Current Protection (OCP)

HR1211 provides the short circuit protection by triggering the Vcsug voltage at Ves.oce. A OCP
Protection Voltage Level select switch is used to select the voltage reference of Vcs.oce. If the switch
=0, Vcs-ocp=2V, If the switch =1, Vcs.ocp=1.5V. An internal counter will be incremented each time Vcs.
ocp is triggered and OCP protection takes action when the counter counts to N which is programmable
in GUI and the maximum value is 7. This condition normally happens when the CSHB pin voltage
continues to rise during a short circuit. IC can be selected for latch protection mode or auto restart
protection mode in GUI when LLC OCP happens (see Figure 63).
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Over Current Protection:

delay pulse: @ timeoutset:| 1 mode : | Autorestart v

Figure 63: GUI interface of OCP

OCP Timeout Set is used to enhance the sensitivity of OCP. During the HR1211 counting the OCP
cycles, it allows the interruption of N cycles (OCP Timeout). The OCP timing sequence is shown in
Figure 64. E.g. OCP Delay Pulse is set to 5, OCP Timeout is set to 1.

OoCP
counter SOALXIXZ X XXX 2 X - X3RO X I X2 X3 X X4X5)
Ves.ocp

Figure 64: Operation Principle of OCP

5.6.3 Over Power Protection (OPP)

The LLC OPP function is implemented by the detection of FBL pin voltage. The FBL pin voltage is
monitored and when the voltage exceeds Vopp Lic (programmable in GUI), an internal programmable
timer is triggered on. This timer is reset when FBL voltage falls below Vopp 1.c. OPP function will be
triggered if the timer counts to the end without reset. IC can be selected for latch protection mode or
auto restart protection mode in GUI when LLC OPP happens (see Figure 65).

Over Load Protection:
stable time: (300 | (ms) level(FBL): (23 | () mode:
Figure 65: GUI interface of OPP
5.6.4 SO pin Protection

HR1211 monitors the voltage on SO pin and provide a protection function when Vso exceeds Vso ove
for a programmable timer Tove_stabie (S€€ Figure 66).

Over Voltage Protecion:
stable time: (us) mode :

Figure 66: GUI interface of SO pin protection

As shown in Figure 67, the SO pin can be connected to the primary auxiliary winding by a resistor
divider to sense the output voltage, which used as over voltage protection (OVP). The voltage on SO
pin is calculated with Equation (47):

RSO] N

v, = Do 4y (47)
SO RSOl +RSO2 N ( o FD)

Where: Npau is the turns of auxiliary winding
Ns is the turns of secondary winding

Vo is the output voltage and Vgp is forward voltage drop of output rectifier or SR.
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Rso1 and Rso2 is the voltage divider for sampling.

An external NTC can also be used on this pin as external OTP function. Pull up SO pin with an NTC
resistor to a constant voltage source (VREG etc.), as shown in Figure 67. The pull up resistor RSO2 is
to limit the maximum voltage on SO, which is usually <3V to avoid SO pin overvoltage. The voltage on
SO pin is calculated with Equation (48):

Rsor
+R,,, +R

NTC SO1 502

(48)

N2

' VREG

R

Where Rso is the external pull down resistor connect on SO pin to GND.

VREG

SO

Rnte Rsoz

Figure 67: SO Application Circuit for OVP and external OTP Function
5.7 LLC Resonant Tank Parameters Design

The on-line design tool is available in below website:
https://www.monolithicpower.com/en/lic-design-tool

MPS’s AN054 details the analysis and design of LLC resonant tank parameters based on HR1000, as
shown in below website:
https://www.monolithicpower.com/en/design-tools/application-notes.html

5.8 Sensing Circuit Design
5.8.1 CR Sensing Circuit

As shown in Figure 68, the current sense voltage Vcr is derived from the resonant tank capacitor Cr.
The voltage on Cr is divided by external cap divider (Cr, Cr2) before it is sensed on CR pin. The
capacitor division ratio determines the maximum output power (primary current) of the LLC stage. The
resistor Rcr paralleled with Cy, is used to eliminate the DC bias.
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Figure 68: CR pin sensing circuit

The resonant current 7, is calculated by Equation (49):

z-lo ’ N.-Vo ? .
— T . . . 49
ILr(t) = \/[ NTJ +( ) fr J s1n(2iz ﬁ‘O l) ( )

Where o is the LLC output current, N, is the turn ratio of LLC transformer, Vo is the LLC output
voltage, Lm is the magnetizing inductance of LLC transformer, f-0 is the resonant frequency.

The voltage on resonant capacitor is calculated with Equation (50):

70
1 jo 1, (t)dt

Ve (1) =5

-sin(27z - fr0-1)+ VbT (50)

Where TO is the switching period.

The resonant capacitor voltage difference AV, is the V¢, removed the DC bias, which is calculated with
Equation (51):

70
[ 1, @t
AV, =2 "7 (51)
Cr Cr
The CR pin voltage is calculated with Equation (52):
Xc(Cr2)- Ry
TS Y 52)
Xe(Criy+ 2880 Rer 2
Xc(Cr2)+ Ry,
Where Xc(C) is the impedance of a capacitor under resonant frequency, which is calculate with
Equation (53):
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1
Xe(©) 2z fr0-C (53)

Under full load, Vcome is VrsL-VrsL ofiset, there is about 80kQ input resistance of Vs -VeeL oftset Amplifier,
804
8kQ + 80kQ
2.6V, the VrsL ofiset is 1V). Considering overload ability, the relationship of Vcomp_full and Vcr under full

load is calculated with Equation (54):

thus, the maximum Vcowmp max IS 2.6V -1V = 1.36V (the RraL_ow is 8kQ, the FBL source is

~ VCOMPimax (54)

VCR ) VCOMP?[M” N Ratioaverload
Over Load Power
Full Load Power -
2kQ. Therefore, the C., value can be calculated through the Equation (49) to Equation (54).
5.8.2 CSHB Sensing Circuit

The HR1211 can adopt two approaches for sensing current, i.e. capacitor divider based lossless
current sensing and sense resistor current sensing. Generally, lossless current sensing is preferred in
high-power applications (see Figure 69).

Where Ratiooverioad iS The recommended C.4 is 110nF, and the recommended Rcr is

Ll

Lr

i

calivs

R1
cs — I
%01 [I] Rs +Cr

v

Figure 69: CSHB pin sensing circuit
To design the lossless current sensing network, the following inequalities should be satisfied:
cs< < (55)
100

To prevent CSHB signal always less than the capacitive detection threshold Vcspr (or Vesnr) in light
load, Rs should fulfill the condition below:

Rs >Vcﬂ.(1+gj (56)
1, Cs

Where | is the peak magnetizing current in the Equation (57):

I/bux (57)

1, =
&-Lm- f, .

Where fmax is the maximum switching frequency.

On the other hand, Rs shall be smaller than the equation below with a de-rating of 30%:

0.7V Cr
Rs < CS-0CP | 14— (58)
ICrpk CS
AN145 Rev. 1.0 www.MonolithicPower.com 47
10/17/2019 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.

© 2019 MPS. All Rights Reserved.



mps AN145 - HR1211 MULTI-MODE PFC + CURRENT MODE LLC COMBO

Where Icpk is the peak current of the resonant tank at low input voltage and full load. lcpk can be

expressed in Equation (59):
o) ( N, Vo Y
Ic,,,k=\/(;NOJ +£—4 o j (59)
N, . m.ﬁ/-()

R1 and C1 network is used to attenuate switching noise in CSHB pin. The time constant should not be
larger than 100ns.

An alternative solution is to use a sensing resistor in series with the resonant tank (see Figure 70). This
method is simpler with less external components, but may cause undesired power consumption on the
sensing resistor.

Considering a de-rating of 30%, the sense resistor can be designed using inequality:

< 0.7- VSCPfLLC

Rs
ICrpk
i
i
R1 Cr
(1]

C1

—[ Rs

Figure 70: Current Sensing with a Sense Resistor
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6. SYSTEM FLOW CHART
Figure 71 shows the system flow chart of the HR1211.

i Power Management
OTP X-cap Discharger
wioon
Digital PFC ! Digital LLC
[_prosonsan ]
PFC OLP PFC Brown-out PFC OCL PFC OVP
PFC Burst ‘—’—I—‘
Vg 1<V it N i
(oo |
-
. Autorrestart W N
0 orFT =i kT I ! } . aton
_ B e
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Figure 71: System Flow Chart
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7. SUMMARY OF PROTECTION FUNCTIONS
Table 7: Overview of All Protection Functions of the HR1211

Pin Symbol Description Affected Action
VCC Vee uve Under-voltage protection for VCC System Disable IC
VCC Vee scp Short-circuit protection for VCC System Disable and limit lnv
VREG Vireg uvp Under-voltage protection for VREG | System Disable and limit Ich(Vdd)
OTP Over-temperature protection System Disable IC
ACIN BI/BO Line input under-voltage protection PFC Suspend PFC switching
CSP OCL_PFC Cycle-by-cycle current limit PFC Turn off PFC gate cycle-by-cycle
FBP OVP_PFC Over-voltage of PFC PFC Suspend PFC switching
FBP OLP_PFC Open-loop protection System Auto-restart / Latch
FBP LL?n?SS;Nn_ LLC stage under-voltage protection HBC Suspend LLC switching
CSHB OCP_HBC Over-current protection HBC System Auto-restart / Latch
CSHB CMP Capacitive mode protection HBC Turn off LLC gate cycle-by-cycle
SO Multipurpose protection System Auto-restart / Latch
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8. LAYOUT

This section describes the key considerations of routing and placing key components on the layout.

8.1 Power Stage

In Figure 72, Loop1~Loop4 are the high di/dt current loop, so the loop area should be as small as
possible. To avoid cross-talk interference between the PFC and LLC, the trace of the power GND
should be in a cascaded connection. For example, if the D point is directly connected to the B point
without going through the C point first, crosstalk occurs between Loop2 and Loop3.

The three high dV/dt traces are shown in Figure 72. These traces are the noise source of common
mode (CM) noise and radiated EMI, so the trace should be kept as short as possible.

High dv/dt
~ O~
~ o .
T .
D4 =
----- N
l Lell "'*. : \ T Q4
o EMI A usf - .
; ko
Filter X ol | X ; J’ 1S o
NN S o Y
S, S e ~.of ==ci12
------ - Bl
S T | T
o1 o2 - v
1 Qs T—
Power Trace
(GND) Coso

3 Feedback
d network
= <

Figure 72: Consideration for Power Stage

8.2 Grounding

There are two different reference grounds in the HR1211: GNDD and PGND (see Figure 73). GNDD is
the reference ground of various signals of the digital section, such as internal V3.3, ACIN, CSP, FBP,
CR, CSHB, SO, UART. PGND is the reference ground of analog section, such as HV, VCC, VREG,
GATEP and LSG.

N o
L2
D4 q
[ W—1 I"'l_k @ MP6924
Lr
EMI Cous J «
AC («E T ™

Filter @
B1 * o T o
| = C12
— {15+ °
v
D1 D2 hl‘ el
» Ceshe
Resi
| Feedback
||E network
Figure 73: Reference GND
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It is recommended to connect PGND and GNDD and make a large ground pour area, then connect to

the negative side of the power stage with a single-point connection to avoid cross-coupling from the
power ground to the digital ground (see Figure 73). The signal sensing filter capacitors’ ground and
VCC, VREG filter capacitors’ ground should be connect to the ground pour area separately.

To prevent the PFC current distortion, the power ground trace (Point B to C in Figure 73) should be as
short as possible.

Figure 74 shows an example of the GND connection in the single-layer board. PGND and GNDD are
connected together and make the ground area as large as possible under IC, and then connected to
the negative port of the bus capacitor directly.

ax

Figure 74: Layout Example

8.3 Key Signals

The key signals that might be disturbed by noise and deteriorate performance are CSP, CR, CSHB and
FBL, described as below.

e CSP: The current of the PFC inductor becomes distorted if the CSP signal is disturbed by other
noises, which may worsen THD, PF, and even the audible noise. To reduce noise coupling, the
loop formed by PFC inductor current sense, CSP and GND should be as small as possible (see
Figure 75).

e ACIN: The ACIN sensing circuit trace is usually away from the IC because it sensing the voltage
before the rectifier bridge. It is recommended to place whole sensing circuit to near the IC (see
Figure 75) to improve the anti-interference ability. The pull-down resistor and filter capacitor
should be as near the IC as possible.

e CR: CRis the resonant capacitor voltage sense for the LLC stage. The signal is used for on time
comparator input, which decides the HSG turn on time. The loop of CR sensing circuit should be
as small as possible.

e CSHB: CSHB is the resonant current sense of LLC stage, and is used for capacitive mode
protection and short circuit protection. The R-C filter should be placed close to CSHB, and the
loop should be small.

e FBL: FBL is the feedback signal of the LLC from the collector of the optocoupler. The trace
connecting to the collector should be as short as possible and as far away from the high dV/dt
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trace as possible (e.g.: the trace in the middle point of the half bridge). If this signal is disturbed
by other noises, duty unbalance of the LLC occurs and may cause the LLC to work abnormally. It
is highly recommended that the trace be placed in parallel with the trace of the return signal and
to make the loop area as small as possible.

e UART: UATR provide a half-duplex communication 10 interface. UART is recommended to
parallel with a 100pF capacitor to GND in case suffering the disturbance.

e HV: HV pin is use to detected input voltage for the X-cap discharge function. A resistor (about
2KQ to 10KQ) is recommended to prevent the surge shock. The trace between the resistor and
HV pin should be away from the high dV/dt trace and component.
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Figure 75: Key Detection Signals
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8.4 Key Component Placement

The key components should be given careful consideration during layout. Refer to Figure 76 and follow
the guidelines below.

1. Place the noise decoupling cap of ACIN, FBP, CSHB and FBL as close to the IC as possible.
2. Place Cg: as close to the IC as possible.

3. Place the HR1211 away from the high dV/dt components of the LLC stage (e.g.: Lrand T2).
4

. Connect VD1 (Light-Load Mode detection pin) of MPS synchronous rectification controller to the
Loop corresponding LSG on, in case SR controller enters light-load mode when HR1211 works
in skip mode.
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Figure 76: Key Component Placement
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9. DESIGN EXAMPLE

The EVB is designed for verification and evaluation of the performance of the HR1211. For details of
the EVB, please refer to the EVB datasheet.

9.1 Design Specification

Parameter Symbol | Condition Min Typ Max | Units
2-wire or 3-wire,
Input supply voltage Vac full load range: 90Vac - 264Vac 90 264 v
AC line frequency Fune 47 50/60 63 Hz
Output voltage Vo 12 V
Output current lo 33.3 A
Output voltage ripple Vo ripple | Vac = 230V, full load 100 mV
Continuous output power Po 400 w
Efficiency n 80+ platinum %
Start-up time tst 2 S
Power Factor Vac = 90V to 264V, full load 0.9
THD Vac = 90V to 264V, full load 10%
Conducted EMI Meets EN55022 Class B
Harmonics Meets IEC61000-3-2 Class C
OCP Auto-restart
OVP Latch
Operation temperature Tavwe | Free convection, sea level 40 | | 70 | °C
9.2 EVB
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9.3 Schematic
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9.4 Performance

o Efficiency

Vin=115V, Vout=12V, Pomax=240W
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Vin=230V, Vout=12V, Pomax=240W
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Load(%) Load(%)
¢ No Load Consumption
Vin (Vac) 90 115 230 264
Pin (mW) 82.7 84.9 93.6 96.6
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¢ Harmonics

N @Vin=120V
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e EMI Test Result

110Vac full load 220Vac full load
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NOTICE: The information in this document is subject to change without notice. Users should warrant and guarantee that third
party Intellectual Property rights are not infringed upon when integrating MPS products into any application. MPS will not
assume any legal responsibility for any said applications.
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