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Description

This reference design is a compact, high efficiency,
24-V DC, 500-W reference design for industrial AC/DC
power supplies. This design consists of a front-end,
two-phase interleaved transition mode (TM) power
factor correction (PFC) based on the UCC28064A.
This minimizes the PFC inductor size and reduces EMI
filter requirements. The DC/DC is implemented using
the HB-LLC stage implemented using TI's UCC256301
device. For efficiency improvement, synchronous
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rectification is used at secondary which uses the

Overall efficiency of 94.5% at full load with peak
efficiency > 95% with standby power less than 200
mw

Up to 330-W operation without forced cooling

High power factor > 0.99 and meets PFC
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Meets requirements of Conducted Emissions
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ZCS avoidance feature and OVP sensing feature in
LLC controller improves robustness and protects
systems from overcurrent, short circuit, and
overvoltage to ensure safety

Small 160 mm x 80 mm x 35 mm PCB form factor
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System Description

Industrial AC/DC power supplies are used in various applications such as process control, data logging,
machinery control, instrumentation, factory automation, and security systems. These AC/DC supplies
provide a convenient means for powering DC operated devices including programmable logic controllers
(PLCs), sensors, transmitters and receivers, analyzers, motors, actuators, solenoids, relays, and so on.
These supplies are convection cooled and need to support features like power boost where it supplies a
increased output load for a short duration. The supplies operate over a wide input range from 85- to 265-V
AC, delivering full load for entire input voltage range. The output voltages from these supplies range from
5 to 56 V with power ratings from 7.5 to 500 W. Many of these supplies can be connected in parallel for
higher power applications.

This reference design is a 500-W high efficiency industrial AC/DC power supply. The design consists of a
two-phase-interleaved, critical conduction mode (CrCM) PFC converter, which operates from an input
voltage range of 85- to 265-V AC RMS and generates a 400-V DC bus. The second stage is made up of
an isolated half-bridge LLC stage, which generates a 24-V, 20-A nominal output. Industrial power supplies
have requirements of high efficiency over their entire operating voltage range and wide load variations
from a 50% to 100% load. This design demonstrates high efficiency operation in a small form factor (155 x
125 mm) and delivers continuous 480 W of power over the entire input operating voltage range from 85-
to 265-V AC. It gives an efficiency of > 94.5% for 230-V AC nominal operation and 92% for 115-V AC
nominal operation.

The UCC28064A PFC integrated circuit (IC) controls the interleaved CrCM PFC stage. Interleaved critical
conduction mode (CrCM) and continuous conduction mode (CCM) are the two popular topologies for PFC
applications with greater than 300-W output power. CrCM PFC has the advantage of minimizing the
turnon losses on the PFC MOSFET and eliminates the reverse recovery on the boost diode to reduce
losses. CrCM PFC also has a much smaller inductor value than the CCM PFC. The reduced boost
inductor value helps to develop the low-profile magnetics necessary for meeting the thin-profile
requirement in the design. By interleaving two CrCM power stages, the effective input ripple current is
reduced and helps to minimize the EMI filter requirement. The HB-LLC power stage is controlled through
the stage of the art UCC256301 resonant controller, which implements current mode control for increased
control bandwidth. This increased control bandwidth reduces the output capacitors required to suppress
the AC ripple on the output. To achieve high efficiency, the output of the LLC stage uses synchronous
rectification based on the UCC24612 device and the CSD19505KCS MOSFET.

The design has low standby power of < 200 mW and meets ENERGY STAR rating requirements as well
as 2013 EU eco-design directive ErP Lot 6. The EMI filter is designed to meet EN55011 class-B
conducted emission levels. The design is fully tested and validated for various parameters such as
regulation, efficiency, EMI signature, output ripple, start-up, and switching stresses. Overall, the design
meets the key challenges of industrial power supplies to provide safe and reliable power with all
protections built-in, while delivering high performance with low power consumption and low bill-of-material
(BoM) cost.
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1.1 Key System Specifications

Table 1. Key System Specifications

PARAMETER ’ TEST CONDITIONS ’ MIN NOM MAX UNIT
INPUT CONDITIONS
Input voltage ~ 85 230 265 VAC
(VINAC)
Frequency (fne) _ 47 50 63 Hz
No Itzggg)ower B ~ 200 B mw
OUTPUT CONDITIONS
Output voltage Full load (500 W) 24 \%
Output current Full load (500 W) 21 A
Line regulation V,y from 85 VAC to 265 VAC, 500-W load 0.5 %
Load regulation Vv = 230V, output load from 50 W-500 W 1 %
Output voltage Vi, = 230 V, load = 500 W, 200 mv
ripple
Ot poser o0 | w
SYSTEM CHARACTERISTICS
Vv = 230-V AC RMS and full load at 24-V output 94.5 %
Efficiency (n) V,y = 115-V AC RMS and 230-W load at 24-V 92 %
output
Protections Output overcurrent 25 A
Output overvoltage 30 \%
%‘ﬂ?éi:tg Open frame -10 25 55 °C
Power line harmonics As per IEC 61000-3- 2 Class A
Standards and Conducted emissions EN55022 Class B
norms EFT As per IEC-61000-4-4
Surge As per IEC-61000-4-5
Board form factor FR4 material, 2-layer, 2-0z copper 160 x 80 x 35 mm
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Figure 1. TIDA-010015 Block Diagram

Figure 1 shows the high-level block diagram of this reference design. The main parts of this design are the
UCC28064A (PFC controller), UCC256301 (LLC controller), UCC24612-2 (multi-mode synchronous
rectifier controller), and CSD19505KCS (80-V MOSFET).

Highlighted Products

UCC28064A

The UCC28064A is a two-phase, naturally-interleaved, transient-mode power factor correction (PFC)
controller for implementing a high-efficiency, low-component-count, front-end AC/DC PFC stage. The two
phase interleaved power stage reduces the filter requirements for input current ripple electromagnetic
interference (EMI).

Interleaving control and phase management facilitates high efficiency 80+ and Energy Star designs with
reduced input and output ripple. The Natural Interleaving method allows TM operation and achieves 180
degrees between the phases by On-time management and does not rely on tight tolerance requirements
on the inductors. The Crossover Notch Reduction block implements a non-linear current shaping
characteristic on the instantaneous voltage sense (VINAC) to reduce distortion and increase Power
Factor. Negative current sensing is implemented on the total input current instead of just the MOSFET
current which prevents MOSFET switching during inrush surges or in any mode where the inductor current
may become substantially continuous (CCM). This prevents reverse recovery conduction events between
the MOSFET and output rectifier.

UCC256301

Series resonant converters like LLC are one of the most widely used topologies for implementing medium-
to high-power isolated DC/DC power stages in consumer and industrial power supplies. LLC resonant
converters are quite popular due to their ability to achieve soft-switching (ZVS turnon) for high-voltage
MOSFETS, thereby improving the overall efficiency of a system.
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2.3

23.1

The UCC256301 has a unique, hybrid hysteretic control that provides excellent line and load transient
response, minimizing the requirement for output filter capacitors. The wide frequency range of the device
can be used to reduce the PFC bulk capacitor required to meet the holdup time requirement in the
industrial power supplies. With the integrated high-voltage gate drive, X-Cap discharge function, and
additional output overvoltage protection, the UCC256301 reduces the amount of external discreet
components required to implement a high-efficiency industrial power supply.

UCC24612-2

The UCC24612-2 is a multi-mode synchronous rectifier controller for active clamp flyback and LLC
applications. Along with its 4-A sink and 1-A source capability, this device has a proportional gate drive,
which helps when using this synchronous rectifier in LLC applications where the system can operate far
above the resonant frequency. The adaptive off-time feature adds robustness to the synchronous rectifier
by preventing false triggering.

CSD19505KCS

The CSD19505KCS is an 80-V NexFET™ power MOSFET, with 2.6-mQ resistance and 76-nC gate
charge. In this reference design, the CSD19505KCS is used as the synchronous field-effect transistor
(FET) to lower the losses in the output stage of the LLC converter.

System Design Theory

This reference design provides a universal AC mains-powered, 500-W nominal output at 24 V and 20 A.
This design comprises a front-end AC/DC PFC power stage followed by an isolated DC/DC LLC power
stage.

PFC Regulator Stage Design

For high power levels such as 500 W, either the single-phase CCM PFC or interleaved CrCM PFC is the
preferred topology for implementing PFC. Interleaved CrCM PFC offers certain advantages at these power
levels because it ensures valley switching for the PFC MOSFET and ZCS turnoff diode, which reduces the
losses in the PFC stage. Cheaper diodes can be used because the PFC diode does not have a hard
turnoff. CrCM PFC requires a smaller PFC inductor. By interleaving two CrCM power stages, the overall
input ripple current is also reduced. Alternatively, CCM PFC requires a larger inductor and is not very
effective in low-profile designs.

This reference design uses the UCC28064A-based interleaved CrCM PFC. The following subsections
detail the design process and component selection.

2.3.1.1 Design Parameters

Table 2. Design Parameters for PFC Power Stage Design

SYmMBOL | PARAMETER MN | TYP | WMAX UNIT
INPUT
Vin Input Voltage 85 230 265 Y
fune Input frequency 47 63 Hz
OUTPUT
Vour Output voltage 390 vDC
Pout(nom) Output power 500 W
Line Regulation 5%
Load Regulation 5%
PF Targeted power factor 0.99
n Targeted efficiency 98%
iTHD Targeted input current THD 5%
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2.3.1.2  Input Current Calculations

The input fuse, bridge rectifier, and input capacitor are selected based on the input current calculations.
First, determine the maximum average output current, loyrmay as per Equation 1:

P 500
| = 2md — 500 — 1,28 A
OUT(MaX) = Vo ymmg 390 @

Calculate the maximum input root mean square (RMS) for the line current, |,y,,smax, USING the parameters
from the Table 2 and the initial assumptions of the efficiency and power factor:

_ Pout(max) 500 _
IINRMS(maX)_ XV i(min) XPF — 0.945%x85x0.99 — 6.29 A )

2.3.1.3 Boost Inductor

Calculate the boost inductor using the minimum input voltage and the minimum desired frequency of
operation. First calculate the duty cycle, DUTY ., at the peak of the minimum input voltage:

V -V in) X\ 2 —
DUTYmax: ouT(nom) ~ ViNgys(min) "1 < __ 390 (13.9%14x85) —0.691

VOUT(nom) (3)
Equation 4 calculates the boost inductor value.
_ _ Tlx(v”\lRMs(nmn))QxDUTY(max)
L1=12= P out(max) * Fuin (4)

The minimum switching frequency of the converter (f,) under low line conditions occurs at the peak of
low line and is set between 25 kHz and 50 kHz to avoid audible noise. The minimum switching frequency
chosen for this design is 40 kHz. Substituting the final values, the boost inductor's inductance is calculated
by Equation 5

0.945%852%0.69
L1= L2 = 0.945%85%0.69 _ 535 |4 (%)

500x%40000

The actual value of the boost inductor used is 240 uH. Calculate the required saturation current for the
boost inductor is using Equation 6 for the minimum input voltage and under the assumption that both
phases equally share the load.

— (/9 x _Poutlma) y_
IL(max) - (\ 2x N*Vingys(min) )=8.8 A (6)

The inductor RMS current can be calculated as per Equation 7
_ IL(max) _ 8.8 A _
= "6 s 3.6 A @
2.3.1.4  Output Capacitor

The output capacitor (Cqr) is selected based on the holdup requirement of 10 ms and an output ripple of
25 Vp-p, as Equation 8 and Equation 9 show.

2% Pout(max) X thold_u 2x500%10 ms
Cour = : r oms__ _ 423 yF
nx (VOUT(nom) - VOUT(mm) ) 0.945x ( 390°— 250 ) (8)
1 _ 1 _
Cout 2 2 * Poytmax) * Vour XAX X F e * Virommms = 2 x 500 X 5g55axmxazaos = 173.7 uF )
In this reference design, a 220-uF PFC output capacitor is used.
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2.3.15 Current Sense Resistor

The current sense resistor detects the sum of the inductor currents through both phases. The overcurrent
protection limit in UCC28064A is 200 mV. The required value of the current sense resistor is calculated for
the lowest input voltage and a 25% overload condition. Estimate the peak current first by Equation 10
before calculating the current sense resistor:

2% 2%P ()X 1.25  2%[2x500%1.2

=21 A

lpeAK.s = 1% Vise(min) = 7 0.945%x85 (10)
This result gives the value of the current sense resistor as:
__ 200 mV ~
Rcs = 1A = 9 mQ (11)

This design uses two 20-mQ resistors in parallel.

2316 PFC MOSFET

Equation 12 calculates the RMS current through the PFC MOSFET.

_ e x| 1 M2 Viguslon) _ 21 5 [ 1
IDSRMS_ 2 x\j“Gi IMXVourpee 2 x\“‘G*

4/2x85
9l7x390 =3.7 A 12)

Select a MOSFET with a low figure of merit for this application. The key MOSFET specifications that are
important for minimizing losses in this design are:

* Low Rpg(n), for reducing the conduction losses in the MOSFET
* Low QG, for fast turnoff

2.3.1.7 PFC Diode
Equation 13 calculates the RMS current through the boost diode.

( Peacs )x\f(4\§ExVINRMS(mm)) _o9 A
9T X Vourore =4 (13)

IDSRMS =

2.3.1.8  Brownout Protection Configuration

The brownout voltage in UCC28064A can be set through the potential divider on the VINAC pin. In this
reference design, the brownout voltage is set to 70 V with a hysteresis of 12 V. The following equations
determine the value of the resistors in the potential divider network. R, refers to the top three resistors in
the potential divider (Equation 14) and Ry refers to the bottom resistor in the potential divider

(Equation 15).

Ry=12x 1414 _ 17 ___8 5 MQ

I8oHys 2x107° (14)

Three resistors of 2.87 MQ are connected in series to form RA, with the bottom resistor using Equation 15.
Rg= — =R — 123 5 kQ

70/2—1.414 (15)

A standard value of 124 kQ is chosen for Rg.

2.3.1.9 Control Loop Compensation

This design uses a type-2 compensator for the voltage loop compensation. Resistor R42 and capacitors
C34 and C36 form the compensator. Start with a value of 7.5 kQ for R42. Place a zero close to 10 Hz to
give a phase boost close to the gain crossover frequency. This zero is formed by R42 and C36.

C36 = srioxrsos = 2- 12 WF (16)

2mx10x7500
Choose a 2.2-uF capacitor for the C36 capacitor.

Place a pole at a frequency much lower than the lowest switching frequency, around 20 KHz, to attenuate
the switching noise. This pole is formed by R42 and C34.

C34 = 5 soonox7506 = 1-06 nF 17)

21 % 20000 % 7500
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2.3.1.10 Programming VOUT and HVSEN

2.3.2

The Vsense pin sets the output voltage regulation point. To minimize the no-load losses, use high-value
resistances to construct this potential divider network. Use three 3.01-MQ resistors to form the top resistor
in the potential divider. Calculate the bottom resistor using Equation 18.

R 6x9x10°
Rp = VRger * VOUT(M;_ Veer = 300-6 — 140.63 kQ (18)

Use a standard value of 142 kQ for the bottom resistor on the Vsense pin.

This reference design uses the HVSEN pin to set the fail-safe output overvoltage protection (OVP). Three
3.01-MQ resistors form the top resistor in the potential divider. Calculate the bottom resistor using
Equation 19.

_ 4.87xRg  __ 4.87x9x10° __
Re = Vour(p)—4-87 — 430—4.87 103.1 kQ (19)

A standard 103-kQ bottom resistor has been used in the design.

LLC Converter Stage Design

Increased demands for high-power-density power supplies have resulted in the increase in switching
frequency of the converters designed. While component sizes tend to decrease with an increase in the
switching frequency, device switching losses (which are proportional to frequency) have significantly
increased contributing to resulting in significant efficiency loss. Resonant converters use soft-switching
techniques to alleviate switching loss problems and attain high efficiencies. Further, soft-switching helps
attain low losses during light load conditions, very-low device stress, and reduced EMI.

The LLC resonant converter is based on the series resonant converter (SRC). By utilizing the transformer
magnetizing inductor, zero-voltage switching can be achieved over a wide range of input voltage and load.
As a result of multiple resonances, zero-voltage switching can be maintained even when the switching
frequency is higher or lower than the resonant frequency.

In this design, the LLC converter operates at a high nominal switching frequency of around 100 kHz. This
allows to minimize the dimension of the LLC transformer to meet the low profile requirements. The
converter achieves the best efficiency when operated close to its resonant frequency at a nominal input
voltage. As the switching frequency is lowered, the voltage gain is significantly increased. This allows the
converter to maintain regulation when the input voltage falls low. These features make the converter
ideally suited to operate from the output of a high-voltage boost PFC pre-regulator, allowing it to hold up
through brief periods of AC line-voltage dropout.

With its hybrid hysteretic control and ZCS avoidance feature, the UCC256303 LLC controller enables safe
operation of the LLC power stage while minimizing the dimension of the output capacitors. In addition, the
controller delivers complete system protection functions including overcurrent, undervoltage lockout
(UVLO), and overvoltage protection (OVP).

Table 3 lists the design parameters for the LLC power stage design.

Table 3. Design Parameters for LLC Power Stage Design

SYMBOL | PARAMETER | MmN | TYP | wMmAX  |UNIT
INPUT
Vinoe | Input voltage | 20 | 30 | 410 |vbC
OUTPUT
Vour Output voltage 24 \%

Pour Max output power 500 w

fsw_nom Nominal switching frequency 100 kHz

Line regulation 1 %

Load regulation 1 %

n Targeted efficiency 0.965

8
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2.3.2.1 Determine LLC Transformer Turns Ratio N

The LLC tank is designed to have a nominal gain, M, of 1 at the resonant frequency. Use Equation 20 to
estimate the required turns ratio.
vDCH\(nom)

= X —2
n Mg VO(nom)+VF '

Mg =1
where
* M, is the voltage gain
* Voengom 1S the nominal PFC output
* Vouem IS the output voltage
e V. is the voltage drop across the synchronous rectifier (20)
From the specifications, the nominal values for input voltage and output voltage are 390 V and 24 V,

respectively. Assuming an average drop of 100 mV on the synchronous rectifier, the turns-ratio can be
calculated as:

n=1x(539+)=28.07 (21)

The transformer turns ratio is set to 8.

2.3.2.2  Determine My i, and M ax

Determine M ., and M, ., using Equation 22 and Equation 23, respectively.
Mg,min: nx (L\/F)): 8.0x (2j1lo1vv): 0.94

vDCIN(max
2

(22)
Mo max =1 X (Y550 — 8.0 % (241Y) = 1. 542
DC\zmm 2 (23)
The dimensioned M, .. is increased to 1.1 times the required value to have some margin = My . = 1.1
1.542 = 1.697.
2.3.2.3 Determine Equivalent Load Resistance (Re) of Resonant Network
Equation 24 calculates the equivalent load resistance at nominal and peak load under nominal output
voltage and peak output voltage.
_ 8xn? Volnom) \ _ 8x8? 24\
Re= 2700 x (7550) = 2120 x (3,)=62.25 Q .

2.3.2.4  Select Lm and Lr Ratio (Ln) and Qe

Set the resonance point for the LLC converter close to 100 kHz to minimize the dimension of the LLC
transformer set. The operating point of the LLC power stage is close to this frequency during a full load
condition. Choose a value of L, = 27 uH and C, = 94 nF to calculate the value of the resonant frequency as
follows:

Fr:71“*=99.9 kHZ
2xmx) L xC, (25)

The magnetizing inductance to resonant inductance ratio is chosen as 6.6:1 to develop a sufficient Q while
simultaneously minimizing the magnetizing current in the LLC transformer. A PQ 32/30 core has been
used to realize the LLC transformer. The required leakage inductance is provided through an additional
shim inductor built on a 20/20 PQ core.

2.3.2.5 Determine Primary-Side Currents
Use Equation 26 to calculate the primary-side RMS load current (I,;) at a full load condition:

T IO(nom)_ 20 __
i= o5 X nn =1.11xg5=2.775 A o6

As calculated in Equation 27, the RMS magnetizing current (l,,) at fsy, i, = 70 kHz is:
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_ 22 Vo(nom)+ Ve _ 22 8.0x24 _
Im_ m X (nx 2xTT(:<fSW(mm)x]—M )= o % ( 2xTx70 kHzx 240 uH)_ 1.64 A (27)
Equation 28 calculates the resonant circuit current (1,):
_ 2 2 2 2
le=\ln+lpi=1.64"+2.775"=3.22 A 28)

This value is also equal to the transformer primary winding current at fgy, ..

2.3.2.6  Determine Secondary-Side Currents

The secondary-side RMS currents can be calculated from the average load current. Assuming the LLC
power stage is operating close to its second resonant frequency, the RMS current through each rectifier in
the secondary-side push-pull output is calculated in Equation 29:

lsoonye = lsc X T=15.71 A (29)

where:
I is the full-load, secondary-side output current (equal to 20 A)

2.3.2.7 Primary Side MOSFETs

Consider each MOSFET to have an input voltage equal to its maximum applied voltage. A MOSFET with
a maximum drain source voltage greater than 500 V is feasible for this design. The turnon losses can be
neglected for an LLC power stage working in ZVS. Choose the MOSFET based on the values for Rpg,
and COSS. Optimizing the COSS helps to minimize the dead time required for achieving ZVS, thereby
minimizing the duty cycle loss. This reference design uses the STP24N60M2 MOSFET. The adaptive
dead-time optimization feature of the UCC256301 helps to maximize the duty cycle, which improves the
efficiency.

2.3.2.8 Secondary-Side Synchronous MOSFETs

Equation 30 calculates the synchronous rectifier maximum voltage rating.

VDSmaxsec = 1 . 2 X 2 X Vo(nom) - 57 . 6 V (30)

The current rating of the MOSFET is determined as I yms = 15.7 A.

This reference design uses TI's CSD19505KCS MOSFET with very low Rpgg, (< 3 mQ) and Q, (< 80 nC).
The very low Ry, Of the device helps to reduce the overall loss in the synchronous rectifier.

2.3.29  Soft Start—UCC256301

The UCC256301 is configured to provide a maximum 400-ms soft-start period. During start-up the soft-
start capacitor charges using the internal 25-pA current source. The UCC256301 exits soft start when the
closed-loop control takes over or when the voltage on the soft-start capacitor reaches 7 V. Select the
value of the soft-start capacitor using Equation 31.

Cgs=C33=1400 msx 2 = 1.5 yF

(1)
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2.3.2.10 Current Sense Circuit (ISNS Pin)—UCC256301
The overcurrent limit OCP3 is set to trigger at 1.2 times the peak overload capability of the system.

oc
VisnsFulload = TF;’ = 0 6 =0.5V 32)
The current sense ratio is then calculated as:
V ullloat
Kisns = rame s = g0y = 0.39 Q
" vDCIN(nom) (33)
Select the current sense capacitor C,gys = C39 = 150 pF. Equation 34 calculates the current sense resistor
F'2ISNS
9
Rions = RI= Kious ¢, = 0,30 X 530 = 244 o

Use a standard 240-Q resistor for R3.

2.3.2.11 Overvoltage Protection (BW Pin)—UCC256301

The BW pin senses the output voltage through the bias winding mounted on the LLC transformer. This pin
can be used to provide an additional OVP in the system. In this reference design, the bias winding has
0.67 number of turns as the secondary winding. When the OVP voltage is set to 32 V, the bias winding
voltage will be 21.3 V. After implementing this setting, the BW pin potential divider is configured in such a
way that it acknowledges the 4 V at the 32-V output.

Rewiower = R12 = 10 kQ. Thus Rgyueper 1S calculated as per Equation 35:
21.3 V-4 V
Rewupper = RO = R12 x 213 V=4V — 43 95 ko (35)
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3

3.1

3.11

3.1.2

3.13

Hardware, Software, Testing Requirements, and Test Results

Required Hardware

Test Conditions

Input conditions:

VIN: 85- to 265-V AC
IIN: Current limit to 8 A

Output Conditions:

Vour — 24 V
lour — 0 Ato 20 A

Required Equipment

A list of required equipment follows:

Isolated AC Source

Single phase power analyzer
Digital Oscilloscope

6Y2 Digit Multimeter
Resistive load

12-V DC Fan

Procedure

The testing procedure follows:

1.

akrwn

Turn on the 12-V DC fan and set the current to obtain approximately 200 LFM airflow on the board
Connect the input terminals (connector J3) of the reference board to the AC power source.

Solder output connections on the board, output is marked with 24V and GND, to the resistive load
Set a minimum load of approximately 50 mA

Gradually increase the input voltage from 0 V to turn on a voltage of 85-V AC. As the voltage across
the PFC bulk capacitor crosses 90 V, the LLC section begins working and supplies the auxiliary power
to the PFC controller. At this point, the PFC starts and boosts the PFC stage output voltage to 390-V
DC.

Observe the start-up conditions for smooth switching waveforms.

Apply load and perform tests to determine the efficiency, obtain regulation data, and observe steady
state operating conditions.
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3.2 Testing and Results

3.2.1 Efficiency, Regulation, PF, and iTHD

This section shows the efficiency, power factor, regulation, and iTHD results at 115-V AC and 230-V AC
input.

0.984
0.982 —

0.98 /
0.978 ,/ -
0.976 /  Vn BB VAG
0.974 \ /

0.972

0.97 //

0.968
0.966 I;/ —
0.964

0.962

50 100 150 200 250 300 350 400 450 500 550
Output Power (W)

Efficiency

Figure 2. PFC Stage Efficiency
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0.96 / [
' /
0.955
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094|
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o5 |/ ]
0.925
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/

Efficiency (%)

0.915 —— Vin - 400 V
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Figure 3. LLC Stage Efficiency
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Figure 4. System Overall Efficiency

Figure 5. Load Regulation
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Figure 6. Power Factor
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Figure 7. iTHD Data

3.2.2 Standby Power
The standby power consumption at no load is shown in Table 4.

Table 4. Standby Power

VIN AC Pin
115V 170 mw
230V 190 mw

3.23 Load Transient Response

Figure 8 shows the transient response of the system when the 24-V output load varies from 5 A to 20 A at
a slew rate of 500 mA/us.

B 5000/ B 504/ =5 00s 1000 [Trigd? § 8.56A

M IOUT

Figure 8. Transient Response at 24-V Output
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3.2.4

PFC MOSFET Switching Waveforms

www.ti.com

This section shows the PFC MOSFET turnon and turnoff switching waveforms. Figure 9 shows the turn on
of PFC MOSFET at 115 V, Figure 10 shows the turn off of PFC MOSFET at 115 V, Figure 11 shows the
turn on of PFC MOSFET at 230 V and Figure 12 shows the PFC MOSFET turn off switching waveform at
230 V.

-5~ 23608 200.08/

Sop t @ 210V

f
VS _PFC

Figure 9. PFC MOSFET Turnon Waveform at 115V

4 00s 20008/

Stop £ HE 210V

|
!

1MVGS_PFC \ﬁf«w‘“’*——-——m_

Figure 10. PFC MOSFET Turnoff Waveform at 115 V

¥

5.00V/ B v/ @

i -2.4288 20008/
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Figure 11. PFC MOSFET Turnon Waveform at 230 V
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5.00V/ g woov g S 00s 10008/ Stp £ @ 264V

PVGS_PFC \/\/'\f\_._

Figure 12. PFC MOSFET Turnoff Waveform at 230 V

3.25 LLC Stage Switching Waveform

Figure 13 shows the primary-side switching waveform of the LLC stage depicting the tank current and low-

side MOSFET switching waveform.

100/ @ 100v/ @ 200A/ & 31208 20008/ Stop t H 650V

1#VDS_PRI [ p—— S

Figure 13. LLC Stage Primary-Side Tank Current and MOSFET Switching Waveform

Figure 14 shows the synchronous MOSFET and synchronous drive output waveform.

4~ 31208 1.0008/ Stop % 223V

i \‘ J

1pVDS_SYNC L /

Figure 14. Synchronous MOSFET Vs and Proportional Gate Drive Signal
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3.2.6 Full-Load Thermal Image

Figure 15 shows the full-load thermal image at 230 VAC input after letting the board run for 20 minutes
and with a FAN cooling of 200 LFM.

-22.8

Figure 15. Thermal Image at Full Load, 230-VAC Input
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4 Design Files

4.1 Schematics
To download the schematics, see the design files at TIDA-010015.

4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-010015.

4.3 PCB Layout Recommendations

4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-010015.

4.4  Altium Project
To download the Altium Designer® project files, see the design files at TIDA-010015.

45 Gerber Files
To download the Gerber files, see the design files at TIDA-010015.

4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-010015.

5 Software Files
To download the software files, see the design files at TIDA-010015.

6 Related Documentation

1. Texas Instruments, UCC28064A Natural Interleaving™ Transition-Mode PFC Controller with High
Light-Load Efficiency Data Sheet

2. Texas Instruments, UCC256301 Hybrid Hysteretic Mode Wide V,, LLC Resonant Controller Enabling
Ultra-Low Standby Power Data Sheet

3. Texas Instruments, UCC24612 High Frequency Synchronous Rectifier Controller Data Sheet

6.1 Trademarks

TI E2E is a trademark of Texas Instruments.
Altium Designer is a registered trademark of Altium LLC or its affiliated companies.
All other trademarks are the property of their respective owners.
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Revision History
NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

Changes from A Revision (May 2019) to B Revision Page
LI @ o =T To T=To I o] (o Tod 1q0 [ =T - o 1
Changes from Original (October 2018) to A Revision Page
I O ¢ =Yg Vo T=To BN T o] 1o Ui o] TN 10 1
e Changed 400 MW 10 200 MWV . ..inneteiiieeea e e saa e et s aaa e st saaaae s saaa s e s saaan s s s san s s s sann e s saanntssaannnessannnnsssnnns 2
e Changed nominal value of no load power from 400 mW to 200 mW in Key System Specifications table .................... 3
e Changed pin values in Standby POWeEr table......ciuriiii i 15
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