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50-W, 92% Efficiency, Compact, Isolated DC-DC Reference
Design for 24/36/48-V Battery Systems/UPS

Description
The TIDA-00711 design is a compact, low-cost, high-
efficiency, dual output, 50-W, isolated DC-DC
converter solution designed for use in uninterruptible
power supplies (UPS), energy storage banks, and
battery-powered systems that require regulated and
isolated power for internal operation.

This reference design is an isolated single-ended
primary inductor converter (SEPIC) implemented using
the wide-input, current mode controller LM5020. The
design is low cost due to a minimal external
component count as compared to standard flyback
designs realized with 384× series controllers.
Additionally, the design operates at a high-switching
frequency of 300 kHz, resulting in smaller magnetics
and a high-power density solution.

The TIDA-00711 design has built-in protections for
output overcurrent and input undervoltage. The
hardware has been tested to meet the conducted
emission norm EN55011/22 Class A.

Resources

TIDA-00711 Design Folder
LM5020 Product Folder
CSD19534Q Product Folder

ASK Our E2E Experts

Features
• Designed to Power Wide Range of Applications

Using Batteries: Li-Ion, Li-Poly, and Lead-Acid;
Voltage Range of 18 V to 60 V

• High Operating Efficiency of 92% at 24-V DC and
90% at 48-V DC

• High Power Density Solution (40 mm × 48 mm ×
20 mm) Helps to Optimize Form-Factor of End
Equipment Platforms

• Reduced Stress on Switching Components
Compared to Standard Flyback Designs
Implemented Using 384x Series Devices

• Full Power Delivery Over Entire Input Voltage
Range and Wide Temperature Range (up to 55°C)
Without Requirement for External Cooling

• Dual Output: 12 V/3 A and 12 V_ISO/1.0 A With
Tight Load Regulation of <± 1% and Cross
Regulation <± 3%

• Robust Supply Protected for Short Circuit;
Overload on Both Isolated Outputs, Non-Isolated
outputs, and Input Undervoltage

• Meets Requirements of Conducted Emissions
Standard: EN55011/22 Class A

Applications
• Uninterruptible Power Supplies (UPS)
• 24-V/36-V/48-V Battery Powered Systems
• Bidirectional Power Converters
• Energy Storage Banks
• DC Inverters

http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCO3A
http://www.ti.com/tool/TIDA-00711
http://www.ti.com/product/LM5020
http://www.ti.com/product/CSD19534Q5A
http://e2e.ti.com
http://e2e.ti.com/support/applications/ti_designs/
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An IMPORTANT NOTICE at the end of this TI reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

1 System Overview

1.1 System Description
Uninterruptible power supplies (UPS) and high-power converters used in energy storage banks require
auxiliary power supplies to support the housekeeping requirements of the system. An auxiliary power
supply is commonly used to power the internal control electronics, switching pulse width modulation
(PWM) driver stages and feedback sensing circuits of the system.

Figure 1 shows a typical block diagram of the UPS system which illustrates the use of an auxiliary power
converter.

Figure 1. Typical System Block Diagram of UPS

In UPS systems, such as the example shown in Figure 1 and in energy storage banks (powered from
mains as well as battery-operated), there are two auxiliary power converters: one operating from AC
input/high-voltage DC input and the other operating from battery voltage. Each of these auxiliary power
converters is redundant to another and only one is active at a time. The AC-powered auxiliary supply is
active during the start-up of the system as well as during the absence of the battery, while the battery-
powered, low-voltage, isolated DC-DC converter is active at all times.

The isolated DC-DC converter generates two or multiple outputs to power primary- and secondary-side
control electronics. This converter operates from an input voltage range from 10 V to 60 V and addresses
the systems with varied batteries such as 12 V, 24 V, 36 V, or 48 V. The power output of this converter
ranges from 10 W to 50 W based on the system and application.

This reference design is a 50-W isolated DC-DC converter, which has been specifically designed to
accommodate the systems which require two rails: one a regulated rail for primary side (36 W) and the
other an isolated rail (12 W) for powering the secondary side of the system. This reference design has a
low cost, low component count, isolated single-ended primary-inductance converter (SEPIC), and offers
several advantages compared to a standard flyback configuration. Section 2.1 and Section 2.2 explain the
advantages in detail. The design operates over a wide input range from 18 V to 60 V and has a high
efficiency of 92% for a 24-V input and 90% for a 48-V input.

With an additional input filter, the design meets class A levels of conducted emission norm EN-55011/22.
The unit has built-in protection for overcurrent, short circuit, and input undervoltage. The design has been
fully tested and validated for various parameters such as regulation, efficiency, electromagnetic
interference (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 a
low bill-of-material (BOM) cost.

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCO3A
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1.2 Key System Specifications

Table 1. Key System Specifications

PARAMETERS TEST CONDITIONS MIN NOM MAX UNIT
INPUT CONDITIONS
Input voltage (VIN) — 18 24 60 V
UVLO — 16 17 18 V
OUTPUT CONDITIONS
12-V voltage Referred to primary — 12 — V-DC
12-V current — — — 3 A
12-V line regulation — — — 0.5 %
12-V load regulation — — — 0.5 %
12-V ripple Peak to peak — — 100 mV
12V_Iso rail voltage Isolated — 12 — V-DC
12V_Iso rail current — — — 1 A
12V_Iso rail line regulation — — — 2 %
12V_Iso rail load regulation — — — 2 %
12V_Iso rail cross
regulation

When load on Output-1 is 10% and 12V_Iso is
varied from 10% to 100% load — — 3 %

12V_Iso ripple Peak to peak — — 100 mV
Output power Indoor and outdoor — 48 — W
SYSTEM CHARACTERISTICS
Efficiency (η) VIN = VNOM and full load 90 — — %
Operating ambient — –10 25 55 °C
Board size Length × width × height 40 × 48 × 20 mm

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCO3A
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1.3 Block Diagram
Figure 2 shows the high-level block diagram of TIDA-00711. The main parts of this design are the wide VIN
current mode PWM controller LM5020 and 100-V switching MOSFET CSD19534Q.

Figure 2. TIDA-00711 Block Diagram

1.4 Highlighted Products
This TIDA-00711 reference design features the following devices that were selected based on their
specifications and appropriateness for this design. The key features of the highlighted products are
mentioned as follows. For more information on each of these devices, see their respective product folders
at http://www.ti.com or click on the links for the product folders on the first page of this reference design.

1.4.1 LM5020—100-V Current-Mode PWM Controller
The LM5020 high-voltage PWM controller contains all of the features required to implement single-ended,
primary-power converter topologies. Output voltage regulation is based on current-mode control, which
eases the design of loop compensation while providing inherent line feedforward. The LM5020 includes a
high-voltage start-up regulator that operates over a wide input range up to 100 V. The PWM controller is
designed for high-speed capability including an oscillator frequency range to 1 MHz and total propagation
delays less than 100 ns.

Additional features include an error amplifier, precision reference, line undervoltage lockout (UVLO), cycle-
by-cycle current limit, built-in slope compensation, soft start, oscillator synchronization capability, and
thermal. The controller is available in both VSSOP-10 and WSON-10 packages. For more details on this
PWM controller, refer to the datasheet [1].

1.4.2 CSD19534Q
For effective thermal management in small form-factor, high-power density designs, having high-efficient
devices and the capability to extract heat effectively is vital.

CSD19534 is a cost-optimized, 100-V, 12.6-mΩ, SON 5×6-mm NexFET™ power MOSFET which is
designed to minimize losses in DC-DC power conversion applications.

The lower Qg and Qgd parameters make this MOSFET an ideal choice to reduce switching loss for this
high-frequency application switching at 300 kHz. Additionally, the field-effect transistor (FET) is optimized
for effective cooling with low thermal resistance from junction to case.

For more details on this FET, refer to the datasheet [2].

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCO3A
http://www.ti.com
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2 System Design Theory
This reference design provides 50 W of continuous power over a wide DC input range from 18- to
60-V DC. The design has an isolated SEPIC power stage implemented using an LM5020 current-mode
PWM controller to deliver two regulated power rails 12 V/3 A and 12V-ISO/1A.

2.1 SEPIC Versus Flyback Converter
For most of the low-to-mid voltage (6- to 100-V DC input) and high-wattage (10 W to 50 W) converters,
designers face a challenge to decide between a flyback or SEPIC topology. The popular choice is typically
the flyback mostly because of a lack of familiarity with SEPIC; however, this choice may not be the best
decision. This section highlights the trade-offs between the two topologies based on analytic comparisons
and demonstrates that the SEPIC is often the best choice

Figure 3 shows a simplified power-stage schematic for both topologies.

Figure 3. Simplified Power-Stage Schematic for SEPIC and Flyback Topologies

Table 2 shows the comparison of critical component parameters for each of the topologies. In the
comparison, the converters are considered to be operating in continuous-conduction mode (CCM)
because of a lower input voltage range and higher wattage.

Table 2. Comparison Table—Flyback and SEPIC Converter Parameters

PARAMETERS OR COMPONENTS KEY DIFFERENCES BETWEEN FLYBACK AND SEPIC CONFIGURATION

MOSFET voltage rating and associated
losses

The flyback must switch an unclamped inductance and has a significantly higher FET
voltage stress and diode peak inverse voltage (PIV) than the SEPIC. Because the
flyback requires a higher voltage-rated FET, the conduction losses increase by
approximately 50% due to the higher Rds(on) of the FET. The large voltage spike also
increases the switching turn OFF losses relative to that of the SEPIC.
Voltage spikes on the power switch and output diode caused by the flyback transformer
leakage inductance usually require a voltage clamp, and/or snubber circuit to limit the
peak voltage, further reducing efficiency.
In SEPIC, the advantage is that the voltage across the FET is well-clamped by the AC-
coupling capacitor, hence the main switching FET experiences lower voltage stress
and has lower switching losses.

Diode PIV rating and associated losses

The negative voltage spike on the flyback transformers secondary makes a Schottky
diode unacceptable and forces the use of an ultra-fast diode, with its higher conduction
losses and correspondingly lower efficiencies.
In SEPIC, the output diode voltage is clamped by an AC-coupling capacitor, resulting in
less circuit ringing and lower stress on the component.

Isolation transformer

The only significant component advantage of a flyback is a smaller inductance
requirement. The volume of an inductor is generally related to the energy storage
requirement of L multiplied by I, with the flyback requiring about 60% to 70% of the
SEPICs energy storage. This lower-energy storage requirement typically allows the
flybacks inductor to be smaller than the SEPICs inductor.

http://www.ti.com
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Table 2. Comparison Table—Flyback and SEPIC Converter Parameters (continued)
PARAMETERS OR COMPONENTS KEY DIFFERENCES BETWEEN FLYBACK AND SEPIC CONFIGURATION

Input and coupling capacitors

The flyback uses two or more input capacitors rated to handle the large ACRMS
requirement of the pulsating current generated by the FET switch. The significantly-
lower RMS input ripple current of the SEPIC “relaxes” the input-capacitance
requirement. With the SEPIC, only a single input capacitor is required to handle the
rather low ACRMS rating of the triangular inductor current. However, another AC-
coupling capacitor is required on the SEPIC. Capacitor ripple currents are identical for
both topologies, when the input capacitor of the flyback is compared to the coupling
capacitor of the SEPIC. These components have the same voltage stress and have
similar voltage ratings because they are each charged to the input voltage.

Output capacitors

Both converters have the same output capacitance requirement because each must
fully support the output load current during the OFF time of the diode. Both topologies
have large AC-ripple currents and must use low equivalent series resistance (ESR)
capacitors.

While the relative simplicity and familiarity of the flyback converter has its advantages, the SEPIC
converter can provide higher efficiency and lower component stress. The SEPIC is more efficient because
semiconductors with lower voltage ratings can be used due to lower circuit-voltage stresses. Continuous
input current not only reduces the input-capacitor ripple-current rating of the SEPIC, but it also improves a
system’s electromagnetic emissions. If there are other loads on the input, the flyback’s discontinuous input
current is more likely to generate an unacceptable ripple on the input, which may require additional
filtering. One downside of the SEPIC is that it has an additional passive component, an AC-coupling
capacitor, which complicates the control characteristics. However, when implemented correctly, the SEPIC
converter provides an excellent, highly-efficient solution.

2.2 Advantages of LM5020 Solution Over Conventional 384x Solution
Figure 4 and Figure 5 show the actual schematics of the solutions for a 50-W isolated DC-DC converter
designed with a wide-input, current-mode PWM controller LM5020 and traditional PWM controller
UC3842. The differences in the schematics and additional components required for each of the circuit
implementations are highlighted in red color for ease of differentiation.

Figure 4. LM5020 Solution

http://www.ti.com
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Figure 5. 384x Solution

The traditional solution requires additional circuit components to incorporate the following feature set:
• External start-up circuit for input voltages > 30-V DC
• Undervoltage lockout (UVLO) circuit for cutoff during low battery conditions
• Slope compensation circuit for operation over a 50% duty cycle and in continuous-conduction mode

(CCM)
• Soft-start circuit to ensure a smooth startup for all load conditions

Each of the preceding circuits is built-in to an LM5020 controller, which reduces the associated component
count and cost significantly.

Secondly, the LM5020 offers the following advantages:
• Lower current sense threshold (0.5 V in LM5020 versus 1.0 V in UC3842), which reduces power loss

and results in high efficiency
• Lower device power consumption IVCC_MAX: 3 mA for LM5020 versus 17 mA in UC3842, which implies a

higher power consumption; for example, at a 15-V input, the LM5020 consumes 45 mW of power
compared to 260 mW of power from the UC3842.
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2.3 SEPIC Circuit Component Design

2.3.1 Design Goal Parameters
Table 3 shows the design goal parameters for this design. These parameters are used in further
calculations to select components.

Table 3. Reference Design Performance Specifications

PARAMETERS MIN TYP MAX UNIT
INPUT CHARACTERISTIC
Input voltage range, VIN 18 24 60 V
Switching frequency, fSW — 300 — kHz
OUTPUT CHARACTERISTIC
Output voltage (main) — 12 — V
Output current (main) — 3 — A
Output voltage (ISO) — 12 — V
Output current (ISO) — 1 — A
Output voltage ripple — 100 — mVpp

Refer to the schematic in the preceding Figure 4 for all the component nomenclature used in the
equations.

2.3.2 Switching Frequency (R6)
Choosing the switching frequency is one of the main tradeoffs to consider when creating a design. Lower
switching frequencies are generally used for higher efficiency with relatively larger external component
size. Alternatively, a higher switching frequency results in a smaller component size with relatively lower
efficiency. This design uses 300 kHz to optimize the size of the board as well as to achieve high
efficiency.

A single external resistor connected between the RT and GND pins sets the LM5020 oscillator frequency.
The resistance to set this frequency is calculated with Equation 1 from the product datasheet and the
nearest standard value is used. For a 300-kHz switching frequency, the calculated resistance is 21.09 kΩ.
The nearest standard value used is 21.0 kΩ.

(1)

2.3.3 Duty Cycle Calculations
For further calculations, the minimum and maximum duty cycles are first estimated in CCM, which is
performed using Equation 2. Limitations are placed on the duty cycle based on the maximum duty cycle of
the LM5020 controller to 85%.

(2)

VD is the forward voltage drop of the rectifying diode, estimated at 0.5 V. With the minimum input voltage
VIN_MIN = 18 V, the maximum duty cycle is, Dmax = 0.409. Similarly, with the maximum input voltage
VIN_MAXmax = 60 V, the minimum duty cycle is Dmin = 0.182.

The regulator enters discontinuous conduction mode (DCM) when the sum of the currents in the two
inductors ramp to zero at the end of each switching cycle. The critical current when the device operates in
DCM can be calculated with Equation 3. While operating in this mode, in addition to the input and output
voltage, the duty cycle is a function of the load current, inductance, and switching frequency. The duty
cycle can be estimated using Equation 4.

(3)
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(4)

2.3.4 Maximum Output Current
A few design parameters must first be considered before determining the maximum output current. For
stable power supply operation and to minimize EMI, the inductor is selected as such to keep the inductor
ripple current (ΔIL) a fraction of the DC current in La. The DC current in La is equal to the maximum DC
input current (IIN_DC). The fraction is represented by the coefficient KIND and is typically 0.2 to 0.4. Similar to
other switching regulators, by choosing a higher KIND, the recommended inductance is lower. This lower
inductance increases the current ripple and a smaller inductor package is possible for a given saturation
current. The higher current ripple typically leads to higher EMI, a lower maximum output current, larger
output capacitance for a desired output ripple, and a faster transient performance; the opposite is true for
a lower KIND. The recommended inductance is higher, decreasing the current ripple and increasing the
inductor package size. The lower current ripple typically reduces EMI, increases the maximum output
current, reduces the required output capacitance, and slows the transient response. The tradeoffs must be
made based on the system level goals of the design.

The maximum input current is first calculated with Equation 5 using a conservative, estimated full-load
efficiency, ηEST = 85% and VIN_MIN = 18 V. Equation 6 then calculates the desired peak-to-peak current
ripple.

(5)

(6)

IIN_DC is estimated at 3.13 A and with KIND = 0.4, the desired ripple current is 1.255 A.

2.3.5 Inductor (L)
Based on the targeted ΔIL, the minimum inductance (L) is calculated with Equation 7. The maximum input
voltage and its corresponding duty cycle are used because this is when the current ripple in a SEPIC is at
the maximum. Again, the equation assumes that a coupled inductor is being used to reduce the required
inductance by half.

(7)

For this design, a recommended minimum L of 14.5 μH is calculated and the nearest standard value of 15
μH is chosen. With a 15-μH inductor, by rearranging Equation 7, ΔIL is calculated to 1.2133 A at VIN_MAX
and 818 mA at VIN_MIN. At this point, the designer can choose to reevaluate the maximum output current
with the chosen inductance. The peak current and RMS current must then be calculated to ensure the
inductor is properly rated. In a coupled inductor, the total peak current is the sum of the peak current in
each winding.Equation 8 calculates the peak current (La is the primary-side inductance and Lb is the
output-side inductance referred to primary).

(8)

For this design, the peak current is estimated to be 8.343 A. TI recommends that the saturation current of
the inductor be 20% higher than the peak current, which leaves a margin for transient conditions when the
peak inductor current potentially increases above the steady state value.

Equation 9 and Equation 10 calculate the RMS current in each winding. Equation 11 and Equation 12
takes these current values and converts them to the ratings (IRMS_one and IRMS_both) that the datasheets
typically show for coupled inductors. IRMS_one represents only one winding conducting and IRMS_both
represents both windings conducting equally. The ratings are typically given for a 40°C temperature rise.

(9)

(10)
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(11)

(12)

The equivalent RMS values calculated for the inductor are IRMS_one = 5.08 A and IRMS_both = 3.59 A.

2.3.6 Output Capacitor (C7-C8)
The output capacitor is chosen based on the maximum output voltage ripple and minimum output voltage
variation from load transients. A typical, output-voltage ripple (VRIPPLE) specification is 0.5% of the nominal
output voltage; however, this value is typically selected at a system level. Based on the specification of
100-mVpp output ripple, Equation 13 is used to calculate the minimum output capacitance.

(13)

The minimum output capacitance to meet this specification is 40.9 μF. This specification assumes that a
ceramic output capacitor is being used with negligible equivalent series resistance (ESR). The use of non-
ceramic capacitors contributes to additional voltage ripple. Equation 14 calculates the total ripple and
Equation 15 calculates the maximum ESR to meet the voltage ripple specification. One important fact to
note is that the ripple in the ESR is not in phase with the ripple from the output capacitance and
Equation 15 underestimates the maximum ESR. A higher ESR may be possible with testing or simulation
of the circuit under real test conditions.

(14)

(15)

If non-ceramics are used or the output capacitors are specified at an RMS current rating, use Equation 16
to calculate the RMS current. The RMS current has been calculated at 2.499 A for this design.

(16)

The selected output capacitors are 3×22-μF, 25-V X7R 1210 ceramic capacitors. When using ceramic
capacitors, accounting for derating due to DC bias is important. With a 12-V output voltage, the estimated
capacitance is 46% of the nominal value with a given derated capacitance of 30.4 μF.

2.3.7 AC Capacitor (C1-C2)
TI recommends to choose the AC capacitor (CP) so that the ripple voltage ΔVCP is no more than 5% of the
maximum VCP_DC equal to VIN_MAX. Equation 17 calculates the minimum capacitance.

(17)

The minimum capacitance is calculated to be 1.8 μF; due to derating, and to account for the current
through the capacitor, a higher standard value of 4.7 μF is used. This capacitor must be rated for the
maximum input voltage and the capacitance derating due to DC bias must be taken into consideration.
The capacitor must also be rated for the RMS current (ICP_RMS), which is calculated as 3.75 A using
Equation 18. The capacitor selected is a 4.7-μF, 80-V X7R 1210 ceramic capacitor.

(18)
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2.3.8 Rectifying Diode (D1)
Similar to a boost converter, the average current through the diode is equal to the output current. The
rectifying diode must be chosen to handle the output current and voltage at the switching node. A margin
of at least 20% is recommended for the average current rating of the diode. A conservative design uses
the maximum output current with VIN_MAX with the typical current limit to choose the current rating.

Equation 19 calculates the minimum breakdown voltage (VBR) of the diode to be 30.5 V, assuming VD is
0.5 V.

(19)

The diode package must be rated for the power dissipation. The power is calculated using Equation 20 to
be 1.5 W with a 3-A output.

(20)

Based on these criteria, the FSV12100V diode is chosen, which is a 100-V, 12-A diode.

2.3.9 MOSFET Ratings
The voltage at the switching node is the sum of VOUT and VIN. Similarly, the peak current is equal to the
sum of the input current, output current, and peak-to-peak ripple current. Equation 21 calculates the
voltage, Equation 22 calculates the current, and Equation 23 calculates the RMS current.

(21)

(22)

(23)

In this design, the voltage stress of the MOSFET is 100 V and the peak current is 8.343 A. Based on
these criteria, the CSD19534Q MOSFET is chosen. Also, for smaller form factor requirements, consider
using the CSD19537Q.

2.3.10 Feedback Resistors (R8, R10)
The feedback resistors are chosen as per the internal reference of the LM5020. The bottom resistor (R10)
is fixed at the recommended 10 kΩ to minimize noise and current through the feedback divider. The top
resistor (R1) is then calculated with Equation 24 using the LM5020 voltage reference (VREF) of 1.229 V. R1
is calculated at 87.6 kΩ and the nearest standard value of 86.6 kΩ is chosen.

(24)

2.3.11 Soft-Start Capacitor (C3)
To have soft start with a full load, a 0.047-μF soft-start capacitor has been used for this design.

2.3.12 Compensating Control Loop (R7, C13, C17)
Deriving a mathematical model of the SEPIC converter is extremely complicated. The easiest and fastest
method to design the compensation is to use a SPICE model or measured data. For this design, load
transient waveforms for step change in load conditions (10% to 90%) are used to choose and optimize the
compensation components.
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3 Getting Started Hardware

3.1 Required Test Equipment for Board Validation
• Isolated DC source
• Digital oscilloscope
• Multimeters
• Electronic or resistive load

3.2 Test Conditions
Input voltage range
The DC source must be capable of varying between VINDC: 10-V and 60-V DC. Set the input current limit
to 4 A.

Output
Connect an electronic load capable of 20 V and a load variable in the range of 0 A to 3 A for each of the
outputs. A rheostat or resistive decade box can be used in place of an electronic load.

3.3 Test Procedure
1. Connect the DC source at the input terminals (pin 1 and pin 2 of connector J1) of the reference board.
2. Connect the output terminals (pin 1 and pin 2 of connector J2 and pin 1 and pin 2 of connector J3) to

the electronic load or rheostat while maintaining the correct polarity. Pin 1 is the VOUT output terminal
pin and pin 2 is the GND terminal pin

3. Set and maintain a minimum load of about 10 mA.
4. Gradually Increase the input voltage from 0 V to turn on 18-V DC.
5. Turn on the load to draw current from the output terminals of the converter.
6. Observe the start-up conditions for smooth switching waveforms.
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4 Testing and Results
The test results are divided into multiple sections that cover the steady-state performance measurements,
functional performance waveforms and test data, transient performance waveforms, thermal
measurements, and conducted emission (CE) measurements.

4.1 Performance Data

4.1.1 Efficiency and Regulation With Load Variation
Table 4 shows the efficiency and regulation performance data at 24 V.

Table 4. Efficiency and Regulation at 24 V
LOAD

% VIN IIN(A) PINDC(W) VOUT1(V) IOUT1(mA) VOUT2(V) IOUT2(mA) POUT(W) EFF (%) %REG
VOUT1

%REG
VOUT2

POWER LOSS
(W)

10 23.85 0.247 5.89 12.155 0.302 12.233 0.105 4.96 84.12 0.02 0.65 0.94

25 23.60 0.588 13.88 12.157 0.753 12.252 0.252 12.24 88.22 0.04 0.81 1.64

50 23.21 1.167 27.09 12.153 1.502 12.175 0.535 24.77 91.44 0.00 0.18 2.32

75 22.80 1.746 39.81 12.150 2.251 12.102 0.761 36.56 91.84 -0.02 -0.42 3.25

100 22.35 2.387 53.35 12.147 3.007 12.005 1.020 48.77 91.42 -0.04 -1.22 4.58

Table 5 shows the efficiency and regulation performance data at 36 V.

Table 5. Efficiency and Regulation at 36 V
LOAD

% VIN IIN(A) PINDC(W) VOUT1(V) IOUT1(mA) VOUT2(V) IOUT2(mA) POUT(W) EFF (%) %REG
VOUT1

%REG
VOUT2

POWER LOSS
(W)

10 35.90 0.183 6.57 12.131 0.305 12.225 0.103 4.96 75.48 0.12 0.26 1.61

25 35.74 0.405 14.47 12.128 0.752 12.248 0.251 12.19 84.25 0.09 0.44 2.28

50 35.50 0.766 27.19 12.117 1.502 12.223 0.501 24.32 89.45 0.00 0.24 2.87

75 35.32 1.130 39.91 12.108 2.250 12.169 0.752 36.39 91.19 -0.07 -0.20 3.52

100 35.07 1.521 53.35 12.099 3.011 12.104 1.002 48.55 91.01 -0.15 -0.74 4.79

Table 6 shows the efficiency and regulation performance data at 48 V.

Table 6. Efficiency and Regulation at 48 V
LOAD

% VIN IIN(A) PINDC(W) VOUT1(V) IOUT1(mA) VOUT2(V) IOUT2(mA) POUT(W) EFF (%) %REG
VOUT1

%REG
VOUT2

POWER LOSS
(W)

10 47.90 0.152 7.281 12.154 0.303 12.263 0.104 4.96 68.10 0.11 0.28 2.32

25 47.79 0.320 15.293 12.150 0.757 12.263 0.252 12.29 80.35 0.07 0.28 3.00

50 47.59 0.583 27.745 12.142 1.490 12.256 0.490 24.10 86.85 0.01 0.22 3.65

75 47.54 0.869 41.312 12.134 2.260 12.209 0.768 36.80 89.08 -0.06 -0.16 4.51

100 47.17 1.153 54.387 12.125 3.006 12.153 1.034 49.01 90.12 -0.13 -0.62 5.37
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Table 7 and Table 8 show the cross-reference data for the 12-V_ISO/1A rail. The cross-reference data for
the rail was noted while the other output was at 10% load and full load, respectively, with a 48-V input
voltage.

Table 7. Cross Regulation for VOUT2 (12 V_ISO/1 A) With
10% Load on VOUT1

LOAD ON 12V_ISO VOUT2(V) %REG
10 12.246 2.10
25 12.137 1.19
50 11.980 -0.12
75 11.880 -0.96
100 11.730 -2.21

Table 8. Cross Regulation for VOUT2 (12 V_ISO/1 A) With
100% Load on VOUT1

LOAD ON 12V_ISO VOUT2(V) %REG
10 12.717 2.61
25 12.470 0.61
50 12.363 -0.25
75 12.258 -0.96
100 12.161 -2.21

4.2 Performance Curves

4.2.1 Efficiency With Load Variation
Figure 6 shows the measured efficiency of the system with DC input voltage variation.

Figure 6. Efficiency versus Output Power
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4.2.2 Load and Line Regulation
Figure 7 shows the measured load regulation of the 12V_Main/3A output. Figure 8 shows the measured
load regulation of the 12V_ISO/1A output.

Figure 7. 12-V_Main Output Voltage Regulation With
Load Current

Figure 8. 12-V_ISO Output Voltage Regulation With Load
Current

Figure 9 shows the measured cross regulation of 12V_ISO when 12V_Main is at 10% load and at full
load. Figure 10 shows the measured line regulation of both the outputs at full load.

Figure 9. Cross Regulation of 12V_ISO Figure 10. Line Regulation at Full Load
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4.3 Functional Waveforms

4.3.1 Flyback MOSFET Switching Node Waveforms
Waveforms at the flyback switching (SW) node were observed along with the MOSFET current for 24 V
and 48 V under full load conditions.

Figure 11 and Figure 12 show the SW node waveform along with the MOSFET current for a 24-V input
and a 48-V input, respectively, with all the rails fully loaded.

NOTE: Green trace: Drain-to-source voltage, 20 V/div

Figure 11. SW Node Waveform VIN= 24 V, Full Load Figure 12. SW Node Waveform VIN= 48 V, Full Load

Figure 13 and Figure 14 show the VDS turnon and turnoff waveforms at a 48-V DC input voltage and full
load.

Figure 13. VDS Turnon Waveform at 48-V Input Figure 14. VDS Turnoff Waveform at 48-V Input
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4.3.2 Rectifier Waveforms
Waveforms at the anode of both the rectifier diodes were observed at 48 V under full load conditions

Figure 15 and Figure 16 show the voltages across diode D1 and diode D2 at 48 V, respectively, with both
rails fully loaded.

NOTE: Green trace: Diode Voltage, 20 V/div

Figure 15. Voltage Across Diode D1 at 48-V Input
at Full Load

Figure 16. Voltage Across Diode D2 at 48-V Input
at Full Load

4.3.3 Output Ripple
For the following figures, the ripple was observed at both the outputs at full load with a 48-V input voltage.

The peak-to-peak ripple voltage is around 100 mV for the 12-V_Main output and around 25 mV for
12-V_ISO.

Figure 17 and Figure 18 show the ripple for 12-V_Main/3-A rail and 12-V_ISO/1-A rail, respectively.

NOTE: Red trace: Output Ripple, 50 mV/div

Figure 17. 12-V_Main Output Ripple at VIN= 48 V
and Full Load

Figure 18. 12-V_ISO Output Ripple at VIN= 48 V
and Full Load
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4.4 Transient Waveforms

4.4.1 Turnon Characteristics
The output turnon waveforms were observed with a resistive load. Figure 19 and Figure 20 show the
turnon waveform at the 12-V_Main/3-A and 12-V_ISO/1-A outputs at 48-V input voltage and full load,
respectively.

NOTE: For Figure 19 – Red trace: Output voltage, 5 V/div; Green trace: Output current, 2 A/div
For Figure 20 – Red trace: Output voltage, 5 V/div; Green trace: Output current, 500 mA/div

Figure 19. 12-V_Main and 3-A Output Turnon Waveform
at 48 V

Figure 20. 12-V_ISO and 1-A Output Turnon Waveform
at 48 V
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4.4.2 Turnoff Characteristics
The output turnoff waveforms were observed with a resistive load. Figure 21 and Figure 22 show the
turnoff waveform at the 12-V_Main/3-A and 12-V_ISO/1-A outputs at 48-V input voltage and full load,
respectively.

NOTE: For Figure 21 – Red trace: Output voltage, 5 V/div; Green trace: Output current, 2 A/div
For Figure 22 – Red trace: Output voltage, 5 V/div; Green trace: Output current, 500 mA/div

Figure 21. 12-V_Main and 3-A Output Turnoff Waveform
at 48 V

Figure 22. 12-V_ISO and 1-A Output Turnoff Waveform
at 48 V
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4.4.3 Transient Load Response
The load transient performance was observed for both the rails with the load switched at a 0.2-m wire
length. The load transient was observed with the output switched on from 10% to 100% and switched off
back to 10% load.

Figure 23 and Figure 24 show the transient load response for the 12-V_Main output at an input voltage of
48 V with a load transient from 0.275 A to 2.75 A and vice versa.

NOTE: Red trace: Output voltage, 500 mV/div; Green trace: Output current, 2 A/div

Figure 23. 12-V_Main Output Waveform—Load Transient
From 0.3 A to 3 A

Figure 24. 12-V_Main Output Waveform—Load Transient
From 3 A to 0.3 A

Figure 25 and Figure 26 show the transient load response for the 12-V_ISO output at an input voltage of
48 V with a load transient from 0.1 A to 1 A and vice versa.

NOTE: Red trace: Output voltage, 500 mV/div; Green trace: Output current, 2 A/div

Figure 25. 12-V_ISO Output Waveform—Load Transient
From 0.1 A to 1 A

Figure 26. 12-V_ISO Output Waveform—Load Transient
From 1 A to 0.1 A
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4.4.4 UVLO Condition
The ULVO protection of the LM5020 controller was observed by turning the input voltage on and off and
observing the 12V_Main output voltage during the turnon and turnoff.

Figure 27 and Figure 28 show the turnon and turnoff of the input voltage, respectively.

NOTE: Red trace: Output voltage, 5 V/div; Green trace: Input voltage, 10 V/div

Figure 27. 12-V_Main Output Waveform—Turnon of
Input Voltage

Figure 28. 12-V_Main Output Waveform—Turnoff of
Input Voltage
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4.5 Conducted Emissions
The test for measuring conducted EMI was performed at an input voltage of 24 V and with a full load
across both outputs. The conducted emissions in a pre-compliance test setup were compared against
EN55011 class-A limits and found to meet the class-A limits comfortably.

The results of the test are shown in the following Figure 29, Figure 30, Figure 31, and Figure 32. The
figures show the peak and average emissions on both input positive and negative.

Figure 29. Peak on Positive Input Figure 30. Peak on Negative Input

Figure 31. Average on Positive Input Figure 32. Average on Negative Input

NOTE: Figure 29 through Figure 32 are conducted emissions as per EN55011 Class A.
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4.6 Thermal Measurements
The thermal measurements were performed at room temperature (25°C) with a 48-V input voltage after
allowing the board to run for half an hour.

Figure 33 shows the bottom-side thermal images of the TIDA-00711 device at 36 W (12V_Main/2A and
12V_ ISO/1A) without any external cooling (0 LFM).

Figure 34 shows the bottom-side thermal images of the TIDA-00711 device, at 50 W (12V_Main/3A and
12V_ ISO/1A) with external cooling from a fan placed at a 10-cm distance from the board, which is
controlled to provide 200 LFM of airflow.

Figure 33. Bottom-Side Thermal Image at 48-V Input,
36 W, and Without Fan

Figure 34. Bottom-Side Thermal Image at 48-V Input,
50 W, and With Fan

Table 9. Highlighted Image Markers for Figure 33 and Figure 34

NAME TEMPERATURE (AT 48-V INPUT, 36 W, 0 LFM, NO
AIRFLOW)

TEMPERATURE (AT 48-V INPUT, 50 W, WITH
200-LFM AIRFLOW)

MOSFET 88.0°C 89.0°C
PWM controller 64.4°C 66.6°C

Diode D1 64.5°C 78.3°C
Diode D2 54.4°C 61.1°C
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4.7 Overcurrent Protection Test
Figure 35 shows the overcurrent protection for 150% overload on the 12-V main output. The red waveform
is the 12-V main output and the green waveform is the current.

Figure 36 shows the overcurrent protection for 250% overload on the 12-V isolated rail. The red waveform
is the 12-V isolated rail and the green waveform is the current.

NOTE: Red trace: Voltage, 5 V/div; Green trace: Current, 2 A/div

Figure 35. Overcurrent Protection for 12-V Main Output Figure 36. Overcurrent Protection for 12-V Isolated Rail
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5 Design Files

5.1 Schematics
To download the schematics, see the design files at TIDA-00711.

5.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00711.

5.3 PCB Layout Recommendations
A careful PCB layout is critical and extremely important in a high-current fast-switching circuit to properly
operate the controller devices and attain the robust nature of the design. As with all switching power
supplies, attention to detail in the layout can save much time in troubleshooting later on. A proper layout
also aids in maximizing efficiency and preventing radiation of high-frequency resonance problems; for
these reasons, proper layout of the high-frequency switching path is essential.

5.3.1 Specific Guidelines for Power Stage
Follow these key guidelines to route power stage components:
• Minimize the loop area and trace length of the power path circuits, which contain high-frequency

switching currents. This step reduces EMI and improves the overall performance of the converter.
• Keep the switch node as short as possible. A short and optimal trace width helps to reduce induced

ringing caused by parasitic inductance.
• Keep traces with high dV/dT potential and high dI/dT capability away from or shielded from sensitive

signal traces with adequate clearance and ground shielding.
• For each power supply stage, keep the power ground and control ground separate. Tie them together

(if they are electrically connected) at one point near the DC input return or output return of the given
stage.

• When multiple capacitors are used in parallel for current sharing, maintain the symmetrical layout
across both leads of the capacitors. If the layout is not identical, the capacitor with the lower series
trace impedance experiences higher peak currents and become hotter (i2R).

• Choose the width of PCB traces based on the acceptable temperature rise at the rated current as per
IPC2152 as well as acceptable DC and AC impedances. The traces should also be able to withstand
the fault currents (such as short-circuit current) before the activation of electronic protections, such as
a fuse or circuit breaker.

• Adapt thermal management to fit the end-equipment requirements.

5.3.2 Specific Guidelines for Controller
Follow these key guidelines to route controller components and signal circuits:
• The optimum placement for the decoupling capacitor is closest to the VCC/VDD and GND terminals of

the device. Minimize the loop area formed by the bypass-capacitor connection and the GND terminal
of the IC.

• Make the reference ground for the control devices a low-current signal ground (SGND), copper plane,
or island.

• Place all controller-support components at specific signal pins close to their respective connection pins.
• Connect the other end of the component to the SGND with the shortest trace length possible.
• The trace routing for the voltage-sensing and current-sensing circuit components to the device should

be as short as possible to reduce parasitic effects on the current limit and current and voltage
monitoring accuracy. These traces should not have any coupling to switching signals on the board

• Connect the SGND plane to high current ground (main power ground) at a single point that is at the
negative terminal of the DC I/O capacitor, respectively.
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• If an overlap exists, keep the signal traces perpendicular to high frequency and the high-current traces
perpendicular to signal traces instead of parallel. Shielding the signal traces with ground traces can
help to reduce noise pickup.

• See the placement and routing guidelines and layout example in the LM5020 datasheet.

5.3.3 Layout Prints
To download the layer plots, see the design files at TIDA-00711.

5.4 Altium Project
To download the Altium project files, see the design files at TIDA-00711.

5.5 Gerber Files
To download the Gerber files, see the design files at TIDA-00711.

5.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-00711.

6 References

1. Texas Instruments, LM5020 100V Current Mode PWM Controller, LM5020 Datasheet (SNVS275)
2. Texas Instruments, CSD19534Q5A 100 V N-Channel NexFET™ Power MOSFETs, CSD19534Q5A

Datasheet (SLPS483)
3. Texas Instruments, Using the TPS55340 as a SEPIC Converter, Application Report, TPS55340

Application Report (SLVA516)
4. EE Times; Betten, John; Kollman, Robert (Texas Instruments), No need to fear: SEPIC outperforms

the flyback, EE Times Design How-To Article (www.eetimes.com/document.asp?doc_id=1272282)
5. Texas Instruments, Benefits of a coupled-inductor SEPIC converter, Technical Brief (SLYT411)
6. Texas Instruments, AN-1314 LM5020 Evaluation Board , LM5020 User's Guide (SNVA082)
7. Texas Instruments, Designing DC/DC converters based on SEPIC topology, Technical Brief (SLYT309)

6.1 Trademarks
NexFET is a trademark of Texas Instruments.

7 About the Authors
AISHWARYA NALWAYA is a project trainee in Industrial Systems Engineering at Texas Instruments
where she is trained to develop reference design solutions for the power delivery and industrial systems.
Aishwarya is a student in her final year pursuing her bachelor of engineering (B.E. hons) in electronics and
instrumentation from the Birla Institute of Technology & Sciences (BITS), Pilani, Pilani Campus.

LATIF AMEER BABU is an end equipment lead for the UPS-Power Delivery sector. He is responsible for
business development, marketing, and architecting TI reference designs for UPS. Latif brings to this role
his extensive experience in power electronics, high frequency DC-DC converters, and analog circuit
design. Latif earned his master of technology in power electronics & power systems from the Indian
Institute of Technology, Mumbai. Latif is a member of the Institute of Electrical and Electronics Engineers
(IEEE) and has one US patent

RAMKUMAR S is a systems engineer for the Power Delivery sector at Texas Instruments. He is
responsible for developing reference design solutions for power delivery end-equipment. Ramkumar
brings to this role his diverse experience in analog and digital power supplies design. Ramkumar earned
his master of technology (M.Tech) from the Indian Institute of Technology, Delhi.

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCO3A
http://www.ti.com/tool/TIDA-00711
http://www.ti.com/tool/TIDA-00711
http://www.ti.com/tool/TIDA-00711
http://www.ti.com/tool/TIDA-00711
http://www.ti.com/lit/pdf/SNVS275
http://www.ti.com/lit/pdf/SLPS483
http://www.ti.com/lit/pdf/SLVA516
http://www.eetimes.com/document.asp?doc_id=1272282
http://www.eetimes.com/document.asp?doc_id=1272282
http://www.ti.com/lit/pdf/SLYT411
http://www.ti.com/lit/pdf/SNVA082
http://www.ti.com/lit/pdf/SLYT309


www.ti.com Revision History

27TIDUCO3A–December 2016–Revised January 2017
Submit Documentation Feedback

Copyright © 2016–2017, Texas Instruments Incorporated

Revision History

Revision History
NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

Changes from Original (December 2016) to A Revision ................................................................................................ Page

• Added updated images for optimized resolution and lower file sizes .............................................................. 1

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCO3A


IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.
TI’s provision of TI Resources does not expand or otherwise alter TI’s applicable published warranties or warranty disclaimers for TI
products, and no additional obligations or liabilities arise from TI providing such TI Resources. TI reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.
You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such TI products as used in such applications. TI has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.
You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
TI RESOURCES ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.
TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
You agree to fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.
This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, TI products and services.
These include; without limitation, TI’s standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated

http://www.ti.com/sc/docs/stdterms.htm
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/sc/docs/sampterms.htm

	50-W, 92% Efficiency, Compact, Isolated DC-DC Reference Design for 24/36/48-V Battery Systems/UPS
	1 System Overview
	1.1 System Description
	1.2 Key System Specifications
	1.3 Block Diagram
	1.4 Highlighted Products
	1.4.1 LM5020—100-V Current-Mode PWM Controller
	1.4.2 CSD19534Q


	2 System Design Theory
	2.1 SEPIC Versus Flyback Converter
	2.2 Advantages of LM5020 Solution Over Conventional 384x Solution
	2.3 SEPIC Circuit Component Design
	2.3.1 Design Goal Parameters
	2.3.2 Switching Frequency (R6)
	2.3.3 Duty Cycle Calculations
	2.3.4 Maximum Output Current
	2.3.5 Inductor (L)
	2.3.6 Output Capacitor (C7-C8)
	2.3.7 AC Capacitor (C1-C2)
	2.3.8 Rectifying Diode (D1)
	2.3.9 MOSFET Ratings
	2.3.10 Feedback Resistors (R8, R10)
	2.3.11 Soft-Start Capacitor (C3)
	2.3.12 Compensating Control Loop (R7, C13, C17)


	3 Getting Started Hardware
	3.1 Required Test Equipment for Board Validation
	3.2 Test Conditions
	3.3 Test Procedure

	4 Testing and Results
	4.1 Performance Data
	4.1.1 Efficiency and Regulation With Load Variation

	4.2 Performance Curves
	4.2.1 Efficiency With Load Variation
	4.2.2 Load and Line Regulation

	4.3 Functional Waveforms
	4.3.1 Flyback MOSFET Switching Node Waveforms
	4.3.2 Rectifier Waveforms
	4.3.3 Output Ripple

	4.4 Transient Waveforms
	4.4.1 Turnon Characteristics
	4.4.2 Turnoff Characteristics
	4.4.3 Transient Load Response
	4.4.4 UVLO Condition

	4.5 Conducted Emissions
	4.6 Thermal Measurements
	4.7 Overcurrent Protection Test

	5 Design Files
	5.1 Schematics
	5.2 Bill of Materials
	5.3 PCB Layout Recommendations
	5.3.1 Specific Guidelines for Power Stage
	5.3.2 Specific Guidelines for Controller
	5.3.3 Layout Prints

	5.4 Altium Project
	5.5 Gerber Files
	5.6 Assembly Drawings

	6 References
	6.1 Trademarks

	7 About the Authors

	Revision History
	Important Notice

