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1.1

1.2

An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

System Description

Introduction

A programmable logic controller is a key element for factory automation. The controller monitors and
controls machineries in real time to ensure the best process thanks to a flexible number of input/output
modules. Each input module is locally responsible for the acquisition and the conversion of data while
each output module changes the process with commands sent to actuators. In both cases, the signals
exchanged between the modules and the actuators can be either analog or digital, depending on the
process level signal needed by the end equipment.

As an illustration of I/O modules, the board reference developed by Tl exhibits a digital and an analog
input module (see Figure 1 and Figure 2, respectively).
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Figure 1. TIDA-00017 Digital Input Module Figure 2. TIDA-00119 Analog Input Module

Power Supply for PLC I/O Modules Overview

The 1/0 modules shown in Figure 1 and Figure 2 require data conversion as well as signal conditioning.
Depending on the nature of the 1/0O module (analog or digital), either a digital-to-analog converter (DAC) or
a serializer is needed. Locally, most sensors use a 4 to 20-mA loop to acquire and transmit the values
measured without noise or line length concerns. One way to implement such a solution is to drive a
MOSFET with a standardized 24-V isolated rail to avoid any current return conflicts due to other
equipment interconnection.
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Design Specifications

A single-channel I/O module such as the one shown in Figure 3 is a flexible solution for many needs of
the PLC I/0 modules. For this reason, this reference design focuses on a modular approach, and more
specifically, on the power block.
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Figure 3. TIDA-00129 Power for Single-Channel Module Block Diagram

This reference design focuses on a versatile isolated dual-output power supply. For signals from sensors,
a voltage level of 24 V and a current up to 25 mA are usually defined. For low-power components, 3.3 V

and 50 mA are specified.

2 Design Specifications

The TIDA-00129 reference design has the following specifications:
Electrical Specifications:

eV, =171036 Vpe

* Vour =24V £10% at 2 to 25 mA

* Vour, =3.3V £10% at 35 to 50 mA
o Poyr is approxmimately 1 W

» 85% efficiency at high load

Physical Specifications:

» Total solution height: <6 mm
e |EC 61010-1 compliant (Test Voltage: 860 V,¢)
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3 Schematic

Figure 4 introduces the TIDA-00129 schematic. A more detailed schematic can be found on the Tl website
under the TIDA-00129 folder.
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Figure 4. TIDA-00129 Schematic
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4 Theory of Operation

Considering the operating power range required, a Fly-Buck™ converter is the best trade-off for the
number of components and the need for isolation. This topology also allows design flexibility for a primary
nonisolated power supply. The LM5017 and LM5018 devices fulfill these requirements and permit both
space reduction and a low cost for the BOM.

Figure 5 shows a simplified design overview of the power supply module. Figure 6 shows the inner
architecture of the LM5017 device.
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Figure 6. LM5017 Functional Block Diagram

4.1 Primary Side Output Voltage

The output voltage is set with two feedback resistors. To optimize the overall efficiency, Vor is set higher
than the 7.6-V threshold of the internal regulator. Because the output voltage at the primary is not used in
the system solution, this voltage is used to power the device, which disables the internal LDO.

RFB2
Vout =VrFB| —— +1
RFB1 (1)
RFB2 Vour 1
RFB1  VFB 2
R 9.3
B2 _ 93 _,_566
R FB1 1 225 (3)
Res> = 82 kQ and Ry, = 12.4 kQ (4)
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4.2 Operating Switching Frequency
Because one of the design priorities is to optimize efficiency, the design keeps the switching frequency as
low as possible to minimize switching losses. Ry sets the nominal switching frequency based on
Equation 5 through Equation 7.
Vout
fSW - " Rown (5)
RON = Vout
K.fsw (6)
RoN = %i =492k
107"~ .200 k )
The design uses a standard 499-kQ resistor value to ensure a low switching frequency.
4.3 Transformer Selection
To ensure a low-profile solution and a small overall height, carefully choose the geometry and value of the
transformer. For the Fly-Buck topology, the transformer choice is not as clear as the choice for a standard
forward converter. Part of the complexity comes from the difficulty in estimating the reflected current on
the primary side. It is also important to get to a fair trade-off between switching losses and conducted
losses. The trade-off especially applies for highly efficient designs, while also considering circulating
current.
To reach a close approximation of the geometry and value of the transformer (while simplifying the
design), only the highest consuming output is modeled (24 V at 25 mA) in Section 4.3.1.
4.3.1 TINA-TI Spice Simulation

The model shown in Figure 7 allows the following variation:
* V,:from17to 36V

e L_prim: from 30 pH to 100 pyH

 L_leak: from 20 nHto 7 uyH

— K11

L _leak 1.5u

L_prim 80u L
L_sec 528u ‘ R_load 960

Figure 7. Simplified TINA-TI Schematic of TIDA-00129
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Figure 8. V,\y=24V,L_prim =80 pH and L_leak =7 pH
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Figure 9.V,y=24V,L_prim =80 uH and L_leak =20 nH
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Figure 10. V=24V, L_prim =80 pH and L_leak = 1.5 pH

Figure 8, Figure 9, and Figure 10 show the importance of the leakage inductance to optimize the current
flow at the primary side at the switching point.

A more detailed approach can be simulated including parasitic capacitances and MOSFET. However, the
simulation shown in Section 4.3.1 already gives good transformer specifications.

To optimize the current flow at the primary side at the switching point, the design uses a transformer with
L_prim =80 uyH, L_leak = 1.5 pH, and a ER11 core geometry as illustrated in Figure 10.
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4.4 Output Ripple Configuration

The LM5017 module uses a constant on-time control scheme which requires appropriate voltage ripple at
the feedback node. To ensure the correct ripple injection in the regulation loop, the design uses the
following configuration and parameters shown in Figure 11 and Equation 8.

(VinMIN) = Vour)Ton
25mV (8)

C, = 4700 pF
C,. = 100 nF

RrCr <

Figure 11. Typical Noise Amplification Scheme

5 Test Results

Section 5.1 through Section 5.8 introduce the bench tests made on the power supply module.

5.1 Startup and Shutdown of Both Outputs

Figure 12 through Figure 15 show plots reflecting the design behavior during start-up and shut-down
mode. All measurements have been taken with both outputs fully loaded (Vo = 24 V at 25 mA and Vgyr,
= 3.3V at 50 mA).

Vin: 10V/Div i o Vin: 10V/Div
TimeBase: 10ms/Div TimeBase: 10ms/Div
Figure 12. Startup of Vg, =24V Figure 13. Startup of Vg, = 3.3V
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Vin: 10V/Div

\__________N\ Vn: 10V/Div

TimeBase: 10ms/Div TimeBase: 10ms/Div

Figure 14. Shutdown of Vo, =24V Figure 15. Shutdown of Vg, = 3.3V
5.2 Operating Mode and Output Ripple

Figure 16 and Figure 17 are plots captured during tests which show the operating mode of the Fly-Buck at
full load.

Vin: 50mV/Div Vin: 50mV/Div

S T e Py “"W\MW“‘“\M“\WW

-

SW:50V/Div

=

SW:5V/Div

TimeBase: 2us/Div

TimeBase: 2us/Div

Figure 16. Operating Mode and Output Ripple at Figure 17. Operating Mode and Output Ripple at
Vour, = 24 V Vour, = 3.3V

The design shows a 50-mV output ripple on Vg1, and a 40 mV output ripple on the second output (Vgyr,)-

5.3 Load Transient

Figure 18 shows an overview of the design response to a load step and, as a consequence, the loop
stability. The load on the 24-V rail varies from 0 to 25 mA for 80 ms as shown in Figure 18.

L Vouri: 1V/Div

TimeBase: 10ms/Div

Figure 18. TIDA-00129 24-V Load Transient
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Test Results

5.4  Short Output

To ensure the correct behavior in critical conditions, a short cut on the output has been made and

monitored, as shown in Figure 19.

Vour1: 10V/Div

TimeBase: 10ms/Div

Figure 19. TIDA-00129 24-V Output Shorted

The LM501x family offers various current limits for the same performance, as shown in Table 1. The

designer can choose different devices for the end application.

Table 1. LM501x Family Performance

MIN Peak Vin (V) Vour (V)
Part Number Current Limit Iy (MA)
(A) MIN MAX MIN MAX
LM5017 0.7 1.75 7.5 100 1.25 90
LM5018 0.39 1.75 7.5 100 1.25 90

5.5 Load Regulation

The design respects the 10% output voltage accuracy set in the requirements, as shown in Figure 20 and

Figure 21. For each load regulation measurement, the other output is fully loaded.

26.5
26.0
255
S —
o 25.0
g T
o 245
>
W —
23.5
— V=17V
230 | — V=24V
Vi =36V
225
0.00 0.01 0.02 0.03 0.04 0.05

Output Current (A)

Figure 20. TIDA-00129, 24-V Load Regulation
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Output Current (A)

Figure 21. TIDA-00129, 3.3-V Load Regulation

5.6 Line Regulation
Figure 22 and Figure 23 show the output voltage regulation for a wide input voltage range. The red curves
show the output voltage regulation while both outputs are fully loaded (respectively, 25 mA for Vo1, = 24
V and 50 mA for Vo1, = 3.3 V). In the other case (the black curve), data have been taken with no load on
the main output measured, while the second output is fully loaded.
285
275
S 25
(9]
g
S 255 ] R —
g ///
8 24.5 P
235 : -
No Load Line Regulation
295 Full Load Line Regulation
17 19 21 23 25 27 29 31 33 35 37
Input Voltage (V)
Figure 22. Line Regulation Vg1, =24 V
3.6
35
_——
S 3.4 /;/
o —
g /f
S 33
i |77
5 3.2 /]
i
3.1 No Load Line Regulation
20 Full Load Line Regulation
. 17 19 21 23 25 27 29 31 33 35 37
Input Voltage (V)
Figure 23. Line Regulation Vg, = 3.3V
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5.7 Efficiency

Figure 24 shows the overall efficiency of the LM5017 module over the entire output power range for
different input voltages. Figure 24 is made with a fixed output power on the least significant output (Voyr,
at 50 mA, thus 165 mW), while changing the current on the 24-V output.

20
—
//
” //
S 80 /
= / /
Q
c
o
£ 75
w /
70 V=17V
/ V=24V
_ Vp=36V
65
0.3 0.5 0.7 0.9 1.1 1.3

Pout_total (W)

Figure 24. Overall Efficiency versus Output Power

5.8 Thermal Analysis

Efficiency and heat dissipation are major concerns for I/O modules due to their plastic housing. Figure 25
is the thermal image of the module at full load.

D odeDA
SO,

i :
,DiodeDl
87

Transformer: 32.4°C
Diode D4: 32.1°C
Diode D1: 31.4°C
AT=5°C

Figure 25. TIDA-00129 IR-Analysis (in °F)
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6 Conclusion

This power reference design has been developed targeting a PLC I/O single-channel module. The main
design goal is to use 6-mm height of the module and 85% efficiency at full load for the best fit in low-
profile plastic housing. The TIDA-00129 power design provides isolated dual 24 V and 3.3 V which allows
a flexible integration of a 4 to 20-mA current loop and low power components.

To include this design in a process control industry application, extra protection features can be added to
ensure stringent EMC requirements fulfillment. As an example, current limit or clamping circuitry can be
implemented in cascaded I/O module blocks.

7 PCB Layout
Figure 26 shows the PCB layout design.
Download the Altium project files from TIDA-00129.

(] |
o
n

Figure 26. Top and Bottom Layers
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8 Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-00129. Table 2 lists the BOM for the
power module.

Table 2. TIDA-00129 Bill of Materials

Designator Description Comment Quantity Supplier Part Number

C1 CAP, CERM, 4.7pF, 50V, +/-10%, X7R, | GRM31CR71H475KA12L 1 Digikey 490-6521-2-ND
1206

c2 CAP, CERM, 1000pF, 1000V, +/-5%, VJ1206A102IXGAT5Z 1 Digikey 720-1012-2-ND
COG/NPO, 1206

C3 CAP, CERM, 4700pF, 100V, +/-10%, GCJ188R72A472KA01D 1 Digikey 541-82.0KHCT-ND
X7R, 0603

C4 CAP, CERM, 0.1pF, 16V, +/-5%, X7R, 0603YC104JAT2A 1 Digikey 478-3726-2-ND
0603

C5 CAP, CERM, 0.01pF, 50V, +/-5%, X7R, | C0603C103J5RACTU 1 Digikey 399-1092-1-ND
0603

C6, C12 CAP, CERM, 0.1pF, 50V, +/-10%, X7R, | 08055C104KAT2A 2 Digikey 478-1395-1-ND
0805

Cc7 CAP, CERM, 4.7pF, 10V, +/-10%, X7R, | GRM31CR71A475KA01L 1 Digikey 490-1805-1-ND
1206

Cc8 CAP, CERM, 22F, 16V, +/-10%, X7R, GRM32ER71C226KE18L 1 Digikey 490-4524-1-ND
1210

Cc9 CAP, CERM, 2.2uF, 100V, X7R, +/- C3225X7R2A225K 1 Digikey 445-4497-1-ND
10%, 1210

C10 CAP, CERM, 0.47pF, 100V, +/-10%, GRM21BR72A474KA73L 1 Digikey 490-3326-2-ND
X7R, 0805

C11 CAP, CERM, 1pF, 25V, +/-10%, X7R, GRM188R71E105KA12D 1 Digikey 490-5307-1-ND
0603

D1 Diode, Switching, 100V, 0.2A, SOD-123 | MMSD4148T1G 1 Digikey MMSD4148T1G

D2 Diode, Zener, 27V, 500mW, SOD-123 MMSZ5254B-7-F 1 Digikey MMSZ5254B-7-F

D3, D4 Diode, Schottky, 30V, 0.2A, SOD-123 BAT42W-7-F 2 Digikey BAT42W-FDICT-ND

J1, 32,33 Conn Term Block, 2POS, 3.5mm, TH 1751248 3 Digikey 277-5719-ND

R1 RES, 49.9 Q, 1%, 0.1W, 0603 RCO0603FR-0749R9L 1 Digikey 311-49.9HRCT-ND

R2 RES, 46.4k Q, 1%, 0.1W, 0603 RCO0603FR-0746K4L 1 Digikey 311-46.4KHRCT-ND

R3 RES, 82k Q, 1%, 0.1W, 0603 CRCWO060382K0OFKEA 1 Digikey 541-82.0KHCT-ND

R4 RES, 127k Q, 1%, 0.1W, 0603 RC0603FR-07127KL 1 Digikey 311-127KHRCT-ND

R5 RES, 499 Q, 1%, 0.1W, 0603 RCO0603FR-07499KL 1 Digikey 311-499KHRCT-ND

R6 RES, 10.0k Q, 1%, 0.1W, 0603 CRCWO060310KOFKEA 1 Digikey 541-10.0KHCT-ND

R7 RES, 12.4k Q, 1%, 0.1W, 0603 CRCWO060312K4FKEA 1 Digikey 541-12.4KHCT-ND

T1 Transformer, 80 pH, SMT 750314441 (with PCB cutout) 1 Wirth 750314441

750315176 (no PCB cutout) Elektronik 750315176

TP1, TP2, TP4, Test Point, TH, Miniature, Red 5000 7 Digikey 5000K-ND

TP5, TP6, TP7,

TP8

Ul IC, 100 V, 600 mA COT Synchronous LM5017SD 1 Texas LM5017SD
Buck Instruments

9 Gerber Files

To download the Gerber files for each board, see the design files at TIDA-00129.

10 Software Files

To download the software files for the reference design, see the design files at TIDA-00129.
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, 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 components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

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

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

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

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

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

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

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

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