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60 W Auxiliary Power Supply

Design Summary
Objectives

This application note describes the design and performance of a 60 W auxiliary power supply with wide input voltage for industrial
applications using 1.7 kV 1 ohm SiC MOSFETs from Littelfuse. The evaluation board was designed to evaluate the performance of part
number LSICIMO170E1000 for ease of use.

Design Features

Features of the Auxiliary Power Supply Evaluation Board include:
«  Single-switch fly-back topology
« Closed loop control output voltage regulation
« High power conversion efficiency over a wide power range

o 300 V~1000 V wide input voltage

Applications
o  Motor drives
o PVinverters
« UPS Systems

. Modular Multilevel Converter

Target Audience
This document is intended for potential adopters of the LSICIMO170E1000 interested in designing low cost and high-performance

systems of off-line SMPS for auxiliary power supply for industrial applications.

Contact Information

For more information on the topic of auxiliary power supplies, contact the Littelfuse Power Semiconductor team of product and
applications experts:

. PowerSemiSupport@Littelfuse.com
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1. Introduction

Auxiliary power supply has become an essential part of electronic devices in multiple industrial applications such as motor drives, PV
inverters, UPS systems, and modular multilevel converters. The common high voltage DC link or bus is used to provide a low voltage
(5 V~48 V) source for powering equipment such as control circuits, sensing circuits, and cooling fans. Galvanic isolation is a common
requirement for such power supplies and the power level is usually below 100 W. These auxiliary power supplies are required to
operate from a wide input voltage range, typically from 300 V up to 1000 V, due to the DC link voltage variation. A simple low-
complexity design with high reliability is required to ensure that the auxiliary supply does not become a limiting factor to system
reliability. Single-switch fly-back topology is the most common selection for this type of low-power DC-DC power conversion due to its
simple structure, lowest component count, and low cost. However, there are several challenges to the selection of silicon MOSFETs
for a single-switch fly-back topology for auxiliary power supply applications. In a fly-back topology, the power switching device must
have the voltage capability to withstand a total system voltage of highest input supply, transformer induced effects, secondary
reflected voltage, and circuit arrangement/layout effects.

At 1000 V input, the peak voltage on a power switching device can be easily over 1200 V, which makes it difficult to select a silicon
MOSFET with proper blocking voltages. A 1500 V Si MOSFET will have low margin and raise reliability concerns. Si MOSFETs rated
2000 V and above can provide sufficient margin, but the specific on-state resistance is much higher than lower voltage MOSFETs
which will reduce converter efficiency and compromise heat management. This consequence may necessitate larger cooling solutions
even for a low power conversion application. In addition, the cost of 2000+ V rated Si MOSFETSs is much higher. To utilize Si MOSFETs
rated 1500 V and lower, two-switch fly-back or other topologies should be used. In a two-switch fly-back topology however, the design
complexity and converter component counts will increase significantly.

The introduction of 1700 V SiC MOSFETSs provides a possible solution by using simple single-switch fly-back topology for such
applications to achieve a wide input voltage range. Figure 1 presents the topology of a single-switch fly-back converter for auxiliary
power supply applications using a 1700 V SiC MOSFET.

O + . ] EI
DC+ D1
CLAMP RCLAMP Output
12V
D1
L °
Input —_— q
300V~1000V
- Closed Loop Control
'.:) with Current Mode PWM Controller
DC-
0

Figure 1. Single Switch Fly-back Converter for Auxiliary Power Supply Applications

The 1700 V breakdown voltage provides enough voltage margin even for 1000 V input voltage. The specific ON resistance of 1700 V
SiC MOSFETSs is much lower than that of 2000 V and above rated Si MOSFETs. Therefore, smaller packages can be used for the same
ON resistance rating thereby improving the cost-performance of a 1700 V SiC MOSFET. Additionally, SiC MOSFETs have lower
switching losses compared to Si MOSFETSs, which can improve converter efficiency and reduce the size of the heatsink or even
remove the need for a heatsink. Lower switching losses also provide an option to increase switching frequency of the auxiliary power
supply to reduce transformer size and weight.
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2. Evaluation Board

Figure 2 shows an image of the evaluation board hardware. Several key parts, including the DC-link capacitor, decoupling capacitor,
SiC MOSFET, isolation transformer, output rectifier, driver IC, analog closed-loop circuit, and connectors are displayed.

SiC MOSFET
DC-link Cap

Transformer

Clamping Cap Output Diode

Clamping Cap I
Figure 2. Evaluation Board Hardware
2.1. Evaluation Board Specifications
Table 1 lists the electrical specifications of the evaluation board.
Table 1. Electrical Specifications of Evaluation Board
Specifications Value
Minimum Input Voltage (Vin_wi) 300V
Maximum Input Voltage (Vin_wax) 1000 V
Output Voltage (Vour) 12V
Output Voltage Ripple (Vour ripie) <10 mV
Maximum Output Current (lour_max) 5A
Maximum Output Power (Pour max) 60 W
Switching Frequency (Fs) 110 kHz
Efficiency (>20% Load) >80%
Peak Efficiency (Err_max) 86%
" o 5 Littelfuse.com
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3. Schematic

Figure 3 displays the schematic of the evaluation board. The power stage circuit includes the DC link capacitor, RCD snubber/clamping
circuit, isolation transformer, SiC MOSFETS, gate driving circuit, sensing resistor, and output rectification circuit. Control circuits include
the controller IC and its configuration components, voltage closed-loop feedback circuit, and the control power supply circuit. The
design and parameter selection method is discussed in the next section.

RCD Clamping

B [ =% Output
B e s [ e Rectification
:-;; = ot
; i | [ [ ; 1 o Joo Jom [‘]

T

QC link Capacitor

i (% Transformer
ontrol Power ! SiC MOSFET
[
[ TTF I &5
=m- - i k,a - l Iﬁ: Q-M.‘ o []m
s [Js 2l T ] =
e 2218 (IS e
& e w | P R i 1% | [ E; :
T R S e s
PIR_DC- Controller IC Closed Loop Feedback

Figure 3. Evaluation Board Schematic Diagram

4. Circuit Design

4.1. Power Stage Main Component Selection

4.1.1. Primary Side Switching Device

The 1700 V 1ohm SiC MOSFET, housed in an industry standard three lead TO-247 package from Littelfuse (Part Number
LSIC1MO170E1000) was selected as the primary side switching power device. Considering the maximum 1000 V input and the
reflected voltages at the transformer from secondary side 12 V output voltage, the device peak voltage can reach more than 1200 V.
The 1700 V break down voltage can provide sufficient margin for design optimization. Meanwhile, the low switching loss energy and
ultra-low gate charge of SIC MOSFETSs enable higher switching frequencies for a more compact transformer design with lower power
loss. The TO-247 package also provides a large surface area and lower Rruca for simpler thermal management compared to smaller
outline packages for low voltage devices.
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4.1.2. Transformer Turns Ratio

The primary to secondary turns ratio (Np-Ns) of the transformer will determine the real peak voltage on the primary side MOSFET and
secondary side rectification diode. For a 1700 V MOSFET, 85% derating is recommended, considering a maximum leakage inductance
voltage spike of 25% of the maximum input voltage. The maximum allowed reflected voltage from secondary side can be estimated
as:

Vyert max = 0.85 X Vgy — 1.3 XV, = 195V

Considering a Ve = 0.7 V forward voltage drop of the output rectification diode, the maximum turns ratio for 12 V output voltage can be
calculated as:

Vre fl_max

=15.35
Vout + VF

Nps =

A turns ratio of Nps= 12 is selected in the evaluation board design.

4.1.3. Secondary Side Rectification Diode

The output rectification diode peak voltage is equal to the output voltage plus the reflected input voltage, as shown in the following
equation:

Vin,max

Vaiode = N—PS + Vour = 95V

A 150 V diode from IXYS is selected as the rectification diode.

4.1.4. Switching Frequency

The switching frequency of the power converter is one of the most important design parameters as it influences factors such as
switching losses, transformer losses, overall converter size/weight, and converter level Electromagnetic Interference (EMI). Compared
to Si switches, SiC MOSFETs have low switching loss energy and ultra-low gate charge, which enables a higher switching frequency
for a more compact transformer design with lower power loss. For this evaluation board, a switching frequency of fs=110 kHz was
selected considering the overall optimization of converter loss.

4.1.5. Transformer Inductance

To avoid high peak current and avoid false protection triggering, the evaluation converter is designed to operate in Continuous
Conduction Mode (CCM) at high load conditions. The minimum value of the magnetizing inductance of the transformer to maintain the
converter in CCM mode is determined by the input voltage, switching frequency, and the CCM working range. Higher magnetizing
inductance can extend the CCM condition to reduce semiconductor loss and reduce power stage EMI noise emission. However, it will
require more turns on the transformer, increasing the weight and leakage inductance. In fly-back converters, high leakage will increase
the power loss in the RCD clamping circuit because all the energy stored in the leakage inductance needs to be dissipated as power
loss. Therefore, magnetizing inductance of the transformer cannot be too large. In this sample design, the CCM operation mode is
designed between 50% and 100% load range at maximum input voltage. Therefore, the transformer primary side inductance can be
calculated as:

2

V. o2 x Nps X Vout
i Vin,min + Nps X Vout

P_min 2 X 50% X Py, X fs "

In the equation above, Pi» is the estimated input power, considering the maximum output power and estimated efficiency.

7 Littelfuse.
% Littelfuse ©2020 L:tt:IfE:,cl(r)E

Expertise Applied | Answers Delivered Rev 20.11a



I XY s Application Note

A Littelfuse Technology 60 W Auxiliary Power Supply

oL

An inductance of Lr = 1.2 mH is selected in this design. Based on the selected inductance and switching frequency, the current stress
on power devices can be calculated as follows:

I o PL' Vin,min Nps X Vout
oS pax NPS X VDuf 2x LP X fs Vin_min + Nps X Vout

Vin min X
i Vin,min + Nps X Vout

In the equation above, the peak currentis 1.2 A.

The actual design and implementation of the transformer is presented in the following sections.

4.1.6. Output Capacitance

The minimum value for output capacitance is determined by the ripple requirement for output voltage. In this example, a <10 mV
output ripple is required for 12 V output voltage, then the minimum capacitance value can be calculated as:

I x Nps X Vout
Vout x out Vin_min + Nps X Vout

Cout_min -

Vout_ripple Vin_min X fs

The output capacitance is selected as 1700 pF and consists of one 1500 pF aluminum capacitor and several SMD ceramic capacitors to
filter voltages ripple noise at different frequency.

4.2. Controller IC Configuration

4.2.1. Controller IC Selection

A wide selection of IC controllers is available for industrial auxiliary power supply applications. For this application note, the TI
UCCx8C4x family current mode PWM controller was selected. To select the proper device part number, the UVLO protection level and
maximum duty cycle need to be calculated. Considering the relative high gate driving voltage requirement of SiC MOSFETS, high
UVLO protection function is preferred. The maximum duty cycle of the sample converter can be calculated from the voltage transfer
function of a CCM fly-back converter, as shown below.

Nps X Vout

= 0.3369
Vin_min + Nps X Vout

Dinax =

Because the Dmax value is less than 50%, part number UCC28C44 was selected for this evaluation board design.

4.2.2. Auxiliary Circuit for IC Configuration

To ensure the proper operation of the driver IC, the power supply voltage for the driver IC must exceed the UVLO limitation (14.5 V)
and a proper decoupling capacitor is required to bypass high frequency noise on the power line. The decoupling capacitor (0.1 uF)
should be placed right under the power pin of the driver IC. It is recommended that a 20 V Zener diode be connected between the IC
power pin and ground for protection.

The switching frequency of PWM signals is configurated by the values of the capacitor and resistor that are connected to the RT/CT
pin (Pin4). A 1 nF capacitor and 7 kOhm resistor are used to obtain a switching frequency of 110 kHz. The use of a CP0O ceramic
capacitor and high precision chip resistor is recommended to ensure that the switching frequency is maintained under different
ambient temperatures.

The driver IC creates a 5 V reference voltage. A 1 pF decoupling capacitor is recommended right under the VREF pin of the driver IC.

The feedback and compensation loop configuration is discussed in the following sections.

. 8 Littelfuse.
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4.3. Gate Driving Circuit

SIC MOSFETSs require higher gate-driving voltage than Si MOSFETSs. A value of 20 V is recommended, as the device ON resistance will
be lowest at this voltage. A reduced driving voltage will also work with a small increase in the Rds_on vValue. The ON resistance increase
is less significant at higher temperatures. Figure 4 shows the ON resistance change with temperature at different gate driving
voltages. Considering the maximum driving voltage limitation of the driver IC, 18 V driving is selected for this evaluation board.
Compared with a 20 V driving voltage, 18 V driving will increase the ON resistance by 3.5% at 125 °C. A lower driving voltage can
reduce short circuit peak current that might improve system ruggedness. However, if driving voltage is too low, the device may
saturate at lower current and fail to support high peak current. Moreover, for overload conditions, the higher D-S voltage may not
trigger the IC short circuit protection which would result in loss of protection during overload conditions.

2

18

16

14

12

0.8

On-resistance (Ohm)
=

0.6

0.4

0.2

-50 -25 0 25 50 75 100 125 150 175
Temperature (°C)

Figure 4. On-resistance vs. Temperature at Different Gate Driving Voltage

SiC MOSFETSs have ultra-low input capacitance; therefore, the gate charge needed to turn on the devices is also very low. The PWM
controller IC can drive power MOSFETSs directly without the need for an additional driver IC, which can further reduce system costs.
The selection of suitable gate resistance is a tradeoff between switching losses, switching speed, and EMI noise emission. A smaller
gate resistance can increase power MOSFET switching speed and reduce switching loss; conversely, a larger gate resistance can
reduce converter EMI noise emission. For SiC MOSFETS, turn on loss is usually higher than turn off loss with the same gate
resistance. Therefore, different turn on and turn off resistances are recommended — a smaller turn on resistance for turn on loss
reduction and a larger turn off resistance to reduce voltage ringing and EMI noise emission. Considering the internal gate resistance of
SiC MOSFETSs, the peak output current capability, and the output impedance of PWM controller, a turn on resistance of 10 ohms and a
turn off resistance of 20 ohms is selected.

After the gate driving circuit scheme and parameters are determined, it is also very critical to optimize the actual layout of the gate
loop. The key design target is to reduce the gate loop inductance and avoid near-field coupling to minimize gate ringing and avoid high
peak gate voltage. The actual design layout used for this evaluation board is shown in section 5. PCB Layout.

. 9 Littelfuse.
% Littelfuse ©2020 L:tt:IfE:,cl(r)E

Expertise Applied | Answers Delivered Rev 20.11a



I XY s Application Note

A Littelfuse Technology 60 W Auxiliary Power Supply

oL

4.4. Control Power Supply Circuit and Active Start Up

As an off-line power supply source for industrial applications, the control power of the controller IC must be provided inside the
converter. An auxiliary winding is needed from the transformer to provide the required power for the controller IC at steady state.
Because the driver IC requires 18 V and the output voltage is 12 V, the auxiliary to secondary turns ratio of the transformer is selected
at 5:3 and an 18 V Zener diode is selected to stabilize the auxiliary supply voltage to the controller IC.

During the startup of the circuit, there is no switching action from the MOSFET and no energy in the transformer windings. Therefore,
start-up power will need to be drawn from the input DC link directly. A traditional solution is to use an RC network to provide the
startup charge, but the resistor would dissipate continuous power during converter steady state operation, which will reduce the
efficiency of the system. An active normal operation circuit is implemented to substitute the start-up RC and reduce this loss. During
startup, the control power is provided through a 2 kV NPN Darlington transistor Q1 (Part number: STP03D200) and the resistor network
from the input DC bus. When the input voltage is above the driver IC UVLO, the driver IC will generate a PWM signal and the
transformer will start transferring power. Meanwhile, the reference 5 V voltage from the drive IC will turn on Q2 to pull down the basis
of Q1 and turn off Q1, following which, power will be provided from the auxiliary winding of the transformer. Note that although part
number STP03D200 provides a high gain at high blocking voltage, it also adds cost. Other options, such as part number STN0214,
work in this design but at a reduced performance due to the lower gain and lower blocking voltage.

4.5. Transformer Design

The transformer is the key passive component in the design that ensures the proper operation of the whole converter. The core
material and winding wire selection will determine the power loss and temperature rise of the transformer. The leakage inductance
influences voltage ringing and peak voltage on the power MOSFET. It also determines the RCD clamping circuit design. The isolation
capacitance influences the system Common Mode (CM) noise emission. Table 2 lists the design specifications of the transformer.

Table 2. Transformer Design Specifications

Specifications Value
Turns Ratio (Np-Ns, Pri:Sec) 36.3
Turns Ratio (Ns-Na, Sec:Aux) 35
Primary Side Inductance (L) 1.2mH
Primary Side Peak Current (Ip_wax) 1.21A
Primary Side RMS Current (lp_rwms) 0.46 A
Secondary Side RMS Current (Is_rus) 5.58 A

Considering the 110 kHz switching frequency of the design, a PQ style of Ferrite material 3C97 from Ferroxcube (Part number PQ-
2625-3C97) is selected as the magnetic core. From Table 2, a transformer design using 36 Turns for the primary, secondary 3 Turns,
auxiliary 5 Turns is used. Keeping in mind the winding RMS current and core winding area, AWG# 28 coil winding copper wire for
primary side and auxiliary side winding wire are used. To reduce winding AC loss at 110 kHz,10 strands of AWG#28 coil winding
copper wire is parallel for secondary side winding. Figure 5 shows two winding structures for different design targets.
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Figure 5. Transformer Winding Structures

In Figure 5 (a), the primary winding and secondary winding are separated to ensure good isolation between secondary winding and
primary winding, which helps reduce the converter CM EMI emission. Figure 5 (b) interleaves the secondary winding and primary
winding to minimize leakage inductance, which can help reduce the voltage ringing and clamping circuit power loss and improve
system efficiency.

4.6. RCD Clamping

In fly-back topology, during the turn-off period, the primary side voltage rise charges any circuit capacitance, including the output
capacitance of the MOSFET, in a relatively short time. When the primary voltage across the MOSFET exceeds the input voltage plus
reflected output voltage, the secondary side diode conducts and the voltage across the transformer primary will be approximately
clamped to the reflected output voltage. However, the turn-off of the MOSFET interrupts current through the leakage inductance of
the transformer and this will cause a voltage spike on the MOSFET. The inductance will resonate with stray circuit capacitances and
produce large-amplitude high-frequency ringing. This excessive voltage due to resonance should be suppressed to an acceptable level
by an RCD clamping/snubber circuit. The RCD snubber circuit absorbs the energy from the leakage inductance resonance by forward
biasing the diode when the device drain source voltage is higher than the input voltage plus the reflected output voltage. If the snubber
capacitance is large enough, the voltage can be assumed constant during one switching period.

D ____________
VX
Vietlected
| CLAMP LYY | W -
D1
EI
(a) RCD Clamping Circuit (b) Simplified Vgs Waveform with RCD Clamping Circuit
Figure 6. RCD Clamping Circuit and Typical Waveform
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To design the snubber circuit, the leakage inductance of the transformer needs to be measured. We recommend using the leakage
inductance measurement result at the switching frequency to estimate the energy stored in the leakage inductance, as shown in the
following equation.

— 2
Pleak - E X Lleak X IMOS_max X fs

The power dissipated by the RCD clamp components can then be calculated as:

Vreflected
Pclamp = Preqi X <1 t—

Vin,max

SiC MOSFETSs provide a higher margin of Vmax and can therefore allow a lower snubber loss. The resistor value is critical in determining
the peak voltage, as shown in the following equation:

2
_ (Vreﬂected + Vx)
Rclamp -5

Pclamp

In the equation above, Viefiected iS the voltage reflected from the secondary side and Vx is the voltage due to the energy stored in the
snubber capacitor. The actual capacitance value is not critical in the snubber circuit design, but its value should be large enough to
keep a small voltage ripple while absorbing the leakage energy. Considering 10% of the voltage ripple on the snubber capacitor, the
capacitance can be calculated as:

1 1

C =X —
clamp 10% Rclamp X fs

4.7. Current Sensing Parameters

The current sensing circuits consist of the current sensing resistors Resi/Res2 and filtering components Rs+Ca1/Ci2. The filtering
components form a low pass filter that suppress the spikes in the sensing current due to the switching of SiC MOSFETSs and reverse
recovery of the output rectifier diode and parasitic effects in the power loop. The current sensing resistors Rcsi/Rcs2 determine the
maximum peak current in the primary side based on the maximum amplitude allowed in the driver IC, which is specified to be a
minimum of 0.9 V. The upper limit of the sensing resistance is determined to ensure that cycle-by-cycle current limiting will not be
triggered when the converter is operating at full power at minimum input voltage. Lower value sensing resistance reduces the sensing
resistor losses. However, the sensing resistance should also be high enough to ensure the device current can be sensed over the
whole range. In this design, a current sensing resistance of 0.65 ohm is selected and is implemented by two 1.3 ohm 2 W 1% 2512
SMD resistors in parallel.

4.8. Closed Loop Control Parameter

Closed loop control can eliminate steady state error and reduce the sensitivity of the system parametric change. Meanwhile, the gain
and phase margin of the converter can be tailored over a certain frequency range to reduce the influence of small signal load
disturbance and improve system load dynamic performance. Closed loop control has minimal influence on steady state performance.
The drive IC is configured as a peak current mode PWM controller and an external voltage feedback loop is needed to stabilize the
converter.

The design of the compensation loop includes three main parts: The TL431, the phototransistor optocoupler FOD817A and the error
amplifier inside the controller IC. The voltage is sensed directly at the output after the output capacitors. A network of series resistors
and capacitors is designed to set the pole/zero compensation location and the gain of the system. R23 and R24 set the output voltage on
the TL431 to 12 V. R22, C2s and Cazs set the compensation zero location. Reompp and Rimg Set the DC gain of the error amplifier and Cio and
Recompp Set the compensation pole location. The control parameters of the voltage feedback loop need to consider the converter bode
plot and determine the compensation parameters. This evaluation board is meant to demonstrate the power stage performance;
therefore, precise RC value calculation for the voltage compensation loop design is not included in this application note [2].
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5. PCB Layout

Figure 7 and Figure 8 show the PCB layout design of the evaluation board. A four-layer PCB configuration is selected for loop
minimization purposes. Two main loops require to be minimized to ensure good performance of the power stage — one is the power
loop in the primary side that includes the DC link and decoupling capacitors, SiC MOSFET, and the primary side of the transformer. A
DC negative power plane covers most of the power circuit that ensures a low stray inductance and low EMI noise emission loop for
the primary side. Another main loop to minimize is the gate driving loop which includes the SiC MOSFET gate, controller IC output pin,
gate resistors, and gate driving loop decoupling capacitors. Minimizing the length of the driving loop and having a control ground plane
under the gate driving signal propagation path to minimize the driving loop inductance and possible magnetic field coupling is
recommended. Although the power ground plane and control ground plane have the same voltage potential, it is better to have
separate physical power planes that have single grounding points in the actual implementation to avoid capacitive coupling between
the power loop and gate loop.

Output
Rectification
RCD Snubber
Transformer
DC Link Cap
Control Power
SiC MOSFET
Controller IC
Decoupling Cap Gate Driving
Figure 7. PCB Layout Design
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(c) Inner Layer 2 Copper (d) Bottom Layer Copper and Bottom Side Component Placement

Figure 8. PCB Layout Design
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6. Test Results

6.1. Operation Waveforms

Figure 9 displays the SiC MOSFET drain to source voltage (Vds) and gate to source voltage (Vgs) for different input voltages and
different steady state output power levels. The converter works at CCM at full load and DCM at 20% load. The drain to source peak
voltage on the MOSFET is 1265 V at 1000 V input voltage and full load condition. Device drain to source voltage is well clamped by the
RCD circuit; however, there is still some Vs ringing after device turn-off due to the relatively large leakage inductance of the
transformer. The gate voltage has very small voltage overshoot and undershoot during device switching transient due to the relatively
large gate resistance and good PCB layout design. The gate signal Vgs is very clean during the turn-on transient and there is little ringing
during the turn-off transient due to Vs ringing but the peak ringing voltage during turn-off is much lower than device threshold voltage.
This SIC MOSFET device works well with 0 V gate voltage during turn-off.

(c) Vin = 1000 V, 20% Load (Vgs: Yellow; Vas: Blue) (d) Vin = 1000 V, 100% Load (Vgs: Yellow; Vas: Blue)

Figure 9. Vas and Vgs at Different Input Voltage and Power Levels

6.2. Temperature Measurement

Figure 10 shows the thermal image measurement at full load under different input voltage conditions. There is no heatsink attached
for the SIC MOSFET. A small heatsink is attached to the output diodes and the cooling condition is natural convection cooling. The
results indicate that the SIC MOSFET maximum temperature reaches 106.5 °C at 1000 V input voltage and full load under room
ambient temperature. This is the temperature performance without heatsink attached to the MOSFET; however, with a small heatsink,
this temperature can be reduced. The output diode reaches 85 °C (thermocouple measurement on device top side) with a small
heatsink attached. The transformer is less than 70 °C at full load and 1000 V input voltage. Figure 11 shows the temperature rise
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changes with input voltage at full load. The MOSFET temperature increases significantly when input voltage increases. This indicates
that the MOSFET switching loss increases significantly when DC link voltage increase. Nonetheless, the temperature of transformer
and output diode only increases slightly with input voltage.

MOSFET

D=---- 8 10/3/19 10:16:49 AM 1=100%

BG=22.5

10/3/19 11:31:17 AM

(@) Vin =300V, 100% Load (b) Vin = 1000 V, 100% Load
Figure 10. Thermal Image at Full Load under Different Input Voltage (Room Ambient Temperature)
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Figure 11. Temperature Rise at Full Load under Different Input Voltage
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6.3. Efficiency Measurement

Figure 12 displays the efficiency measurement results of the evaluation converter at various input voltage and load conditions. The
converter efficiency is greater than 80% above 40% load for all input voltage conditions. A peak efficiency of 89.3% is achieved at
50% load and 300 V input voltage.
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[ ) Y ! [
® (] ® ) ° ' ‘ i
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g ° °
( ]
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w

70% Py ®Input =800 V

65% @®Input = 1000 V

0 °

60%

55%

50%
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Percentage of Rated Load
Figure 12. Measured Efficiency vs. Output Power under Different Input VVoltage
7. Summary

This application note describes design details and presents the performance of a 60 W auxiliary power supply with wide input voltage
for industrial applications using 1.7 kV 1 ohm SiC MOSFETSs from Littelfuse. This document is intended for users of part number
LSIC1MO170E1000 who wish to design low cost and high-performance off-line SMPS for auxiliary power supply. Various design
details are discussed, including circuit parameter selection, PCB design layouts, and component implementations. Experimental test
results including both electrical and thermal performances are presented. The design and testing results verify the advantage of using
1.7 kV SiC MOSFETs and demonstrate the benefit of simple structure, high efficiency, and low component count for a wide input
range auxiliary power supply for industrial applications.
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9. Appendix

Table 3 lists the Bill of Materials of the Auxiliary Power Supply Evaluation Board.

Table 3. Bill of Materials

Designator Value Voltage Part Number Comment Footprint
C1 10uF 600V MKP1848C61060JK2 Non-P Cap CAP_27.5mm
Cc2 10uF 600V MKP1848C61060JK2 Non-P Cap CAP_27.5mm
C3 10uF 600V MKP1848C61060JK2 Non-P Cap CAP_27.5mm
c4 22u 35V EEE-1VA220SP Polarized Cap Cap_SMD_6.3mm
€5 0.1u 100V Non-P Cap 1206[3216]
Cc6 1u 100V Non-P Cap 1206[3216]
c7 10u 50V Polarized Cap Cap_SMD_6.3mm
C8 1u 50V Non-P Cap 0603_Manual
Cc9 1n 100V CPO Capacitor 0603_Manual
C10 10n 100V Non-P Cap 0603_Manual
Cl1 100p 100V Non-P Cap 0603_Manual
C12 100p/NC 100V Non-P Cap 0603_Manual
C13 1lu 100V Non-P Cap 0603_Manual
Cl4 0.1u 100V Non-P Cap 0603_Manual
C15 1200pF 1600V B32672L1622 Non-P Cap Cap_15mm
C16 100p 100V Non-P Cap 1206[3216]
C17 1500u 35V EGXF350ELL152MK25S Polarized Cap CAP_5mmP-12.5mmD
C18 68u 35V EEE-FK1E680P Polarized Cap Cap_SMD_6.3mm
C19 1u 50V Non-P Cap 0805[2012]
C20 68u 35V EEE-FK1EG80P Polarized Cap Cap_SMD_6.3mm
c21 10u 50V Non-P Cap 1206[3216]
Cc22 100n 50V Non-P Cap 0603_Manual
C25 10n 100V Non-P Cap 0603_Manual
C26 10n/NC 100V Non-P Cap 0603_Manual
c27 1200pF 1600V B32672L.1622 NC Cap_15mm
C28 6.2n 1600V B32672L1622 NC Cap_15mm
C30 100p 100V Non-P Cap 1206[3216]
Cdecl 0.22u 1600V PHE450RD6220JR06L2 Non-P Cap Cap_22.5MMP-26x15.5
Cdec2 0.1u 2000V 2220Y2K00104KXTWS2 Non-P Cap 2220[5750]
Cdec3 0.1u 2000V 2220Y2K00104KXTWS2 Non-P Cap 2220[5750]
CG1 1u 50V Non-P Cap 0805[2012]
CG2 100n 50V Non-P Cap 0603_Manual
Cramp 1n 100V Non-P Cap 0603_Manual
D1 STTH1R02A Diode Signal SMA
D2 1N4148W-TP Diode Signal SOD-123
D5 RS1M-13-F Diode Signal SMA
D6 RS1M-13-F Diode Signal SMA
D7 1N4148W-TP Diode Signal SOD-123
D8 DSA30C150PB Diode TO220 TO-220AB
D9 DSA30C150PB Diode TO220 TO-220AB
Dp4 P6SMB20ALFCT-ND NC SMB
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Designator Value Voltage Part Number Comment Footprint
Dz1 MMSZ5248B-TP Zenerl8V SOD-123
Dz2 MMSZ5250B-7-F Zener 20V SOD-123
Dz3 BZT52C10-7-F Zener 10V SOD-123
MOS LSIC1MO170E1000 MOSFET TO247_W/Socket
Pout Header 2 TerminalBlock_2Way_5mm
PWR_DC- 72913-2 Plug BananaConnector_Vertical_Screw
PWR_DC+ 72913-2 Plug BananaConnector_Vertical_Screw
Q1 STP03D200 NPN T0220-3
Q2 MMBT2222A NPN SOT23-3
Q3 PBSS4240T NPN SOT23-3
QRamp MMBT3904-TP NPN SOT23-3
Qss MMBT2907A-7-F PNP SOT23-3
R1 4.7K Resistor 0603_Manual
R2 NC Resistor 1206[3216]
R3 1R Resistor 1206[3216]

R4 10K Resistor 0603_Manual
R5 NC Resistor 0603_Manual
R6 7K 0.5% resistor 0603_Manual
R8 466R Resistor 1206[3216]
R11 110K Resistor 2512[6432]
R12 110K Resistor 2512[6432]
R13 NC Resistor 2512[6432]
R14 NC Resistor 2512[6432]
R15 OR Resistor 2512[6432]
R16 51R Resistor 1206[3216]
R17 10K Resistor 1206[3216]
R18 1K3 Resistor 0603_Manual
R21 1K Resistor 0603_Manual
R22 28.3K Resistor 0603_Manual
R23 9K5 Resistor 0603_Manual
R24 2K5 Resistor 0603_Manual
R25 51R Resistor 1206[3216]
R26 110K Resistor 2512[6432]
R27 110K Resistor 2512[6432]
R28 NC Resistor 2512[6432]
R29 NC Resistor 2512[6432]
Rcompp 10K Resistor 0603_Manual
Rdc1 1M5 Resistor 1210[3225]
Rdc2 1M5 Resistor 1210[3225]
Rdc3 1M5 Resistor 1210[3225]
Rdc4 1M5 Resistor 1210[3225]
Rdc5 1M5 Resistor 1210[3225]
Rdc6 1M5 Resistor 1210[3225]
Rdc7 150K Resistor 1210[3225]
Rdc8 150K Resistor 1210[3225]
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Designator Value Voltage Part Number Comment Footprint
Rdc9 150K Resistor 1210[3225]
Rdc10 150K Resistor 1210[3225]
Rdcl1 510K Resistor 1206[3216]
Rfbg 5K Resistor 0603_Manual
RG1 10R Resistor 1206[3216]
RG2 OR Resistor 1206[3216]
RG3 10R Resistor 1206[3216]
RG4 10K Resistor 1206[3216]
Ropto 1K Resistor 0603_Manual
Rramp 24.9K Resistor 0603_Manual
Rss1 1R3 Resistor 2512[6432]
Rss2 1R3 Resistor 2512[6432]
T1 Transformer TX_PQ2625
u1 UCC28C44DR ucc28c44 SOIC8-3.9mm_NB
u2 FOD817A3SD FOD817A FOD817
U3 TL431AIDBZ TL431 SOT23-3

For additional information please visit www.Littelfuse.com/powersemi

Disclaimer Notice - This document is provided by Littelfuse, Inc. (“Littelfuse”) for informational and guideline purposes only. Littelfuse assumes no liability for errors or omissions in this document or
for any of the information contained herein. Information is provided on an “as is” and “with all faults” basis for evaluation purposes only. Applications described are for illustrative purposes only and
Littelfuse makes no representation that such applications will be suitable for the customer’s specific use without further testing or modification. Littelfuse expressly disclaims all warranties, whether
express, implied or statutory, including but not limited to the implied warranties of merchantability and fitness for a particular purpose, and non-infringement. It is the customer’s sole responsibility to
determine suitability for a particular system or use based on their own performance criteria, conditions, specific application, compatibility with other components, and environmental conditions.
Customers must independently provide appropriate design and operating safeguards to minimize any risks associated with their applications and products.

Littelfuse products are not designed for, and shall not be used for, any purpose (including, without limitation, automotive, military, aerospace, medical, life-saving, life-sustaining or nuclear facility
applications, devices intended for surgical implant into the body, or any other application in which the failure or lack of desired operation of the product may result in personal injury, death, or property
damage) other than those expressly forth in applicable Littelfuse product documentation. Littelfuse shall not be liable for any claims or damages arising out of products used in applications not expressly
intended by Littelfuse as set forth in applicable Littelfuse documentation.

Read complete Disclaimer Notice at www.littelfuse.com/disclaimer-electronics
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