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This document is prepared as a user guide to install and operate Wolfspeed® evaluation hardware. All parts of this
user guide are provided in English, and the Cautions are provided in English, Mandarin, and Japanese. If the end
user of this board is not fluent in any of these languages, it is your responsibility to ensure that they understand
the terms and conditions described in this document, including without limitation the hazards of and safe
operating conditions for this board.
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Note: This Wolfspeed-designed evaluation hardware for Wolfspeed® components is a fragile, high voltage, high
temperature power electronics system that is meant to be used as an evaluation tool in a lab setting and to be
handled and operated by highly qualified technicians or engineers. When this hardware is not in use, it should be
stored in an area that has a storage temperature within the storage temperature range identified in the product
documentation. If this hardware is transported, special care should be taken during transportation to avoid
damaging the board or its fragile components and the board should be transported carefully in an electrostatic
discharge (ESD) bag, or with ESD or shorting protection that is the same as or similar to the protection that is or
would be used by Wolfspeed when shipping this hardware, to avoid any damage to electronic components. Please
contact Wolfspeed at forum.wolfspeed.com if you have any questions about the protection of this hardware during
transportation. The hardware does not contain any hazardous substances, is not designed to meet any industrial,
technical, or safety standards or classifications, and is not a production qualified assembly.
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CAUTION
PLEASE CAREFULLY REVIEW THE FOLLOWING PAGES, AS THEY CONTAIN IMPORTANT INFORMATION
REGARDING THE HAZARDS AND SAFE OPERATING REQUIREMENTS RELATED TO THE HANDLING AND USE
OF THIS BOARD
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CAUTION
DO NOT TOUCH THE BOARD WHEN IT IS ENERGIZED AND ALLOW THE BULK CAPACITORS TO COMPLETELY
DISCHARGE PRIOR TO HANDLING THE BOARD. THERE CAN BE VERY HIGH VOLTAGES PRESENT ON THIS
EVALUATION BOARD WHEN CONNECTED TO AN ELECTRICAL SOURCE, AND SOME COMPONENTS ON THIS
BOARD CAN REACH TEMPERATURES ABOVE 50° CELSIUS. FURTHER, THESE CONDITIONS WILL CONTINUE
FORA SHORT TIMEAFTER THE ELECTRICAL SOURCE IS DISCONNECTED UNTIL THE BULK CAPACITORS ARE
FULLY DISCHARGED.

Please ensure that appropriate safety procedures are followed when operating this board, as any of the
following can occur if you handle or use this board without following proper safety precautions:

e Death

e Serious injury

¢ Electrocution

¢ Electrical shock

e Electrical burns

e Severe heat burns

You must read this document in its entirety before operating this board. It is not necessary for you to touch the
board while it is energized. All test and measurement probes or attachments must be attached before the
board is energized. You must never leave this board unattended or handle it when energized, and you must
always ensure that all bulk capacitors have completely discharged prior to handling the board. Do not change
the devices to be tested until the board is disconnected from the electrical source and the bulk capacitors have
fully discharged.
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1. Introduction

High efficiency and high -power density are two key demands for switching mode power supplies. The
technology development and applications of wide bandgap (WBG) power devices, such as silicon carbide (SiC)
devices, have enabled WBG power devices to emerge as promising substitutions for traditional silicon (Si)
devicesin avariety of applications [1-5]. Because of the superior switching speed and lower switching loss along
with lower temperature dependency of turn-on resistance found in SiC devices, SiC devices provide higher
efficiency, higher power density, and greater robustness and reliability than traditional Si devices.

Wolfspeed’s CRD06600DD06N Demo Board as shown in Figures 1 and 2 is used to demonstrate the benefits of
SiC devices described above through the performance of the Wolfspeed® E3M0060065D (or) C3M0060065D
(60mQ/650V, TO-247-3) SiC MOSFET and the Wolfspeed C6D10065A (10A/650V, TO-220-2) SiC diode in a 6.6 kW
high-frequency DC/DC LLC converter with an output voltage of 400 VDC and with a maximum output current of
16.5 A DC. Thanks to the low switching loss of these Wolfspeed SiC devices, the converter can be operated at
high frequencies. The main benefits of high-frequency converter operation are smaller transformer and EMI
filters, integrated resonant inductors into the transformer, and further size reduction of the converter.

Measuring approximately 190 mm X 125 mm X 35 mm, the Demo Board allows an input voltage range of 380
VDC to 420 VDC and can operate in either open-loop or closed-loop mode, depending on the operation mode
selection of the user. In closed-loop operation, the converter regulates the output voltage to 400 Vpc.

Four Wolfspeed SiC MOSFETSs (P/N E3M0060065D (or) C3M0060065D) are used for the primary switches which
are turned on at zero-voltage (ZVS) which results in high efficiency and low EMI. Four Wolfspeed SiC diodes (P/N
C6D10065A) are used for secondary-side rectifiers.

The Demo Board accepts an optional daughter card (a Wolfspeed CRD-15DD17P 15W Flyback, which must be
purchased separately) for the bias power needed for the control circuit including the optional Texas
Instruments® (TI) control card (P/N TMDSCNCD280049C, which must also be purchased separately for the
closed loop operation) and the primary-side bias needed for the four isolated DC/DC modules for the two gate
drivers. With the Wolfspeed daughter card, the Demo Board doesn’t need an external 12V DC power supply for
the control circuit. The optional TI® control card can generate the desired control signals to turn on or turn off
the four SiC MOSFETSs, and therefore no external signal generator is needed if it is installed.

This user guide includes a description of the circuit operation and design of the Demo Board and the measured
efficiency, key waveforms, regulation of the output voltage, and thermal measurement of the converter with a
maximum output power of 6.6 kW.
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Figure 1: Top view of high-frequency LLC DC/DC converter with high-voltage output
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Figure 2: Bottom view of high-frequency LLC DC/DC converter with high-voltage output

2. High-Frequency Full-Bridge LLC DC/DC Converter

A basic full-bridge LLC converter consists of an input capacitor, four MOSFETSs (Q: - Q4), one resonant inductor
L., one resonant capacitor Cr, one transformer T, four output rectifiers (D.- Ds) and an output capacitor as
shown in Figure 3. The resonant frequency of the converter is determined by resonant inductor Lr and capacitor
C. (f-=1/(2mVL.C,)). The circuit operation is briefly described as follows. When Q, and Q. are turned on, D1 and
D, conduct, and the resonant current charges the output capacitor and delivers power to the output. During the
deadtime, the resonant current on the primary side discharges the drain-source capacitors of switch Q. and Q.
When the drain-source voltage of switches Q, and Q; reaches zero and the set deadtime td elapses, Q, and Qs
are turned on for a period of Ton, then turned off. The resonant current now discharges the drain-source
capacitors of switches Q; and Q. to zero, Q; and Q. are turned on after the deadtime elapses, and another
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switching cycle begins. A detailed description of the operation and design of the LLC circuit along with
waveforms can be found in [6-9].

The specifications of the converter are shown in Table 1.

Table 1: DC/DC Converter Specifications

Parameter Value Note
Input Voltage 380-420 Vpc

Output Voltage 400 Vpc

Output Power 6.6 kKW Max.

L. Soft startup at 1.5 MHz 625 kHz at 400V input

Switching Frequency 500 kHz - 1 MHz
and full load

Operating Ambient Temperature -40°C - +55°C

The magnetizing inductance of the transformer, L., is a key design parameter for achieving zero-voltage
switching (ZVS) in a high-frequency LLC converter. To understand its effect on ZVS of SiC MOSFETs and
converter efficiency, simulations using LTspice® Simulation Software were done, and the simulation results are
shown below.

380-420VDC
° Integrated transformer 400VD_(<:>
— and inductor
QLIE Qﬂt D3
+
| —1|
Vin +E C; T Vour
- . %o,

Q,-Q,: C3M0060065D D,-D,: C6D10065A
° . (or)

E3M0060065D

Qﬂ':'] Qi —o

Figure 3: Simplified LLC DC/DC resonant converter with diodes for output rectifiers

Figure 4 shows the simulated waveforms at 500 kHz switching frequency with a magnetizinginductance L., =30
UH. The simulated total power loss of the four primary switches is 80.24 W (20.06 W for each) and the overall
efficiency reaches 98.11% with diodes for output rectifiers thanks to ZVS turn-on of all the primary switches.
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Figure 4: Simulated waveforms at 500 kHz and 6.6 kW output power:
(A) Gate drive and drain source voltage of primary switch, (B) Primary and secondary resonant currents

A large magnetizing inductance L can reduce the magnetizing current and lower the conduction and turn-off
loss of the primary switches. However, the value of L, also needs to provide sufficient magnetizing current to
totally discharge the drain-source capacitors and ensure primary switch ZVS turn-on during the dead-time td.
Therefore, Ly should satisfy Equation (1) [6-7].

< ta

~ 16fscrotal

Where, td is the dead-time between the two gate drive signals for the upper and lower switches, fs is the
switching frequency, and Crqai is the total capacitance including the drain-source capacitance of the primary
switch and parasitic capacitance of the PCB. For a given dead-time td, Ln can be optimally designed based on
Equation (1) and high efficiency at normal operation can be achieved.

Lm
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Figure 5: Simulated waveforms of gate drive and drain-source
voltage of primary switch at 1 MHz with magnetizing inductance: (a) Lm =30 ph; (b) Lm =10 ph

An improperly chosen magnetizing inductance can result in undesired high switching losses of the switches and
efficiency drop, especially at high frequencies. Simulated results show more than 1.5% efficiency drop at 1 MHz
for L, =30 pH (N =96.5%) compared to L, = 10 uH (n =98.08%) since ZVS turn-on condition is lost and the total
switching loss increases by 104.28 W for 6.6 kW output power. Figure 5 shows the simulated waveforms of gate
drive and drain-source voltage of the primary switch at 1 MHz with L, = 30 uH and Lm = 10 pH, respectively. As
can be seen from Figure 5 (a), the primary switch is not turned on at zero voltage because of the high L.
However, with L, = 10 pH, there is a 0.3% efficiency drop at 500 kHz due to increased conduction loss resulting
from theincreased magnetizing current. The magnetizing inductance, therefore, needs to be carefully designed
for the desired switching frequency range.
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3. Design and Hardware Descriptions

CAUTION
ITISNOT NECESSARY FORYOU TO TOUCH THE BOARD WHILEIT IS ENERGIZED. WHEN DEVICES ARE BEING
ATTACHED FOR TESTING, THE BOARD MUST BE DISCONNECTED FROM THE ELECTRICAL SOURCE AND ALL
BULK CAPACITORS MUCH BE FULLY DISCHARGED.

SOME COMPONENTS ON THE BOARD REACH TEMPERATURES ABOVE 50° CELSIUS. THESE CONDITIONS
WILL CONTINUE AFTER THE ELECTRICAL SOURCE IS DISCONNECTED UNTIL THE BULK CAPACITORS ARE
FULLY DISCHARGED. DO NOT TOUCH THE BOARD WHEN IT IS ENERGIZED AND ALLOW THE BULK
CAPACITORS TO COMPLETELY DISCHARGE PRIOR TO HANDLING THE BOARD.

PLEASE ENSURE THAT APPROPRIATE SAFETY PROCEDURES ARE FOLLOWED WHEN OPERATING THIS
BOARD AS SERIOUS INJURY, INCLUDING DEATH BY ELECTROCUTION OR SERIOUS INJURY BY ELECTRICAL
SHOCK OR ELECTRICAL BURNS, CAN OCCUR IF YOU DO NOT FOLLOW PROPER SAFETY PRECAUTIONS.
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3.1 Design of LLC Transformer

After the maximum magnetizing inductance is calculated using Equation (1), the magnetic core material,
airgap, and wire sizes need to be carefully considered for high-frequency operation, otherwise extreme power
loss will result, causing undesired failure of the transformer. Among the core materials suitable for high
frequencies, ferrite core material (P/N P61 from ACME Electronics Corporation) is chosen for its low power loss
and easy availability of core shapes for high power applications with a switching frequency range from 500 kHz
to 1 MHz. Thanks to the high switching frequency, a pair of magnetic cores (P/N PQ50/28 from ACME Electronics
Corporation) made of P61 core material can be used for the transformer which delivers 6.6 kW output power.
Both the primary (P/N MW 79/80 ¢0.05 mm x 360 x 4 from Rubadue Wire) and secondary windings (P/N ¢0.05
mm x 400 x 2 TIW from Rubadue Wire) of the transformer employ served Litz wires of 9 turns. To reduce the
copper loss induced by the fringing magnetic flux near the airgap, three distributed airgaps on the center leg
instead of one large airgap are used as shown in Figure 6 (a). The magnetizing inductance of the transformer is
designed to be 22.5 pH, which causes ZVS at 1 MHz for a ts = 100 ns and Crotal = 250 pF according to Equation (1).
Figure 6 (b) shows the photo of the transformer prototype.

“"; ‘_‘

T916738B1

(0) | (b)

Figure 6: Low-profile transformer (PQ50/28 with material P61 from acme)
with leakage inductance used for resonant inductor:
(a) Magnetic core with distributed airgaps; (b) Experimental transformer prototype
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3.2 PCB Layout

PCB layout plays a critical role in EMI, signal integrity, and circuit efficiency and operation, and especially so
with high-frequency LLC converters. Figure 7 shows the parasitic capacitances present within the two PCBs with
2 layers (Ver.2) and 6 layers (Ver. 1) foran LLC converter. The 6-layer PCB was done with large overlapping copper
area intended for the reduction in power loss of the PCB traces and cancellation of the magnetic fields of the
current loops to reduce parasitic inductances and EMI. However, large parasitic capacitances as shown in Table
2 were created because of the big overlapping area between different copper layers. The copper traces for the
2-layer PCB (Ver. 2) have much smaller overlapping areas, which results in significantly lower parasitic
capacitances. In an LLC circuit, large parasitic capacitances C;,-C,, across the switches, Cpg-Cpyy across
transformer windings and C;,;; across the two mid-points A and B of the primary full-bridge circuit will cause
undesired power loss and efficiency drop because of the loss of the ZVS condition, and the charging and
discharging of these parasitic capacitances. As can be seen from Table 2, there is a 0.79% efficiency drop and
26.07 Wincrease in power loss at the same test conditions (400V input, 48 V/3.3 kW output). Therefore, extra care
is needed during the PCB layout to reduce the adverse effects of parasitic capacitances.

o

<
=
il

Figure 7: Parasitic capacitances present in PCB for LLC circuit

Table 2: Comparison of Measured Parasitic Capacitances for 6-Layer (Ver. 1) and 2-Layer (Ver. 2) PCBs (Unit: pF)

. Power
Efficiency
. P11 Loss
Version (%)
(W)
Ver.1 315 390 343 420 4860 534 535 620 598 508 896 1385 95.71 141.57
Ver. 2 17 22 25 28 4731 528 516 589 575 11 13 308 96.50 115.50

Another parasitic capacitance resulting from the PCB layout is the stray inductance of copper traces. The
undesired parasitic inductance can cause ringing of the gate drive signals, voltage spikes across the power
switches, and severe EMI. There are a few ways of minimizing the stray inductance:

» Shortening the trace length for critical signals, such as gate drive control signals.
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* Making the equivalent loop area covered by traces as small as possible.

» Overlapping or placing traces with opposite current flows as close as possible to cancel the magnetic
field.

In the Demo Board design, the traces for the gate drive signals generated by the gate drivers Ul and U2 are
placed on the first layer of the PCB shown in Figure 36, and a large plane on the second layer shown in Figure
37 for the return paths to the gate drivers. In this way, the parasitic inductances in the gate drive loop are
significantly reduced because of the effective cancellation of the magnetic field generated by the driving and
return path currents.

3.3 Resonant Capacitors

The leakage inductance of the transformer measured from the primary side when the secondary winding is
shorted is about 1 pH, a resonant capacitance of 79.8 nF (P/N C2225X392JGGAC2 x 2/2 kV from KEMET
Corporation, paralleled with surface mount capacitors (P/N C3640C183JFGACAUTO x4 /1.5 kV also from KEMET
Corporation) is used to have a resonant frequency (= 1/(2m/LrCr) of around 560 kHz. Thanks to their low ESR
at high frequencies, these ceramic capacitors have low power loss and temperature rise. Moreover, compared
to film capacitors, they have dramatic size reduction

3.4 Gate Drivers

High switching-frequency poses great challenges to gate drivers. Among the switching parameters, the
propagation delay and delay matching time are critical to ensure safe operation of the bridge circuits. A gate
driver from Analog Devices, Inc. (ADI) (P/N ADuM4221), or from Texas Instruments Incorporated (TI) (P/N
UCC21530), or from Skyworks (P/N Si823H2BD) can be used. Each of them has low propagation delay (< 50 ns),
low delay mismatching (~ 5 ns), greater than 100 V/ns common-mode transient immunity (CMTI), and a
minimum of 2 A peak source and sink currents. These gate drivers have the same package and pinouts and have
been tested on the Demo Board. The diagrams for the three drivers are shown in Figure 8. The main differences
between these drivers are the bias voltage and enabling voltage at the input/control side, deadtime
programming, and isolation barriers. ADuM4221 and Si823H2BD can only accept +5 V logic level voltage at
VDD1/VDDI while UCC21530 can accept 3V - 18 V at VCCI so that it can interface with both digital and analog
controllers. The enabling control voltage is logic LOW for ADuM4221 but logic HIGH (up to VCCI) for UCC21530
and Si823H2BD.

The default gate drivers populated on the Demo Board are ADuM4221 from ADI, and resistors R30 and R32 (0 Q)
are populated (Pin 5 connected to ground) while resistors R29 and R31 are not. If the user wants to test gate
driver UCC21530 from Tl or Si823H2BD from Skyworks, resistors R29 and R31 (0 Q) need to be populated (Pin 5
tied to +5V, which is generated by U6/MC7805) and R30 and R32 are left open. The circuit schematic for the gate
driversis shown in Figure 9. Asmall RC filter (a 4.7 Q resistor with a 10pF capacitor) is used at each of the control
signal inputs (INA and INB) to improve noise immunity. At the output side, a 4.7 uF ceramic capacitor is placed
across PIN 16 and PIN 14, PIN 11 and PIN 9 to bias the drive output circuit. Capacitors C170 and C171 are charged
when the drive output OUTA or OUTB is HIGH and their voltage is clamped to 3.3V by Zener diode D57 and D60.
A negative voltage is then provided when power switches Q3 and Q4 need to be turned off. This negative bias
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voltage is needed to prevent overshoot when there is a severe cross-talk between the upper and lower switches
and both switches can be simultaneously turned on.
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Figure 8: Pinouts and block diagram of gate drivers:
(a) ADuM4221 (ADI), (b) UCC21530 (Tl), (c) Si823H2BD (silicon lab)

The deadtime, td, between the two outputs OUTA and OUTB of the gate drivers, is programmed by resistors R88
and R93 located at Pin 6 of gate drivers U1 and U2, as shown in Equation (2).
5Rss(Re3) (kQ) for ADI
ta(ns) = J 1.8Rgs(Res) (kQ) + 12 for Silicon Lab (2)
10Rss(R93) (kQ) for TI
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Figure 9: Circuit schematic for gate driver ADuM4221 (ADI)
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Four 2-W isolated DC/DC modules (X1 - X4, P/N MEJ2D1209SC from Murata Power Solutions Inc.) are used to
provide bias power for the gate drivers U1 and U2. Featuring an isolation voltage of 5.2 kV DC and an isolation
capacitance of 4 pF, these modules accept 12V DC input and generate + 9 V DC dual outputs, which are
connected to VDDA and VSSA, and VDDB and VSSB of the gate drivers, as shown in Figure 10. Alternate 2-W
DC/DC modules (P/N QA15115R2 from Mornsun Power), which are pin to pin compatible, can also be used. The
dual outputs of QA15115R2 are +15V and -2.5 V with an input voltage of 15 VDC. Therefore, it can provide the
negative drive voltage (-2.5 V) directly to the SiC MOSFETs without the need for a Zener diode in parallel with a
capacitor as shown in Figure 9.
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Figure 10: Bias powers with four DC/DC modules - MEJ2D1209SC from Murata
3.5 Input and Output Filters

High-voltage rated ceramic capacitors with low equivalent serial inductance (ESL) and low equivalent serial
resistance (ESR) are used for filtering the high-frequency ripple current at the input and output. Referring to the
schematic of the converter circuit, C1, C2, and C39 at the primary side are 0.22 uF/500 V COG-type caps (P/N
CKC33C224KCGACTU from KEMET Corporation), and capacitors C7, C9, C10, C40, C187, C196, C197,C199, C201
are 1 uF/500 V CeralLink® series caps (P/N B5803115105M062 from EPCOS/TDK), which are optimized for high
frequencies up to several MHz.

A common-mode filtering choke L1 (175 uH/10 A from Wurth Electronics Inc.) along with capacitors C1 and C40,
as shown in Figure 11, is used to form a m-filter at the input. Capacitors C2 and C39 are placed right across the
drain-terminals of power switches Q1 and Q3 and the power ground to suppress voltage spikes and absorb
high-frequency currents.
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C2 (0.22pF/500V) €39 (0.22p1F/500V)

C40 (1pF/500v) L1 C1(0.22pF/500V)
Figure 11: Placement of ceramic capacitors on bottom side of circuit board
for input ripple current and noise filtering

3.6 Operation Mode Selection

There is a jumper connector J6 shown in Figure 12 on the Demo Board. With J6 shorted, the converter enters a
closed-loop operation if the TI DSP control card with a working feedback control firmware is installed. The TI
digital control card senses a signal VOUT_FB which is obtained through a voltage divider and generates two
complementary control signals for the full- bridge LLC to regulate the output voltage VOUT. If J6 is left open but
with the TIDSP card installed, the converter operatesin an open-loop mode, and the user can vary the switching
frequency with a POT (R94) located on the bottom left corner. After the operation mode is selected and a load
(a light load is recommended for startup) is connected, the Demo Board can be powered up and tested with a
specified input voltage (380 - 420 VDC). Placing a sheet of insulation material underneath the board is
recommended to avoid unintended short circuits before turning on the power. With 380V - 420V input voltage,
the output voltage with closed-loop operation should measure around 400 VDC on a digital multimeter or an
oscilloscope. It is always recommended that the user start with a low input voltage and gradually increase the
input voltage to the specified range to prevent huge inrush current from damaging the power switches Q1-Q4.

POT to adjust frequency for open- J6: Closed-loop operation with DSP
loop operation with DSP card card when shorted

Figure 12: Jumper (J6) for operation mode selection and POT (R94) for frequency adjustment
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The user can also evaluate the circuit in an open-loop mode without the Tl control card by using the two BNC
connectors (please refer to Figure 1) on the left side of the Demo Board. Two complementary control signals (3
Vto 5V in amplitude) with a recommended deadtime of 100 ns are needed for the two inputs of the two gate
drivers Ul and U2 to turn on or off corresponding switches of the full-bridge LLC circuit. In this mode operation,
a minimum switching frequency of 400 kHz is recommended to avoid operating the resonant circuit in a
capacitive mode, and the user should monitor the output voltage carefully when varying the switching
frequency and/or input voltage to avoid over voltage or part damage of the Demo Board. When varying the
switching frequency, turn off the input power. Turn the main power back on when the two control signals
measured at the gate to source of the upper and lower switches have the expected frequency and right dead
time (at least 100 ns).

A 5x2 header connector J7 with pins for OUTA, OUTB, +12V, VOUT_FB, and GND is also populated on the Demo
Board. If the user has another digital control card available, this connector can be used for the input of the two
gate drive control signals and output voltage feedback with a ribbon cable.

3.7 Primary and Secondary Current Sensing

The primary resonant current can be sensed by soldering a wire (~AWG20 size, not supplied) between vias J13
and J14 with a current probe, such as a probe from Tektronix (P/N TCP30), as shown in Figure 13. The secondary
current is sensed via a 20A, 50kHz -1MHz current transformer (P/N PA1005.100NLT from Pulse Electronics). The
sensed current signal can be detected between the two test points TP29 and TP30 (shown in Figure 14) and
monitored on the oscilloscope. The user can also use this signal as the feedback signal to achieve output current
regulation (instead of the default voltage regulation) when resistor R110 (4.7k) is populated, and resistors R99
and R100 (1M), R101 and R102 (1M), or R103 and R104 (1M) are depopulated. However, the user needs to develop
a corresponding control firmware to fulfil output current regulation.

3.8 Resonant Inductor

The Demo Board uses the leakage inductance (Lk = 1 pH) of the power transformer (T3 in the complete
schematic shown in Figure 25 in Section 5) as the resonant inductor. Because of the much lower resonant
inductance compared to the magnetizing inductance (22.5 uH), there is a wide switching-frequency range
depending on the load and input/output voltages. If the user wants to narrow the switching frequency of the
converter in the closed-loop operation, an external resonant inductor (~20 A with inductance of a few pHs) can
be added between these two vias J13 and J14, shown in Figure 13.
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Placeholder for external resonant inductor Wire soldering pads for primary current sensing

Figure 13: Primary resonant current sensing using current probe from Tektronix (P/N TCP303)

TP29
ISEN_SE®:
- DNP
Current of D21
Secondary Winding PE—
Isec DIODE_BAT754S
PA1005_CT
7
% g D22
r—F‘L— TP30
8 1
SGND
CcT1
'\ DIODE_BAT754S

Current Transformer (Pulse Electronics,
PA1005.100NLT, 100:1, 50kHz-1MHz)

Figure 14: Secondary resonant current sensing using current transformer PA1005.100NLT
from pulse electronics (100:1)

4, Experimental Results

A typical test setup for the Demo Board is shown in Figure 15. A 2.5GS/s 350MHz oscilloscope (P/N DLM2034
from Yokogawa) is used to capture the switching waveforms. A FLIR® T420 IR camera is used to monitor the
temperature of the key parts, such as transformer and MOSFETs. Two DC fans (NMB, 04028DA-12Q-AAF,
12V/0.35A) are mounted on two heatsinks to cool the output diodes D3-D6, the main transformer T3, and the
primary power MOSFETs Q1- Q4. For continuous testing at high power, an extra DC fan (Sunon, PMD1206PMB1-
A, 12V/10.6W) mounted above the transformer, as shown in Figure 15, is needed to ensure there is no
overheating of the transformer. Airflow is also needed to cool the heatsink of the MOSFETSs at heavy load to
prevent the power devices from entering thermal runaway. In the following test, a fan (P/N 4715FS-12T-B50-
D00 from NMB TECHNOLOGIES) is used. Figure 16 shows other equipment needed for testing the Demo Board.
The user can use equipment of other brands with similar functions.
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DC Fan (Sunon, Current Probe Yokogawa
PMD1206PMB1-A)  (TCP303) Oscilloscope

Cage for Safety

Demo Board

Slide Window

Camera
Figure 15: Test setup for evaluating demo board
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Figure 16: DC power supplies, power analyzer and signal generator used for tests

4.1 Measured Efficiency, Switching Frequency and Output Voltage

The LLC DC/DC converter has the highest efficiency when the switching frequency is near the resonant
frequency (= 1/(2 = 4 LrCr) since the power switches are turned on at ZVS and turned off at zero current (ZCS)
resulting in low switching losses. This operation mode is best suited for bus converters, which have a fixed
voltage conversion ratio and don’t need a tightly regulated output voltage. Figure 17 shows the measured
efficiency vs. output power in open-loop operation at 500 kHz. A peak efficiency of 98.45% can be achieved at
500 kHz and medium load (~3.2 kW). As the input voltage drops, the efficiency decreases because of higher
conduction loss resulting from higher current.

Figure 18 shows the measured efficiency vs. output power in closed-loop operation. A peak efficiency of over
98% can be achieved at lower input voltages (<400 V) and medium load. As the input voltage increases and/or
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the load decreases, the efficiency decreases resulting from high switching frequency, as shown in Figure 19. The
frequency range can be narrowed by introducing more leakage inductance of the transformer or adding an
external resonant inductor. The regulation of output voltage is shown in Figure 20. For a safe and stable
closed-loop operation, power derating (< 4kW is recommended) is needed for input voltage over 400V,
otherwise, the transformer winding gets extremely hot due to high power loss resulting from high
switching frequency (> 600kHz) and high current, and the transformer fails finally and the unit gets

damaged.

98.50
98.00
X 97.50
)
o ——VIN =380V
§ 97.00 —e—VIN =400V
prr] ——VIN =420V
96.50
96.00
0 1000 2000 3000 4000 5000 6000 7000
Output Power (W)

Figure 17: Measured efficiency vs. output power in open-loop operation at fixed switching frequency (500 kHz)
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Figure 18: Measured efficiency vs. output power in closed-loop operation
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Figure 19: Measured switching frequency vs. output power in closed-loop operation
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Figure 20: Measured output voltage Vs. output power in closed-loop operation

4.2 Thermal Images

Thermal images captured with the FLIR® T420 IR camera at full load in closed-loop operation are shown in
Figure 21. At Vin =390V, the switching frequency (538 kHz) is close to the resonant frequency (~560 kHz), and the
efficiency reaches its highest percentage (~98.25%), resulting in lowest transformer and MOSFET temperatures.
As can be seen from the thermal images, the maximum MOSFETS’ case temperature remains below 100°C from
380 V to 400 V input voltage at full load. The hot spot is the transformer winding with a temperature of 117°C
(still below safe limit: 155°C) at 400V input.
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Figure 21: Thermal images captured with FLIR® T420 IR camera: (a) Vin=380V; (b) Viv =390V (c) Vi = 400V
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4.3 Captured Waveforms

The captured switching waveforms for different input voltages at 500 kHz and full load are shown in Figure 22.
The screenshots in the middle show that the power switches are turned on at zero voltage and turned off near
zero-crossing of the primary resonant current. The waveforms of the output diode voltage, output voltage, and
the sensed current signal are shown in Figures 23 and 24.

Switch Turned On Switch Turned Off

Switch Turned On Switch Turned Off

Switch Turned On Switch Turned Off

(o)
Figure 22: Captured switching waveforms at 500 kHz:
(a) Vin=380V; (b) Vin =400V (c) Vin = 420V. yellow trace: gate-source voltage;
green trace: drain-source voltage; purple trace: primary current
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Figure 23: Captured waveforms of drain-source voltage, output diode voltage and
primary current at Viy =390V and full load
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Figure 24: Captured waveforms of output voltage and sensed current signal
(across TP29 And TP30) Via CT1 at Viy =390V and full load
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5. Schematic Drawings, Layout and BOM

Note: A larger copy of any schematic in this Section 5, or any other schematic included in this user guide, may
be obtained upon request by contacting Wolfspeed at forum.wolfspeed.com
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Figure 25: Complete schematic of power stage of LLC converter
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Figure 27: Complete schematic of gate drive and control stage of LLC converter
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Figure 28: Daughter card of flyback auxiliary power supply
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Figure 30: Half-bridge B of LLC converter
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Figure 32: Output stage with snubber (not populated)
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Figure 34: Gate drive circuit for half bridge B
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Figure 35: Connector socket for TI® DSP control card
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Table 3: BOM of LLC Converter
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. .. Manufacturer
Reference Description Manufacturer Name PIN
CON1,CON2, TERM SCREW 10- ,
1 4 Keystone Electronics 8174
CON3, CON4 324 PIN PCB
CONN HDR
2 1 CONT7 6P0S 0.1 GOLD PPPC032LFBN-RC Sullins
PCB
CONN HEADER
3 2 CON8, CON9 FMAL 4PS .1" DL PPPC022LFBN-RC Sullins
GOLD
KC-LINK 3640 CKC33C224KCG
4 3 C1,C2,C39 KEMET
220NF 500V COG ACTU
C7,C9, C10, C40,
CAP CER 1UF . B5803115105M0
5 9 C187,C196, C197, TDK Corporation
500V SMD 62
C199, C201
CAP CER 3900PF
C192,C193,C194, C2225X392JGGA
6 4 2KV COG/NPO Kemet
C195 CTuU
2225
CAP CER0.015u C3640C153JGG
7 4 Cl16,C17,C18,C19 Kemet
2KV C0G 3640 ACAUTO
CAP CER 100PF
. . VJ1812A101JXG
8 4 C27,(C28,C29,C30 1KV COG/NPO Vishay Vitramon AT
1812
CAP CER 10PF
CC0603JRNPO9
9 4 C79,(C81,C93,C9% 50V COG/NPO Yageo
BN100
0603
(85, C86, C87,C88,
(89, C95, C96, C98, CAP CERO0.1UF . C1608X8R1H104
10 TDK Corporation
C175,C178,C179, 50V X8R SMD MO8OAB
Ci81
€90, C91, C92, CAP CER 1000PF GRM188R71H10
11 Murata
C97,C176,C185 50V X7R 0603 2KA01D
C110,C111,C112,
C113,C114,C115,
CAP CER2.2UF CCO805KKXTRS8
12 19 C116,C117,C118, Yageo
C119,C120, C121, 25V X7TR 0805 BB225
C122,C123,C168,
C169,C170,C174,
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L. Manufacturer
Reference Description Manufacturer Name PIN
C180
C165,C166,C167,C CAP CER4.TUF . CGA4J1XTR1VAT
13 TDK Corporation
171,C172,C173 35V X7R 0805 5K125AC
CAP CER 10UF . C3216X7R1E106
14 Ci77 TDK Corporation
25V X7R 1206 K160AB
CURRENT SENSE .
Pulse Electronics
15 CT1 XFMR 1:100 20A PA1005.100NLT
Power
SMD
DIODE
16 D1,D2,D11,D12 SCHOTTKY 40V Diodes Incorporated B140HW-7
1A SOD123
DIODE
17 D3, D4, D5, D6 SCHOTTKY 650V Wolfspeed C6D10065A
10ATO220-2
DIODE ZENER
18 D13,D14,D15,D16 20V 500MW Diodes Incorporated MMSZ5250B-7-F
SOD123
19 ON Semiconductor MMSZ20T1G
D53, D54, D57, DIODE ZENER
20 D60, D7,D9, D17, 3.3V 500MW Diodes Incorporated MMSZ5226B-7-F
D19 SOD123
DIODE ZENER Micro Commercial
21 D8, D10, D18, D20 16V 500MW Components MMSZ5246B-TP
SOD123 (MCC)
DIODE ARRAY
22 D21, D22 SCHOTTKY 30V Nexperia USA Inc. BAT754S,215
SOT23
FERRITE BEAD . FBMJ1608HS22
23 FB1, FB2, FB3, FB4 Taiyo Yuden
22 OHM 0603 ONTR
CONN BNC JACK .
24 J1,J2 TE Connectivity 5-1634513-1
R/A 50 OHM PCB
TERMBLOCK
25 J3 PCB 2POS Phoenix Contact 1935161
5.0MM GREEN
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L. Manufacturer
Reference Description Manufacturer Name PIN
CONN EDGE
SPD08-120-L-
26 1 J5 DUAL FMALE 3M
RB-TR
120P0S .031
CONN HEADER .
Sullins Connector PRPC002SAAN-
27 2 J6,J8 .100" SNGL STR .
Solutions RC
2P0OS
CONN HEADER
Assmann WSW AWHW 10G-
28 1 J7 LOW-PRO 10POS
Components 0202-T
GOLD
CMC175UH 10A .
29 1 L1 Wurth Electronics Inc. 74482210002
2LNTH
CMC1.7A2LN . ACM4520-142-
30 4 L3,L4,L5,L6 TDK Corporation
1.4 KOHM SMD 2P-T000
MOSFET N-CH C3M0060065D
31 4 Q1,Q02,Q3,04 650V 30A TO247- Wolfspeed (or)
3 E3M0060065D
RES SMD 0 OHM
Samsung Electro-
32 2 R30, R32 JUMPER 1/10W . RC1608J000CS
Mechanics
0603
R5, R6, R19, R99, RES SMD 1.1M
. CRCWO08051M10
33 9 R100, R101, R102, OHM 1% 1/8W Vishay Dale FKEA
R103, R104 0805
RES SMD 2.55
RCO805FR-
34 4 R7,R10,R13,R16 OHM 1% 1/8W Yageo
072R55L
0805
RESSMD 5.1
. CRCWO08055R10
35 4 R8,R11,R14,R17 OHM 1% 1/2W Vishay Dale
FKEAHP
0805
RES SMD 10K
. CRCWO060310K0
36 4 R9, R12, R15,R18 OHM 1% 1/10W Vishay Dale FKEA
0603
RES SMD 20K
) CRCW060320K0
37 2 R88, R93 OHM 1% 1/10W Vishay Dale
FKEA
0603
RES SMD 4.7 Panasonic Electronic
38 4 R84, R85, R89, R90 ERJ-3RQF4R7V
OHM 1% 1/10W Components
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L. Manufacturer
Reference Description Manufacturer Name PIN
0603
RES SMD 4.7K . .
Panasonic Electronic
39 4 R86, R87, R91, R92 OHM 1% 1/10W ERJ-3EKF4701V
Components
0603
TRIMMER 10K
40 1 R94 OHM0.25W PC Bourns Inc 3266Y-1-103LF
PIN TOP
RES SMD 5.11K
. CRCWO08055K11
41 2 R95, R96 OHM 1% 1/8W Vishay Dale
FKEAC
0805
RES SMD 10K
. CRCWO080510K0
42 1 R97 OHM 1% 1/8W Vishay Dale
FKEA
0805
RES SMD 10.5K . .
Panasonic Electronic
43 1 R105 OHM 1% 1/8W ERJ-3EKF1052V
Components
0603
RES SMD 60.4
R106, R107, R108, _
44 4 R109 OHM 1% 1/2W Rohm Semiconductor ESR18EZPF60R4
1206
RES SMD 470 CRCWO0603470
45 1 R98 OHM 1% 1/10W Vishay Dale RFKEAC
0603
Transformer . T91673Bor
46 1 T3 Sumida
PQ5030 26.5uH T91673B1?
ICREG LINEAR . NCV7805ABD2T
47 1 ue ON Semiconductor
5V 1A D2PAK R4G
Gate Driver
Magnetic
48 2 U1, U2 Coupling 5.7kv ADI ADuM4221
2 Channel 16-
SOIC
DC/DCCONV
Murata Power
49 4 X1, X2, X3, X4 5.2KVISO SIP7 . MEJ2D1209SC
Solutions Inc.
TH2W
TP1-TP12, TP17- PCTEST POINT .
50 24 Harwin S2751-46R
TP22, TP25-TP30 TIN SMD
51 4 TP13,TP14,TP23, PC TEST POINT Keystone 5001
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Manufacturer
P/N

Reference Description Manufacturer Name

TP24 MINIATURE
BLACK
CONN JUMPER

SHORTING Sullins Connector

GOLD Solutions
FLASH

52 2 JUMPERO SPC02SYAN
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8. Important Notes

Purposes and Use

Wolfspeed, Inc. (on behalf of itself and its affiliates, “Wolfspeed”) reserves the right in its sole discretion to make
corrections, enhancements, improvements, or other changes to the board or to discontinue the board.

THE BOARD DESCRIBED IS AN ENGINEERING TOOL INTENDED SOLELY FOR LABORATORY USE BY HIGHLY
QUALIFIED AND EXPERIENCED ELECTRICAL ENGINEERS TO EVALUATE THE PERFORMANCE OF WOLFSPEED
POWER SWITCHING DEVICES. THE BOARD SHOULD NOT BE USED AS ALL OR PART OF A FINISHED PRODUCT.
THIS BOARD IS NOT SUITABLE FOR SALE TO OR USE BY CONSUMERS AND CAN BE HIGHLY DANGEROUS IF NOT
USED PROPERLY. THIS BOARD IS NOT DESIGNED OR INTENDED TO BE INCORPORATED INTO ANY OTHER
PRODUCT FOR RESALE. THE USER SHOULD CAREFULLY REVIEW THE DOCUMENT TO WHICH THESE
NOTIFICATIONS ARE ATTACHED AND OTHER WRITTEN USER DOCUMENTATION THAT MAY BE PROVIDED BY
WOLFSPEED (TOGETHER, THE “DOCUMENTATION”) PRIOR TO USE. USE OF THIS BOARD IS AT THE USER’S SOLE
RISK.

Operation of Board
It is important to operate the board within Wolfspeed’s recommended specifications and environmental

considerations as described in the Documentation. Exceeding specified ratings (such as input and output
voltage, current, power, or environmental ranges) may cause property damage. If you have questions about
these ratings, please contact Wolfspeed at forum.wolfspeed.com prior to connecting interface electronics

(including input power and intended loads). Any loads applied outside of a specified output range may result
in adverse consequences, including unintended or inaccurate evaluations or possible permanent damage to
the board or its interfaced electronics. Please consult the Documentation prior to connecting any load to the
board. If you have any questions about load specifications for the board, please contact Wolfspeed at
forum.wolfspeed.com for assistance.

Users should ensure that appropriate safety procedures are followed when working with the board as serious
injury, including death by electrocution or serious injury by electrical shock or electrical burns can occur if you
do not follow proper safety precautions. It is not necessary in proper operation for the user to touch the board
while itis energized. When devices are being attached to the board for testing, the board must be disconnected
from the electrical source and any bulk capacitors must be fully discharged. When the board is connected to an
electrical source and for a short time thereafter until board components are fully discharged, some board
components will be electrically charged and/or have temperatures greater than 50° Celsius. These components
may include bulk capacitors, connectors, linear regulators, switching transistors, heatsinks, resistors and SiC
diodes that can be identified using board schematic. Users should contact Wolfspeed at forum.wolfspeed.com
for assistance if a board schematic is not included in the Documentation or if users have questions about a
board’s components. When operating the board, users should be aware that these components will be hot and
could electrocute or electrically shock the user. As with all electronic evaluation tools, only qualified personnel
knowledgeable in handling electronic performance evaluation, measurement, and diagnostic tools should use
the board.
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User Responsibility for Safe Handling and Compliance with Laws
Users should read the Documentation and, specifically, the various hazard descriptions and warnings

contained in the Documentation, prior to handling the board. The Documentation contains important safety
information about voltages and temperatures.

Users assume all responsibility and liability for the proper and safe handling of the board. Users are responsible
for complying with all safety laws, rules, and regulations related to the use of the board. Users are responsible
for (1) establishing protections and safeguards to ensure that a user’s use of the board will not result in any
property damage, injury, or death, even if the board should fail to perform as described, intended, or expected,
and (2) ensuring the safety of any activities to be conducted by the user or the user’s employees, affiliates,
contractors, representatives, agents, or designees in the use of the board. User questions regarding the safe
usage of the board should be directed to Wolfspeed at forum.wolfspeed.com .

In addition, users are responsible for:

» Compliance with allinternational, national, state, and local laws, rules, and regulations that apply to the
handling or use of the board by a user or the user’s employees, affiliates, contractors, representatives,
agents, or designees.

» Taking necessary measures, at the user’s expense, to correct radio interference if operation of the board
causes interference with radio communications. The board may generate, use, and/or radiate radio
frequency energy, but it has not been tested for compliance within the limits of computing devices
pursuant to Federal Communications Commission or Industry Canada rules, which are designed to
provide protection against radio frequency interference.

» Compliance with applicable regulatory or safety compliance or certification standards that may
normally be associated with other products, such as those established by EU Directive 2011/65/EU of the
European Parliament and of the Council on 8 June 2011 about the Restriction of Use of Hazardous
Substances (or the RoHS 2 Directive) and EU Directive 2002/96/EC on Waste Electrical and Electronic
Equipment (or WEEE). The board is not a finished product and therefore may not meet such standards.
Users are also responsible for properly disposing of a board’s components and materials.

No Warranty

THE BOARD IS PROVIDED “AS IS” WITHOUT WARRANTY OF ANY KIND, INCLUDING BUT NOT LIMITED TO ANY
WARRANTY OF NON-INFRINGEMENT, MERCHANTABILITY, OR FITNESS FOR A PARTICULAR PURPOSE, WHETHER
EXPRESS OR IMPLIED. THERE IS NO REPRESENTATION THAT OPERATION OF THIS BOARD WILL BE
UNINTERRUPTED OR ERROR FREE.

Limitation of Liability

INNOEVENT SHALL WOLFSPEED BE LIABLE FORANY DAMAGES OF ANY KIND ARISING FROM USE OF THE BOARD.
WOLFSPEED’S AGGREGATE LIABILITY IN DAMAGES OR OTHERWISE SHALL IN NO EVENT EXCEED THE AMOUNT,
IF ANY, RECEIVED BY WOLFSPEED IN EXCHANGE FOR THE BOARD. IN NO EVENT SHALL WOLFSPEED BE LIABLE
FOR INCIDENTAL, CONSEQUENTIAL, OR SPECIAL LOSS OR DAMAGES OF ANY KIND, HOWEVER CAUSED, OR ANY
PUNITIVE, EXEMPLARY, OR OTHER DAMAGES. NO ACTION, REGARDLESS OF FORM, ARISING OUT OF OR IN ANY
WAY CONNECTED WITH ANY BOARD FURNISHED BY WOLFSPEED MAY BE BROUGHT AGAINST WOLFSPEED MORE
THAN ONE (1) YEAR AFTER THE CAUSE OF ACTION ACCRUED.
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Indemnification

The board is not a standard consumer or commercial product. As a result, any indemnification obligations
imposed upon Wolfspeed by contract with respect to product safety, product liability, or intellectual property

infringement do not apply to the board.
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