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Abstract
800V bus systems have become popular for high-power systems. We are looking for an analog LLC controller to 
support those applications such as the standby (and fan) power in data centers or μDCDC in electric vehicles, 
but most LLC controllers only support 650V voltage rating on HV and HS. In this application note, we used an 
analog LLC controller to transfer the input voltage from 450V to approximately 800V into 48V with 300W output 
power. We stacked an HV start-up pin with external depletion mode N-channel MOSFET to extend the voltage 
rating on HV pin to power up the controller. We used a capacitor divider to lower the SW voltage to half for 
adaptive dead time detection. The high-side FET is driven by the HO signal through an isolated gate driver. We 
replaced the optocoupler with an opto-emulator to mitigate premature failure and signal degradation caused by 
current transfer ratio (CTR) degradation over time, thereby extending the overall system lifetime.
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1 Introduction
For UCC256612, the recommended voltage rating on HV and HS pins is 640V. To implement UCC256612 into 
an 800V LLC design, there are two key challenges:

1. For better power saving, terminate the start-up current in normal operation state. How does a user 
implement HV start-up circuit supporting higher input voltage while maintaining low power consumption 
on the start-up circuity?

2. Use the HS pin for adaptive dead time control to optimize the performance. How does a user implement 
switching node detection and driving circuit to support switching voltage higher than the HS pin voltage 
rating?

For better lifetime, use an opto-emulator to eliminate the decay of the opto-coupler. How does a user implement 
opto-emulator for the feedback circuit?

Finally, this document combines information together and shows the test results of the reference design.
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2 Detailed Description
Figure 2-1 shows the block diagram of the LLC system and the key features which are highlighted in previous 
sections. The following sections discuss the details.
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Figure 2-1. Block Diagram of the LLC System

2.1 How to Implement an HV Start-Up Circuit
In the UCC256612 controller, the embedded HV pin supports start-up without X-cap discharge function. The HV 
pin connects to the DC bus directly (or through two resisters). The internal high voltage current source charges 
the VCCP pin during system start-up and turns the pin off when the VCCP equals VCCstartSelf (approximately 
14V).

To support 800V start-up, the internal 640V rating of the UCC256612 is insufficient. Therefore, an additional 
high-voltage MOSFET stacked with the HV pin is required to implement high-voltage start-up. By employing a 
depletion-mode N-channel MOSFET, the system achieves a normally-on configuration, eliminating the need for 
external start-up bias resistors. We can choose BSS126 (600V depletion MOSFET with SOT-23 package) or 
BSS135 (same parameters as BSS126 with SOT-223 package) to extend the start-up voltage rating.

As shown in Figure 2-2, during the power-on stage, when VCCP is lower than VCCStartSelf, the internal current 
source of HV pin pulls the source of BSS126 lower than its gate to turn BSS126 on. The internal high-voltage 
(HV) current source regulates the charging current of the VCCP capacitor ot a maximum of 10mA. When the 
VCCP triggers the VCCStartSelf , the internal HV current source turns off and leaves the HV pin floating, and the 
source of BSS126 is higher than its gate to turn BSS126 off until the VCCP is discharged to VCCStopSwitching 
(9.5V) to turn the HV pin on again.

To protect the system, we need to make sure the Vgs voltage of BSS126 is proper clamped. We have one 
resistor and a 12V Zener diode in parallel between Vgs of BSS126 to limit the voltage stress between 1V and 
-12V, which is lower than the maximum Vgs rating of BSS126 which is ±20V.

The next objective is to make sure the voltage stress on the VDS of BSS126 and HV pin are sufficient. We 
use a pull-high resistor on the gate of BSS126 and clamp the voltage using a Zener diode. We used three 
1206 resistors to support 600V voltage rating and four 130V Zener diodes which clamp the gate voltage to be 
approximately 520V. We choose approximately total 10MΩ pull-high resistors to lower the power consumption of 
the resistors.
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Figure 2-2. Extend Start-Up Capability to 800V, VG is the Measurement Point for the Start-Up Circuit

Before powering on the system for the first time, lower the input voltage to below the brown-in voltage to check 
the operation of the start-up circuit without the possibility of damage to the whole system. Figure 2-3 shows the 
start-up circuit working at VIN = 50V. Here, check the VCCP and the VG:

1. The timing of dip of VG matches to the charging period in VCCP
2. The voltage of VG is about half of the VIN

We can incrementally increase the VIN to confirm the start-up circuit.

In practical design, the VG and HV pins exhibit very high impedance, making them highly susceptible to 
interference. Therefore, it is critical to maintain a quiet PCB layout around these pins by keeping high di/dt or 
dv/dt circuits away from the vicinity, thereby minimizing noise coupling.
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Figure 2-3. Start-Up Waveform at VIN = 50V CH1: VIN, CH2: VG, CH3: V5P, CH4: VCCP

Figure 2-4 shows the system start-up at 800V. It shows the VG is clamped at 527V for about 100ms and then 
reduces to 427V which is around half of VIN, which matches our design target.

Figure 2-4. Start-Up Waveform at VIN = 800V, and VOUT = 48V – 6.5A CH1: VIN, CH2: VG, CH3: VCCP, CH4: 
LO, CH5: VOUT, CH6: IRES
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2.2 How to Implement Switching Node Detection and Driving Circuit
The internal HS of UCC256612 can only support 640V; this leads to two issues:

1. UCC256612 uses the input of HS pin for adaptive dead time control to optimize the system performance.
2. The internal bootstrap circuit can't drive the high side FET.

Figure 2-5 shows the proposed schematic for those issues. To lower the voltage on HS pin with good response 
time, use two capacitors as a voltage divider to cut SW voltage into half and send the slew rate of SW into HS 
pin for adaptive dead time control and prevent HS from being out of the voltage stress. Limit the capacitance 
values (such as 68pF) to lower the parasitic capacitance, which can degrade the slew rate of the SW node. Use 
another two ultra-fast diodes in parallel with the capacitors to make sure the HS pin closes to GND when the low 
side FET turns on. .
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Figure 2-5. SW Node Detection and Driving Circuit

To drive the high side device, use an external isolated gate driver. UCC5350 provides 3KVRMS isolated voltage, 
10A peak current drive strength, and 100V/ns CMTI capability which fulfills this application. In the input stage, 
use the HO signal as IN+ input, and HB for VCC1, and another bootstrap circuit with 1.2KV diode from VCCP to 
SW node to support VCC2. In UCC256612, the LO turn on voltage, VLOH is:

VLOH = VVCCP − VDRV_ON (1)

The VVCCP is the voltage on VCCP pin and VDRV_ON is the VDS voltage on the driver when it turns on, and the 
maximum voltage is 0.3V. This is very close to the VCCP. This means the user can drive external SiC FETs if 
we set the VCCP voltage to be about 18V, and 12 to approximately 15V for traditional MOSFETs. For PMP4113 
reference design, drive external SiC FET, and set the VCCP to be 18V, but the VCC1 and IN+ of UCC5350 must 
be lower than 15V in. In this case, a regulator was used which is designed by 2N7002 MOSFET and 15V Zener 
diode with 200KΩ bias resistor to limit the voltage stress to be 15V – VTH with low consumption but keep 18V 
bootstrap in VCC2 to drive SiC FET directly.
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For systems that cannot verify VVCCP above 12V (such as wide output voltage range application), an additional 
external VDD UVLO protection circuit is recommended to verify reliable SiC FET gate drive operation.

Is there any possibility of making the high and low side FETs shoot through because of more propagation delay 
on the isolated gate driver? Because of the adaptive dead time control method in UCC256612, the slew rate 
detector detects the dead time between HO turn off and LO turn on. This dead time is copied and then applied 
to low-side MOSFET turn off and high-side MOSFET turn on. Figure 2-6 shows the timing diagram of the dead 
time detection. To simplify the problem, we set the total propagation delay time of high side turn off (including HO 
from high to low, and OUTL) is tD. Assume the total propagation delay time of high side turn on is as the same 
value. Time between SW falling time, tSWF to LO turn on with approximately 40ns detection delay time as tDET. At 
this moment, the dead time from high side turn off to low side turn on, tDEAD is:

tDEAD = tD + tSWF + tDET (2)

tSWFtD tDET

tDEAD

tDEAD tD

LO

HO

OUTL OUTH

SW

Figure 2-6. Timing Diagram of Dead Time Detection Circuit

Calculate the real dead time from low side turn off to high side turn on to be tDEAD + tD. For the SW pin from high 
to low, the dead time is detected, and it is not possible to shoot through. For the SW pin from low to high, more 
time was extended to make sure the system is not overlapping. To reduce the dead time of SW pin from low to 
high, we may put another isolated gate driver to balance the turn off time on low side FET.

Figure 2-7 shows the waveform of LO turns on. tSWF + tDET is 216ns, and Figure 2-8 shows the waveform of LO 
turns off and the tSWR = 161ns, which is shorter than the tDEAD.
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Figure 2-7. LO Turns On Waveform CH1: SW, CH3: LO, CH6: IRES

Figure 2-8. LO Turns Off Waveform CH1: SW, CH3: LO, CH6: IRES
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2.3 How to Implement Opto-Emulator for Feedback Circuit
The ISOM8110 opto-emulator uses an emulated LED as the input stage, with TI's proprietary silicon dioxide-
based (SiO2) isolation barrier technology to make ISOM8110 resistant to the wear-out effects found in 
optocouplers that degrade performance with increasing temperature, forward current, and device age. Figure 
2-9 shows the typical feedback circuit by using the ISOM8110 device.
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Figure 2-9. Feedback Circuit by ISOM8110 Opto-Emulator

The key difference between opto-emulator and optocoupler is the minimum IF requirement. The minimum iF 
requirement is 0.5mA for ISOM8110 and 0.7mA for ISO8110-Q1. We need to set:

iF =
iIFP + iFBP

CTR ≥ 0 . 7mA (3)

In UCC256612, the V5P is 5V, FB voltage is about 3.5V and the iFBP is 60μA to approximately 160μA. The CTR 
of ISOM8110-Q1 is 80% to approxiately 180% with IF = 2mA. First, we need to calculate the RIF value as:

RIF ≤ V5P − FB
0 . 7mA × CTRMAX − iFBP_MIN

(4)

By putting the values with worst-case conditions into the formula, we get RIF ≤ 1.25KΩ. We choose 1.24KΩ for 
this design and put another 100nF capacitor the make the system more stable..

In the secondary side, select ATL432LI-Q1 which is a low regulation current (max: 80μA). Due to the maximum 
voltage rating of ATL432LI-Q1 is 36V, an 18V Zener diode was chosen to lower the voltage stress, and VFB 
is 48V – 18V = 30V. The VF of ISOM8110-Q1 is 1.2V, RBIAS = 10KΩ to provide 120μA regulation current to 
ATL432LI-Q1. In this case, the maximum feedback current in secondary side is:

iFBS_MAX =
iIFP + iFBP_MAX

CTRMIN
+ iBIAS = 1 . 832mA (5)

With RFB = 5.11KΩ, the voltage drop on RFB is 9.362V which is good enough for normal operation. The loss on 
RFB is approximately 17.15mW and Zener diode is about 33mW. In this design, it is possible to remove RBIAS 
because the iFBS_MIN is higher than the regulation current of ATL432LI-Q1.
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2.4 Evaluation Result
We built the reference design PMP41133, which supports VIN = 450V to approximately 800V, and VOUT = 48V 
and 6.5A design. Secondary winding is designed by center tape with two rectifiers by 150V Schottky diodes. 
Figure 2-4 shows the start-up waveform at VIN = 800V and VOUT = 48V / 6.5A. Figure 2-10 shows the switching 
waveform at VIN = 450V and VOUT = 48V and 6.5A.

Figure 2-10. Switching Waveform at VIN = 450V and VOUT = 48V / 6.5A. Ch1: SW, CH3: LO, CH6: IRES

Figure 2-11 shows the switching waveform at VIN = 800V and VOUT = 48V / 6.5A.
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Figure 2-11. Switching Waveform at VIN = 800V and VOUT = 48V / 6.5A. Ch1: SW, CH3: LO, CH6: IRES

Figure 2-12 shows the efficiency result of the power transfer Pout/Pin.

Figure 2-12. The Efficiency Result of PMP41133
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3 Summary
When designing an 800V μDCDC, there are challenges owing to lack of existing parts supporting such high 
voltage. There are a couple of things to consider: High voltage start-up and control needs to get switching node 
slew rate detection. To better regulate and extend the lifetime, ISOM8110 is used for feedback. Through this 
application note, the design concept is introduced and the way to achieve the design goal with good results.

4 References
1. Texas Instruments, High Density Auxiliary Power Supply Using a SiC MOSFET for 800-V Traction Inverters, 

application note.
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