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Bias Supply Design for Isolated Gate Driver Using
UCC25800-Q1 Open-Loop LLC Transformer Driver
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ABSTRACT

For the electrical vehicle (EV) and hybrid electric vehicle (HEV), isolated gate drivers are widely used in the
traction inverter, and on-board chargers. These isolated gate drivers require their isolated bias supplies to be
low cost, high reliability, low EMI, and high CMTI (Common Mode Transient Immunity). UCC25800-Q1 open-loop
LLC transformer driver is designed to meet these design challenges and provides a robust, cost effective, and
low EMI solution for isolated gate driver bias. This application note introduces the LLC topology and the benefits
of using LLC for isolated gate driver bias supplies. It also provides the design guidelines to simplify the design
process.
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1 Introduction

UCC25800-Q1 is an open-loop LLC transformer driver. By open-loop control, fixed output to input voltage gain
can be achieved through the transformer turns ratio. The open-loop control also provides a simple design

and superior noise immunity. The LLC topology utilizes the transformer leakage inductance as its resonant
component, allowing the converter to use a transformer with a larger leakage inductance but a much smaller
primary-side to secondary-side parasitic capacitance (inter-winding capacitance).

Other topologies, such as flyback or push-pull, require minimum leakage inductance to improve the efficiency,
reduce the voltage and current stress, as well as minimize the noise created by the converter. In turn, this type
of transformer suffers from larger inter-winding capacitance. When they are used in the gate driver bias supply
applications, the high dv/dt from the inverter power stage can be coupled through the transformer inter-winding
capacitance to the low-voltage side. This creates a much more severe EMI noise issue. It also puts more
challenges on the common-mode transient immunity (CMTI). The open-loop LLC transformer driver solves this
issue and provides a low-noise, robust solution for the isolated gate driver bias supplies.

2 Open-Loop LLC Converter Operation Principle

Different from the typical PWM converters, LLC converters adjust the output voltage through varying its switching
frequency. It is often called a PFM (Pulse Frequency Modulation) converter. As shown in Figure 2-1, the

LLC converter has three resonant elements, the resonant inductor (L;), the magnetizing inductor (L), and

the resonant capacitor (C,). In isolated bias supply designs, the transformer leakage inductance, and the
magnetizing inductor can be used as part of the resonant circuit. The only external resonant component is

the resonant capacitor.

j— § Vour
v
Transformer ?
n:1 2 ]

Figure 2-1. LLC Resonant Converter

The resonant frequency of the LLC converter is defined by the series resonance between the resonant inductor
(L,) and the resonant capacitor (C,), as shown in Equation 1

_ 1
fo=7m. TL.C, Q)

When its switching frequency is equal or below the resonant frequency, the operation waveforms of LLC
converter can be found in Figure 2-2.

When the switching frequency is equal to the resonant frequency, it can be observed that the transformer
primary-side current is a sinusoidal shape. The secondary-side current is also a sinusoidal shape but with
some phase shift to the primary side current. The phase shift is caused by the transformer magnetizing current.
The output current is equal to the rectified transformer secondary-side current. In this operation mode, the
resonant tank impedance is equal to zero, and the input and output voltages are connected virtually through
the transformer. When the switching frequency moves away from the resonant frequency, the impedance of
the resonant tank increases. As a result, the output voltage reduces. However, this only holds true when the
switching frequency is higher than the resonant frequency, because the magnetizing inductor never participates
the resonant and it doesn't influence the characteristic performance of the resonant circuit.

When the switching frequency is below the resonant frequency, it can be observed that the sinusoidal current
becomes discontinuous. In the duration where the sinusoidal shape stops, transformer secondary-side current is
equal to zero. During this period, the magnetizing inductor becomes part of the resonant circuit, but the resonant
frequency is so low that the current shape appears linear. During this period, the magnetizing inductor stores
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more energy and transfers it to the secondary side through the resonant capacitor in the following half switching
cycle. Therefore, the LLC is able to achieve higher voltage gain.

lpk/Nps Ipk/Nps

Transformer
Primary side
current

Transformer
Primary side
current

Transformer Transformer

Secondary Secondary
side current side current
lpk
Rectified Rectified
current current
(a) Switching frequency is equal to resonant frequency (b) Switching frequency is below resonant frequency

Figure 2-2. LLC Converter Operation Waveforms

The LLC converter voltage gain refers to the relationship between its output voltage and its input voltage. It is
defined as Equation 2. In this equation, n is the transformer primary side to secondary side turns ratio and the %
comes from the half bridge configuration.

_nx Vourt
~ VIN/2 (2)

As shown in Figure 2-3, the voltage gain is affected by both switching frequency and load. In this set of curves,
the switching frequency is normalized with the resonant frequency, which is defined in Equation 1, and Equation
3. The load can be normalized with the characteristic impedance and defined as Equation 4. Here, f; is the
switching frequency.

fs
fo =15 3)
Q _ \ LT/ CT ( 4)
€ 2 8Rload
L)
b4
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Figure 2-3. LLC Converter Voltage Gain

From this set of gain curves, at the resonant frequency, regardless of load conditions, the converter has a

gain equal to 1, which means the relationship between the input and output voltage is only determined by the
transformer turns ratio. This can be simply understood by the impedance of the resonant tank (L, and C,) is
equal to zero at the resonant frequency. The input and output voltages are directly connected together virtually
through the transformer.

If the LLC converter operates with a fixed switching frequency equal to the resonant frequency, the LLC
converter is able to deliver a fixed voltage gain, with different load conditions. With a fixed input voltage, a fixed
output voltage can be achieved.
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3 Primary-side and Secondary-side Resonant Configurations

In Figure 2-1, the resonant capacitor is on the primary side. From its gain curves, it can be observed when the
switching frequency is below the resonant frequency, the converter voltage gain rises. This occurs because the
energy that is stored in the magnetizing inductor is transferred to the secondary side in each half-switching cycle.
The lower the switching frequency, the more energy is stored in the magnetizing inductor. Therefore the voltage
gain keeps going up.

When the resonant capacitor is moved on the secondary side, the gain curves are changed. One example of
using secondary-side resonant is shown in Figure 3-1.

! |
! |
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Transformer ?
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Figure 3-1. LLC Converter Using Secondary-side Resonant

Putting the resonant capacitor on the secondary side, when the switching frequency is below the resonant
frequency, the energy stored in the magnetizing inductance can no longer be transferred to the secondary side.
Instead, the energy is fed back to the input source. Due to this behavior, the voltage gain of the secondary-side
resonant becomes flat when the switching frequency is below the resonant frequency, as shown in Figure 3-2.
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Figure 3-2. Output Voltage Comparison between Primary-side Resonant and Secondary-side Resonant
Configurations with 550-kHz Resonant Frequency, 24-V Input Voltage, and 1:1 Transformer Turns Ratio

Based on these curves, we can see if the LLC converter is operating with a fixed switching frequency and that
frequency is slightly below the resonant frequency, the voltage gain is fixed, regardless of the frequency or the
load condition, which means with a fixed input voltage, we get a fixed output voltage. This property also helps
to maintain constant output voltage with the tolerances on the resonant components, which is equivalent to the
switching frequency variation.
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4 Rectification Methods

Besides the transformer turns-ratio, the LLC converter voltage gain is also affected by the rectification structure.
In this section, a few rectification methods are presented and designers can select the one according to their
cost structure from the components. Because the primary-side circuit remains the same, the description only
focuses on the secondary-side circuit.

4.1 One Resonant Capacitor, Voltage Doubler

Figure 4-1. One Resonant Capacitor, Voltage Doubler

In this configuration, only one capacitor C, is needed for the resonant capacitor. There is a DC voltage offset on
the resonant capacitor and the voltage doubling is achieved through the transformer voltage in series with the
DC offset of the resonant capacitor. When the transformer secondary-side voltage is positive, it adds together
with the resonant capacitor offset voltage, diode D is conducting, and the transformer delivers energy to the
output. When the transformer voltage is negative, D1 is off and D5 is conducting. In this way, the output capacitor
Cout is refreshed in one half of the switching cycle. In the other half switching cycle, the output capacitor gets

no energy from the transformer and supplies the load using its stored energy. The output capacitor C,; should
be much larger (> 10 times) than the resonant capacitor C,. Or in other words, the output capacitor C,; can be
considered as a high-frequency short at the switching frequency.

4.2 Two Resonant Capacitors, Voltage Doubler

il

i=

Figure 4-2. Two Resonant Capacitors, Voltage Doubler

In this configuration, the resonant capacitor is split into two capacitors. The equivalent resonant capacitance is
the sum of the two capacitances. Both of the resonant capacitors carry a DC offset equal to half of the output
voltage. The output capacitor gets energy for each half of the switching cycle. The output capacitor Cg; still
needs to be much larger (> 10 times) than the resonant capacitor. Or in other words, the output capacitor C,
can be considered as a high-frequency short at the switching frequency

4.3 One Resonant Capacitor, Full-wave Rectifier

Cr
| | —
i Cu| <

Figure 4-3. One Resonant Capacitor, Full-wave Rectifier
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In this case, the full-wave rectifier is used. The output voltage gain is halved compared with the one using
voltage doubler. The output capacitor C,; still needs to be much larger (> 10 times) than the resonant capacitor.
Or in other words, the output capacitor C,; can be considered as a high-frequency short at the switching
frequency

Other than these three rectification methods, the center-tap method can also be used. However, the center-tap
method can only be used with primary side resonant and it is less preferred.

It can also be shown that, with all these three rectification methods, the transformer secondary side is in series
with a capacitor. Together with the primary side DC blocking capacitor, the transformer saturation caused by DC
offset can be avoided.

Table 4-1 summarizes the difference among these three rectification methods. In this table, "n" represents the
transformer primary-side to secondary-side turns-ratio (Np : Ng).

Table 4-1. Rectification Methods Comparison

Rectification Method Resonant Capacitance Voltage Gain
One resonant capacitor, voltage C, 1/n
doubler
Two resonant capacitors, voltage 2C, 1/n
doubler
One resonant capacitor, full-wave C, 1/2n
rectifier
8 Bias Supply Design for Isolated Gate Driver Using UCC25800-Q1 Open-Loop SLUAABY9A — MARCH 2021 — REVISED DECEMBER 2021
LLC Transformer Driver Submit Document Feedback

Copyright © 2021 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SLUAAB9
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUAAB9A&partnum=UCC25800-Q1

13 TEXAS
INSTRUMENTS

www.ti.com LLC Transformer Design Steps

5 LLC Transformer Design Steps

Given very few external components, the open-loop LLC converter design is mainly designing the LLC
transformer. The LLC transformer design is a simple process that involves the selection of a suitable transformer
turns ratio, volt-second rating, the transformer structure, and the AC resistance. The leakage inductance and
magnetizing inductance would be the byproducts of the design, and the circuit can work with the parameters
achieved.

5.1 Transformer Turns Ratio Selection

When an LLC converter operates at its resonant frequency, the impedance of the resonant tank is equal to
zero. The input voltage and output voltage are virtually connected together. Given this property, we can easily
determine the transformer turns-ratio needed. Using the example shown in Figure 5-1, the primary side uses

a half bridge. Therefore, the transformer primary side only sees half of the input voltage. The secondary side
uses a voltage doubler (Here, the resonant capacitor is the sum of two capacitors ). Therefore, the transformer
secondary side only sees half of the output voltage. In this case, considering the converter operates close to the
resonant frequency, the voltage gain is equal to 1. We can get Equation 5.

ViN =n X Voyr (5)

YZ) o —

—— f— § Vour
T
nl

v
Transformer
n:1

Figure 5-1. LLC Resonant Converter with Secondary-side Resonant and Voltage Doubler

Considering the voltage drop on the diodes, the transformer and the primary-side switches, we can set the
transformer turns-ratio n using Equation 6. The extra 1 V can be adjusted as needed to account for the actual
voltage drop or extra voltage needed for the post regulator.

VIN
n= Vourt + 1V (6)

5.2 Transformer Volt-second Rating Calculation

Besides the transformer turns ratio, the volt-second (VS) rating is another important parameter. Given that the
transformer primary side sees the half of the input voltage and the flux goes to both the first and third quadrant,
the transformer volt-second rating should be calculated based on a quarter of the switching cycle and half of the
input voltage. It can be determined by Equation 7. Here f is the switching frequency. Some design margin is
recommended to consider the tolerance on the switching frequency, as well as the input voltage.

_VIN
VS = grg @)

5.3 Transformer Construction

When the UCC25800-Q1 based bias supply is used in the inverter applications, especially for the high-side
switches, the high dv/dt on the inverter switch node can couple through the bias supply transformer and causes
extra EMI noise, as demonstrated in Table 5-1.
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Table 5-1. Noise Coupling Through Bias Supply
UCC25800-Q1
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(a) UCC25800-Q1 based gate driver bias supply in inverter application
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(b) Noise coupling path from inverter power stage to bias supply

To minimize this noise coupling, it is desired to minimize the transformer primary-side to secondary-side
capacitance. By physically distancing the primary-side winding and secondary-side winding, a transformer with
split chamber bobbin can be used to achieve a minimum parasitic capacitance and simple manufacturing. The
split chamber bobbin transformer is illustrated in Figure 5-2.

Core Bobbin

Split bobbin
y
Secondary Primary
(a) Transformer Structure (b) Transformer split chamber bobbin
Figure 5-2. Transformer Construction for Minimum Parasitic Capacitance
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5.4 Transformer Winding Selection

The transformer winding design starts with estimating the RMS currents of the primary-side and secondary-
side windings . As discussed earlier, at the resonant frequency, the primary-side and secondary-side currents
are both sinusoidal. There is a phase shift between these two currents, due to the magnetizing current. If

the magnetizing current is ignored, the primary-side current and secondary-side current are scaled by the
transformer turns-ratio. Since the output current is equal to the average value of the rectified transformer
secondary-side current, the RMS current of the transformer windings can be easily estimated by Equation 8 and
Equation 9. Considering the tolerances on the switching frequency and component values, an extra 20~30%
design margin is recommended for these currents.

Secondary-side winding RMS current:

Irmsg = %10 (8)
Primary-side winding RMS current:

lrmsp = lrmsg/M 9)

Even though the converter gain is equal to the transformer turns-ratio when the switching frequency is equal
to the resonant frequency, the output voltage will be slightly lower than the theoretical value due to the loss
elements in the converter, including the diode voltage drop (Vs), the primary-side switch on-state resistance
(Rdson), the transformer AC resistance R, the resonant capacitor ESR (Rgsr), as well as the diode ESR
(Rpiode)- The overall output voltage can be estimated based on Equation 10. Given the transformer AC
resistance affects the voltage gain, to improve the load regulation, it is desired to minimize the transformer
AC resistance.

- VIN 2 (R4
Vour = —— — 2Vg — & X ( nszon + Rac + Rgsr + RDiode) xlg (10)

The transformer AC resistance should be measured from the secondary side, with primary side shorted, and at
the resonant frequency, as show in Figure 5-3.

n:1

Primary Secondary
side side

fo
Figure 5-3. Transformer AC Resistance Measurement

Ideally, this impedance should be as low as possible. Based on the equation, we can estimate the voltage drop
caused by the load current and estimate how much AC resistance can be allocated for the transformer. The
Rgson is coming from UCC25800-Q1 and it can be estimated using 0.3 Q. The ESR of the capacitor can be
ignored if the NPO capacitor is used. The X7R capacitor would have a larger ESR. The diode resistance can be
estimated based on the diode forward voltage drop curves, normally it is about 0.3 Q.

5.5 Transformer Inductance

As described earlier, the transformer parasitic inductance, including the leakage inductance and the magnetizing
inductance can be used as part of the resonant circuit. The resonant capacitor can be designed based on these
inductances to match the desired switching frequency.

5.5.1 Leakage inductance

When the split chamber bobbin is used, the primary-side winding and secondary-side winding are physically
separated. The coupling between two windings is poor and large leakage inductance is created. When using the
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secondary-side resonant, the method described in Figure 5-3 can be used to measure the leakage inductance
(Lx) from the transformer secondary side. The leakage inductance is measured on the secondary side when

the primary side is shorted. Following the same principle, when the primary-side resonant is used, measure

the leakage inductance from the transformer primary side with the secondary side shorted. Once the leakage
inductance is measured, the resonant capacitor C, can be selected according to Equation 11. In this equation, Ly
is the leakage inductance measured and fj is the resonant frequency. The resonant frequency can be chosen as
10% above the switching frequency to allow component tolerances. If the one resonant capacitor configuration is
used, the resonant capacitor should be the calculated total resonant capacitor C,.

=C,=41c =1 1
C1=Cr2= zcr— 7 X 4“2ka(2] (11)

5.5.2 Magnetizing inductance

Traditionally in LLC converters, the magnetizing inductance serves two purposes: to help achieve ZVS (Zero
Voltage Switching) and to help boost the voltage gain up when the switching frequency is below the resonant
frequency, to compensate the input voltage variation. In the open-loop LLC bias supply designs, there is no need
to boost the voltage gain up. The only purpose of the magnetizing inductance is to help achieve ZVS. Based on
the ZVS criteria, the design target of the magnetizing inductance can be calculated based on Equation 12. In this
equation, L, is the magnetizing inductor value, t4 is the dead-time, fsy is the switching frequency, and Cgyy is the
SW-pin parasitic capacitance (it has a typical value of 170 pF).

_ td
bm = 8Cswisw (12)

Furthermore, because it is a low voltage input, even without achieving the ZVS, the switching loss is not
significant. We could live with the magnetizing inductance without using the air-gap.

If the magnetizing inductance is much larger than the leakage inductance (> 20 times), the transformer can use
the core without an air-gap.

If the leakage inductance is a much larger percentage of the magnetizing inductance, to minimize the error
caused by the magnetizing inductance tolerance, it is desired to insert an air-gap in the transformer core. In this
case, the air-gap should be minimal without causing additional manufacturing cost.

5.6 Transformer Selections

To simplify the design process, different transformer vendors have designed and released stardard LLC
transformers for the isolated bias supply applications. In Table 5-2 , there is a summarized set of transformers
that can be used together with UCC25800-Q1 for the typical input and output voltage for different applications.
This list is not exhaustive and there are many other standard transformers that work for this type of application.

Table 5-2. List of Transformers for Typical Input and Output Voltages

Output voltage LIy
Input voltage Vg v P 9 turns ratio Manufacturer: Part number (Turns ratio) Isolation rating
out
needed
5y 1 Waurth: 750319831 (2.2:1) 4000VAC
' Coilcraft: ZC1576-AL (2:1) 1500VAC
Waurth: 750319331 (1:1) 4000VAC
Wurth: 750319688 (1:1)" 3125VAC
12V 1.08

Waurth: 750319834 (1.08:1) 4000VAC
12V Waurth: 750319848 (1:1)" 2 3125VAC
Waurth: 750319835 (1:1.29) 4000VAC

15V 1:1.33
Coilcraft: ZC1580-AL (1:1.33) 1500VAC
Waurth: 750319836 (1:1.57) 4000VAC

18V 1:1.58
Sumida: 13399-T052 (1:1.5) 1800VAC
Wurth: 750319831 (1:2.2) 4000VAC

24V 1:2.08
Coilcraft: ZC1576-AL (1:2) 1500VAC
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Table 5-2. List of Transformers for Typical Input and Output Voltages (continued)

Output voltage ULl
Input voltage Vg P 9 turns ratio Manufacturer: Part number (Turns ratio) Isolation rating
Vour needed
Wurth: 750319831 (2.2:1) 4000VAC
5V 2.5:1
Coilcraft: ZC1582-AL (2.5:1) 1500VAC
12V 1.15:1 Wurth: 750319833 (1.2:1) 4000VAC
Wurth: 750319331 (1:1) 4000VAC
Waurth: 750319688 (1:1)" 3125VAC
15V 1:1.07
15V Waurth: 750319834 (1.08:1) 4000VAC
Wurth: 750319848 (1:1)" 2 3125VAC
Wurth: 750319835 (1:1.29) 4000VAC
18V 1:1.27
Coilcraft: ZC1580-AL (1:1.33) 1500VAC
Wurth: 750319177 (1:1.67) 2500VAC
24V 1:1.67
Coilcraft: ZC1581-AL (1:1.67) 1500VAC
Waurth: 750319832 (1.83:1) 4000VAC
12V 1.85:1
Renco: RLTI-1430 (1.85:1)3 6000VAC
15V 151 Waurth: 750319836 (1.57:1) 4000VAC
- Sumida: 13399-T052 (1:1.5) 1800VAC
24V 18V 1.26:1 Wurth: 750319833 (1.2:1) 4000VAC
Wurth: 750319331 (1:1) 4000VAC
Wurth: 750319688 (1:1)" 3125VAC
24V 1:1.04
Wurth: 750319834 (1.08:1) 4000VAC
Waurth: 750319848 (1:1)! 2 3125VAC
12V 2.31:1 Wurth: 750319831 (2.2:1) 4000VAC
Waurth: 750319832 (1.83:1) 4000VAC
15V 1.88:1
30V Renco: RLTI-1430 (1.85:1)3 6000VAC
18V 1.58:1 Wurth: 750319836 (1.58:1) 4000VAC
24V 1.2:1 Wurth: 750319833 (1.2:1) 4000VAC

1. Low profile design
2. Dual outputs
3. 16 mm between primary-side pins to secondary-side pins
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6 Negative Voltage Generation

In gate driver applications, often the bias supply needs to provide both the positive voltage and the negative
voltage to the gate driver circuit. The positive voltage is to ensure full enhancement of the switching devices. The
negative voltage is to provide better noise immunity to prevent shoot through, or increases the turn-off speed

for lower switching loss. The LLC circuit can easily create a single output voltage. Some simple circuits can be
added to split the single output voltage into positive and negative voltages.

6.1 Using a Zener Diode

The output voltage can be split using a simple Zener diode if the voltage regulation requirement is not stringent.
The method is shown in Figure 6-1.

. . . V+
RIS G L
Output from Output from
UCC25800-Q1 ;: UCC25800-Q1
converter converter T
y V- 3 T V-
(a) Regulated negative voltage (b) Regulated positive voltage

Figure 6-1. Splitting A Single Output Voltage Using A Zener Diode

In the example of regulated negative voltage, the negative output voltage is determined by the Zener diode. The
remaining voltage is left to be the positive voltage. In this case, the resistor is needed to provide the bias current
for the Zener diode. The positive output and negative output capacitors can be designed to be proportional to

its corresponding voltage. In this case, the two output voltages would rise proportionally. Otherwise, the Zener
diode side could reach its final value much earlier than the positive side. The Zener diode can also be put on the
positive side so that the positive voltage is determined by the Zener diode and the negative voltage is the rest of
the voltage.

6.2 Using a Shunt Regulator

The Zener diode provides a simple and cost effective solution. However, due to the tolerances on the Zener
voltage, it might not meet the voltage regulation requirement. A more accurate shunt regulator can be used to
improve the voltage regulation, as shown in Figure 6-2.

TL431LI-Q1

L g L V+ Ve
Output from  _|
UCC25800-Q1 —— Output from
converter UCC25800-Q1
converter 1
‘ %
_ _ V_ %
TL431LI-Q1 ° . : v
(a) Regulated negative voltage (b) Regulated positive voltage

Figure 6-2. Splitting A Single Output Voltage Using A Shunt Regulator

In the example of regulated negative voltage, the negative output is regulated by the shunt regulator. The
remaining of the voltage is left on the positive output.
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6.3 Using a Shunt Regulator and Linear Regulator

In some cases, both the positive output and negative output need to be well regulated. In this case, an extra
linear regulator can be used to improve the positive voltage rail voltage accuracy. The circuit diagram is shown
in Figure 6-3. The linear regulator is added on top of the shunt regulator circuit. In this case, both the positive
output and negative output are well regulated. When designing the LLC converter output voltage, the extra

voltage drop on the linear regulator must be considered.
» kﬂ ¢— +Output
ip

TL431LI-Q1

2

N |
|

Output from
UCC25800-Q1
converter

;' .

TL431LI-Q1

A

-Output

Figure 6-3. Shunt Regulator And Linear Regulator To Split The Output Voltage
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7 Multiple-output Design

In electrical vehicle designs, different gate driver architectures are used based on the cost, the reliability, and the
safety requirement. Normally, we see three different architectures, as shown in Figure 7-1. In the pictures, GDx
block represents the gate driver circuit. GD1, GD3, and GD5 are the three high-side gate drivers that is biased
from its individual ground. GD2, GD4, and GDG6 are the three low side gate drivers that share the same common
ground. The transformer block represents the isolated bias supply.

= = =L

GD3 ’ GD5

k3

(a) Centralized Architecture (1 transformer)

= =

D4
L Lo W
W GD1 _ryw] GD3 _rwv] GD5

GD1

GD2 GD4 GD6

(b) Semi-distributed Architecture (4 transformers)

(c) Distributed Architecture (6 transformers)

Figure 7-1. Gate Driver Bias Supply Architectures
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The centralized architecture uses a single bias supply to bias all the gate driver circuits. The semi-distributed
architecture biases all the three low side drivers using one bias supply, and uses three bias supplies to bias each
of the high side switches. The distributed architecture biases each gate driver with an individual bias supply.

For UCC25800-Q1, multiple outputs can be easily achieved through different circuit configurations.
7.1 One UCC25800-Q1 Drives Each Output

Given the low component count, each output can be created by an individual UCC25800-Q1 circuit. This
approach works well for the distributed architecture.

7.2 Transformer With Multiple Secondary-side Windings

The LLC converter is able to support multiple secondary-side windings and their output voltages are proportional
to the transformer turns-ratio. Given the complicated transformer leakage inductance distribution, the primary-
side resonant is preferred in this configuration, as shown in Figure 7-2. Since this uses primary-side resonant,
the primary-side capacitors are the resonant capacitor and the secondary-side series capacitors are the
DC-blocking capacitor for the voltage doubling purpose. The voltage-regulation tolerance is not as good as
secondary-side resonant. Besides, all the secondary-side windings are on the same transformer, the noise
coupling among these outputs needs to be considered.

— i

L _— G

I
I .
I
VvCC I
< I
I
I
UCC25800-Q1 sw [ H% Cout §
— I
- G " .
I
I
I
I
Hi Coul g

Figure 7-2. UCC25800-Q1 Drives One Transformer With Multiple Secondary-side Windings

L

7.3 Multiple Transformers

Multiple output voltages can also be accomplished by using one UCC25800-Q1 to drive multiple transformers.
In this case, each transformer can be configured as secondary-side resonant and the tolerance on the resonant
frequency can be mitigated. The secondary-side resonant capacitor can be chosen to achieve the same
resonant frequency for each transformer. The example circuit configuration is shown in Figure 7-3.
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L

UCC25800-Q1 sw [ gH% Cout| §
GND
ND
1 <

E RSk

Figure 7-3. UCC25800-Q1 Drives Multiple Transformers

This implementation method is verified by modifying PMP22835 6-W 24V input, 24V output reference design.
Using one primary-side circuit to drive three sets of transformers and secondary-side circuits, as shown in Figure
7-4.

Figure 7-4. Hardware of One UCC25800-Q1 Driving Three Sets of Transformers

Three output voltages at different load conditions are summarized in Figure 7-5. It can be seen with different
transformers, the output voltage remains the same when they are loaded with the same load current. It can be
noticed that when the load is extremely light (less than a few mA), the output voltage rises significantly. This

is due to the extra energy delivered to the secondary side through charging the secondary-side diode junction
capacitors. The energy delivered is limited and it can be ignored when the output voltage is loaded. However,
when the output load is very light, the delivered energy might be more than the load can consume. This causes
the output voltage to rise. Since the extra energy is limited, normally the gate driver IC quiescent current is large
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enough to consume the energy. If the quiescent power is not sufficient to consume the energy, a Zener diode
or dummy-load resistor can be used to reduce the output voltage rise. Only a few mA load can bring the output
voltage to the regular levels.

Converter Voltage regulation with balanced loading, Vin = 25V

Vsec total (V)
=
)

0.00 0.01 0.02 0.03 0.04 0.0s 0.06 0.07 0.ce 0.09
Output Current (A)

Vout3 ==de=\out2 ====Voutl

Figure 7-5. Output Voltage Regulation For One UCC25800-Q1 Driving Three Sets Of Transformers
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8 EMI Performance

Traditionally, the isolated bias supply is created through PWM converters like flyback or push-pull converters.
These converters have a triangular or trapezoidal shape input current, which has more harmonic content and
creates more EMI noise. Besides, both of these converters typically operate as hard switching and generate
higher dv/dt on the switch node, which creates more common mode noise. Furthermore, due to the topology
limitations, they need to work with the transformer with fairly low leakage inductance, which means the
transformer primary-side to secondary-side parasitic capacitance will be large (10 ~ 30 pF range). The high
dv/dt, together with the large parasitic capacitance make the flyback and push-pull perform poorly from an EMI
standpoint.

Unlike the PWM converters, the LLC converter has a sinusoidal shape current. It is also capable of achieving
ZVS with lower switch node dv/dt. Furthermore, the LLC converter is able to use a transformer with split
chamber bobbin and significantly reduce the transformer primary-side to secondary-side parasitic capacitance
(below 2 pF). The sinusoidal shape current, lower dv/dt, and the low parasitic capacitance make the LLC a much
better solution from the EMI noise point of view.

Table 8-1 summarizes the parasitic capacitance comparison between different solutions.

Table 8-1. Transformer comparisons among different topologies

LLC flyback push-pull
Construction Split chamber bobbin One chamber bobbin Toroid
Prlmary-su_k_a to seco_ndary-5|de <2pF ~20 pF ~ 10pF
parasitic capacitance

8.1 EMI Performance With Standalone Converter

To compare the performance of the three different topologies (LLC, flyback, and push-pull), three boards are
tested as stand alone converters, instead of using them to bias the gate drivers. The LLC converter is based
on the UCC25800-Q1 with 24-V input and 24-V output, 6-W maximum power. The flyback converter uses the
LM5180 EVM, also setup with 24-V input and 24-V output, 200mA maximum load. The push-pull converter is
based on SN6505B, with 5-V input, with 22-V output voltage. All three converters are connected with a 150-Q
resistor load. The setup follows the CISPR 25 Class 5 (Conducted Emission) automotive EMI test standard.

Figure 8-1 through Figure 8-3 demonstrate the measured EMI performance from three different converters. The
EMI filters are removed to show the noise generated by each converter itself. Due to the different bypass
capacitor values, the differential-mode noise is not quite the same as the converter generated, while the
common-mode and high-frequency noise should not be affected and are properly represented. From the noise
measurement, it can be observed the LLC converter provides a much lower EMI noise level, especially at
high-frequency range (around 20-dB reduction). As described earlier, the soft switching and lower parasitic
capacitance help to achieve lower EMI noise.
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- Frequency Scan
SENSE:INT ALIG 04:04:27 PM Mar 02, 2021
FREQUENCY SCAN METERS
== 1n RBW: 120 kHz GO
Sean Atten: 0 dB Free Run il Atten: 0 dB
Frequency 515 MHz
Peak
Ref 100.00 dBuV 49.79
O 05:08:23 PM Mar 02, 2021
FREQUENCY SCAN  Scan METERS
== n RBW: 120 kHz GO
Atten: 0 dB Free Run Ml Atten: 0 dB
Frequency 515 MHz
Peak
49.79
Stop 108 MHz 29.19
VBW 90 kHz #Dwell Time 50 ms (4.5 kHz) dBpv
Figure 8-2. EMI Noise Measured From The flyback Converter
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Frequency 515 MHz
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49.79

Figure 8-3. EMI Noise Measured From The push-pull Converter

8.2 EMI performance with an inverter power stage

The LLC converter and flyback converter EMI performances are also measured when they are used to bias

an inverter gate drivers. A half-bridge inverter design based on Recom Power inverter EVM R-REF01-HB was
biased with an LLC converter and the flyback converter, respectively. The EMI noise is measured from the 24-V
input side, and the inverter is powered through a high-voltage power supply with 400-V DC output. The inverter
is switched at 20 kHz with 50% duty cycle with no load. The inverter creates high dv/dt through its switch node
and coupled through the transformer parasitic capacitance. This coupled noise can be measured through the
LISN connected at the 24-V input. The measurement setup is shown in Figure 8-4. Similar to the stand alone
board setup, no EMI filter is used to measure the raw noise coming from the setup.
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Figure 8-4. Inverter Setup For Measuring EMI Performance

The measured EMI performances is summarized in Figure 8-5 and Figure 8-6. The noise floor is raised due
to the noise generated by the inverter power stage. However, it can be observed that the LLC converter
still provides much lower EMI noise performance comparing with flyback converter, especially at the higher

frequency range.

Asgilent EMI Receiver - Frequency Scan

Figure 8-5. EMI Performance Measured Using LLC Converter Biasing Inverter
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Figure 8-6. EMI Performance Measured Using flyback Converter Biasing Inverter
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9 Common-Mode Transient Immunity (CMTI)

With the development of wide-bandgap power-semiconductor technology, inverters start to use SiC or GaN
MOSFETSs as the switching devices. These wide bandgap devices have faster switching speed and create higher
dv/dt at the switch node, sometimes well above 50V/ns. This high dv/dt can couple through the transformer
parasitic capacitance, as shown in Noise Coupling Through Bias Supply. Common-mode transient immunity
(CMTI) test becomes a standard requirement for this type of application. A UCC25800-Q1 based open-loop

LLC converter uses a transformer with low parasitic capacitance. This makes the solution demonstrate excellent
CMTI performance. The CMTI test setup is shown in Figure 9-1.
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Figure 9-1. CMTI Test Setup

A CMTI generator was used to create CMTI strikes. It operates with 5-kHz switching frequency and 50% duty
cycle. Its rise and fall rate are 165V/ns and 155V/ns respectively. With such a high voltage slew rate, the
UCC25800-Q1 still operates normally. Its SW pin voltage remains a fixed switching frequency square wave.

(a) CMTI strikes don't interfere with converter switching (CH1: CMTI strike; CH2: UCC25800-Q1 SW-pin voltage; CH3: Not used)
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(c) CMTI fall rate (CH1: CMTI strike; CH2: UCC25800-Q1 SW-pin

(b) CMTI rise rate (CH1: CMTI strike; CH2: UCC25800-Q1 SW-pin
voltage; CH3: Not used)

voltage; CH3: Not used)
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Figure 9-2. CMTI Performance of UCC25800-Q1 Based Converter

The open-loop LLC converter uses a transformer with such a low parasitic capacitance. The current injection
from the high dv/dt switch node becomes greatly reduced when compared to legacy solutions. Therefore, this

solution can easily pass the CMTI test.
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10 Summary

The UCC25800-Q1 provides a simple solution for an open-loop LLC converter. Due to its low EMI, robust
operation, and better CMTI performance, as well as the low solution cost, the open-loop LLC converter is a
desirable solution for isolated bias supplies.
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