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ABSTRACT

This application note discusses the UCC25640x LLC resonant controller's most frequently asked questions 
when used in different applications.
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1 UCC25640x Frequently Asked Questions
1.1 For the Time Domain Simulation and Fundamental Harmonic Analysis of LLC Resonant 
Converters, What Model of the Transformer Should be Used?
The LLC topology can be realizable with the following:

• An external inductor and a tightly coupled transformer, or
• With a integrated transformer with a poor coupling which integrates both resonant and magnetizing inductors.

In both of these implementations, the transformer can be modeled as T-type [1] or APR models which are 
shown in the following images. These two models can be used for both time domain simulation and also for 
fundamental harmonic analysis. Equation 1, Equation 2, Equation 3 describe the behavior of all the models 
given in Figures 1 to 4. Reference [2] shows the different transformer model derivations from a coupled 
inductor transformer model. Also, the videos given here: Clarifying Coupled Inductor and Transformer Modeling, 
Transformer leakage in LLC converters, Leakage models of multi-winding transformer and implications to LLC 
converter demonstrates different transformer models and their performance using spice simulation tool.
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Figure 1-2. T Type Transformer Model

v1

i2

v2

i1

(1-k)L1 (1-k)L1

kL1

�
�1

�2

=
�

�2

 

n:1

Figure 1-3. T Type Transformer Model Considering 
Coupling Coefficient k
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Figure 1-4. All Primary Referred (APR) Model

v1 = L1di1dt + Mdi2dt (1)

v2 = L2di2dt + Mdi1dt (2)

k = ML1L2 (3)

where L1, L2, M, k are primary open circuit inductance, secondary open circuit inductance, mutual inductance, 
coupling coefficient respectively.

The parameters of the models shown above can be calculated from the transformer data sheet parameters 
where primary open circuit Inductance (Lp) and primary inductance when secondaries are short (Llk), turns ratio 
are provided.

k = 1 − LlkLp (4)
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L1 = Lp (5)n = turns ratio (6)
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Figure 1-5. T-type Transformer Model for LLC Design and Analysis
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Figure 1-6. APR-Type Transformer Model for LLC Design and Analysis

To validate models, a closed loop simplis simulation with both T-type model shown in Figure 1-5 and APR model 
shown in Figure 1-6 has been built with the same transformer parameters as that of UCC25640x EVM hardware 
[3] where integrated transformer from Wurth Electronics [4] is used. In the transformer data sheet, Lp, Llk, n 
are given as 510uH, 82uH, 16.5 respectively. From Equation 4, Equation 5, Equation 6, the parameters of the 
transformer obtained as k =0.916, L1=510uH, n=16.5, k*n=15.115. Figure 1-7 shows the comparison between 
EVM measurements and closed loop Simplis models. We can observe that in all the cases the operating 
frequency is almost same for a given input voltage.

Figure 1-7. Input Voltage vs Switching Frequency From Closed Loop Simulation Model and From the 
EVM Measurements at 12 V, 15 A Load 
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1.1.1 LLC Design Using T Type Transformer Model

The reference [19] shows the LLC design using APR model whereas the reference [1] shows the LLC design 
using T-type transformer model. Here, for this design example, UCC25640xEVM specifications[3] with T-type 
transformer model is considered.

Table 1-1. UCC25640EVM-020 Specifications
PARAMETER TEST CONDITIONS MIN TYP MAX UNITS

INPUT CHARACTERISTICS
DC voltage range 365 390 410 VDC

AC voltage range 85 265 VAC

AC voltage frequency 47 63 Hz

Input DC UVLO On 365 VDC

Input DC UVLO Off 330 VDC

OUTPUT CHARACTERISTICS
VOUT Output voltage - Normal mode Burst mode threshold to full load = 

15 A
12 VDC

IOUT Output load current 365 to 410 VDC 15 A

Output voltage ripple 390 VDC and full load = 15 A 120 mVpp

SYSTEM CHARACTERISTICS
Resonant frequency 100 kHz

Peak efficiency 390 VDC, load = 8 A 93%

Operating temperature Natural convection 25 °C

LLC Voltage Gain with T-type Transformer Model

Equation 7 gives voltage gain expression for T-type transformer model shown in Figure 1-5.

Voltage Gain: M(k, fr,Q) = 11k 1 − 1 − k2fr2 2 2 + 1k ⋅ Q fr − 1fr 2 (7)

whereNormalized frequency: fr = ωω0Angular resonant frequency between leakge inductance (primary‐side inductance when the secondary side is completely short‐circuited) and Cr: ω0 = 1Llk ⋅ CrAngular resonant frequency between primary inductance (self‐inductance of the primary winding) and Cr: ωs = 1Lp ⋅ CrCharacteristic impedance: Z0 = LlkCrQ = RacZ0 = 8 ⋅ n2π2 ⋅ RLZ0n : primary to secondary turns ratiok : Coupling coefficient between primary and secondary winding of the transformer
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Design ExampleNominal Input Voltage: Vin_Nom = 390V (8)Output Voltage: Vout = 12V (9)Nominal Output Power: Pout = 180W (10)Output Voltage ripple: 120mVpp (11)

Voltage drop due to power losses: Vloss = 180W93 % ⋅ 7 %15A = 0.9V (12)

Coupling coefficient considered for this design: k = 0.92 (13)Gain at the resonant frequency: Mfo = 1k = 1.087 (14)

Primary to Secondary turns ratio: n = Mfo ⋅ Vin_Nom2 ⋅ (Vout + Vloss) ≅ 16.5 (15)

Equivalent Output Load Resistance: RL = 12V2180W = 0.8Ω (16)

Equivalent AC Load Resistance: Rac = 8 ⋅ n2π2 ⋅ RL = 176.542 (17)

Minimum DC Input Voltage: Vin_min = 365V (18)Maximum DC Input Voltage: Vin_min = 410V (19)

Maximum gain requirement: Mmax = 2n ⋅ (Vout_max + Vloss)Vin_min = 2 ⋅ 16.5 ⋅ (12 + 0.06 + 0.9)365 = 1.172 (20)

Minimum gain requirement: Mmin = 2n ⋅ (Vout_min + Vloss)Vin_max = 2 ⋅ 16.5 ⋅ (12 − 0.06 + 0.9)410 = 1.033 (21)

Q of 3.5 is considered for this design (22)
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Figure 1-8. Gain Frequency Plot for k=0.92 and Q=3.5

Characteristic Impedance: Z0 = RacQ = 176.5423.5 = 51.5 (23)

Resonant Frequency: fo = 100kHz (24)
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Resonant Capacitor Value: Cr = 12π ⋅ Z0 ⋅ fo = 31.5nF (25)

Primary Leakage Inductance when the secondaries are short circuited: Llk = Z02πfo = 80μH (26)

Primary Inductance when the secondaries are open circuited: Lp = Llk1 − k2 = 522μH (27)

Final value of resonant capacitor value selected: Cr = 30nF (28)Leakage Inductance, primary Inductance, turns ratio values givenin the transformer data sheet: Llk = 82μH, Lp = 510μH,n = 16.5 (29)

The final resonant frequency: f0 = 12π Llk ⋅ Cr = 101.5kHz (30)

1.2 How to Connect External Gate Drivers to the UCC25640x for High Gate Driver Current 
Capability?
Figure 1-9 shows a simpler way of connecting external gate drivers to the UCC25640x. Here two low-side 
drivers such as UCC27517A [5] is used which has a higher output current capability. Here the external high side 
driver is bootstrapped just like the internal driver of the UCC25640x.
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Figure 1-9. External Driver Interface to the UCC25640x

1.3 When Powering on the PFC-LLC AC-DC Converter, What Sequence is Recommended?
Normally, LLC can start switching before the PFC output voltage starts rising or vice versa depending on system 
requirement.

In general, PFC output voltage starts rising before the LLC converter starts switching. The output voltage rising 
is done to make sure the LLC is able to achieve regulation when starting into heavy load without risking going 
into the capacitive region. UCC25640x RVCC is designed for this purpose. In case of UCC256402/404, once the 
AC input is provided and VCC reaches 26-V level, RVCC voltage is generated to power up PFC controller for 
PFC to boost. Once PFC boost to a level above UCC25640x BLK setting, LLC DC-DC start to operate. For any 
reason, if the BLK voltage reaches below BLKstop, switching stops.

In the case of TVs, during light load, LLC converter need to startup before PFC output voltage rises. In this type 
of scenario, UCC256404 is recommended, since the BLK turn on threshold of this controller is only 1 V. Since 
LLC transformer was designed for input voltage>300 V and full load, there is not any issue of triggering OCP 
protection.

www.ti.com UCC25640x Frequently Asked Questions

SLUAAL2 – JUNE 2023
Submit Document Feedback

Most Frequently Asked Questions About the UCC25640x LLC Resonant 
Controller

7

Copyright © 2023 Texas Instruments Incorporated

https://www.ti.com
https://www.ti.com/lit/pdf/SLUAAL2
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUAAL2&partnum=


1.4 How to Eliminate the Nuisance ZCS Detection During the Light Load?
During light load, the magnitude of resonant current is very small at the turn off of high-side or low-side 
MOSFET. This step can trigger the ZCS protection.

The following methods helps to avoid nuisance ZCS detection during light load:

1. Increasing the burst mode threshold (BMTH): ZCS is disabled if the FBreplica signal is lower than BMTH 
threshold during light load.

2. Reducing the magnetizing inductance of the transformer to increase the magnetizing current at light load.
3. Reducing output voltage of PFC if there is PFC in the application.

1.5 What is the Purpose of Maintaining the FB Pin Voltage of the UCC25640x Controllers at a 
Constant Level?
The UCC25640x controller attempts to loosely regulate the FB pin voltage to around 5.6 V. This regulating is 
done to provide better transient response and avoid some of the delays associated with the opto-coupler being 
saturated. When a current pulled out of the FB pin is within 0uA to FB pin maximum source current ( 164 uA 
for 402 and 404 devices, 246 uA for 403), the FB pin voltage can be around 5.6 V. When the opto-coupler pulls 
more current than the FB pin can support, the controller can allow the FB pin voltage to collapse to 0 V.

1.6 How to Improve the Slew Rate Detection at HS Pin of the UCC25640x Controller?
UCC25640x has a minimum detectable slew rate of 100 mV/ns. As soon as the high side gate (HO) is turned off, 
the low side gate (LO) is be turned on after the slew rate has been detected. If the slew rate detection is missed, 
the dead time depends on the resonant current polarity (Section 1.19). Figure 1-10 shows a way of extracting 
slew rate information during the dead time [10]. In this simulation Infineon IPW6075CP MOSFET is used as an 
example. Figure 1-11 shows the switch node voltage transition when a current of 0.7 A is being pulled out from 
switch node. Here we can observe that switch node voltage has different slew rates during the transition which is 
due to non linear capacitance (Figure 1-15) seen at the switch node. This non linear capacitance is combination 
of Coss of the both upper (voltage changing from 0 V to 390 V) and lower (voltage changing from 390 V to 0 V) 
MOSFETs as shown in Figure 1-13 and Figure 1-14. The Coss graphs of each MOSFETs are extracted using the 
SIMetrix simulation. The extractions are shown in Figure 1-12.
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Figure 1-10. SIMetrix Simulation for Finding Switch Node Slew Rate During Dead Time
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Figure 1-13. Upper MOSFETs Coss vs Drain to 
Source Voltage

Figure 1-14. Lower MOSFETs Coss vs Drain to 
Source Voltage

Figure 1-15. Coss Seen at the Switch Node vs Switch Node Voltage

The following methods can be followed to improve the slew rate detection:

1. Increase the MOSFET turn off speed: Most designs include a diode in the HO/LO gate drive paths to allow 
for independent turn on and turn off speed. Such a circuit is recommended to increase the turn off speed of 
the gate drive.

2. Using MOSFETs with lower output capacitance (Coss): The lower Coss allow for a faster switch node slew 
rate.

3. Using a higher burst mode setting: A higher burst mode setting have larger magnetizing current amplitude 
which help with achieving the dV/dt criteria (Increasing the burst threshold make the LLC burst with slightly 
more power within the burst packet and the resonant current amplitude can be higher.

4. Reducing any snubber capacitance on the switch node
5. Reducing the magnetizing inductance of the transformer to increase the magnetizing current at light load.

1.7 How to Operate the UCC25640x Controller in the Open Loop?
Running UCC25640x open loop can require some modifications to the VCR circuitry as well as the FB pin to 
sink a constant current out of the FB pin (Figure 1-16). Since the FB pin is loosely regulated to approximately 
5.6 V, connecting a resistor (RFB) from FB to ground sinks a fixed current (somewhere between 0 uA and 
82 uA for 402/404 devices. 164 uA for 403 devices). The amount of current can determine the switching 
thresholds ((VTH-VTL) =Vvcr_pk_ pk) for VCR. And then depopulate the top VCR capacitance so that charge control 
is completely disabled. Now the switching frequency (fsw) is only dependent on the internal 2 mA ramp current 
and the lower VCR capacitance (C VCR_lower).
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Figure 1-16. Operating the UCC25640x in the Open Loop by Connecting a Resistor at the FB Pin

The amount of current sunk out of the FB pin:   IFB_pin = VFBRFB = 5.6RFB  (31)

VCR peak to peak voltage: Vvcr_pk_pk = (82μA − IFB_pin) ⋅ 100kΩ (32)

Switching frequency: fsw = 2mA2 ⋅ Vvcr_pk_pk ⋅ CVCR_lower (33)

Design ExampleRequired Switching Frequency:  fsw = 100kHz (34)Value of Capacitor connected at the VCR pin to ground:  CVCR_lower = 10nF (35)

VCR pin peak to peak voltage would be: Vvcr_pk_pk = 2mA 2 × fsw × CVCR_lower = 2mA 2 × 100kHz × 10nF = 1V (36)

Current that needs be pulled out from the FB pin: IFB_pin = 82μA − Vvcr_pk_pk100kΩ = 82μA − 1V100kΩ = 72μA (37)

Resistance that needs to be connected at the FB pin: RFB = 5.6V72μA = 78kΩ (38)

1.8 What Happens if the VCR Pin Peak to Peak Voltage of the Controller Exceeds 6 V?
VCR pin voltage is internally clamped. The voltage does not go above +7 V or below -0.8 V. 7 V is the internal 
AVDD rail that powers the VCR circuitry. At -0.8 V, the internal ESD diode can likely conduct. VFB replica peak 
to peak is clamped to 6 V. If the amplitude on the VCR pin exceeds 6 V peak to peak, the controller is unable 
to push the switching frequency any lower the controller has run out of room on the VCR, and as a result the 
converter gets clamped to this minimum switching frequency and the output voltage droops. If the peak to peak 
voltage on VCR exceeds 6 V, reducing the top VCR capacitor or increasing the bottom VCR capacitor can help 
to reduce the peak to peak voltage.

1.9 What UCC25640x settings effect the startup duration of the LLC?
In general, the soft start profile of the LLC is normally fine-tuned on bench by adjusting the LL/SS soft start 
capacitance, soft start initial voltage, VCR capacitors, and feedback loop response. Section 2 of the [7] gives 
more details on soft start timing and switching frequency tuning during the startup.

1.10 What is Causing the Current Imbalance in the LLC's Secondary Side Windings?
In the LLC center tapped transformer, if the primary to secondaries leakage inductance are different, we can 
observe that secondary peak currents can be different during each half of the switching period. This can cause 
one of the diodes overheating. To avoid this, both the secondary winding voltages has to be tightly coupled with 
the primary so that leakage inductance variation is very small between these windings.
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To see the current imbalance on the secondary side, two simulations are considered. Case one: With the 
equal coupling between primary and secondary windings which is shown in Figure 1-17 (This figure shows all 
the T-type equivalent models) and Case 2: With the unequal couplings which is shown in Figure 1-18. The 
EVM parameters are used for both the simulations: k =0.916, L1=510uH, n=16.5, Cr=30nF, fsw=101.5kHz, Load 
Resistance=0.8 Ohm. We can observe the secondary side currents imbalance in Figure 1-20 compared to the 
currents shown in Figure 1-19.
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Figure 1-17. LLC T-type Equivalent Models
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Figure 1-18. LLC Transformer With Unequal Coupling
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Figure 1-19. Case 1 Simulation Results
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Figure 1-20. Case 2 Simulation Results

1.11 How to Design TL431 Compensator for LLC With UCC25640x Controller
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1.11.1 LLC Plant Transfer Function Under HHC Control

Power Stage

HHC

Vout

TLVH431

Gate signals

FBreplica

IFB

FB

GND U1

RFB

Figure 1-21. Feedback Chain Block Diagram

Reference [8] derives LLC plant transfer function Vout(s)FBreplica(s)  when it is operated under Hybrid Hysteretic 

Control. Simplis tool can also be used to extract these transfer functions. This method is used here.

UCC25640x EVM Power stage [3] is considered for extracting the gain plots when it is operated under different 
input voltage and load conditions. In Figure 1-22, we can observe that plant gain plot is close to a single pole 
response in the low frequency region. A Type 2 compensator (zero of the compensator needs to be located 
below low frequency pole of the plant) can be sufficient for secondary output voltage or current regulation. Here 
low frequency pole is approximately located at fp = 1πRL ⋅ Cout  where RL is load resistance and Cout is output 

capacitance. If the cross over frequency needs to be improved, then Type 3 compensator is recommended as at 
higher frequency regions plant transfer function has double poles which can degrade the phase [8].
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Figure 1-22. Gain Plots Under Different Input Voltage and Load Conditions 

1.11.2 Type 2 and Type 3 Compensator with TL431[20]

1.11.2.1 Type 2 Compensator

Vcc

82uA

Inside the Chip

R�

CTR

Vo

Cv Rv

Cf

Rup

Rlow

Rbias

V�

RLED

Figure 1-23. Type 2 Compensator with Fast Lane

Gc(s) = Vfb(s)Vo(s) = RfbCTRRLED 1Cv + Cf ⋅ Rup 1 + RvCvs1 + sRvCvCfCv + Cf s + 1 (39)
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Assuming Cf < < Cv ,   Gc(s) further simplifies toGc(s) = RfbCTRRLED 1Cv ⋅ Rup 1 + RvCvs1 + sRvCf s + 1 (40)

This can be written as Gc(s) = Go ωLs + 11 + sωp1 (41)

where   Go = RfbCTRRLED 1 + RvRup      ωL =  1Rv + Rup ⋅ Cv     ωp1 = 1Rv ⋅ Cf (42)

Here ωL is low frequency inverted zero and ωp1 is a high frequency pole, CTR is current transfer ratio of 
optocoupler.

Note
• During the full load to light load transition, the current through the optocoupler LED needs to be 

able to vary more than Ifb CTR to regulate the output voltage. Here Ifb is maximum current provided 

by the FB pin. So, RLED ≤ Vo− Vref− VLEDIfb CTR  where Vref and VLED are reference pin voltage and 

optocoupler LED drop when the current is conducing.
• The shunt regulator starts sinking current only when reference pin voltage reaches the Vref. During 

startup, make sure that the voltage appeared across the shunt regulator does not exceeds the 
absolute maximum cathode to anode voltage. Otherwise, the voltage can be destroyed. In cases 
where LLC output voltage is higher than abs max of shunt regulators, Type 2 compensator without 
fast lane is recommended. Here Zener diode is used in the fast lane to clamp the voltage.

1.11.2.2 Type 2 Compensator Without Fast Lane

Vcc

82uA

Inside the Chip

R�

CTR

Vo

Cv Rv

Cf

Rup

Rlow

Rbias

V�

RLED

RZ

VZ

Figure 1-24. Type 2 Compensator Without Fast Lane

Gc(s) = Vfb(s)Vo(s) = RfbCTRRLED 1Cv + Cf ⋅ Rup 1 + RvCvs1 + sRvCvCfCv + Cf s (43)

Assuming Cf < < Cv ,   Gc(s) further simplifies toGc(s) = RfbCTRRLED 1Cv ⋅ Rup 1 + RvCvs1 + sRvCf s (44)
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This can be written as Gc(s) = Go ωLs + 11 + sωp1 (45)

where   Go = RfbCTRRLED RvRup      ωL =  1Rv ⋅ Cv     ωp1 = 1Rv ⋅ Cf (46)

Here ωL is low frequency inverted zero and ωp1 is a high frequency pole.

1.11.2.3 Type 3 Compensator with Fast Lane
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Rup
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V�

RLED
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Figure 1-25. Type 3 Compensator with Fast Lane 

Gc(s) = Vfb(s)Vo(s) = RfbCTR 1Cv + Cf ⋅ Rup 1 + RvCvs1 + sRvCvCfCv + Cf s + 1 1 + sCp RLED + RpRLED 1 + RpCps (47)

Assuming Cf < < Cv ,   Gc(s) further simplifies toGc(s) = RfbCTRRLED 1Cv ⋅ Rup 1 + RvCvs1 + sRvCf s + 1 1 + sCp RLED + Rp1 + RpCps (48)

This can be written as Gc(s) = Go ωLs + 11 + sωp1
1 + sωz1 + sωp2 (49)

where   Go = RfbCTRRLED 1 + RvRup      ωL =  1Rv + Rup ⋅ Cv     ωp1 = 1Rv ⋅ Cfωz =  1RLED + Rp ⋅ Cp     ωp2 = 1Rp ⋅ Cp (50)

Here assuming ωL ≪ ωz ≪ ωc ≪ ωp2 ≪ ωp1 , ωz and ωp2 creates the phase lead whereas ωL implements the 
integrator to reduce the steady state error, and ωp1 eliminates the effect of high frequency noise on the control 
loop. Here ωc is cross over frequency.
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1.11.2.4 Type 3 Compensator Without Fast Lane
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Figure 1-26. Type 3 Compensator Without Fast Lane

Gc(s) = Vfb(s)Vo(s) = RfbCTRRLED 1Cv + Cf 1 + RvCvs1 + sRvCvCfCv + Cf s 1 + sCp Rup + RpRup 1 + RpCps (51)

Assuming Cf < < Cv ,   Gc(s) further simplifies toGc(s) = RfbCTRRLEDRup 1Cv 1 + RvCvs1 + sRvCf s 1 + sCp Rup + Rp1 + RpCps (52)

This can be written as Gc(s) = Go ωLs + 11 + sωp1
1 + sωz1 + sωp2 (53)

where   Go = RfbCTRRLED RvRup      ωL =  1Rv ⋅ Cv     ωp1 = 1Rv ⋅ Cfωz =  1Rup + Rp ⋅ Cp     ωp2 = 1Rp ⋅ Cp (54)

Here assuming ωL ≪ ωz ≪ ωc ≪ ωp2 ≪ ωp1 , ωz and ωp2 creates the phase lead whereas ωL implements the 
integrator to reduce the steady state error, and ωp1 eliminates the effect of high frequency noise on the control 
loop. Here ωc is cross over frequency.

1.11.3 Type 3 Compensator Design Example

The power stage of the UCC25640x EVM [3] is considered to demonstrate the Type 3 compensator [1.12.2.3] 
design which is shown in Figure 1-27. Lets consider 10kHz as a cross over frequency (fc) for the loop gain.

1. From Figure 1-22, the open loop gain Gplant(s) = Vout(s)FBreplica(s)  is close to -25dB at 10kHz.

2. So Gc(s) should be 25dB at the cross over frequency.

3. Assuming fL ≪ fz ≪ fc ≪ fp2 ≪ fp1 in [1.12.2.3], Gc(s) can be approximated as Go ⋅ fcfz  . For a 

given phase lead ( θ ), cross over frequency ( fc ), fz, fp2 can be found out using following 

equations [Chapter 9.5 in Reference 9]: fc = fz ⋅ fp2 , fz = fc 1 − sin(θ)1 + sin(θ)  , fp2 = fc 1 + sin(θ)1 − sin(θ)  . So, Gc(s) ≅ Go ⋅ fcfz = Go ⋅ fz ⋅ fp2fz = Go ⋅ fp2fz  .

UCC25640x Frequently Asked Questions www.ti.com

18 Most Frequently Asked Questions About the UCC25640x LLC Resonant 
Controller

SLUAAL2 – JUNE 2023
Submit Document Feedback

Copyright © 2023 Texas Instruments Incorporated

https://www.ti.com
https://www.ti.com/lit/pdf/SLUAAL2
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUAAL2&partnum=


4. For a phase lead of 52o, fz and fp2 should be 3.4kHz and 29kHz respectively.

5. Since fz, fp2 are found out, Go can be obtained using following expression: Go ⋅ fp2fz = 17.78 Go = 6.126
(25dB=17.78).

6. fp1 is a high frequency pole which is used to eliminate the high frequency noise. It is recommended to place 
this pole close to ESR of the output capacitor. Here fp1 is chosen as 479kHz.

7. fL should be chosen such that controller should be able to regulate the output voltage when the converter 
operates in the burst mode. So, fL should be less than the burst mode frequency. In this design, fL is 
considered as 88Hz.

8. Rup and Rlow can be found out using following expressions: 
Vo− VrefRup = Iref + VrefRlow  where Vo is output 

voltage and Vref, Iref are reference voltage and bias current through the reference pin of the shunt regulator. 

To make Vo independent of the Iref, the Iref should be much lower than 
Vo− VrefRup  . So, 

Vo− VrefRup = VrefRlow  . In 

the EVM, TLVH431 is considered for which reference voltage is given as 1.24V. For this design, 
Vo− VrefRup

is considered as 73uA. So Rup obtained as 147kOhm. And from 
Vo− VrefRup = VrefRlow  , Rlow obtained as 

16.98kohm.
9. Consider Cf as 10pF. So, Rv can be obtained as ωp1 = 1Rv ⋅ Cf fp1 = 12 ⋅ π ⋅ Rv ⋅ Cf Rv = 12 ⋅ π ⋅ 479kHz ⋅ Cf Rv = 33.2koℎm
10. RLED can be obtained as Go = RfbCTRRLED 1 + RvRup RLED = RfbCTRGo 1 + RvRup RLED = 100 ⋅ 103 ⋅ 0.26.126 1 + 33.2k147k RLED = 4koℎm
11. Cv can be obtained as ωL =  1Rv + Rup ⋅ Cv Cv = 12 ⋅ π ⋅ fL ⋅ Rv + Rup Cv = 12 ⋅ π ⋅ 88 ⋅ 33.2k + 147k Cv = 10nF
12. Cp, Rp are obtained as ωz =  1RLED + Rp ⋅ Cp  ,   ωp2 = 1Rp ⋅ Cp fz =  12 ⋅ π ⋅ RLED + Rp ⋅ Cp  ,   fp2 = 12 ⋅ π ⋅ Rp ⋅ Cp3.4kHz =  12 ⋅ π ⋅ RLED + Rp ⋅ Cp  ,   29kHz = 12 ⋅ π ⋅ Rp ⋅ Cp Cp = 10nF , Rp = 540oℎm .

13. Rbias is used to bias the shunt regulator. Rbias is obtained as Rbias = VoptoIbias = 1V1mA = 1koℎm .
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Figure 1-27. Type 3 Compensator
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1.12 How to Design LLC for Battery Charging and LED Driver Applications?
The battery chargers and LED drivers exhibits different effective output resistance variation with the change 
in their output voltages (Implementation of Wide Output LLC for Chargers and LED Drivers Applications). In 
case of battery chargers, the effective output resistance increases with the output voltage whereas in case of 
LED drivers, the voltage can be reduced. When LLC is designed in these applications, we need to make sure 
required voltage gains are met.

1.12.1 LED Driver Design Example

Table 1-2. 160W LED Driver Specifications
PARAMETER TEST CONDITIONS MIN TYP MAX UNITS

INPUT CHARACTERISTICS
DC voltage range (Vin) 365 390 410 V

LED CHARACTERISTICS[10]

Forward Voltage at IF=1 A 2.8 3.2 3.8 V

Rated Forward Current (IF) 1 A

Forward Voltage at IF=100 mA 2.8 V

OUTPUT CHARACTERISTICS [11]

LED Array Voltage (Vout) (Array consists 
of three branches and each branch has 
14 LEDs )

39.2 44.8 53.2 V

LED Array Current 0.3 (100mA 
per branch)

3 A

Output Power at LED array current = 3 A 117.6 134.4 
(Pout_typ)

159.6 
(Pout_Max)

W

Output Power at LED array current = 0.3 
A (Pout_Min)

11.76 W

Output Voltage Ripple 300 mVpp

Output Voltage at No Load 57 V

Resonant frequency fres 100 kHz

Peak efficiency At Peak output Power 92%

1. The LLC tank parameters and the turns ratio are chosen based on the Vin_typ = 390V,   Vout_typ = 44.8V,  Pout_typ = 134.4W,   fres = 100kHz . This is shown in Figure 1-28 [12].
2. It is important to make sure that the maximum and minimum gain requirements are met once the tank 

parameters have been chosen.

3. Maximum Gain and Minimum frequency Gmax= Vout_MaxVin_Min requirement occurs at Pout_MaxWhere as Minimum Gain and Maximum frequency Gmin= Vout_MinVin_Max requirement  occurs at Pout_Min . These are 

shown in Figure 1-29 and Figure 1-30.
4. To protect the converter against the over voltage during no load, output voltage is regulated at 57 V.
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Select Which Device You Are Using UCC256404 Refer datasheet for the di�erence of UCC25640x devices

Output Voltage VOUT 44.8 V Enter required nominal output voltage of converter

Maximum Output Power POUT 134.4 W Enter required maximum converter output power in Wa�s

Full Load Output Current IOUT 3 A

Maximum Output Voltage Ripple VOUT(pk-pk) 300 mV Enter the desired maximum output voltage ripple

Target E�ciency η 0.92 Enter the Overall E�ciency here

Nominal Input Voltage VBLK 390 V Enter the nominal input voltage

Maximum DC Input Voltage VBLK(max) 410 V Enter the maximum input voltage

Minimum DC Input Voltage VBLK(hu) 365 V Enter the minimum input voltage

Nominal LLC Switching Frequency fLLC 100 kHz Enter desired nominal LLC switching frequency

Recommended Primary/Secondary Turns Ra�o NPS(recommended) 4.352678571

Actual Primary/Secondary Turns Ra�o NPS 4.00 Enter Actual Primary/Secondary Turns Ra�o

Recommended Primary/Bias Turns Ra�o NPB(recommended) 13.00

Actual Primary/Bias Turns Ra�o NPB 13.00 Enter Actual Primary/Bias Turns Ra	o

LLC E
ec�ve Load Resistance at 110% Full Load RE 176.1 �

LLC Eec�ve Load Resistance at Full Load RE(full load) 193.7 �

Minimum LLC Gain MG(min) 0.884

Maximum LLC Gain Including Losses MG(max) 1.015

Predicted Voltage Drop Due to Losses VLOSS 1.000 V Enter the predicted voltage drop due to conversion losses in circuit

Selected Primary Inductance Ra�o LN(selected)
3.00

Selected Quality Factor for Resonant Network QE(selected) 0.41

Gain Required at No-Load MG(noload) 0.750

fN at Maximum Switching Frequency fN(max) 3.50

Discrete resonant inductor or transformer leakage inductance used for L R? Discrete Inductor

0.9 Ignore this row

Recommended Resonant Capacitor Value CR(recommended) 0.020  uF

Actual Total Value of Resonant Capacitor Used CR 0.02 uF Enter actual value of Resonant Capacitor used

Recommended Resonant Inductor Value LR(recommended) 126.651 uH

Actual Resonant Inductor Value Used LR 126 uH Enter the actual value of the Resonant Inductor Value used

Recommended Transformer Magne�zing Inductance LM(recommended) 378  uH

Actual Transformer Magne�zing Inductance Used LM 378 uH Enter the actual value of the magne�zing inductance value used

Resultant Series Resonant Frequency f0 100.3 kHz

No Load Resonant Frequency fP 50.1 kHz

Resultant Inductance Ra�o LN 3.00 Re-enter this value in the LN(selected) cell above to see the actual normalized frequency at MG(max) and MG(min)

Resultant Quality Factor at Full Load QE 0.41 Re-enter this value in the Q E(selected)  cell above to see the actual normalized frequency at M G(max) and MG(min)

Gain Curve Graph Up to Date? Yes

fN at MG(max) fN(Mg_max) 1 Enter fN value at the second intersec�on of the M G(max) line and LLC Gain Curve shown in �gure above

fN at MG(min) fN(Mg_min) 1.3 Enter fN value at the second intersec�on of the M G(min) line and LLC Gain Curve shown in �gure above

Maximum Switching Frequency fSW(max) 130.3 kHz

Minimum Switching Frequency fSW(min) 100.3 kHz

%

OUTPUT

%

LLC Transformer

From the figure on the right, MG(peak) Vs QE with respect to LN, select a point on an Ln curve that has an Ln and QE point that corresponds 

to an Attainable MG(PEAK) value that is greater than MG(max).  Enter the selected values in the LN and QE cells below.

The selected LN and QE values should result in an LLC Gain Curve, shown below, that intersects with the MG(min) and MG(max) traces. The Gain curve 

from an overload condition is also plotted, showing the minimum gain at maximum frequency.

INPUT

LLC Gain Range

Select LN and QE

For example, if MG(max), calculated above and shown by the horizontal line, was calculated to be 1.4, then using Ln = 5 and QE = 0.35 would result in 

an attainable MG(PEAK) = 1.52 (interpolated from Ln = 5 curve) which satisfies the requirement that the Attainable MG(PEAK) > MG(max)

LLC STAGE

Parameters of the LLC Resonant Circuit
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Figure 1-28. LLC Design for Typical Output Voltage of the LED Driver and at Typical Output Power
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Select Which Device You Are Using UCC256404 Refer datasheet for the di�erence of UCC25640x devices

Output Voltage VOUT 53.2 V Enter required nominal output voltage of converter

Maximum Output Power POUT 160 W Enter required maximum converter output power in Wa�s

Full Load Output Current IOUT 3.007518797 A

Maximum Output Voltage Ripple VOUT(pk-pk) 300 mV Enter the desired maximum output voltage ripple

Target E�ciency η 0.92 Enter the Overall E�ciency here

Nominal Input Voltage VBLK 390 V Enter the nominal input voltage

Maximum DC Input Voltage VBLK(max) 410 V Enter the maximum input voltage

Minimum DC Input Voltage VBLK(hu) 365 V Enter the minimum input voltage

Nominal LLC Switching Frequency fLLC 100 kHz Enter desired nominal LLC switching frequency

Recommended Primary/Secondary Turns Ra�o NPS(recommended) 3.665413534

Actual Primary/Secondary Turns Ra�o NPS 4.00 Enter Actual Primary/Secondary Turns Ra�o

Recommended Primary/Bias Turns Ra�o NPB(recommended) 13.00

Actual Primary/Bias Turns Ra�o NPB 13.00 Enter Actual Primary/Bias Turns Ra	o

LLC E
ec�ve Load Resistance at 110% Full Load RE 208.6 �

LLC Eec�ve Load Resistance at Full Load RE(full load) 229.4 �

Minimum LLC Gain MG(min) 1.048

Maximum LLC Gain Including Losses MG(max) 1.199

Predicted Voltage Drop Due to Losses VLOSS 1.000 V Enter the predicted voltage drop due to conversion losses in circuit

Selected Primary Inductance Ra�o LN(selected)
3.00

Selected Quality Factor for Resonant Network QE(selected) 0.35

Gain Required at No-Load MG(noload) 0.750

fN at Maximum Switching Frequency fN(max) 3.50

Discrete resonant inductor or transformer leakage inductance used for L R? Discrete Inductor

0.9 Ignore this row

Recommended Resonant Capacitor Value CR(recommended) 0.020  uF

Actual Total Value of Resonant Capacitor Used CR 0.02 uF Enter actual value of Resonant Capacitor used

Recommended Resonant Inductor Value LR(recommended) 126.651 uH

Actual Resonant Inductor Value Used LR 126 uH Enter the actual value of the Resonant Inductor Value used

Recommended Transformer Magne�zing Inductance LM(recommended) 378  uH

Actual Transformer Magne�zing Inductance Used LM 378 uH Enter the actual value of the magne�zing inductance value used

Resultant Series Resonant Frequency f0 100.3 kHz

No Load Resonant Frequency fP 50.1 kHz

Resultant Inductance Ra�o LN 3.00 Re-enter this value in the LN(selected) cell above to see the actual normalized frequency at MG(max) and MG(min)

Resultant Quality Factor at Full Load QE 0.35 Re-enter this value in the Q E(selected)  cell above to see the actual normalized frequency at M G(max) and MG(min)

Gain Curve Graph Up to Date? Yes

fN at MG(max) fN(Mg_max) 0.85 Enter fN value at the second intersec�on of the M G(max) line and LLC Gain Curve shown in �gure above

fN at MG(min) fN(Mg_min) 0.95 Enter fN value at the second intersec�on of the M G(min) line and LLC Gain Curve shown in �gure above

Maximum Switching Frequency fSW(max) 95.2 kHz

Minimum Switching Frequency fSW(min) 85.2 kHz

%

OUTPUT

%

LLC Transformer

From the figure on the right, MG(peak) Vs QE with respect to LN, select a point on an Ln curve that has an Ln and QE point that corresponds 

to an Attainable MG(PEAK) value that is greater than MG(max).  Enter the selected values in the LN and QE cells below.

The selected LN and QE values should result in an LLC Gain Curve, shown below, that intersects with the MG(min) and MG(max) traces. The Gain curve 

from an overload condition is also plotted, showing the minimum gain at maximum frequency.

INPUT

LLC Gain Range

Select LN and QE

For example, if MG(max), calculated above and shown by the horizontal line, was calculated to be 1.4, then using Ln = 5 and QE = 0.35 would result in 

an attainable MG(PEAK) = 1.52 (interpolated from Ln = 5 curve) which satisfies the requirement that the Attainable MG(PEAK) > MG(max)

LLC STAGE

Parameters of the LLC Resonant Circuit
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Figure 1-29. LLC Maximum Gain Verification at Maximum Output Power
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Select Which Device You Are Using UCC256404 Refer datasheet for the di�erence of UCC25640x devices

Output Voltage VOUT 39.2 V Enter required nominal output voltage of converter

Maximum Output Power POUT 11.7 W Enter required maximum converter output power in Wa�s

Full Load Output Current IOUT 0.298469388 A

Maximum Output Voltage Ripple VOUT(pk-pk) 300 mV Enter the desired maximum output voltage ripple

Target E�ciency η 0.92 Enter the Overall E�ciency here

Nominal Input Voltage VBLK 390 V Enter the nominal input voltage

Maximum DC Input Voltage VBLK(max) 410 V Enter the maximum input voltage

Minimum DC Input Voltage VBLK(hu) 365 V Enter the minimum input voltage

Nominal LLC Switching Frequency fLLC 100 kHz Enter desired nominal LLC switching frequency

Recommended Primary/Secondary Turns Ra�o NPS(recommended) 4.974489796

Actual Primary/Secondary Turns Ra�o NPS 4.00 Enter Actual Primary/Secondary Turns Ra�o

Recommended Primary/Bias Turns Ra�o NPB(recommended) 13.00

Actual Primary/Bias Turns Ra�o NPB 13.00 Enter Actual Primary/Bias Turns Ra	o

LLC E
ec�ve Load Resistance at 110% Full Load RE 1548.5 �

LLC Eec�ve Load Resistance at Full Load RE(full load) 1703.3 �

Minimum LLC Gain MG(min) 0.775

Maximum LLC Gain Including Losses MG(max) 0.892

Predicted Voltage Drop Due to Losses VLOSS 1.000 V Enter the predicted voltage drop due to conversion losses in circuit

Selected Primary Inductance Ra�o LN(selected)
3.00

Selected Quality Factor for Resonant Network QE(selected) 0.05

Gain Required at No-Load MG(noload) 0.750

fN at Maximum Switching Frequency fN(max) 3.50

Discrete resonant inductor or transformer leakage inductance used for L R? Discrete Inductor

0.9 Ignore this row

Recommended Resonant Capacitor Value CR(recommended) 0.019  uF

Actual Total Value of Resonant Capacitor Used CR 0.02 uF Enter actual value of Resonant Capacitor used

Recommended Resonant Inductor Value LR(recommended) 126.651 uH

Actual Resonant Inductor Value Used LR 126 uH Enter the actual value of the Resonant Inductor Value used

Recommended Transformer Magne�zing Inductance LM(recommended) 378  uH

Actual Transformer Magne�zing Inductance Used LM 378 uH Enter the actual value of the magne�zing inductance value used

Resultant Series Resonant Frequency f0 100.3 kHz

No Load Resonant Frequency fP 50.1 kHz

Resultant Inductance Ra�o LN 3.00 Re-enter this value in the LN(selected) cell above to see the actual normalized frequency at MG(max) and MG(min)

Resultant Quality Factor at Full Load QE 0.05 Re-enter this value in the Q E(selected)  cell above to see the actual normalized frequency at M G(max) and MG(min)

Gain Curve Graph Up to Date? Yes

fN at MG(max) fN(Mg_max) 1.3 Enter fN value at the second intersec�on of the M G(max) line and LLC Gain Curve shown in �gure above

fN at MG(min) fN(Mg_min) 2.5 Enter fN value at the second intersec�on of the M G(min) line and LLC Gain Curve shown in �gure above

Maximum Switching Frequency fSW(max) 250.6 kHz

Minimum Switching Frequency fSW(min) 130.3 kHz

%

LLC Transformer

From the figure on the right, MG(peak) Vs QE with respect to LN, select a point on an Ln curve that has an Ln and QE point that corresponds 

to an Attainable MG(PEAK) value that is greater than MG(max).  Enter the selected values in the LN and QE cells below.

The selected LN and QE values should result in an LLC Gain Curve, shown below, that intersects with the MG(min) and MG(max) traces. The Gain curve 

from an overload condition is also plotted, showing the minimum gain at maximum frequency.

INPUT

LLC Gain Range

Select LN and QE

For example, if MG(max), calculated above and shown by the horizontal line, was calculated to be 1.4, then using Ln = 5 and QE = 0.35 would result in 

an attainable MG(PEAK) = 1.52 (interpolated from Ln = 5 curve) which satisfies the requirement that the Attainable MG(PEAK) > MG(max)
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Figure 1-30. LLC Minimum Gain Verification at Minimum Output Power
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1.12.2 Battery Charger Design Example

Table 1-3. 500W Battery Charger Specifications 
PARAMETER TEST CONDITIONS MIN TYP MAX UNITS

INPUT CHARACTERISTICS
DC voltage range (Vin) 350 390 410 V

OUTPUT CHARACTERISTICS [13]

Battery Voltage (Vout) at constant current 
charging mode =7A

46.2 58.7 <71.2 V

Battery Charging Current 7 A

Output Power (Pout) at Charging current 
= 7 A

323.4 410.9 498.4 W

Output Voltage Ripple 712 mVpp

Output Voltage at Constant voltage 
mode

71.2 V

Resonant frequency fres 100 kHz

Peak efficiency At Peak output Power 92%

1. The LLC tank parameters and the turns ratio are chosen based on the Vin_typ = 390V,   Vout_typ = 58.7V,  Pout_typ = 410.9W,   fres = 100kHz . This is shown in Figure 1-31 [12].
2. It is important to ensure that the maximum and minimum gain requirements are met once the tank 

parameters have been chosen.

3. Maximum Gain and Minimum frequency Gmax= Vout_MaxVin_Min requirement occurs at Pout_MaxWhere as Minimum Gain and Maximum frequency Gmin= Vout_MinVin_Max requirement  occurs at Pout_Min . These are 

shown in Figure 1-32 and Figure 1-33.
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Select Which Device You Are Using UCC256404 Refer datasheet for the di�erence of UCC25640x devices

Output Voltage VOUT 58.7 V Enter required nominal output voltage of converter

Maximum Output Power POUT 410.9 W Enter required maximum converter output power in Wa�s

Full Load Output Current IOUT 7 A

Maximum Output Voltage Ripple VOUT(pk-pk) 587 mV Enter the desired maximum output voltage ripple

Target E�ciency η 0.92 Enter the Overall E�ciency here

Nominal Input Voltage VBLK 390 V Enter the nominal input voltage

Maximum DC Input Voltage VBLK(max) 410 V Enter the maximum input voltage

Minimum DC Input Voltage VBLK(hu) 350 V Enter the minimum input voltage

Nominal LLC Switching Frequency fLLC 100 kHz Enter desired nominal LLC switching frequency

Recommended Primary/Secondary Turns Ra�o NPS(recommended) 3.32197615

Actual Primary/Secondary Turns Ra�o NPS 3.33 Enter Actual Primary/Secondary Turns Ra�o

Recommended Primary/Bias Turns Ra�o NPB(recommended) 13.00

Actual Primary/Bias Turns Ra�o NPB 11.00 Enter Actual Primary/Bias Turns Ra	o

LLC E
ec�ve Load Resistance at 110% Full Load RE 68.5 �

LLC Eec�ve Load Resistance at Full Load RE(full load) 75.4 �

Minimum LLC Gain MG(min) 0.962

Maximum LLC Gain Including Losses MG(max) 1.146

Predicted Voltage Drop Due to Losses VLOSS 1.000 V Enter the predicted voltage drop due to conversion losses in circuit

Selected Primary Inductance Ra�o LN(selected)
3.45

Selected Quality Factor for Resonant Network QE(selected) 0.48

Gain Required at No-Load MG(noload) 0.775

fN at Maximum Switching Frequency fN(max) 3.50

Discrete resonant inductor or transformer leakage inductance used for L R? Discrete Inductor

0.9 Ignore this row

Recommended Resonant Capacitor Value CR(recommended) 0.044  uF

Actual Total Value of Resonant Capacitor Used CR 0.044 uF Enter actual value of Resonant Capacitor used

Recommended Resonant Inductor Value LR(recommended) 57.569 uH

Actual Resonant Inductor Value Used LR 58 uH Enter the actual value of the Resonant Inductor Value used

Recommended Transformer Magne�zing Inductance LM(recommended) 200  uH

Actual Transformer Magne�zing Inductance Used LM 200 uH Enter the actual value of the magne�zing inductance value used

Resultant Series Resonant Frequency f0 99.6 kHz

No Load Resonant Frequency fP 47.2 kHz

Resultant Inductance Ra�o LN 3.45 Re-enter this value in the LN(selected) cell above to see the actual normalized frequency at MG(max) and MG(min)

Resultant Quality Factor at Full Load QE 0.48 Re-enter this value in the Q E(selected)  cell above to see the actual normalized frequency at M G(max) and MG(min)

Gain Curve Graph Up to Date? Yes

fN at MG(max) fN(Mg_max) 0.85 Enter fN value at the second intersec�on of the M G(max) line and LLC Gain Curve shown in �gure above

fN at MG(min) fN(Mg_min) 1.1 Enter fN value at the second intersec�on of the M G(min) line and LLC Gain Curve shown in �gure above

Maximum Switching Frequency fSW(max) 109.6 kHz

Minimum Switching Frequency fSW(min) 84.7 kHz

%

LLC Transformer

From the figure on the right, MG(peak) Vs QE with respect to LN, select a point on an Ln curve that has an Ln and QE point that corresponds 

to an Attainable MG(PEAK) value that is greater than MG(max).  Enter the selected values in the LN and QE cells below.

The selected LN and QE values should result in an LLC Gain Curve, shown below, that intersects with the MG(min) and MG(max) traces. The Gain curve 

from an overload condition is also plotted, showing the minimum gain at maximum frequency.

INPUT

LLC Gain Range

Select LN and QE

For example, if MG(max), calculated above and shown by the horizontal line, was calculated to be 1.4, then using Ln = 5 and QE = 0.35 would result in 

an attainable MG(PEAK) = 1.52 (interpolated from Ln = 5 curve) which satisfies the requirement that the Attainable MG(PEAK) > MG(max)

LLC STAGE
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Figure 1-31. LLC Design for Battery Charger at Typical Output Voltage, Typical Output Power
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Select Which Device You Are Using UCC256404 Refer datasheet for the di�erence of UCC25640x devices

Output Voltage VOUT 71.2 V Enter required nominal output voltage of converter

Maximum Output Power POUT 498.4 W Enter required maximum converter output power in Wa�s

Full Load Output Current IOUT 7 A

Maximum Output Voltage Ripple VOUT(pk-pk) 712 mV Enter the desired maximum output voltage ripple

Target E�ciency η 0.92 Enter the Overall E�ciency here

Nominal Input Voltage VBLK 390 V Enter the nominal input voltage

Maximum DC Input Voltage VBLK(max) 410 V Enter the maximum input voltage

Minimum DC Input Voltage VBLK(hu) 350 V Enter the minimum input voltage

Nominal LLC Switching Frequency fLLC 100 kHz Enter desired nominal LLC switching frequency

Recommended Primary/Secondary Turns Ra�o NPS(recommended) 2.738764045

Actual Primary/Secondary Turns Ra�o NPS 3.33 Enter Actual Primary/Secondary Turns Ra�o

Recommended Primary/Bias Turns Ra�o NPB(recommended) 13.00

Actual Primary/Bias Turns Ra�o NPB 11.00 Enter Actual Primary/Bias Turns Ra	o

LLC E
ec�ve Load Resistance at 110% Full Load RE 83.1 �

LLC Eec�ve Load Resistance at Full Load RE(full load) 91.4 �

Minimum LLC Gain MG(min) 1.165

Maximum LLC Gain Including Losses MG(max) 1.383

Predicted Voltage Drop Due to Losses VLOSS 1.000 V Enter the predicted voltage drop due to conversion losses in circuit

Selected Primary Inductance Ra�o LN(selected)
3.45

Selected Quality Factor for Resonant Network QE(selected) 0.40

Gain Required at No-Load MG(noload) 0.775

fN at Maximum Switching Frequency fN(max) 3.50

Discrete resonant inductor or transformer leakage inductance used for L R? Discrete Inductor

0.9 Ignore this row

Recommended Resonant Capacitor Value CR(recommended) 0.044  uF

Actual Total Value of Resonant Capacitor Used CR 0.044 uF Enter actual value of Resonant Capacitor used

Recommended Resonant Inductor Value LR(recommended) 57.569 uH

Actual Resonant Inductor Value Used LR 58 uH Enter the actual value of the Resonant Inductor Value used

Recommended Transformer Magne�zing Inductance LM(recommended) 200  uH

Actual Transformer Magne�zing Inductance Used LM 200 uH Enter the actual value of the magne�zing inductance value used

Resultant Series Resonant Frequency f0 99.6 kHz

No Load Resonant Frequency fP 47.2 kHz

Resultant Inductance Ra�o LN 3.45 Re-enter this value in the LN(selected) cell above to see the actual normalized frequency at MG(max) and MG(min)

Resultant Quality Factor at Full Load QE 0.40 Re-enter this value in the Q E(selected)  cell above to see the actual normalized frequency at M G(max) and MG(min)

Gain Curve Graph Up to Date? Yes

fN at MG(max) fN(Mg_max) 0.65 Enter fN value at the second intersec�on of the M G(max) line and LLC Gain Curve shown in �gure above

fN at MG(min) fN(Mg_min) 0.8 Enter fN value at the second intersec�on of the M G(min) line and LLC Gain Curve shown in �gure above

Maximum Switching Frequency fSW(max) 79.7 kHz

Minimum Switching Frequency fSW(min) 64.8 kHz

%

OUTPUT

%

LLC Transformer

From the figure on the right, MG(peak) Vs QE with respect to LN, select a point on an Ln curve that has an Ln and QE point that corresponds 

to an Attainable MG(PEAK) value that is greater than MG(max).  Enter the selected values in the LN and QE cells below.

The selected LN and QE values should result in an LLC Gain Curve, shown below, that intersects with the MG(min) and MG(max) traces. The Gain curve 

from an overload condition is also plotted, showing the minimum gain at maximum frequency.

INPUT

LLC Gain Range

Select LN and QE

For example, if MG(max), calculated above and shown by the horizontal line, was calculated to be 1.4, then using Ln = 5 and QE = 0.35 would result in 

an attainable MG(PEAK) = 1.52 (interpolated from Ln = 5 curve) which satisfies the requirement that the Attainable MG(PEAK) > MG(max)
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Figure 1-32. LLC Maximum Gain Verification at Maximum Output Power
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Select Which Device You Are Using UCC256404 Refer datasheet for the di�erence of UCC25640x devices

Output Voltage VOUT 46.2 V Enter required nominal output voltage of converter

Maximum Output Power POUT 323.4 W Enter required maximum converter output power in Wa�s

Full Load Output Current IOUT 7 A

Maximum Output Voltage Ripple VOUT(pk-pk) 462 mV Enter the desired maximum output voltage ripple

Target E�ciency η 0.92 Enter the Overall E�ciency here

Nominal Input Voltage VBLK 390 V Enter the nominal input voltage

Maximum DC Input Voltage VBLK(max) 410 V Enter the maximum input voltage

Minimum DC Input Voltage VBLK(hu) 350 V Enter the minimum input voltage

Nominal LLC Switching Frequency fLLC 100 kHz Enter desired nominal LLC switching frequency

Recommended Primary/Secondary Turns Ra�o NPS(recommended) 4.220779221

Actual Primary/Secondary Turns Ra�o NPS 3.33 Enter Actual Primary/Secondary Turns Ra�o

Recommended Primary/Bias Turns Ra�o NPB(recommended) 13.00

Actual Primary/Bias Turns Ra�o NPB 11.00 Enter Actual Primary/Bias Turns Ra	o

LLC E
ec�ve Load Resistance at 110% Full Load RE 54.0 �

LLC Eec�ve Load Resistance at Full Load RE(full load) 59.4 �

Minimum LLC Gain MG(min) 0.759

Maximum LLC Gain Including Losses MG(max) 0.908

Predicted Voltage Drop Due to Losses VLOSS 1.000 V Enter the predicted voltage drop due to conversion losses in circuit

Selected Primary Inductance Ra�o LN(selected)
3.45

Selected Quality Factor for Resonant Network QE(selected) 0.61

Gain Required at No-Load MG(noload) 0.775

fN at Maximum Switching Frequency fN(max) 3.50

Discrete resonant inductor or transformer leakage inductance used for L R? Discrete Inductor

0.9 Ignore this row

Recommended Resonant Capacitor Value CR(recommended) 0.044  uF

Actual Total Value of Resonant Capacitor Used CR 0.044 uF Enter actual value of Resonant Capacitor used

Recommended Resonant Inductor Value LR(recommended) 57.569 uH

Actual Resonant Inductor Value Used LR 58 uH Enter the actual value of the Resonant Inductor Value used

Recommended Transformer Magne�zing Inductance LM(recommended) 200  uH

Actual Transformer Magne�zing Inductance Used LM 200 uH Enter the actual value of the magne�zing inductance value used

Resultant Series Resonant Frequency f0 99.6 kHz

No Load Resonant Frequency fP 47.2 kHz

Resultant Inductance Ra�o LN 3.45 Re-enter this value in the LN(selected) cell above to see the actual normalized frequency at MG(max) and MG(min)

Resultant Quality Factor at Full Load QE 0.61 Re-enter this value in the Q E(selected)  cell above to see the actual normalized frequency at M G(max) and MG(min)

Gain Curve Graph Up to Date? Yes

fN at MG(max) fN(Mg_max) 1.25 Enter fN value at the second intersec�on of the M G(max) line and LLC Gain Curve shown in �gure above

fN at MG(min) fN(Mg_min) 1.6 Enter fN value at the second intersec�on of the M G(min) line and LLC Gain Curve shown in �gure above

Maximum Switching Frequency fSW(max) 159.4 kHz

Minimum Switching Frequency fSW(min) 124.5 kHz

%

OUTPUT

%

LLC Transformer

From the figure on the right, MG(peak) Vs QE with respect to LN, select a point on an Ln curve that has an Ln and QE point that corresponds 

to an Attainable MG(PEAK) value that is greater than MG(max).  Enter the selected values in the LN and QE cells below.

The selected LN and QE values should result in an LLC Gain Curve, shown below, that intersects with the MG(min) and MG(max) traces. The Gain curve 

from an overload condition is also plotted, showing the minimum gain at maximum frequency.

INPUT

LLC Gain Range

Select LN and QE

For example, if MG(max), calculated above and shown by the horizontal line, was calculated to be 1.4, then using Ln = 5 and QE = 0.35 would result in 

an attainable MG(PEAK) = 1.52 (interpolated from Ln = 5 curve) which satisfies the requirement that the Attainable MG(PEAK) > MG(max)
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Figure 1-33. LLC Minimum Gain Verification at Minimum Output Power
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1.13 How to Implement CC-CV Feedback Control?
As shown in Section 1.12, LED drivers and battery chargers must operate in either current control or voltage 
control, depending on the effective load resistance. The effective load resistance determines the operating point 
of the CC-CV controlled power supply as shown in Figure 1-34.
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Figure 1-34. V-I Characteristics of a Power Supply With CC-CV Control Circuit
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Figure 1-35. CC-CV Control Loop Circuit

1. In CC Mode, CCref = VoutRload · Rsense · H where H is current sense amplifier gain.

2. In CV Mode, CVref = R2R1 + R2 · Vout
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Note
• Here D1 and D2 implements the OR function such that only one control variable is controlled at a 

time (During CC mode, where output voltage is less than CV limit will reverse bias the D1. In CV 
mode, where output current is less than CC limit can reverse bias the diode D2).

• During the full load to light load transition, the current through the optocoupler LED needs to be 
able to vary more than Ifb CTR to regulate the output voltage/current. Here Ifb is maximum current 

provided by the FB pin. So, RLED ≤ Vdd − VF− VLEDIfb CTR  where Vdd, VF, VLED are auxiliary supply 

voltage, diode forward voltage drop (D1 or D2), optocoupler LED drop respectively.

1.13.1 Voltage Feedback Loop (Type 2) Transfer Function

Gcv(s) = Vfb(s)Vo(s) = RfbCTRRLED 1C1 + C2 ⋅ R1 1 + R3C1s1 + sR3C1C2C1 + C2 s (55)

Assuming C2 < < C1 ,   Gcv(s) further simplifies toGcv(s) = RfbCTRRLED 1C1 ⋅ R1 1 + R3C1s1 + sR3C2 s (56)

This can be written as Gcv(s) = Go ωLs + 11 + sωp1 (57)

where   Go = RfbCTRRLED R3R1      ωL =  1R3 ⋅ C1     ωp1 = 1R3 ⋅ C2 (58)

Here ωL is low frequency inverted zero and ωp1 is a high frequency pole.

1.13.2 Current Feedback Loop (Type 2) Transfer Function

Gci(s) = Vfb(s)Vsense(s) = RfbCTRRLED HC3 + C4 ⋅ R5 1 + R4C4s1 + sR4C3C4C3 + C4 s (59)

Assuming C3 < < C4 ,   Gci(s) further simplifies toGci(s) = RfbCTRRLED HC4 ⋅ R5 1 + R4C4s1 + sR4C3 s (60)

This can be written as Gci(s) = Go ωLs + 11 + sωp1 (61)

where   Go = RfbCTRRLED H ⋅ R4R5      ωL =  1R4 ⋅ C4     ωp1 = 1R4 ⋅ C3 (62)

Here ωL is low frequency inverted zero and ωp1 is a high frequency pole.

Gs(s) = Vsense(s)Vo(s) = RsenseRLoad (63)

Current feedback loop transfer function would be Vfb(s)Vo(s) = Gci(s) ⋅ Gs(s) (64)
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1.14 What is the Simplest Approach to Configure the Burst Mode Thresholds for UCC25640x 
Based on the Load Power?
Typically, the burst mode thresholds are set based on what load is the application desires to exit burst mode. For 
the controller to drop into burst mode, the Vcomp signal needs to drop below the BMTL threshold. In practice, 
the simplest way to accomplish this is to depopulate the top LL/SS resistor and adjust the output current to the 
required set point for burst mode entry/exit. To obtain BMTL threshold, measure the VCR waveform peak to peak 
when the high side and low side gates are turning off. The Excel design calculator [12] needs to be able to 
suggest a value for the LL/SS resistors once we have the BMTL voltage that we want to target (Let’s say if we 
use BW option 6 do BMTH=BMTL/0.6 to get the BMTH level to put into the calculator). LL/SS pin resistors can 
then be populated to establish the burst mode thresholds.

1.15 How to Avoid the UCC25640x Controller to Enter into Burst Mode?
The burst mode threshold varies with input voltage. This is because as the input voltage increases, the 
magnitude of the resonant current drops, as does the magnitude of the AC voltage on the resonant capacitor. 
This means the VCR peak to peak voltage can decrease and make burst mode more likely. To avoid the burst 
mode, first depopulate the resistor between RVCC and LL/SS, then lower the bottom VCR capacitance. This can 
increase the peak to peak voltage of the VCR. The peak to peak VCR voltage needs to be higher than the burst 
threshold (BMT=0.2V when the resistor between RVCC and LL/SS is depopulated) in order to prevent burst 
mode.

1.16 What are the Methods for Preventing VCC From Decreasing Below the VCC Restart 
Threshold During Burst Mode?
In case of UCC256402/404, after the HV startup, the auxiliary winding can supply the VCC pin voltage. If the 
burst mode frequency is set too low, the VCC pin capacitor might not get enough energy from the auxiliary 
winding due to infrequent switching. As a result, the VCC voltage will drop below the restart threshold value. This 
can be avoided by using the following techniques:
1. Increasing the VCC capacitance: This will help having enough VCC voltage during burst off period.
2. Reducing the BMTL threshold so that converter switches more frequently: This can be done by either 

adjusting the LL/SS resistor divider or by reducing the capacitance between VCR and ground.

1.17 How Does BMTL Threshold Value Impacts the Output Voltage Ripple and the VCC Pin 
Voltage and Magnetizing Current?
Keeping the BMTL threshold low:

1. Makes the converter to operate at relatively higher switching frequencies. Due to the higher frequency at 
light load, the amplitude of the magnetizing current will be smaller and care must be taken to ensure ZVS is 
still achieved.

2. Makes the converter to switch more frequently during light load. Due to this, there will be enough energy 
supplied by the auxiliary winding so that controller's VCC pin voltage won’t go below VCCrestartJFET 
threshold voltage. Also, the output voltage ripple will be small.

Keeping the BMTL threshold high:

1. Longer periods of no switching during light load. Due to this, higher output voltage ripple is expected
2. Limits how high the switching frequency will go during light load before ultimately dropping into burst mode. 

Because of this, during light load, converter can easily achieve ZVS as the there is enough magnetizing 
current during primary MOSFET's turn off instants.

3. Need to have relatively larger capacitance at the VCC and for boot strap so that controller doesn’t hit the 
under-voltage limit during long burst off periods.

1.18 How to Design Magnetics for LLC?
This section provides a design of both a resonant inductor and LLC transformer. Despite the fact that this is not 
very optimized, it needs to be sufficient for the first prototype.
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1.18.1 LLC Resonant Inductor Design

Specifications

Pick a Core based on 
Maximum Energy 
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Gap Calculation

Wire-Loss Calculation
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Loss Calculations

Temperature Rise & 
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Figure 1-36. LLC Resonant Inductor Design Procedure 

Here for designing the resonant inductor, the same method given in Reference [14] is followed. PFC LLC EVM 
[15] is considered as an design example.

Step 1: SpecificationsResonant Inductor value Lr = 75uH (65)At minimum Input voltage and at maximum output power:      Peak current of the resonant inductor Ip = 1.9A       RMS current of the resonant inductor Irms = 1.27A       Switching frequency fsw = 77kHz (66)
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At Rated Input voltage and at maximum output power:      Peak current of the resonant inductor Ip = 1.78A       RMS current of the resonant inductor Irms = 1.22A       Switching frequency fsw = 88kHz (67)

Step 2: Pick a core based on the maximum energy to be storedArea Product of a core Ap = WaAc = LIp2KuJmBm(m4) (68)

[Equation 10.100 in Reference 16]where Wa is window area and Ac is core area (69)Ku is window utilization factor (for Litz wire it is : 0.3 to 0.4) (70)Jm is peak current density: 4 to 6A/mm2(under natural cooling condition) (71)Bm is peak flux density of the core (72)

Bm is chosen such that at the operating frequency, core loss power density should be less than 150 mW/cm3 for 
natural convection cooling.

In general, suggested magnetic materials for reducing core losses are 3C95, 3F4 from Ferroxcube (Ferroxcube 
Cores and Accessories) and PC47, PC90, PC95 from TDK ( TDK Cores and Accessories).For Ku = 0.3,  Jm = 4A/mm2,  Bm = 0.15T,  Ap ≥ 1320mm4 (73)

For this design, RM8 core with 3C95 material is selected. This core's effective cross section area Ac = 63mm2
(Ferroxcube RM8 core data sheet) and minimum winding area Wa = 31mm2 (Ferroxcube RM8 bobbin data 
sheet). Cores, Bobbin, Clamp can be obtained from following links: RM8 with 3C95, RM8 Bobbin, Clamp for 
RM8 Core.

Step 3: Wire Selection and Airgap calculationThe effective cross‐sectional area of the bare winding is Aw = IpJm = 1.784 = 0.4450mm2 (74)

Let's initially select AWG21 which has a copper area about 0.4116mm2 which is closest to required copper area. (75)So the actual current density would be Jm_act = 1.780.4116 = 4.32Amm2 (76)In order to reduce both skin and proximity losses, Litz wire is considered for this design.In general, for high frequency (around 100kHz) designs, AWG38‐42 should be selected for each strand. (77)The skin depth of copper at 88kHz is δ = 66.2f  (mm) = 66.288, 000 =  0.2232mm [Equation 10.148 in Reference 16]Here AWG 38 is chosen with 50 strands for following reasons: (78)      1. Its over all copper area is equivalent to AWG21 copper area (79)      2. Each strand diameter is much less than skin depth so that current through the each strand will be uniform (80)      3. And its readily available (81)

(Litz Wire Data from MWS Wire Industries)

UCC25640x Frequently Asked Questions www.ti.com

32 Most Frequently Asked Questions About the UCC25640x LLC Resonant 
Controller

SLUAAL2 – JUNE 2023
Submit Document Feedback

Copyright © 2023 Texas Instruments Incorporated

https://www.ferroxcube.com/en-global/products_ferroxcube/index/Overview#sec25
https://www.ferroxcube.com/en-global/products_ferroxcube/index/Overview#sec25
https://product.tdk.com/en/search/ferrite/catalog
https://www.ferroxcube.com/upload/media/product/file/Pr_ds/RM8_I.pdf
https://media.digikey.com/pdf/Data%20Sheets/Ferroxcube%20PDFs/CPV-RM8_I-1S-12PD-TZ.pdf
https://media.digikey.com/pdf/Data%20Sheets/Ferroxcube%20PDFs/CPV-RM8_I-1S-12PD-TZ.pdf
https://www.digikey.com/en/products/detail/ferroxcube/RM8-I-3C95/7041694
https://www.digikey.com/en/products/detail/ferroxcube/CPV-RM8-I-1S-12PD-TZ/7034248
https://www.digikey.com/en/products/detail/ferroxcube/CLI-RM8-I-C/7034114
https://www.digikey.com/en/products/detail/ferroxcube/CLI-RM8-I-C/7034114
https://mwswire.com/wp-content/uploads/2016/10/Litz-Wire.pdf
https://www.ti.com
https://www.ti.com/lit/pdf/SLUAAL2
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUAAL2&partnum=


With insulation, the overall diameter (do) of the UNSERVED LITZ WIRE of 38AWG with 50 strands is 0.9398mm (82)

(Litz Wire Data from MWS Wire Industries)

The cross sectional area of the insulated wire is Awo = πdo24 = π × 0.939824 = 0.6937mm2 (83)

The minimum number of turns is N = KuWaAwo = 0.3 × 310.6937 = 13.4 (84)

Pick N = 14. The air‐gap length is lg = μoAcN2Lr = 4π × 10−7 × 63 × 10−3 × 14275 × 10−6 = 0.207mm (85)

Step 4: Copper Loss CalculationThe winding width of the bobbin is 8.9mm (86)

(Ferroxcube RM8 bobbin data sheet)Since there are 14 bundle turns each with 0.9398mm over all diameter, total number of bundled winding layers (Nl) would be 2. (87)Each bundle has a total number of strands k = 50 (88)

(represented in Figure 1-37 as a 7 × 7 matrix )The strands in each bundle are modelled as a square with k strands on each side of the bundle as shown in below figure (89)

Center limb of the core

 Litz wire

Figure 1-37. Model of the Litz Wire Winding Around a Central Core

The effective number of layers of the Litz‐wire winding with the square arrangement of the strands in a bundle is given by Nll = Nl × k = 2 × 50 = 14.14 ≃ 14 (90)
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The total number of strands in each layer is given as Nsl =the number of bundle turns in a layer × number of strands of each side of the square bundle= 7 × 50 = 49.49 ≃ 50 (91)

The mean length of the turn is lT = 42mm (92)

(Ferroxcube RM8 bobbin data sheet)The DC resistance of the single AWG38 strand is RwDCs = lT × AWG38 DC resistance per m= 42 × 2.1266 = 89.32mΩ (93)

The AC power loss of a single layer is given by Pac =  DC power loss of a single layer × φ × Q′(φ,m) (94)

[Table 10.1 in Reference 16]

[Equation 10.80 in Reference 9]

Here φ = η π4 dsδ  where η is porosity factor, ds is strand bare wire diameter, δ is skin depth for a given frequency (95)

[Equation 10.74 in Reference 9]Q′(φ,m) = (2m2 − 2m + 1)G1(φ) − 4m(m− 1)G2(φ) (96)

[Equation 10.81 in Reference 9]

G1(φ) = sinh(2φ) + sin(2φ)cosh(2φ) − cos(2φ)G2(φ) = sinh(φ)cos(φ) + cosh(φ)sin(φ)cosh(2φ) − cos(2φ) (97)

[Equation 10.76 in Reference 9]

m for each layer can be found by m = mmf(ℎ)mmf(ℎ) −mmf(0)where h is thickness of each layer (98)

[Equation 10.81 in Reference 9]In this design example, the DC power loss of a single layer is given as =square of the RMS current through each strand × DC resistance of a single strand × total number of strands in a single layer= Irmsk 2 × RwDCs × Nsl = 1.2250 2 × 89.32mΩ × 50 = 2.66mW (99)

Porosity factor η = Number of strands per layer (Nsl) × Strand diameter with insulationwidth of the bobbin = 50 × 0.124mm8.9mm = 0.7 (100)

[Equation 10.73 in Reference 9]

In this design, mmf due to each layer = current through each strand × number of strands in a layer = Irmsk × Nsl (101)

So,  layer 1's m value can be determined by m = Irmsk × NslIrmsk × Nsl − 0 = 1 (102)
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[Equation 10.90 in Reference 9]

Layer 2's m value can be determined by m = 2 Irmsk × Nsl2 Irmsk × Nsl − Irmsk × Nsl = 2 (103)

Similarly, m values for other adjacent layers increase by 1. Since there are 14 layers, m value increases up to 14. (104)

φ = η π4 dsδ = 0.7 π4 0.10070.2232 = 0.335 (105)

where 0.1007 is AWG38 bare wire diameter in mm [Table 10.1 in Reference 16].

The copper loss for all the layers is given by Pw = DC power loss of a single layer × m = 1
14 φQ′(φ,m) = 47mW

Step 5: Flux Density and Core-Loss CalculationThe amplitude of the core magnetic flux density at rated input voltage is Bm = μoNIplg = 4π × 10−7 × 14 × 1.780.2 × 10−3= 0.157T (106)

The core loss per unit volume (Pv) at 0.157T,  88kHz is 150mW/cm3 (107)

(Use power loss calculator in the Ferroxcube design tool for finding core loss of the material Core Loss 
Calculator)The total core loss is PC = VCPv = 150mW/cm3 × 2440mm3 = 366mW (108)

The amplitude of the core magnetic flux density at minimum input voltage is Bm_max = μoNIp_maxlg= 4π × 10−7 × 14 × 1.90.2 × 10−3 = 0.167T
(109)

At worst case current, Bm_max is less than saturation flux density of the ferrite material. (110)

Step 6: Temperature Rise and Bobbin Fit CalculationsTotal power loss of the inductor is Pwc = Pw + PC = 0.4W (111)The surface area of RM‐8 core is At = 20.2cm2 (112)

Table 3-43The surface power loss density is ψ = PwcAt = 0.4W20.2cm2 = 0.0206W/cm2
The temperature rise of the inductor is ΔT = 450ψ0.826 = 450 × 0.0206W/cm2 0.826 = 18.25oC (113)

[Equation 10.193 in Reference 16]

The actual core window utilization factor is Ku = NAwoWa = 14 × 0.693731 = 0.3133 (114)
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1.18.2 LLC Transformer Design

Step 1: LLC Center-Tapped Transformer SpecificationsMagnetizing Inductance value of the transformer Lm = 510uH (115)Turns ratio from primary to secondary n = 16.5 (116)Forward voltage drop of the secondary diode Vf = 0.7V (117)At minimum Input voltage (365V) and at maximum output power (12V,15A):      Peak current of the magnetizing inductor Imp_max = 1.15A       RMS current of the magnetizing inductor Imrms_max = 0.74A      Peak current of the primary winding Ip_max = 1.9A       RMS current of the primary winding Iprms_max = 1.27A      Peak current of the each secondary winding Is_max = 32.2A       RMS current of the each secondary winding Isrms_max = 13.65A        Switching frequency fsw_min = 77kHz
(118)

At Rated Input voltage (390V) and at maximum output power (12V,15A):      Peak current of the magnetizing inductor Imp = 1.1A       RMS current of the magnetizing inductor Imrms = 0.68A      Peak current of the primary winding Ip = 1.78A       RMS current of the primary winding Iprms = 1.22A      Peak current of the each secondary winding Is = 28.9A       RMS current of the each secondary winding Isrms = 13A        Switching frequency fsw = 88kHz
(119)

Step 2: Pick a Core Based on the Output Power

Area Product of a core Ap = WaAc = n = 1
m InVnJrms_n4KufswBm (m4) (120)

[Equation 11.12 in Reference 16]where Wa is window area, Ac is core area (121)

In is rms value of the current through the nth winding (122)

Vn is rms value of the voltage across the nth winding (123)

Jrms_n is rms value of the current density of the nth winding: 4 to 6A/mm2 (124)Ku is window utilization factor (For Litz wire it is : 0.3 to 0.4) (125)Bm is peak flux density of the core (126)

Bm should be chosen such that at the operating frequency, core loss power density should be less than 150 
mW/cm3 for natural convection cooling.

In general, suggested magnetic materials for reducing core losses are 3C95, 3F4 from Ferroxcube (Ferroxcube 
Cores and Accessories) and PC47, PC90, PC95 from TDK ( TDK Cores and Accessories).
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For Ku = 0.3,  Jrms_p = 5A/mm2, Jrms_s = 6A/mm2,  Bm = 0.15T,  Ap ≥ 6476.9mm4 (127)

For this design, PQ26/25 core with 3C95 material is selected. This core's effective cross section area Ac = 120mm2 (Ferroxcube PQ26/25 core data sheet) and minimum winding area, mean turn length are Wa = 50.97mm2,MLT = 56.2mm (Ferroxcube PQ26/25 bobbin data sheet). Cores, Bobbin, Clamp can be 
obtained at PQ26/25 with 3C95, PQ26/25 Bobbin, Clamp for PQ26/25 Core.

Step 3: Turns and airgap calculationNp × Ac × (2 × Bm) = n × (Vo + Vf)2 × fsw (128)

Np = 16.5 × (12 + 0.7)120 × 10−6 × 2 × 0.15 × 2 × 88 × 103 = 33.0729 (129)

Ns = Npn = 33.0716.5 = 2.0044 (130)

Lets consider primary number of turns (Np) and secondary number of turns (Ns) as 33 and 2 respectively. (131)

The air‐gap length is lg = μoAcNp2Lm = 4π × 10−7 × 120 × 10−3 × 332510 × 10−6 = 0.32mm (132)

Step 4: Wire selection for both primary and secondaryThe effective cross‐sectional area of the bare winding of the primary should be Awp = IprmsJrms = 1.225 = 0.244mm2 (133)

AWG23 has a copper area about 0.2558mm2 which is closest to required copper area. (134)In general, for high frequency (around 100kHz) designs, AWG38‐42 should be selected for each strand. (135)

The skin depth of copper at 88kHz is δw = 66.2f  (mm) = 66.288, 000 =  0.2232mm (136)

[Equation 10.148 in Reference 16]Here AWG 38 is chosen with 30 strands for following reasons: (137)      1. Its over all copper area (0.2432mm2) is closest to required copper area (138)      2. Each strand diameter is much less than skin depth so that current through the each strand will be uniform (139)      3. And its readily available (140)

(Litz Wire Data from MWS Wire Industries)

So the actual current density would be Jp_act = 1.220.2432 = 5.01Amm2 (141)

With insulation, the overall diameter (dop) of the SERVED LITZ WIRE of 38AWG with 30 strands is 0.7874mm (142)

Area required by the primary winding =  Np × π × dop24 = 33 × π × 0.787424 = 16.0692mm2 (143)
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For the each secondary winding, the effective cross‐sectional area of the bare winding of the each secondary should be Aws = IsrmsJrms = 136 = 2.167mm2 (144)

AWG14 has a copper area about 2.082mm2 which is closest to required copper area. (145)Here AWG38 with 260 strands are considered for each secondary winding which has a bare copper about 2.1078mm2 (146)So the actual current density of the each secondary winding would be Js_act = 132.1078 = 6.16Amm2 (147)

With insulation, the overall diameter (dos) of the UNSERVED LITZ WIRE of 38AWG with 260 strands is 2.286mm (148)

(Litz Wire Data from Remington Industries, Digikey Link)

Area required by the each secondary winding =  Ns × π × dos24 = 2 × π × 2.28624 = 8.2087mm2 (149)

Window utilization factor Ku = Area occupied by eacℎ windingOverall Window Area = 16.0692 + 8.2087 + 8.208750.97 = 0.637 (150)

Step 5: Wire Loss Calculation with Interleaved WindingThe winding width of the bobbin is 13.56mm (151)

(Ferroxcube PQ26/25 bobbin datasheet)In primary, since there are 33 bundle turns with 0.7874mm over all diameter, total number of bundled winding layers (Npl) would be 2. (152)

Each bundle has a total number of strands kp = 30 (153)The strands in each bundle are modelled as a square with kp= 30 ≅ 6 strands on each side of the bundle (154)The total number of strands in each layer is given as Npsl =the number of bundle turns in a layer × number of strands of each side of the square bundle= 17 × 6 = 102 (155)

The mean length of each turn is lT = 56.2mm (156)

(Ferroxcube PQ26/25 bobbin datasheet)The DC resistance of the single AWG38 strand is RwDCs = lT × AWG38 DC resistance per m= 56.2mm × 2.1266 Ω/m = 119.5mΩ (157)

The AC power loss of a single layer is given by Pac =  DC power loss of a single layer × φ × Q′(φ,m) (158)

[Equation 10.80 in Reference 9]

Here φ = η π4 dsδ  where η is porosity factor, ds is strand bare wire diameter, δ is skin depth for a given frequency (159)

[Equation 10.74 in Reference 9]Q′(φ,m) = (2m2 − 2m + 1)G1(φ) − 4m(m− 1)G2(φ) (160)

[Equation 10.81 in Reference 9]
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G1(φ) = sinh(2φ) + sin(2φ)cosh(2φ) − cos(2φ)G2(φ) = sinh(φ)cos(φ) + cosh(φ)sin(φ)cosh(2φ) − cos(2φ) (161)

[Equation 10.76 in Reference 9]

m for each layer can be found by m = mmf(ℎ)mmf(ℎ) −mmf(0)where h is thickness of each layer (162)

[Equation 10.81 in Reference 9]In this design example, the DC power loss of a single layer of the primary is given as =square of the RMS current through each strand × DC resistance of a single strand × total number of strands in a single layer= Irmsk 2 × RwDCs × Npsl = 1.2230 2 × 119.5mΩ × 102 = 20.6mW (163)

Porosity factor ηp = Number of strands per layer (Npsl) × Strand diameter with insulationwidth of the bobbin = 102 × 0.124mm13.56mm = 0.933 (164)

For each of the secondary winding, since there are 2 bundle turns each with 2.286mm over all diameter, total number of bundled winding layers (Ns1l,  Ns2l) would be 1. (165)

Each secondary winding bundle has a total number of strands ks = 260 (166)The strands in each bundle are modelled as a square with ks= 260 ≅ 16 strands on each side of the bundle (167)The total number of strands in each layer of the secondary is given as Nssl =The number of bundle turns in a layer × number of strands of each side of the square bundle= 2 × 16 = 32 (168)

The DC resistance of the single AWG38 strand of the secondary is RwDCs = lT × AWG38 DC resistance per m= 56.2mm × 2.1266 Ω/m = 119.5mΩ (169)

The DC power loss of a single layer of the secondary is given as =square of the RMS current through each strand × DC resistance of a single strand × total number of strands in a single layer= Irmsk 2 × RwDCs × Nssl = 13260 2 × 119.5mΩ × 32 = 9.56mW (170)

Porosity factor ηs = Number of strands per layer (Nssl) × Strand diameter with insulationwidth of the bobbin = 32 × 0.124mm13.56mm = 0.3 (171)

So, layer sequence would be          1. 1st bundle layer of the primary winding          2. Secondry‐1 bundle layer          3. Secondry‐2 bundle layer          4. 2nd bundle layer of the primary winding 
(172)

For Primary, φp = η π4 dsδ = 0.933 π4 0.10070.2232 = 0.386 (173)

For Secondary, φs = η π4 dsδ = 0.3 π4 0.10070.2232 = 0.219 (174)
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MMF due to the each layer of the primary = current through each strand × number of strands in a layer = Iprmskp × Npsl (175)

So,  layer 1's m value can be determined by m = Iprmskp × NpslIprmskp × Npsl − 0 = 1 (176)

Layer 2's m value can be determined by m = 2 Iprmskp × Npsl2 Iprmskp × Npsl − Iprmskp × Npsl = 2 (177)

Similarly, m value for other adjacent layers increases by 1. Since there are 6 layers for the first bundled primary, m value increases upto 6. (178)

Same method has been followed to find out the m value for other layers (179)The copper loss of all the layers in the primary is given by Ppw
= DC power loss of a single layer of the primary × m = 1

6 φQ′(φ,m) + m = − 8.043
−3.043 φQ′(φ,m) = 295mW (180)

The copper loss of all the layers in the secondary1 is given by Psw1
= DC power loss of a single layer of the secondary1 × m = − 11.763

3.237 φQ′(φ,m) = 158mW (181)

The copper loss of all the layers in the secondary2 is given by Psw2
= DC power loss of a single layer of the secondary2 × m = 4.237

19.237 φQ′(φ,m) = 170mW (182)

Total copper losses Pw = Ppw + Psw1 + Psw2 = 295mW + 158mW + 170mW = 0.623mW (183)

Step 6: Flux Density and Core-Loss CalculationThe amplitude of the core magnetic flux density at rated input voltage is Bm = LmImpNpAc = 510 × 10−6 × 1.133 × 120 × 10−6 = 0.142T (184)

The core loss per unit volume (Pv) at 0.142T,  88kHz is 130mW/cm3 (185)The total core loss is PC = VCPv = 130mW/cm3 × 6530mm3 = 848mW (186)

The amplitude of the core magnetic flux density at minimum input voltage is Bm_max = LmImp_maxNpAc= 510 × 10−6 × 1.1533 × 120 × 10−6 = 0.148T (187)

At worst case current, Bm_max is less than saturation flux density of the ferrite material. (188)

Step 7: Temperature rise and Bobbin Fit CalculationsTotal power loss of the transformer is Pwc = Pw + PC = 1.472W (189)The surface area of  PQ26/25 core is At = 32.6cm2 (190)
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Table 3-39

The surface power loss density is ψ = PwcAt = 1.472W32.6cm2 = 0.045W/cm2 (191)

The temperature rise of the transformer is ΔT = 450ψ0.826 = 450 × 0.045W/cm2 0.826 = 34.7 oC (192)

[Equation 10.193 in Reference 16]

The actual core window utilization factor is Ku = Area occupied by eacℎ windingOverall Window Area= 16.0692 + 8.2087 + 8.208750.97 = 0.637 (193)

1.19 How is the Dead Time in UCC25640x Determined During ZCS Detection and in the Absence 
of Valid Slew Rate Detection?

Case 1: Valid Slew Rate Detection and No ZCS

As soon as the high side gate (HO) is turned off, the low side gate (LO) will be turned on after the slew rate has 
been detected. The same dead time will be copied over during low side turn off to high side turn on.

Case 2: No Slew Rate Detection and No ZCS

If no valid slew rate detection occurs after the HO turn off, the dead time during both transitions (HO turn off to 
LO turn on) and (LO turn off to HO turn on) depends on the resonant current polarity. Furthermore, this dead 
time will not exceed 1.1us.

Case 3: ZCS during HO turn off and No ZCS during LO turn off

If the ZCS is detected during HO turn off, the dead time from HO off to LO on is determined by the following 
factors:
1. The slew rate detection .
2. If no appropriate slew rate detection is available, it is determined by the polarity of the resonant current 

(ISNS signal). The maximum dead time here will not exceed 150us.

The dead time during LO turn off to HO turn on depends on the resonant current polarity. Furthermore, this dead 
time will not exceed 1.1us.

Case 4: No ZCS during HO turn off and ZCS during LO turn off

The dead time during HO off to LO on depends on the slew rate detection similar to case1. However, If no valid 
slew rate detection occurs after the HO turn off, the dead time during HO turn off to LO turn on depends on the 
resonant current polarity. Furthermore, this dead time will not exceed 1.1us.

If the ZCS is detected during LO turn off, the dead time from LO off to HO on is determined by the polarity of the 
resonant current (ISNS signal). The maximum dead time here will not exceed 150 us.

Case 5: ZCS during both HO turn off and LO turn off

If the ZCS is detected during HO turn off, the dead time from HO off to LO on is determined by the following 
factors:
1. The slew rate detection
2. If no appropriate slew rate detection is available, it is determined by the polarity of the resonant current 

(ISNS signal). The maximum dead time here will not exceed 150 us.

If the ZCS is detected during LO turn off, the dead time from LO off to HO on is determined by the polarity of the 
resonant current (ISNS signal). The maximum dead time here will not exceed 150 us.
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