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ABSTRACT

In the LLC design, we found the turn ratio is not matched our target when we designed the resonant inductor
which is integrated inside the transformer. In this application note, we will go through the modification of the
transformer model, and then updated the First Harmonic Approximation (FHA) model to find out the correction
factor, which helps us to reduce the design cycles.
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1 Introduction

SRC LLC design is a popular topology for the high efficiency application. Normally, we design the power supply
based on FHA. It provides very good results when the switching frequency is close to the resonant frequency.
In real design experience, we found the result is not correct when we implement the leakage inductance of the
transformer as the resonant inductance, especially those designs with split windings in primary and secondary
side. In this application note, we find out the correction factor which helps engineers to speed up their design

cycles.

In the first part of the application note, we roughly go through the FHA, and then modify the transformer model
by putting secondary leakage inductance into the system. In the third part, we rewrite the transfer function and
find out the correction factor for the turn ratio. In the fourth part, we use a design example, and compare the
result based on calculation, simulation and the real system for confirmation.
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2 Detailed Description
2.1 LLC Design

LLC is very popular design due to its ZVS operation in whole range and supports very high efficiency design.
Most of the time, we design the system using FHA method which provides pretty good results when the
switching frequency is close to the resonant frequency of the system. We don't address the detailed FHA
process. Figure 2-1 shows the transfer procedure from original circuit (A), simplify the model into square wave
(B), and through the FHA transfer, we get sine wave system (C). It becomes very easy to define the system
thorugh the impedance analysis.

Y °

T

Vsw Vi
@ Lm Vso § RL @ Lm Vo § Re
Cr Cr
|| - || -
[ - [ -
(B) (C)

Figure 2-1. Procedure of FHA. (A) shows a LLC circuit with secondary center tape. (B) shows the
simplified model from A. (C) takes FHA from B to get sine wave model

Based on this model, we can easily write the transfer function of the system design.

Vour Zyml | Re
M, = =
9 Vin Zim||Re +Zpp +Zcy (1)

In here, Z,», Z,; and Z¢, are the impedance of the magnetizing inductor, resonant inductor and the resonant
capacitor as:

Zim =] X wsw X Ly (2)
Zir = j X wgy X Ly 3)
Zer = TR a5y TR @
And Re is:
Re =55 X Nps® x Ry (5)
T

By defined the Lm, Lr and Cr, we can provide good results for the system.

SDAA419 — JUNE 2026 Turn Ratio Correction Factor for Integrated Transformer LLC Design 3
Submit Document Feedback
Copyright © 2026 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SDAA419
https://www.ti.com/feedbackform/techdocfeedback?litnum=SDAA419&partnum=

13 TEXAS
INSTRUMENTS

Detailed Description www.ti.com

2.2 Model of Real Transformer

In real transformers, it includes the leakage inductance in primary and secondary side. The transformer
model can be simplified as Figure 2-2 (A) which ignores parasitic resistance and capacitance. This model is
including an ideal transformer with turn ratio Npg, magnetizing inductance Ly, primary leakage inductance Lgp,
and secondary leakage inductance Lgs. We can even further to simplify the model as (B) without the ideal
transformer but use Npg 2 ratio to transfer the secondary leakage inductance into primary.

Lkp Lks Lkp Lks x Nps?

Nps : 1
Py Y ° Y PY

Lm Lm

® ® ® ® ® ®
(A) B)

Figure 2-2. Simplified model of transformer.

In inductance measurement, we defined primary inductance Lp as the value when secondary terminal is open,
and it shows as:

Lp=1Lpy+Lgp (6)

And leakage inductance Lk as the value when secondary terminal is "shorted", , and it shows as:

2
Lg = Lgp + Ly | |Lgs X Nps (7)

To simplify the formula, we assume:

2
Lp=Lkp = Lgs X Npg (8)

Based on this assumption we can calculate the Ly, as:

L
LM=LP><1,1—% (9)

We can put Ly, result into eq (6) to get Lg Value.
2.3 Integrated Transformer in LLC and Correction Factor

Now, we put the new transformer model with secondary leakage inductance into the model and the new model is
shown in Figure 2-3.

Lr Lr

~) L w3k

Cr
|
[

Figure 2-3. FHA model with secondary leakage inductance

We can write the gain of the integrated design My it as:

Vo ZLml | (Re + ZLr) Re

g-int Vi ZLml |(Re+ZLr) +ZirtZcr Re+Zpy ( )
It can be simplified as:
4 Turn Ratio Correction Factor for Integrated Transformer LLC Design SDAA419 — JUNE 2026

Submit Document Feedback
Copyright © 2026 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SDAA419
https://www.ti.com/feedbackform/techdocfeedback?litnum=SDAA419&partnum=

13 TEXAS

INSTRUMENTS
www.ti.com Detailed Description
2
Lp X fn
Ho-me= 11
g_int [fnz><(Ln+1)—1]+jxanQex[fnzx(ZXLn+1)—(Ln+1)] (11)

In here, f, is the normalized the switching frequency by resonant frequency which is the factor about the real
switching frequency compared to the resonant frequency.

_ fsw
fn= fRES (12)

fsw is switching frequency and frgs is the system resonant frequency as:

_ 1
fRES-m (13)

L, is the ratio between the magnetizing and the resonant inductance:

L
Ln= 12 (14)

Qe is the quality factor of the system:
Lp
CR
Qe="g, (15)
Based on eq (11), we can get the maximum gain on different Qe and Ln and we can plot as Fig 2-4. It shows

the difference from discrete resonant inductance which the gain curve gets flat at 1, but 1.1225 by integrated
transformer design.

Figure 2-4. Maximum Gain curve of the system by putting secondary leakage inductance into the system
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And the gain curve based on different fn and Qe with Lx = 85uH, and Lp = 510uH shows in Figure 2-5.

Figure 2-5. Gain curve by putting secondary leakage inductance into the system. Lx = 85uH, and Lp =
510pH

Based on the result, we can find:

1. Compared with the original Gain Curve, the fixed gain's frequency shifts to low. It is reasonable because
the real resonant inductance is Lg + Lg||Ly which equal to Lk (according to our definition). The relationship
between Lk and Lg can be rewritten from eq (9) as:

2
L 2XLy,+1
LK=<1_L2>XLP=<ﬁ)XLR (16)
Lp n

The actual resonant frequency fres' can be rewritten as:

) L +1
fRES =\/2anTXfRES (17)

It means the real resonant frequency shift to f,, j,; as:

L,+1
fo_int = \[#ﬂ.l (18)

2. InLLC design, when fgw = fres', we can find the point where the gain is fixed at any Qe value. In here, the
real system resonant frequency is fres'. We put f,, it it into eq (11), and we can get the fixed gain at any Q.
value My int fixed @s:
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Lp+1  Lp
Mg_int_fixed = nL_n “In (19)

In LLC design, we try to make the system working at this operation point by adjusting the perfect turn ratio as:

Vpc
Npg = Mg_fixed X 5% VouT (20)

In the discrete resonant inductor design, Mg fixeq = 1 and the turn ratio is equal to the (Vpc/2)/Voyr. In the
integrated design, we need to modify the turn ratio according to the correction factor as Mg int fixed Which is equal
to Lp/Ly as:

Lp Vbc 1)

Nes_int = Ty X ZxVogr

2.4 Real Design for Performance Confirmation
In here, we used UCC25661EVM-128 to be our bench mark for the comparison.

In the UCC25661EVM-128 (Links in Reference 3), the system works in 390VDC input and 12V-15A output. The
Lp = 510uH, Lx = 85uH and Cg = 30nF. The turn ratio is 33:2:2 which is 16.5. According to eq (5), we can get:

Lg 85uH
LM=LP><,/1—5= 510;1Hx,/1—ﬁ=465.56,uH (22)

We can get the correction factor as:

_Lp _ s10uH _
Mg_int_fixed = W ~ 265.56uH — 1.095 (23)

For VDC = 390V, Vout = 12V, with forward voltage of Schottky diode as 0.7V, the original turn ratio should be:

_ _Vpc _ 390V _
Nps =73% Vour ~ 2x(12V+0.7V) — 15.35 (24)

Put additional correction factor and the turn ratio should be
NPS, = Mg_int_fixed X NPS = 1.095 x 15.35 = 16.8 (25)

Based on Lk and Cg , the resonant frequency is:

r_ 1 _ 1
fres' = 2xmx \LgxCR ~ 2xmx+/85uH x 30nF

= 99.67KHz (26)

Next, we run the Simplis model based on the input parameters, and we can see the system running at boundary
mode, and the operation frequency is 100.42KHz. The simulation result shows in Figure 2-6.
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Figure 2-6. Simplis simulation result based on the input parameters with correction factor. The system
runs at 100.42KHz in critical resonant frequency

If we set the turn ratio to be 15.5 without correction and keep others parameters to be the same, we get the

operation frequency to be 115.53KHz and the result shows in Figure 2-7. It looks the system working in the
above resonant frequency condition.
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Figure 2-7. Simplis simulation result based on the input parameters without correction factor. The
system runs at 115.53KHz in above resonant frequency.

Finally, we make the comparison between the calculation, simulation and the measurement result. Figure 2-8
shows the full load waveform in the UCC25661EVM-128 user's guide [3], the switching frequency is close to the
100KHz, and the system runs close to boundary mode. It means the correction factor matches the real system.

Turn Ratio Correction Factor for Integrated Transformer LLC Design

Copyright © 2026 Texas Instruments Incorporated

SDAA419 — JUNE 2026
Submit Document Feedback


https://www.ti.com
https://www.ti.com/lit/pdf/SDAA419
https://www.ti.com/feedbackform/techdocfeedback?litnum=SDAA419&partnum=

13 TEXAS
INSTRUMENTS

www.ti.com Detailed Description

Figure 2-8. Measurement result from UCC25661 EVM [2], the switching frequency is 97.66KHz

SDAA419 — JUNE 2026 Turn Ratio Correction Factor for Integrated Transformer LLC Design 9
Submit Document Feedback
Copyright © 2026 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SDAA419
https://www.ti.com/feedbackform/techdocfeedback?litnum=SDAA419&partnum=

13 TEXAS
INSTRUMENTS

Summary www.ti.com

3 Summary

In this application note, we put the models with leakage inductance in both primary and secondary side into FHA
for system analysis. In here, we find the correction factor for the turn ratio which is equal to the ratio of Lp and
Ly- By putting the correction factor and the system matched our prediction. Through this correction factor, we
can design the transformer with correct turn ratio in to shorten the design cycle.

4 References

1. Texas Instruments, Power Tips: Why Is Your LLC Resonant Converter Frequency Way, Way off, technical
article.

2. |EEE, Analysis and Design of LLC Resonant Converter with Integrated Transformer

3. Texas Instruments, /UCC25661EVM-128, product page.

10 Turn Ratio Correction Factor for Integrated Transformer LLC Design SDAA419 — JUNE 2026

Submit Document Feedback
Copyright © 2026 Texas Instruments Incorporated


https://www.ti.com/lit/pdf/SSZTC48
https://ieeexplore.ieee.org/document/4195939
https://www.ti.com/tool/UCC25661EVM-128
https://www.ti.com
https://www.ti.com/lit/pdf/SDAA419
https://www.ti.com/feedbackform/techdocfeedback?litnum=SDAA419&partnum=

IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you fully
indemnify Tl and its representatives against any claims, damages, costs, losses, and liabilities arising out of your use of these resources.

TI's products are provided subject to TI's Terms of Sale, TI's General Quality Guidelines, or other applicable terms available either on
ti.com or provided in conjunction with such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable
warranties or warranty disclaimers for Tl products. Unless Tl explicitly designates a product as custom or customer-specified, TI products
are standard, catalog, general purpose devices.

Tl objects to and rejects any additional or different terms you may propose.

Copyright © 2026, Texas Instruments Incorporated
Last updated 10/2025


https://www.ti.com/legal/terms-conditions/terms-of-sale.html
https://www.ti.com/lit/pdf/SZZQ076
https://www.ti.com

	Table of Contents
	Trademarks
	1 Introduction
	2 Detailed Description
	2.1 LLC Design
	2.2 Model of Real Transformer
	2.3 Integrated Transformer in LLC and Correction Factor
	2.4 Real Design for Performance Confirmation

	3 Summary
	4 References

