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Abstract

In order to reduce input and output current ripple, improve power density, and minimize switching
losses, LLC resonant converters often employ multi-phase interleaved parallel structures. However,
due to inherent manufacturing tolerances, parameters of various components (mainly inductors
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and capacitors) inevitably deviate, which in multi-phase interleaved LLC resonant converters lead
to inconsistent voltage gain across phases, resulting in current imbalance. To address this issue, this
paper conducts research based on a three-phase interleaved LLC resonant converter. A current
sharing module based on adjustable capacitors is proposed. Without increasing the control com-
plexity or the coupling between modules, a control strategy that combines feed-forward control and
discrete PID control is employed. This strategy precisely controls the adjustable capacitor module
to perform tolerance compensation on the resonant circuit. As a result, the balanced distribution of
the primary side current in each phase of the LLC circuit and the load current is successfully
achieved. The proposed control strategy is not only simple but also well maintains the inherent soft-
switching characteristics of the LLC resonant converter.
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Bl Tl A X B /N L B A T i 7 SR BT, R SR AE = L YR (Switch Mode Power Supply, SMPS)
TE49 A TS B V2 o 4R, DLER . MR R ARG TP A PRk ma S A4 o 1) 1 i
A B AE T F I Th 2 AR e B AR P A W P 2 BRI D[] TEFT A AN FIE IR AR+, LLC
TR 2 AH LU LA R PR AR S 28 A S 2 (A e B PT AR 08 PO N U R BB AT Bl Y, AR (A
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FHEEIE A S, TSRS AR SCER[T]HE PR REEE BISTR T ,  Ke A VS R R BT A R
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DOI: 10.12677/m0s.2025.144295 379 R

m


https://doi.org/10.12677/mos.2025.144295
http://creativecommons.org/licenses/by/4.0/

R, BRA

— B T ST AL SCHR[L014% tH — b e 7 A [T BORH 55 1 2R 6 46 BT B 1) PRSP B, AR R TE 1S iR AR
o2k — U (P VR (BT P FEIEAT R B, SEIMPIAR LA . RO VAR A RAF SR, HEEHR
A FERUIC,

FT BRI, AR CKFE=ARSEHT LLC IR e ds T 7T, 42 tH— P T mT i L 2 (R 38
P, TEABG IR ) 52 A FE AN SR PORE & AT T, SRS GArisH sl i S B PID &, FEuER I mT
LA ARG VS IR L B AT 2 22 A M2, TSI LLC S AH H B — IR FEL -5 97 3R IR R 3 1 43 i« AR ST
W N 3 5 O R Th A SRR I r A g, SO i e B LLC 4549 5 =AHACHY LLC S5t iET
PG, s — kA i B2 (First Harmonic Approximation, FHA) it =288 LLC 154R28 #8824k,
SRJG S W VIR O 2 B0 I 2255 22 AR AR B 2R 3 RO 52 0], I 48 m ) P A AR ) S5 R B, 45
N ] L2 B JE  FEL AR TR s dR S AE PSIM 45 B3 A 38 419 ¥ A Rk

2. ZHEAHE LLC &gt
2.1 B LLC M5 =13 LLC Stk
FAFH LLC AR g E SR B - BRSSO, HEMwE 1 fR.

AR
| S
i

Bt Bt

Figure 1. Schematic diagram of single-phase single-transformer LLC converter structure
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Figure 2. Schematic diagram of the structure of a single-phase dual-transformer LLC converter
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Figure 3. Schematic diagram of the structure of the three-phase six-transformer LLC converter
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Table 1. Comparison of rms current, conduction loss, and copper loss for three different topologies
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Table 2. Specifications for high-power electric vehicles
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Table 3. The final parameters of the single-phase converter

*® 3 BETHRENRESY

IEHRANE (F) HAHBRAR L (n) IR IR (L) PR (Cr) A LB (L)
200 kHz 10 45.6 uH 13.9 nF 228 uH

PR G 2 1) A8 SO PR S AN LT 2 B, i R R T B R LA AN N R A e K
JEAL, BIAR IR RET 240 V H 20V, BT 1A 8K HE 8 2 an 2(5) i«

M. < 2xNXV, o _ 2x20x20 V
' V, 240 V

LA R INE) 360 V, it HLE N 20 VIR, BT AR U I 2 TE S =(6) s«

C2xnxVy e 2x20x20 V
2 V. 360 V

in_max

BN RE 360 V N 16 V Hi B E . FEIZ ST N BT B O R R 25 i B (7)) B s
_2xnxV, 2x20x16V

M, = =1.77 7
v 360 V @

PrEit (=40 LLC $ee s i L 8 2 B2 U P 4 s, 13 =R AN IR 0 T ) Pl o 8 2 VR ATV
FE FHEATI . eAh,  AAHE 2 s 2k rh s B R P I 38 2 BT IS ) e /N — AR Oy 0,44, ISR
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DOI: 10.12677/mo0s.2025.144295 383 5 1 A


https://doi.org/10.12677/mos.2025.144295

R, BRA

ZEN-5%, A HT L Coy Ly, D ZE X H BRI S

4.0
Vin=240V, Vout=20V
Vin=360V, Vout=20V
35 Vin=360V, Vout=16V
3.0 1
] 2R X
gt | AHK e
2 \
é (0.53, 1.77)
o0
515 AN
1. 0
05 TR X
0.0 T v r
0.2 0.4 1.0 1.2

0.8
fn (fs/fr)

Figure 4. Voltage gain curve of a single-phase LLC converter
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Figure 5. Voltage gain curves of resonant inductors L at different times
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Figure 6. Voltage gain curves of resonant capacitors Cr at different times
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Figure 7. Voltage gain curves of the excitation inductor Ln at different times
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Figure 8. The output current of each phase and the current on Lr when the input voltage is 300 V, the output voltage is 16 V,
the switching frequency is 150 kHz, and there is a tolerance
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Figure 9. Structure diagram of adjustable capacitor module
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Figure 10. Adjustable capacitor module operating waveform
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Pt 2 K, K, K,
P fz5iil 0.5K,

PI 4%l 0.45K, 12K, /T, -
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Figure 12. PSIM simulation schematic
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Figure 13. The output current of each phase and the current on Lr when a current sharing module is added
with a tolerance of 300 V, 16 V, 150 kHz

13. MIAYIRAESR 300V, 16V, 150 kHz BEHESER & EAHIE BRI L ERVESR

DOI: 10.12677/mos.2025.144295

390

MRS R


https://doi.org/10.12677/mos.2025.144295

R, BRI

(a) 360 V N\ HAF(EAR 2

(b) 240 V g N HAFTER %

(c) 360 V i N\ HAZ NPT R A A

DOI: 10.12677/mo0s.2025.144295 391 5 1 A


https://doi.org/10.12677/mos.2025.144295

i,

133,333

100

56,6667

33,3333

[}

(d) 240 V Fr N\ L N T L AR
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