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Fig. 16 Transformer minimum loss vs. footprint under different PV. 

The input of three-phase LLC converter, is normally 
regulated by the front-end power factor correction (PFC) to be 
400V; therefore, the three-phase LLC converter needs to 
regulate VO over a wide range, normally, from 40 V to 60 V, 
which corresponding to an input-to-output gain range of 0.8 to 
1.2 as shown in Fig. 17(a). The 48V batteries normally have a 
nominal voltage of around 53.5V; in order to make three-phase 
LLC converter have a reduced gain range and operate at unit 
gain point for nominal VO, the input of three-phase LLC 
converter can be regulated to have a range of 400V to 440V by 
controlling the output of PFC, as shown in Fig. 17(b). By doing 
that 600 V or 650 V devices can still be used for the PFC stage 
and the primary side of the DC-DC stage. 

           

(a)   (b) 

Fig. 17 Output-to-input gain of three-phase LLC converter. (a) Fixed VIN of 
400V. (b) Variable VIN of 400V to 440V. 

Base on gain range requirement, the parameters of LLC 
converter can be designed following the methodology in [3]. 
The Lm is selected to be 25uH and Lr is selected to be 2.5uH. 
Wide fS range at light load condition can be solved with burst 
mode [34]. Since the transformer width b and winding width c 
are determined from transformer optimization, those two 
variables are already determined for inductor part. Then the 
inductor can be optimized with different core leg length ai. 2D 
finite element analysis (FEA) is employed to get the inductor 
winding loss for given winding width c. And core loss is 
derived based on equation (2). The total footprint is calculated 
based on total width b, winding width c, and core leg length ai. 
Then the inductor loss vs. footprint can be plotted as shown in 
Fig. 18. 

 

Fig. 18 Inductor Loss vs. footprint. 

The flowchart for the optimization process of proposed 
magnetic structure is shown in Fig. 19. Based on the proposed 
integrated magnetic structure and design methodology, a 3kW 
three-phase interleaved LLC converter is designed, and the 
specifications are shown in TABLE III. The primary side uses 
600V GaN devices PGA26E07BA from Panasonic, and the 
secondary side uses 80V GaN devices EPC2029 from EPC. 

 
Fig. 19 Flowchart for whole optimization process. 

TABLE III 
Specifications of the Proposed Three-phase LLC Converter 

Component Parameters 
Resonant Frequency 1MHz 

Dead Time 60ns 
Transformer turns ratio 4:1 

Primary devices PGA26E07BA 
Secondary devices EPC2029 

Primary Driver Si8273GBD 
Secondary Drivers LM5113 
Resonant Capacitor 3nF 
Resonant Inductance 2.5uH 

Magnetizing Inductance 25uH 

To verify the design, 3D FEA simulation is employed to 
show the current distribution in windings. The current 
distribution on top surface and bottom surface of each winding 
layer is shown in Fig. 20, and the total winding loss of each 
layer is shown in TABLE IV. It is worth noting that the air gap 
of both transformer part and inductor part is close to Layer 6, so 
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Layer 6 has larger winding loss compared to Layer 1, and Layer 
4 has larger winding loss compared to Layer 3. 

TABLE IV 
Winding and Termination Losses 

Component Loss 
Winding Layer 1 (Secondary) 1.3W 
Winding Layer 2 (Shielding) 0.2W 

Winding Layer 3 (Primary + inductor) 1.8W 
Winding Layer 4 (Primary + inductor) 2.8W 

Winding Layer 5 (Shielding) 0.2W 
Winding Layer 6 (Secondary) 1.5W 

Primary Termination 0.3W 
Secondary Termination 1.1W 
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Fig. 20 3D FEA simulation of current distribution on surfaces of different 
winding layers. (a) Top surface. (b) Bottom surface. 

V. EXPERIMENTAL RESULTS 

3kW 400V/48V LLC converter prototype operating at 
1MHz is shown in Fig. 21, which has achieved a power density 
of 600W/inch3 (37kW/L). It has a length of around 71mm, a 
width of around 55mm, and a height of less than 17.7mm.  

     
(a)    (b) 

Fig. 21 1MHz 3kW 400V/48V LLC converter prototype. (a) Prototype Without 
top magnetic plate. (b) Fully-assembled prototype. 

The experimental waveforms of drain-source voltage for 
primary low-side switch of phase B Vds_Q2B, drain-source 
voltage for one SR of phase B Vds_SR2B, resonant current for 
three phases iLr_A, iLr_B, iLr_C, under full-load and light-load 

(20% load) conditions are shown in Fig. 22. Here, it shows the 
inherent benefit of LLC converter that it can achieve ZVS for 
both primary and secondary switches all load conditions. The 
resonant current of three phases have almost identical shape. 
The efficiency of the proposed three-phase interleaved LLC 
converter is shown in Fig. 23. The proposed LLC converter has 
a peak efficiency of 97.7%, a full-load efficiency of 97.2% and 
a light-load (10% load) efficiency of 93.0%.   

 

(a) 
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Fig. 22 Experimental waveforms at resonant frequency. (a) Full-load. (b) Light-
load (20% load). 

 

Fig. 23 Measured efficiency for 53.5V output at fO. 

The experimental waveforms of fS = 0.8MHz and fS = 
1.6MHz under full-load condition are shown in Fig. 24. It 
shows that ZVS for both primary and secondary switches can 
be achieved and the resonant current between three phases are 
well balanced under different operating conditions. The 
efficiency and fS for the whole VO range under full-load 
condition are shown in Fig. 25.  








