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Abstract-This paper presents a high efficiency high power-

density LLC DC-DC converter for Electric Vehicles (EVs) on-
board low voltage DC-DC converter (LDC) application. In the 
proposed LDC, primary switches achieve ZVS turn-on and 
secondary synchronous rectifier switches achieve ZVS turn-on 
and ZCS turn-off. To reduce current stress and improve 
efficiency, three phase interleaved LLC DC-DC converters are 
paralleled to provide more than 200A load current. Switch-
Controlled Capacitor (SCC) technology is used to achieve the 
load current sharing of the three phase LLC DC-DC converter. 
In addition, GaN HEMTs are used in the transformer primary 
to improve the switching frequency and power-density. To 
verify the analysis, a 3.8kW(14V/270A) LLC DC-DC converter 
prototype is designed. The experimental results show that full 
load efficiency is 95.8% at 270A load current and 3kW/L 
power-density is achieved.  

I. Introduction 

Recently, Electric Vehicles (EVs) are attracting 
increased attention as they are more environmentally 
friendly and cheaper than fossil fuels vehicles [1]. As 
shown in Fig. 1, the battery system of EVs always consist 
of high voltage (HV) Li-Ion batteries (200V~450V) and 
low voltage (LV) Lead-acid batteries (9V~16V). In 
general, HV batteries are used for traction motor drives. 
LV batteries are used in the auxiliary power supply for 
lighting, audio/video systems, air conditioners, automatic 
seats, etc,. The HV battery is usually charged from the grid 
by the off-board charger or the on-board charger. The LV 
battery is usually charged from the HV battery by using a 

low-voltage DC-DC converter (LDC). In general, 
galvanically isolated DC-DC converters are required in 
LDC to ensure safety and achieve high step down voltage 
ratio (430V~9V). 

 
Fig. 1. Diagram of EV power train 

In [1], phase-shift full bridge converter is adopted in 
LDC, which is also used as the active filter (AF) circuit to 
mitigate the second-order harmonic current existing on the 
dc-link after the power factor correction (PFC) converter 
when HVB is charged and LVB is not charged. To 
guarantee ZVS of the primary switches in the phase-shift 
full bridge converter LDC, auxiliary inductors are used in 
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[2]-[4]. In [5], a built-in buck circuit is use in the LDC 
secondary to solve the induced voltage caused by the 
multi-winding high-frequency transformer. 

In [1]-[5], the phase-shift full bridge DC-DC converter 
is used for LDC. As load current is very high, a current-
doubler circuit is usually utilized in the transformer 
secondary to reduce current stress and improve efficiency 
[1]-[3]. However, compared to a phase-shift full bridge 
DC-DC converter, ZVS of primary switches and ZCS of 
secondary switches can be achieved easily in the LLC 
resonant converter [6]-[8].  

Along with increased electrical equipment  required in 
EVs, auxiliary power supplies with small package volume 
and greater than 2.5kW power rating are necessary. This 
means more than 200A output current should be provided 
in LDC with a higher power-density. Therefore, 
synchronous rectification (SR) is usually adopted to 
reduce transformer secondary conduction loss in LLC DC-
DC converter. Recently, wide bandgap devices (such as 
SiC or GaN) are used in switching power supplies to 
improve efficiency and power-density of the circuit. 

In this paper, a three-phase interleaved LLC DC-DC 
converter operating in parallelis designed for LDC to 
reduce transformer secondary current stress. Switch-
Controlled Capacitor (SCC) technology is used to achieve 
current sharing among the three LLC DC-DC converter 
phases [10]. In addition, GaN HEMTs are used in the 
primary side to reduce switching loss and conduction loss 
at high switching freqeuncy and to increase power-density 
of the LDC. Thus, high efficiency (95.8% at 270A full load, 
96.5% peak efficiency at 160A load current) and high 
power-density (3kW/L) are achieved at same time in the 
presented LDC for EVs. 

This paper is organized as following. Section II 
illustrates current sharing strategy. Section III gives 
parameters design. In addition, simulation analysis is 
presented in Section IV. Transformer design is given in 
Section V. Section VI and VII give experimental results 
and conclusion. 

II. Current Sharing Strategy 

Due to the tolerance of the resonant inductor and 
resonant capacitor values among three phase LLC 
converters, the current stress is the highest in the lowest 
impedance phase. When load current is large, the loss of 
the lowest impedance phase will be high. To solve this 

problem, SCC technology is used to achieve current 
sharing in the proposed LDC circuit.  

For example, in the first phase, capacitor Ca1 is 
paralleled with switches S1 and S2 as shown in Fig. 2. If 
switches S1 and S2 are turned on all the time, the resonant 
tank consists of resonant capacitor Cr1 and resonant 
inductor Lr1. If switches S1 and S2 are turned off all the time, 
capacitor Ca1 is in series with capacitor Cr1, and the 
equivalent resonant capacitor Cr,eq is smaller than Cr1. 
Therefore, the equivalent resonant capacitor can be 
controlled, as shown in (2). Thus, the error of three phase 
resonant parameter can be adjusted, and load current of 
three phase circuit is balanced by adjusting the conduction 
angle of SCC switches in the proposed LDC.  

As shown in Fig. 3, when current iSCC is positive, 
switch S2 is turned on, and when current iSCC is negative, 
switch S1 is turned on. It can be known from Fig. 3 that 
switches S1 and S2 can always achieve ZVS turn-on. The 
conduction phase angle α depends on the turn-on time and 
turn-off time of switches S1~S2. Similarly, S3~S6 also can 
achieve ZVS turn-on. 

 

Fig. 2. Switch-controlled capacitor (SCC) circuit  

 
Fig. 3. SCC control strategy 

The equivalent value of the switch-controlled-
capacitor can be calculated as  
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turns ratio of transformer. 

When three phase LLC converters are 
adopted with input-parallel output-parallel, 
the input voltage and output voltage are the 
same in three phase converters. From (3), 
load current can be sharing under same 
input output voltage gain by adjusting 
equivalent resonant capacitor Cr,eq in three 
phase converters. Thus, if we design three 
phase LLC DC-DC converter with input-
parallel output-parallel and 270A load 
current by using SCC technology, the 
resonant parameters design is similar with 
sing phase LLC DC-DC converter with 
90A load current. 

Based on the above analysis, a three-
phase interleaved LLC converter is 
designed in this paper. In the proposed converter with SCC 
technology, there are two advantages: 1) load current 
sharing is achieved among multi-phase converters. 2) wide 
input and output voltage range is realized with 0.5 duty 
cycle of primary switches, and ZVS of primary switches 
and SCC switches are achieved. 3) the switching 
frequency of the converter with 90A load current is higher 
than that of the converter with 270A load current, which 
benefits from small magnetics components and high 
power-density. 

III. Parameters Design 

In this LDC design, the load current is 270A. 
Consequently, the conduction loss of the transformer 
secondary is very high by using a single-phase converter; 
thus the efficiency of the circuit is decreased. The SR 
conduction loss of single-phase circuit is  

2
_ _ ( )

270
( ) .

2 2
SR loss single ds onP R

π×=              (4) 

If three LLC converters are connected in parallel to 
provide 270A load current by using SCC circuit, each LLC 
converter will provide 90A.  

 When two transformers are adopted in each LLC 

converter phase with input-series output-parallel, because 
the primary current of two transformers are the same and 
magnetizing current of two transformers are approximate, 
the secondary current of two transformers are the same. 
Therefore, 45A load current flows through each 
transformer. For a given SR Rdson at the same load current 
condition, total SR conduction loss of the three phases is  

2
_ _ ( )

45
( ) 6.

2 2
SR loss three ds onP R

π×= ×                  (5) 

 
Fig. 4. The proposed LDC circuit 
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From (4) and (5), the conduction loss of a single-phase 
circuit is 6 times greater than a three-phase circuit. To 
reduce the copper loss of magnetic components as well as 
conduction loss of the transformer secondary, the 
proposed LDC for EVs adopts three phase interleaved 
LLC DC-DC converters to improve efficiency of the 
circuit, as shown in Fig. 4. Moreover, two transformers 
with primary side connected in series and secondary side 
connected in parallel are used in each phase LLC DC-DC 
converter to reduce current stress of SRs. Switches Q1~Q12 
use GaN HEMTS, therefore high switching frequency and 
high power-density are achieved in the proposed LDC. 

Each phase of the LLC DC-DC converter considers 
90A load operation for resonant parameter design.  

To ensure the converter operates in the ZCS region of 
the SR, the resonant point (unity voltage gain) is selected 
based on the maximum input voltage and the minimum 
output voltage. The transformer turns ratio is determined 
by,  

_ _: :p s in max o minn N N V V= =                    (6) 

Where, Np is the primary turns and Ns is the secondary 
turns number. 

With 430V maximum input and 9V minimum output 
voltage, each transformer turns ratio should be 430V / 9V 
/ 2 = 23.8. However, as 9V is an odd point with less current 
requirement, the turns ratio is selected as 22:1:1 for each 
transformer. 

In the proposed LDC, wide input voltage (250V~430V) 
and output voltage (9V~16V) range are required. Because 
250V input and 16V output is maximum step-up voltage 
gain point, the resonant parameters are designed for this 
condition. In the studied case, load capacity is different at 
different input condition. For 320V to 430V, the converter 
is rated for full power, while for 250V to 320V input 
voltage, only 60% load current is required. 

As only 60% load current is needed at 250V input 
voltage, voltage gain should satisfy 
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Compared with 100kHz~200kHz resonant frequency in 
general LDC, the resonant frequency between Lr and Cr is 
selected close to 500kHz to reduce the volume of magnetic 
components and improve the power-density in this work. 
The selection of Lp is a tradeoff between the voltage gain 

(current capacity) and efficiency. A major barrier for high 
current LLC converter design is that Lp inductance should 
be controlled to be small to fulfill high voltage gain 
requirement. High circulation current will be induced 
when the Lp value is small and this high current can 
increase the conduction loss on primary side. However, 
since the primary current is very low as compared to the 
secondary, and GaN switches are used with superior low 
Rdson and switch loss. Therefore, the overall efficiency is 
not significantly sacrificed with a small Lp to cover the full 
range of gain requirement. 

In order to satisfy (7), Lr=25uH, Cr=3.4nF and Lp= 
125uH are selected in the proposed LDC. In this case, the 
diagram of the voltage gain is shown as Fig. 5.  

 
Fig. 5. Voltage gain of the proposed LDC 

As shown in Fig. 5, 2.82 times step-up voltage gain is 
realized under 60% load current, which verifies the 
correction of the proposed resonant parameters.  

IV. Simulation Analysis 

According to the designed parameters, a simulated 
circuit is established by using PSIM simulation software. 
The simulation results are shown in Figs. 6–8. 

  
(a) when Vin is 380V, Vout is 14V and load current is 10A 
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(b) when Vin is 380V, Vout is 14V and load current is 90A 

Fig. 6. ZVS of primary switches at light load and full load 

As shown in Fig. 6(a) and (b), ZVS turn-on of primary 
switches can be achieved at light load until full load wide 
load range, which reduces switching loss of primary 
switches and improves efficiency. 

  
Fig. 7. Waveform of capacitor voltage vCa1, vCa2, vCa3 and resonant 

inductor current iLr1, iLr2, iLr3  

 

Fig. 8. Waveform of SCC circuit 

In the simulated LDC circuit, parameter tolerances are 
predefined in each of the three-phases to verify the current 
sharing in the worst case. The first phase parameters are 
1.05Lr, 1.03Lp, 1.05Cr; the second phase parameters are Lr, 
Lp, Cr; and the third phase parameters are 0.95Lr, 0.97Lp, 

0.95Cr. As shown in Fig. 7, when Vin is 380V, Vout is 14V 
and 270A load current, by adjusting different α degree in 
SCC circuit, three phase resonant currents iLr1, iLr2 and iLr3 
are 3.86A, 3.84A, and 3.82A respectively, which are very 
balanced among three phase circuits. 

As shown in Fig. 8, switches S1 and S2 in SCC circuit 
achieve ZVS turn-on and turn-off, thus there is only 
conduction loss in SCC circuit, which has a very small 
effect on the efficiency of the LDC compared with the 
converter without SCC circuit. 

V. Transformer Design  

Since a considerable loss factor of the magnetic 
components is  the high current stress on the transformer 
secondary winding, transformer design is an important 
consideration.  

With the high operating frequency, the skin depth δ is 
very small, which will introduce high AC resistance into 
the winding with thick foil. The skin depth δ is 0.12mm at 
300kHz frequency, so a three-layer laminated 0.25mm 
copper foil is used instead of a 0.75mm single layer thick 
copper foil as the secondary winding. 

To reduce core loss of transformer, small maximum 
delta flex density ∆Bmax is required. PQ3535 core and 
3C97 material is adopted in the transformer. Litz wire is 
used to implement the magnetics to reduce the AC losses 
caused by skin effect and proximity effect. The primary 
winding is achieved using 22 turns of 2 layers of litz wire 
with 650 strands, and 1.8mm outside diameter 
(NELC650/44SN). The secondary windings are created 
using a three-layer 20mm × 0.25mm copper foil. 

The maximum flex density of the transformer Bmax is  

6

max 6
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The Lr is realized using 15 turns of 3 layers of litz wire 
with 650 strands, and1.8mm outside diameter 
(NELC650/44SN). The Lp is realized using 44 turns of 4 
layers of litz wire with 1100 strands, and 1.5mm outside 
diameter (NELC1100/48SN). The core size and material 
of all the magnetics are shown in Table. I.  

TABLE I: CORE SIZE AND MATERIAL OF MAGNETICS  

Inductor Lr Inductor Lp Transformer 

Core Size Material Core Size Material Core Size Material 

PQ32/20 3C97 PQ35/35 3C97 PQ35/35 3C97 

Fig. 9 shows the diagram of the primary side and 
secondary side of the transformer. 
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(a) primary side 

 
(b) secondary side 

Fig. 9. Diagram of the transformer  

VI. Experimental Results  

To verify the analysis, a 14V/270A (3.8kW) prototype 
is designed and tested. The series resonant inductor Lr is 
25μH, the parallel resonant inductor Lp is 125μH, the 
resonant capacitor Cr is 3.3nF, the SCC capacitor is 15nF 
and the transformer turns ratio is np:ns1:ns2=22:1:1. Fig. 10 
shows the prototype of the proposed LDC, length, width 
and height of the prototype are 18.5cm, 13.5cm and 4.8cm, 
respectively, and 3kW/L power density is achieved. 

     
        Fig. 10. Photo of the proposed LDC for EVs 

Fig. 11 shows the experimental platform of the 
proposed LDC for EVs. DC supply Xantrex XDC600-20 
is used to provide input power for the prototype, and three 
electronics loads in parallel are adopted to provide 270A 
load current. 

 
Fig. 11. Experimental platform  

 

Fig. 12. ZVS turn-on of primary switches Q2 at Vin=380V, Vout=14V and 
10A load current 

 
(a) resonant currents iLr1, iLr2, iLr3  
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(b) voltages across capacitor Ca1, Ca2 and Ca3 

Fig. 13. Current sharing of the proposed LDC for EVs 

 

Fig. 14. SCC circuit waveforms of the proposed LDC 

By properly designing the Lp value and adopting GaN 
HEMTs in primary, ZVS turn-on of primary switches can 
be achieved under light load. Fig. 12 shows ZVS turn-on 
of primary switches Q2 at Vin=380V, Vout=14V and 10A 
load current. 

As shown in Fig. 13(a), three phase circuits are 
interleaved with 60° phase difference. Although there is 
tolerance among the three phase magnetic components, the 
resonant currents of the LDC are balanced well by 

adjusting the conduction phase angle of the SCC when the 
input voltage is 380V and the output voltage is 14V at 
270A load current. The switching frequency is 305kHz 
and peak current of resonant current iLr1, iLr2, iLr3 are 6A, 
which is corresponding with the simulation results. As 
shown in Fig. 13(b), the voltage stress of the switches in 
three phase SCC are low with peak value of around 75V. 

Fig. 14 shows SCC circuit waveforms of the proposed 
LDC. From waveforms of VCa1, Vgs,S1, iSCC1, ZVS turn-on 
of switch S1 is achieved, which verifies the analysis and 
simulation results.  

Fig. 15 shows the efficiency of the proposed LDC. 
When the input voltage is 380V and output voltage is 14V, 
95.8% efficiency is achieved at 270A load current, and 
peak efficiency is 96.5% at 160A load current.  

Table II compares the LDC reported in literatures with 
the LDC developed in this work. In [1]-[5], the phase-shift 
full bridge DC-DC converter is adopted for LDC, it is 
difficult to achieve ZVS of switches at wide load range. 
[6]-[7] adopts single phase LLC DC-DC converter for 
LDC, high secondary current causes large loss when the 
converter operates at heavy load, thus low switching 
frequency can be used, and the power-density of the 
prototype is not high.  

The proposed LDC adopts three phase LLC DC-DC 
converter, reduces current stress on switches, and high 
switching frequency is adopted, which achieves high 
efficiency and 3kW/L high power-density. 3.8kW high 
output power and wide input (250V~430V) and output 
(9V~16V) voltage range is realized, and only 1.5kg light 
weight is achieved in the proposed LDC, which improves 
the performance of LCD for EVs significantly. 

 
Fig. 15. Measured efficiency 
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TABLE II: COMPARASION BETWEEN THE PROPOSED LDC AND OTHERS LDC  

Reference Topology 
Specification of the Converter 

Input voltage Output voltage power 
Peak 

efficiency 
Full-load 
efficiency 

Power 
density 

Switching 
frequency 

[1] 
Phase-shift full 

bridge converter 
200V~400V 12V 1.2kW 95.5% 90% 0.5kW/L 100kHz 

[2] 
Phase-shift full 

bridge converter 
300V 12V 2kW 94% 93.2% - 227kHz~297kHz 

[3] 
Phase-shift full 

bridge converter 
235V~431V 11.5V~15V 2kW 93.5% 93% 0.94kW/L 200kHz 

[4] 
Phase-shift full 

bridge converter 
300V~400V 12V~16V 0.72kW 93.5% 90% - 100kHz 

[5] 
Phase-shift full 

bridge converter 
250V~400V 13V~15V 1kW 93% 92% - 100kHz 

[6] LLC converter 220V~450V 6.5V~16V 2.5kW 93.2% 92% 1.17kW/L 90kHz~200kHz 

[7] LLC converter 260V~430V 12.5V~14.5V 1.9kW 93% 91% 1.02kW/L 65kHz~150kHz 

[8] LLC converter 330V~410V 14V 2.5kW 95% 93% 1kW/L 250kHz 

[9] 
Two-stage 
converters 

200V~400V 12V 2kW 95.9% 94.2% - 100kHz~133kHz 

The proposed 
LDC 

SCC-LLC converter 250V~430V 9V~16V 3.8kW 96.5% 95.8% 3kW/L 260kHz~400kHz 

VII. Conclusion  

To reduce the conduction loss for low voltage high 
current application, a three-phase interleaved LLC DC-DC 
converter with SCC is designed for EV LDC in this paper. 
In the proposed LDC, GaN HEMTs are used in the 
transformer primary allowing for the switching frequency 
to be increased while the circuit volume is reduced. 
250V~430V input and 9V~16V output wide voltage range, 
14V 270A high load current is realized in the proposed 
LDC. ZVS turn-on of the primary switches and secondary 
SRs as well as the SCC switches is achieved. ZCS turn-off 
of secondary SRs is also realized. By adjusting the 
conduction phase angle of SCC, three phase resonant 
currents are balanced. The proposed LDC achieves an 
efficiency of 95.8% at 270A load current and a peak 
efficiency of 96.5% with a 3kW/L power-density and 1.5kg 
light weight, which has the best performance at the same 
specification products for EVs. 
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