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Abstract— The interleaving and phase shedding techniques 
on LLC resonant converters will increase the load capacity, 
reduce the output current ripple and improve the efficiency. 
However, conventional frequency-controlled LLCs will lose 
regulation in individual phases if all phases are synchronized 
for interleaving, causing current imbalance. Existing load-
sharing solutions for multiphase LLCs cannot achieve 
voltage regulation, phase shedding, and expandable load 
capacity all at the same time. In this paper, a switch-
controlled capacitor (SCC) modulated LLC converter (SCC-
LLC) is presented for multiphase paralleling. It features 
constant switching frequency, which results in a simple 
structure for paralleling and the ability for phase shedding 
to improve light-load efficiency. In the proposed structure, a 
SCC unit is used in each individual LLC stage to regulate 
the output gain, thereby inherently solves the conflict 
between the interleaving and the load sharing. 

I. INTRODUCTION 
The LLC resonant converter has been found 

advantageous in front-end DC/DC conversions [1-4]. It is 
adopted in many applications such as flat-panel TVs, 
laptop adapters, and servers, etc. The main advantages of 
LLC resonant converters include primary-side zero-
voltage switching (ZVS), secondary-side zero-current 
switching (ZCS), narrow frequency variation range, 
integrated magnetic components, and so on.  

In order to further improve the efficiency and the load 
capacity of LLC converters, the interleaving technique 
must be used for the following reasons:  

1. The load capacity is limited by the trade-offs of the 
resonant tank design. Higher output gain can be reached at 
the expense of increased circulating energy, resulting in 
lower efficiency[4]. The interleaving technique will solve 
this problem by adding parallel LLC stages to multiply the 
load capacity, while each stage remains the optimized 
design.  

2. In high-current applications, the transformer 
becomes a major source of power loss because of the eddy 
current and the associated effects (AC loss) and the copper 
resistance of the transformer windings (DC loss). By 
splitting the current with multiple phases, both AC and DC 
losses can be mitigated.  

3. The discontinuous nature of the output current 
imposes high RMS current on the output capacitors. 
Interleaving the paralleled LLC stages will cancel the 

current ripple and therefore reduce the required capacitor 
size and also lower the power loss on ESR. 

4. The phase shedding technique has been successfully 
used in multiphase point-of-load converters to improve 
light-load efficiency. Multiphase LLC converters can also 
take advantage of this technique to obtain a relatively flat 
load-efficiency curve.  

Among the efforts to parallel conventional frequency-
controlled LLCs, load sharing is the key problem. This is 
because all the stages must operate at the same switching 
frequency for current ripple cancellation, whereas due to 
the components’ tolerances, individual LLC stages may 
have different resonant frequencies, resulting in unequal 
output gains. For example, the commonly seen ±10% 
tolerances of resonant capacitors can cause drastic current 
imbalance [5]. 

Previous studies on multiphase LLCs provided several 
load-sharing solutions but all had limitations. The work in 
[6] revealed that a hot-plugged LLC stage automatically 
shares the load current within a few switching cycles, 
proving that phase shedding in multiphase LLCs is easy to 
achieve. Nevertheless the paper did not address the current 
imbalance problem due to the component tolerances. The 
work in [7] dealt with the aforementioned load sharing 
problem by tracking the switching frequency point at 
which current balance is reached between the two non-
identical LLC stages. However it then loses the freedom 
for voltage regulation and therefore needs an additional 
power stage to control the output voltage, which degrades 
the efficiency. And also, this solution cannot work for 
more than two paralleled LLC stages. The work in [8] 
proposed a series-input structure that automatically 
achieves load sharing between two non-identical LLC 
stages. However the input voltage is divided by the two 
phases, so for the same output power, the total primary 
current will double; thus in each phase, the primary current 
remains approximately the same as the single-phase LLC. 
Therefore, the resonant tank design trade-offs still limits 
the load capacity. Further, phase shedding in this 
configuration is difficult, which is deemed an important 
feature for improving light-load efficiency. Similarly, the 
Y-LLC proposed in [5] also has difficulties realizing phase 
shedding.  

In this paper, a switch-controlled capacitor (SCC) [9] is 
used to regulate each LLC stage (SCC-LLC), thus the 
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resonant frequency becomes the control vari
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the design procedure of SCC-LLC, and Sec
the experimental results of a 600W prototyp
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further improved in this paper to prevent 
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The structure of SCC is shown in Fig. 1, 
of two drain-to-drain connected MOSFETs, 
a parallel capacitor, Ca. The charge of Ca ca
by S1 and S2 therefore the equivalent capa
modulated. The operation waveforms are in
described as follows.  

When a sinusoidal current, IAB, is appli
unit, the current zero-crossing points are at 
…etc. For a positive half-cycle where the
from A to B, the gating signal of S1 is synch
(n∈N), and turns off S1 at angle 2nπ+α, w

 
Figure 1 Structure of SCC. 

Figure 2 Waveforms of SCC. 
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Similarly, the peak gain required for the minimum 
input voltage scenario is: 
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The next step is to determine the parallel inductance, 
Lp, which can be implemented using the magnetizing 
inductance of the transformer. There are two constraints 
for the design of Lp: full-load ZVS condition and the peak 
gain requirement. Usually the peak gain requirement is 
more restrictive, but for applications that require a low 
peak gain, the full-load ZVS condition can be dominant. 
The designer must calculate Lp for both constraints, and 
select the value that can fulfill both.  

The derivation for the full-load ZVS constraint is as 
follows: Let IZVS be the magnetizing current at the 
switching point and ωFL be the resonant frequency at full 
load. Assuming the magnetizing current rises from -IZVS to 
IZVS linearly within the resonance time π/ωFL, and remains 
approximately unchanged until the switching point, we can 
get: 
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At nominal input voltage, IZVS must be sufficient to 
charge and discharge the MOSFET junction capacitance Cj 
within the dead time td, thus: 
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Combine (4) and (5) and get: 
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Equation (6) defines the required Lp for the full-load 
ZVS condition. The ωFL will be calculated later in this 
section. 

The derivation for the peak gain constraint is as 
follows: Use Fundamental Harmonic Approximation 
(FHA) approach, starting from basic LLC equations in [2] 
but derived in a different way, and get the gain expression 
of the LLC resonant tank, in (7): 
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where K is the inductance ratio, Lp/Lr; RL is the load 
resistance, and ωi is the resonant frequency normalized at 
the switching frequency, ωr/ωs. The notation “i” stands for 
inverse normalization as oppose to that in variable 
switching frequency LLC analysis where switching 
frequency often be normalized at the resonant frequency. 
Q is the factor defined in (8), where Rac is the load 
resistance reflected to the primary side. 
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The denominator in (9) is a parabolic function; 
therefore the peak gain, Mpk, can be solved in (10). 

Equation (10) reveals that the peak gain of the SCC-
LLC is determined by Q and is independent from K. Recall 
(8), since the switching frequency ωs, the transformer turns 

Figure 3 Topology of the proposed SCC-LLC. 
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where ωiPK is the normalized resonant frequ
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Figure 4 Gain plot, varying K. 

Figure 5 Gain plot, varying Q. 
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Then the peak capacitor voltage can be estimated using 
(16). Plug in Ei=Ei.nom, ωi=ωiFL and Ei=Ei.min, ωi=ωiPK to 
calculate the peak resonant capacitor voltage, respectively, 
as both cases can be the worst case. 
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It is found that K=5~7 is a reasonable trade-off. 
Smaller K value can only slightly reduce the secondary 
RMS current at the expense of significantly increased 
resonant capacitor voltage, which results in high on-
resistance MOSFET to be used in the SCC unit.  

The last step is to check the full-load ZVS constraint: 
convert the full-load resonant frequency ωiFL obtained 
from (15) into the absolute resonant frequency ωFL, and 
then substitute into (16) to get the Lp value that fulfills the 
full-load ZVS constraint. Compare the Lp values obtained 
from (6) and the one from (12), and choose the smaller Lp 
value which will fulfill both constraints. Once Lp and K are 
chosen, Lr is determined at the same time. 

Note that the equations derived from FHA are less 
accurate when the resonant frequency is further deviated 
from the switching frequency, because the resonant current 
is no longer sinusoidal. As a result, the Lp calculated from 
(12) tend to provide a higher peak gain than needed, hence 
the actual peak resonant frequency and the peak resonant 
capacitor voltage will be lower than those calculated from 
(11) and (16). This inaccuracy results in a tendency of 
over-design, but nevertheless provides some useful 
margins to take into account the component tolerances.  

B. SCC Design 
The SCC unit is connected in series with a series 

capacitor, Cs, in order to modulate the resonant capacitance 
Cr. The SCC equivalent capacitance, CSC, is given in (1). 
The total equivalent resonant capacitance, Cr, can be 
calculated using (17).  
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By substituting (17) into (7), the SCC-LLC’s gain 
expression as a function of the control angle α is derived in 
(18). 
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The first step in SCC design is to determine the 
objective minimum and maximum equivalent capacitance. 
The minimum equivalent capacitance is determined by the 
resonant frequency at which the peak gain is achieved: 

 ( ) riPKs
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L
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1
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=  (19) 

The maximum equivalent capacitance is determined by 
the resonant frequency at which the burst mode will be 
triggered. The burst-mode resonant frequency can be 
calculated in (20). 
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Then the maximum equivalent capacitance can be 
calculated in (21). 

 ( ) rburstis
r L

C 2
,

max,
1

ωω
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The next step is to determine the maximum and the 
minimum control angle of the SCC. Theoretically, the 
angle α is from 0.5π to π. However, in order to ensure the 
reliability of the driving scheme, it is better to make αmax 
slightly below π and make αmin slightly above 0.5π.  

A plot of the control angle α versus the equivalent 
resonant capacitance Cr that is described in (17) is 
illustrated in Fig. 6, in which the Cr curve becomes flat 
when α is beyond 0.9π. This characteristic holds true for 
most reasonably designed Cs and Ca values. Because the 
flat α versus Cr curve indicates a reduction of the loop 
gain, it is suggested to place αmax below 0.9π in order to 
ensure the dynamic performance. 

The last step of SCC design is to solve for Cs and Ca. 
By substituting two sets of values, Cr,max, αmax and Cr,min, 
αmin, into (17), respectively, Cs and Ca can be solved, in 
(22) and (23). 

Finally, an example of the SCC control angle versus 
the SCC-LLC gain is plotted in Fig. 7 using (18).  

It is desired to have the peak SCC voltage less than 
100V due to the fact that the MOSFETs rated below 100V 
have significantly lower Rds(on) than those above 100V. The 
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maximum Ca voltage occurs at α=0.5π in w
always connected in series with Cs; ther
voltage is estimated by Ca and Cs proportio
the peak Cr voltage that is calculated in (16),

Figure 6 SCC Control Angle VS. Equivalent Resona

Figure 7 SCC Control Angle VS. SCC-LLC
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IV. EXPERIMENTA

A 600W two-phase inte
implemented to verify the effect
method. The diagram of the proto
and the parameters are in Table 1.
Table 1 Prototype parameters 

Switching frequency 200kH
Input Voltage 400V
Output Voltage 12V 
Output Power 300W
Transformer Turns Ratio 20:1, 
Magnetizing Inductance 87μH
Resonant Inductance 12μH
Series Capacitance 36nF±
SCC Capacitance 30nF±
Output Capacitance 1790μ
Half-bridge MOSFET Infine
SCC MOSFET Infine
SR MOSFET Infine

 
ant Capacitance.

 
C Gain.

e 8 The implemented two-phase interleaved SCC-LLC. 
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AL RESULTS 
erleaved SCC-LLC is 
tiveness of the proposed 
otype is shown in Fig. 8, 
 

Hz 
V nominal/300V minimum 

W × 2 
Center tapped 

H(Phase1)   85μH(Phase2) 
H(Phase1)   14μH(Phase2) 

±5% 
±3% 
μF (100μF× 8, 330μF× 3) 
eon IPB60R190C6 
eon BSC060N10NS3 G 
eon BSC011N03LS 
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The resonant inductors of the two phases are utilizing 
the transformers’ leakage and are intentionally made non-
identical in order to test the proposed method. The 
resonant capacitors also have tolerances. Phase 2 (lower) 
has 90˚ phase shift with respect to Phase 1 (upper).  

A Microchip DSC dsPIC33FJ32GS606 is used to 
implement the digital controller. The SCC PWM is 
synchronized with the primary current zero-crossing points 
using the External PWM Reset (XPRES) function, which 
allows current transformers to send a signal to reset the 
PWM every time when the current crosses zero.  

The load sensing circuitry is adopted from [10]. A slow 
load sharing loop is implemented digitally. 

Fig. 9 and Fig. 10 demonstrate the effectiveness of 
SCC modulation. Vca is the voltage of Ca; Vgs_S1 is the 
gating signal of S1; Vgs_S2 is the gating signal of S2; Ipri is 
the primary current. Fig. 9 shows the 20A output current 
scenario; the control angle α is 131˚. Fig. 10 shows the 
10A output current scenario; the control angle α is 136˚. 

Fig. 11 and Fig. 12 show the effectiveness of the 
current ripple cancellation and the load sharing. Vo,p-p is 
the output ripple voltage, AC coupled; Ipri is the primary 
current of a single-phase LLC; Ipri_ph1 is the primary 
current of Phase 1; Ipri_ph2 is the primary current of Phase 2. 
Both Fig. 11 and Fig. 12 show 50A output current 
scenario. Fig. 11 shows a comparable 600W single-phase 
LLC converter, with identical output capacitance that is 
used in the prototype SCC-LLC. The output voltage ripple 
is measured 500mV peak to peak. Fig. 12 shows the 
proposed two-phase interleaved SCC-LLC converter. The 
output voltage ripple is reduced to 180mV peak to peak. 
The ripple cancellation can perform even better if external 
resonant inductors are used, which will make the resonant 
inductance of the two half-switching cycles better 
symmetrical. Fig. 12 also proves that the output current of 
the two phases are very well balanced. 

Fig. 13 shows the efficiency curves of the two-phase 
interleaved SCC-LLC with and without phase shedding. It 
is shown that the heavy load efficiency approaches 96%; 
and with phase shedding, the efficiency at 5A load is 
improved from 81% to 90%.  

Fig. 14 shows a photo of the prototype board. 

V. CONCLUSION 
In this paper, an interleaved SCC-LLC resonant 

converter is proposed to expand load capacity, reduce 
output current ripple, and improve light-load efficiency 
with phase shedding. It solves the load sharing problem by 
using SCC (switch-controlled capacitor) to modulate the 
voltage gain of individual LLC stages while all LLC stages 
are operating at a constant switching frequency. Detailed 
analysis and design procedure are presented in this paper. 
The two-phase 600W prototype proves the feasibility of 
the proposed method, and shows good load sharing 
performance and light-load efficiency improvements.  

Figure 9 SCC operation, Io=20A, α=131˚. 

 

Figure 10 SCC operation, Io=10A, α=136˚. 

 

Figure 11 Output voltage ripple, Io=50A, single phase LLC. 

 

Figure 12 Output voltage ripple, Io=50A, two-phase interleaved SCC-LLC. 
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Vgs_S2, 10V/div 

Ipri, 2A/div

Ipri, 5A/div

Vo,p-p, 100mV/div

500mVp-p 

Vo,p-p, 100mV/div

Ipri_Ph1, 2A/div 

Ipri_Ph2, 2A/div

180mVp-p 

3547



Figure 13 Efficiency comparison. 
 

 

Figure 14 Prototype photo. 
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