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Mixed Resonant Frequency Control Improving Light-Load Efficiency of
Full-Bridge LLC Converter

Jong-Woo Kim

Abstract—This letter introduces a mixed resonant frequency
control improving the light-load efficiency of a full-bridge LLC con-
verter. The proposed control significantly decreases the switching
frequency under light-load condition, by inserting the subresonant
freewheeling period caused by the magnetizing inductor of the
transformer. By doing so, the operation of LLC converter becomes
like a continuously operating burst mode, increasing the effective
loading current. The advantages of the proposed control distin-
guished from the previous approaches are simple implementation,
less switching losses, and zero impact on the dynamics. The ef-
fectiveness of the proposed control is verified through a prototype
converter with a 400-300 V input and a 50 V/10 A output.

Index Terms—Burst mode, efficiency, light load, LLC converter.

I. INTRODUCTION

N DATA center applications, the energy conversion effi-
I ciency under light-load conditions is getting more important
[1]. This is because the data center spends a long time in the
light-load conditions, especially during nighttime when user
traffic is minimal.

LLC converter in Fig. 1 is the most famous converter topology
in data center applications nowadays, due to its high efficiency
with less components [2], [3], [4], [5]. LLC converter has a con-
stant input voltage in the nominal state, following power factor
correction circuit. The turns ratio of the transformer is the ratio
of the input voltage to the output voltage (n = Vin/Vour). By
doing so, LLC converter operates around the resonant frequency
in the entire load conditions. However, the constant switching
frequency causes a fixed transformer core loss, deteriorating the
efficiency in the light load conditions where the conduction loss
is minimized.

The traditional approach to enhancing efficiency in a light-
load condition is the burst mode control [6], [7]. This method
involves cycling the LLC converter ON and OFF over a long
period. By doing so, the LLC converter operates under heavier
loading conditions where the efficiency is higher, eliminating
losses during the OFF period. However, burst mode control
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Fig. 1.

LLC converter.

often exhibits a poor dynamic response during transitions from
light to heavy load conditions. Exiting burst mode during such
transitions can resemble starting up under heavy load conditions.
Optimized control strategies based on the state trajectory control
can improve the dynamics [8], [9], but it still shows limitation
and requires a complex analysis/control.

Pulsewidth modulation (PWM) control offers [10], [11], [12]
a solution to improve light-load conditions without the dynamics
problem. It applies asymmetric or phase-shifted gate signals to
reduce the maximum flux density and switching frequency of
the LLC converter. However, PWM control causes the distortion
of the resonant current, leading to increased turn OFF losses
and maximum flux density in the resonant inductor. Also, LLC
converter still operates around the resonant frequency, having
substantial core losses from the magnetic components.

Minimizing circulating currents [13], [14] also helps increase
the efficiency of LLC and series resonant converter in the light
load conditions. However, those methods require additional
components [13], or the use of active components in the sec-
ondary side rectifier [14] to achieve less circulating current.

II. MIXED RESONANT FREQUENCY CONTROL
A. Operation Under a Light-Load Condition

Figs. 2 and 3 show the key waveforms and current paths
of LLC converter with the mixed resonant frequency control
(MRFC) under a light-load condition.

During ty~t;, Q; and Qg are turned ON, and vaop becomes
Vin. Qg is turned ON during a half resonant period of Ly and
Cr

T
75 ~ 7\/LrChr. 1

Lgr and Cg resonate, and the difference between the resonant
current iy, and i) is delivered to the output side through the
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Fig. 2. Key waveforms of LLC converter with the MRFC under a light-load
condition.

(b)

Fig. 3. Current paths of LLC converter with MRFC during (a) to~t; and (b)

t1~to.

transformer and rectifier diode D;. The magnetizing current
of the transformer iy increases linearly. Q; is turned OFF at
t;. Since ip,g becomes the same with i, at ty, Dy is softly
turned OFF. By having Tg around the resonant period, the voltage
conversion ratio of LLC converter still maintains around 1/n.

During t; ~to, MRFC inserts a freewheeling period. Q; is OFF
and Q- is turned ON. However, Qy is still turned ON so that vap
becomes zero. Since D is turned OFF, Cr resonates with series
connected Ly; and L. The inserted freewheeling period Trw
is the resonant period, so that the state variables (ir,y, iR, and
vcer) become identical at t; and ty as follows:

(Ly+ Lr)Cr (2)

TFW = 27
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“

At ty, Qq is turned OFF and Qs is turned ON. Qs and Q3
are turned ON, and vap becomes —Vin. The operation in the
remaining switching is symmetric with the operation during
top~t2. The actual switching period with MRFC Tg acT can
be found as follows:

it (t1) = itr (t2)

ver (t1) = ver (t2) -

Ts act = Ts + 2Tfw. )

B. Effective Load Current Under MRFC

The output charges provided during ty~t; and ta~ts cover all
amount of the charges for the load. This makes LLC converter
effectively operates under a heavier loading condition during
to~t; and to~ts. The relationship between the effective output
current with MRFC (Io_grr) and the actual output current (Ip)
can be expressed as follows:

(6)

Rearranging (1), (2), (5), and (6) provides a better under-
standing on the effective output current and the actual switching
period of LLC converter under MRFC as follows:

Io grr T's = 1o Ts_act-

Io_grrp Ro

T L
=T > 121422 =
Io Ty Lgr Ro_grr

where Ro_grr represents the effective output resistance.

MREFC increases the effective loading condition, so it is
required to limit Io_grr not to exceed the rated output current
Io_max. From (7), the relationship between the maximum load-
ing condition that MRFC is applicable (Io max MRFC) can be
obtained as follows:

(N

1

Io_MAX MREC = —————=—— [0 _MmAX-
142,/14 2

Fig. 4 represents IO_EFF/IO and IO_MAX_MRFC/IO_MAX ac-
cording to k. Considering Lyi/Ly ratio of an LLC converter is
designed to be 3—10 in most applications, the effective output
current of an LLC converter with MRFC is 5-8 times of the

®)
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TABLE I
COMPONENTS LIST OF THE PROTOTYPE CONVERTER LLC converter in Fig. 1
A
Item Details A Qi4, SRy 2 llo lVO
Specification Vin: 400 (nominal) =300 V, Vo: 50 V, Ip: 10 A ! lo MAX MRFC >
. .. . . Fw! - -
Main PQ3535 N95 core pri: 0.10x50 lle w1fe :pr <
transformer o 1-1=40:5:5 sec: 0.1Dx100 litz wire 0 >
T o Ly=550 pH, Likg=19 uH PWM lo_|Proposed
Qi~Q4 IPW60R070C6 (600 V, 70 mQ) module T Vrer
D, and D, FDHO55N15A (150 V, 5.9 mQ) Ts | ° : Ve e ‘J
Cr 44 1F (630 V 22 nF MLCC 2 EA) < ‘ - ‘_®+
Le 47 pH, RM8 N95 core (0.1 dx50 litz wire 12 turns) vYc__|Conventional
Co 1.32 mF (100 V 330uF electrolytic cap. 4 EA) Microcontroller
Controller TMS320F28049 from Texas Instruments
Fig. 5. Implementation of MRFC.

actual output current. Also, MRFC is applicable up to 13%—-20%
loading conditions.

C. Voltage Conversion Ratio Under MRFC

According to the analysis in Section A, it can be noted that
there is no change on the state variables between before/after
the freewheeling period as follows:

—irR (to") )
(10

iR (1) = iR (t2) = —ir (f3) =
ver (t1) = ver (t2) = —ver (t3) = —ver (to') -

During the freewheeling period, LLC converter can be con-
sidered in an idle state. After the freewheeling period, the LLC
converter resumes operation with the same state variables as be-
fore the freewheeling. It can be inferred that the operation during
to~t; and ty~ts is identical to that of the frequency-controlled
LLC converter. Accordingly, the voltage conversion ratio of an
LLC converter under MRFC can be obtained using the effective
output resistance Ro_grr and the first harmonic approximation
as follows:

Vo 1

Vin \/ 1 F 2 ’ m2Q [ F F 2
et f- G o2 (- )

(1D

where k = LM/LR, FR = 1/27T\/LRCR, FS = l/Ts, and Q

=—_—1  /Lr Tohave 1/nof the voltage conversion ratio, Fg
Ro_prr Cr

of an LLC converter under MRFC needs to be Fr. Therefore, Fg
of an LLC converter remains same as Fr regardless of whether
MREC is applied or not. This contributes to the superior dynamic
performance of MRFC, as it does not vary the output voltage at
the moment of activation and deactivation.

III. EXPERIMENTAL RESULTS

MREFC has been verified by a prototype converter with 400—
300 V input and 50 V/10 A output. This specification is for
the data center applications, where the input voltage is constant
as 400 V in the nominal state and it decreases down to 300 V
during the hold-up time [5]. Table I represents the components
list of the prototype converter. k( = Lys/Lg) is around 8.33, so
Io max MRrrc is around 14% loading condition.

Fig. 5 represents the implementation of MRFC. The imple-
mentation can be simply done by adding Tgw block to the

Fig. 6.

(a) Prototype converter. (b) Experimental setup.

conventional pulse frequency control. In Tgyw block, a hys-
teresis is applied to prevent continuous mode change at the
boundary. The exiting load current of MRFC can be determined
considering (8) and the efficiency in the light load conditions. In
this example, Io vax MRrrEc 1S around 14% loading condition
according to (8). Proposed MRFC can provide precise Vo
control although tolerance on the resonant tank exists, because
proportional-integral controller adjusts Ts.

Fig. 6 represents the prototype converter and the experimental
setup. Microcontroller TMS320F280049 from Texas Instru-
ments is selected for the implementation of MRFC. E-load is
used for the load transient, and power meter WT1600 from
Yokogawa is used to measure the efficiency.

Fig. 7(a) presents the experimental waveforms of the proto-
type converter with MRFC at Io max mrrc (15% load). The
resonant frequency of Lr and Cg is around 100 kHz, so Tg
is around 10 ps to achieve 1/n voltage conversion ratio. At the
beginning of the switching period, Q; is turned ON by Ts/2. After
that, since the resonant frequency of Ly;+Lg and Cg is around
30.5 kHz, 33 us of Trw is inserted. It can be observed that
the values of ir,g before and after Tryw are identical, indicating
that there is no impact on the voltage conversion ratio caused by
MREFC. Ts_acT becomes around 76 ys, and the actual operating
frequency is reduced to around 13.2 kHz, decreased by 7.6
times to conventional frequency control. At this point, the effec-
tive output current becomes the rated output current, therefore
MREFC needs to be removed in heavier than Io_yvax mrrc load
current conditions to avoid excessive current stress and flux
density on the components.
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Fig.7. Experimental waveforms of the prototype converter with MRFC at 400
V input and 50 V output conditions. (a) 1.5 A output Io_max_ MRFC)- (b) 0.5
A output. (c) Soft-switching zoomed in waveforms at 0.5 A output.

Fig. 7(b) presents the experimental waveforms of the proto-
type converter at 5% load condition and the zoomed in wave-
forms. As discussed in (11), MRFC still provides the constant
output voltage regardless of the loading conditions.

Fig. 7(c) presents the zoomed in waveforms at 5% load
condition. All primary side switches have sufficient zero voltage
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switching current, and the rectifier diodes are softly turned OFF.
Therefore, due to the low frequency operation, soft switching,
and minimized distortion on the resonant current, it can be
inferred that MRFC substantially reduces the gate driving loss,
switching loss and core losses from the magnetic components.

Fig. 8 presents the efficiency of the prototype converter.
Proposed MRFC achieves nearly 95% efficiency at 10% load
condition, and it achieves even higher than 90% efficiency at
4% load condition.

Fig. 9 presents the loss breakdown at 5% load condition. As
discussed, proposed MRFC significantly reduces the core losses
and switching turn OFF losses which dominate the total loss in
the light load conditions.

Fig. 10 presents the experimental waveforms under load tran-
sient conditions. Since MRFC does not affect the state variables
at the switching moments of the primary side switches, it can
achieve seamless kick-in or removal without affecting the output
voltage regulation.

IV. FURTHER DISCUSSIONS

A. Maximum Flux Density on the Transformer

During the freewheeling period under MRFC, Cg resonates
with the series connected Ly and Ly . Since Cr and the inductors
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Fig. 10.  Experimental waveforms under load transient (a) from 5% to 50%
and (b) from 50% to 5%.

exchange their energy, the maximum resonant current during the
freewheeling period (Irr_max Fw) can be obtained from the
following equation:

(12)

. c
IR Max_FW = \/ZER (t1) + £ — g (1)

Ltotal

where Liota1 = Lavi+Lg. Equation (12) mentions that the energy
stored in CRr at t; can increase the maximum current and also
the maximum flux density on the main transformer. However,
on the other hand, considering Liota1>>Cr, MRFC does not
increase the flux density significantly.

Considering the symmetricity of irr, ir,g (t;) can be obtained
as follows:

TLVOTS
ALy

Also, considering the input current and the symmetricity of
VR, Vor(t) can be obtained as follows:

iR (t1) = (13)

Io greTs
4nC' R

vcr(t1) becomes the maximum when o grr is the rated output
current. In the prototype converter, i, g (t;) = 1.82 A and vogr(ty)

ver (t1) = (14)
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Fig. 11.  CM noise comparison through simulation at 5% load.

=71V with Io grr = 10 A. According to (12), IL.r_MAX FW
becomes 1.92 A, increased by 5%. It can be noted that the energy
stored in the magnetic components is much larger than the energy
stored in the resonant capacitor.

In the prototype converter, the maximum flux density of the
transformer is increased from 0.111 to 0.117 T. On the other
hand, the switching frequency is reduced from around 100 to
13 kHz concluding the proposed method reduces the core losses
significantly in the light load conditions.

B. EMI and Audible Noise

Fig. 11 presents conducted CM noise comparison through
simulation at 5% load condition. It can be noted that the proposed
method shows quite similar noise level compared with the con-
ventional frequency control, so the insertion loss during the filter
design is not severely affected. Although the proposed control
has noise in the audible band, the noise was not noticeable
during the experiment. This is because small amount of energy
circulates in a light load condition. Furthermore, designing the
prototype converter for higher frequencies can shift the noise
band above the audible range, mitigating potential noise issues.

C. Gate Driving Loss

Since the proposed method achieves zero voltage switching
without Miller plateau, gate driving loss (Pgp) of both the
proposed MRFC can be obtained same as the conventional
control as follows:

Pop = (4Cis q + 2Ciss sr) Visry fs act (15)

where Ciss_q, Ciss_sr, and Vpry present the total input capac-
itance of Q;—Qy, the total input capacitance of SR switches,
and the switching frequency respectively. Since the proposed
method reduces the switching frequency from 100 kHz to 13.2
kHz, it reduces Pgp from 0.66 to 0.09 W, with Cigs = 3.8 nF,
CissfSR =17.1 IlF, and VDRV =15V.

D. Comparison With Prior Works

Table II presents the comparison of MRFC with state-of-the-
arttechnologies. It can be noted that MRFC provides competitive
advantages in terms of efficiency and dynamic performance.
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TABLE IT
COMPARISON WITH STATE-OF-THE-ART TECHNOLOGIES
Burst mode PWM InF erml_ttent
9] (1] sinusoidal Proposed
[14]
Dynamics Poor Good Good Good
Switching ZVS ZNVS ZCS ZVS
Switching | Higher than Around Around
frequency fr Around fi 0.1*Fg 0.13*fx
Eff. at o o o N
10 % load 92 % 93.8 % 95 % 95 %

V. CONCLUSION

This letter proposes a MRFC, which substantially increases

the

light-load efficiency of a full-bridge LLC converter. By

inserting a freewheeling period, which is the subresonant pe-
riod caused by the magnetizing inductor, the proposed control
reduces the actual operating frequency of LLC converter under
light-load conditions. MRFC ensures the same voltage conver-
sion ratio at the moment of activation and deactivation, en-
abling superior dynamic performance compared to conventional
burst mode control. With its simplicity and robust performance,
MREFC offers a practical solution for enhancing the energy
efficiency of data centers.
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