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Abstract: A dual-output LLC resonant converter using pulse frequency modulation (PFM) and
asymmetrical pulse width modulation (APWM) can achieve tight output voltage regulation, high
power density, and high cost-effectiveness. However, an improper resonant tank design cannot
achieve tight cross regulation of the dual-output channels at the worst-case load conditions. In
addition, proper magnetizing inductance is required to achieve zero voltage switching (ZVS) of the
power MOSFETs in the LLC resonant converter. In this paper, voltage gain of modulation methods
and steady state operations are analyzed to implement the hybrid control method. In addition, the
operation of the hybrid control algorithm is analyzed to achieve tight cross regulation performance.
From this analysis, the design methodology of the resonant tank and the magnetizing inductance
are proposed to compensate the output error of both outputs and to achieve ZVS over the entire
load range. The cross regulation performance is verified with simulation and experimental results
using a 190 W prototype converter.

Keywords: resonant converter; dual output converter; pulse frequency modulation (PFM);
asymmetric pulse width modulation (APWM)

1. Introduction

Nowadays, many industry fields require well-regulated multiple output voltages to guarantee
the stable operation of products, such as ultra-high-definition (UHD) TVs, computers, and other
home appliances. To satisfy this requirement, point-of-use power supplies (PUPS) have been used
for multiple output applications. However, this method has disadvantages of bulky size and low
cost-effectiveness with many power converter modules [1]. Therefore, tightly regulated multiple
output converters have been developed to improve the power density and the cost-effectiveness.

In previous research for multiple output converters, cross regulation methods have been
popular, since they require output voltage sensors to obtain the output voltage regulation. However,
wide load variations between the multiple output channels induce large output voltage error [2-7].
The secondary side post regulators (SSPR) have been proposed to tightly regulate the output voltage
with small output voltage error. They can regulate each output voltage independently, however,
additional switches, gate driving circuits, and voltage controllers are required [8-20].

In terms of topology, the LLC resonant converter is attractive for several applications, because
it has soft switching capability and a small number of resonant components [21-24]. In previous
research of the multiple output LLC resonant converter, the cross regulation technique has been used
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to regulate multiple output voltages [25,26]. In addition, the SSPR has been used to achieve tight
output voltage regulation for the LLC resonant converter [27-30]. The LLC resonant converter using
conventional control methods has the tradeoff between the cost effectiveness and regulation
performance.

To obtain the high cost-effectiveness and tight output voltage regulation, the concept of a hybrid
control method employing PFM and APWM was introduced for the dual-output LLC resonant
converter in [31]. It does not require any additional components to implement the hybrid control
algorithm, which shows the same cost-effectiveness as the conventional cross regulation method.
However, it can only be applied to the dual-output converter. This previous research shows the
preliminary operational principle and the decoupling algorithm to regulate the output voltages using
the hybrid algorithm [32]. However, the previous research only shows the preliminary concept of the
hybrid control algorithm. Therefore, the available voltage gain design, resonant tank design, and
magnetizing inductance design are necessary to implement the hybrid control algorithm for the
entire load condition with high power conversion efficiency.

In this paper, the design methodology of the dual-output LLC resonant converter with a hybrid
control algorithm are proposed to regulate the output voltage with zero output voltage error and to
obtain the ZVS capability for the entire load condition. The available voltage gain range is analyzed
to implement the hybrid control algorithm. The design methodology of proper magnetizing
inductance is proposed to achieve ZVS on the primary MOSFETs for the entire load range. The proper
resonant tank design is proposed to compensate output voltage error for the worst-case load
condition. In Section 4, the regulation performance of the dual-output LLC resonant converter with
the hybrid control algorithm is verified through simulation and experimental results using a 190 W
prototype converter.

2. Analysis of Dual-Output LLC Resonant Converter

The dual-output LLC resonant converter has the half-bridge structure of a primary inverting
stage, a single transformer, and two output channels with diode rectifiers, as shown in Figure 1.
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Figure 1. Schematic of the dual-output LLC resonant converter.

2.1. Operational Principle

Figure 2 shows the operation modes of the dual-output LLC resonant converter, which is
divided into six modes during a single switching period. Mode 4 to Mode 6 are repeated from the
previous half switching cycle. Figure 3 shows the operational waveforms of the dual-output
converter. Mode 1 and 4 are a series resonant mode between the resonant inductance and the resonant
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capacitance. During Mode 1, the proposed converter transfers electric power in the primary side to
Vo1 in the secondary side. The primary and magnetizing current for Mode 1 can be derived as follows:

ir (t) = [ini COS(CI)’,I)'F C o, (Vin _nVol - V(fr,ini)Sin(wrt)

r=’r

nv, 1)

i ()=1 . +—2L¢
i, (1) +L

= Lini
'm

where [ini is the initial magnetizing current, C; is the resonant capacitance, L is the magnetizing
inductance, wr is the resonant angular frequency, Vin is the input voltage, 1 is the primary to secondary
transformer turn ratio, Vo1 is the one output voltage, and V. is the initial resonant capacitor voltage.
During Mode 4, the converter transfers electric power to the Vi side. The primary and magnetizing
current for Mode 4 can be derived as follows:

i.(t)=1,; cos(a,t)+C,m, (VC,M' -nV, )sin(a),t)
nv )
. =7 ., _ 02
Ly (t) ini I t

m

where Iini” is the initial magnetizing current, and Veini” is the initial resonant capacitor voltage.
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Figure 2. Operation mode of the dual-output LLC resonant converter: (a) Mode 1, (b) Mode 2, (c)
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Figure 3. Operation mode of the dual-output LLC resonant converter: (a) Case A, (b) Case B, (c) Case
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Mode 2 and 5 are parallel resonant modes among the resonant inductance, the magnetizing
inductance, and the resonant capacitance. Those modes guarantee soft commutation on the
secondary side diode rectifiers. Mode 3 and 6 are the dead time durations of the primary switch.
During Mode 3 and 6, the output capacitance of the power switches is charged and discharged to
obtain the ZVS. In steady state, the dual-output converter using the hybrid control algorithm can
operate under a four operation mode (Case A), a five operation mode (Case B), and a six operation
mode (Case C) according to output power conditions.

The light load condition makes the Case A operation, which induces no soft commutation on all
output rectifiers during Mode 3 and 6. From middle to full load condition the converter operates
according to Case B, which induces soft commutation on the diode of the Va1 channel during Mode 2
and 3. However, Mode 6 induces no soft commutation on the diode of the Vo2 channel. When the same
amount of power is transmitted to both output channels and the switching frequency is lower than
the resonant frequency, the converter operates according to Case C, which induces soft commutation
on all output rectifiers during Mode 2, 3, 5, and 6. Case C can show higher power conversion
efficiency than that of Case A and B, because Case C has soft commutation capability on both the
output rectifiers of Vo1 and Vo2 channels.

2.2. Gain Analysis According to Modulation Methods

The input-output voltage gain can be derived with the first harmonic approximation (FHA) as
follows [29]:

kY Nk
H = 1+k-—— 2 fo—— ®)
| (51)

Jn

where f. is the normalized switching frequency, k is L:/L» inductance ratio, and Q is the quality factor
as follows:

LV
4 2 C. L
Roye:ﬂzgiz o,fnzi,Q: Lk =t @)
[o,FHA T fr Ro,e L,

where R, is the output resistance, f; is the switching frequency, and f: is the resonant frequency.

The conventional asymmetric half-bridge converter, only controlled by the APWM, uses small
resonant inductance to obtain the linear voltage gain by the APWM [30]. However, it induces a flat
voltage gain by the PFM, which cannot regulate the output voltage with PEM. Therefore, the resonant
inductance is high enough to obtain the monotonic voltage gain by the PFM, as shown in Figure 4a.
The large resonant inductance has limited monotonic voltage gain by the asymmetric duty variation.

4 T

35 .

\ LLC Resonant Converter’s
Voltage Gain

w

1| Load Increase Conventional Asymmetrical Half-

Bridge Converter’s Voltage Gain

I
&)

Voltage Gain
b o

Monotonic Voltage Gain

3
=
=t
g
g 3
0w
o
Q
g
3

o
[

0O 02 04 06 08 1 12 14 16 18 2
Normalized Switching Frequency

(a)



Energies 2019, 12, 2146 6 of 19

1.4 T
1.2
g 1
O
P 0.8
&
= 06 . .
© Monotonic Gradient Voltage
> Gain Variation
0.4
0.2
0/ :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Duty Ratio
(b)

Figure 4. Voltage gain curves: (a) According to normalized switching frequency, (b) according to

asymmetric duty ratio and load variation.

The conventional voltage gain of the APWM can be derived as follows [33]:
V. L,.D

o

v, n(L,+L,)

i

®)

where D is the duty ratio. It has validity only for small resonant inductance conditions. Therefore,
the voltage gain with enough resonant inductance is required to implement the hybrid control

algorithm for the entire load conditions.
In steady state, the offset current on the magnetizing inductance can be derived as follows:

(i, (1) =i, (¢))dt (6)

Assuming that Vo is constant in Mode 1, Virini can be derived as follows:

nV, DT, V. .(1-D)T,
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From (1)-(2) and (6)—(7), the proposed input to output voltage gains (Ho1(D) = n1Vo/Vin, Hi2(D) =
12Vo/Vin) according to the asymmetric duty ratio can be derived as follows:

,1—cos(A4)
D\
nv, _ Z,o,
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where D'=1-D, Z1=L/Cr, R' = 1/(m2R1) = 1/(122Re2), A = w:DTs, and A' = w:D'Ts.

Figure 4b shows the voltage gain of the APWM according to load variations. It shows a
complementary voltage gain relationship between Vo and Vo2 in the monotonic gradient voltage gain
region. From (8), the design of APWM operational range is necessary to obtain the monotonic
gradient voltage gain at the designed APWM range.
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2.3. Magnetizing Inductance Design for Soft Switching Capability

The ZVS capability of the primary MOSFETs is achieved by discharging and charging their
output capacitance during the dead time. Therefore, the LLC resonant converter requires enough
magnetizing current and dead time duration to guarantee ZVS condition which can be expressed as
follows:

iy (L) 2 g (2a) )

where irq (=2VinCs/tar) is the required minimum primary current to obtain the ZVS condition on the
primary MOSFETs, C:s is the equivalent output capacitance of the primary MOSFETs, and ta is the
dead time duration.

From (6), the dual-output LLC resonant converter makes an unbalanced magnetizing current
during the dead time based on each load condition of the dual-output. The unbalanced magnetizing
current has to satisfy (9) to achieve ZVS operation. Therefore, the design of the magnetizing
inductance and the dead time duration should take unbalanced magnetizing currents into
consideration. Assuming the primary current is constant during the dead time, the proposed ZVS
condition in the dual-output converter can be derived as follows:

> (Csl +C52)Vin _ (Csl +Cs2)Vin

t > =
dil |l,p (tc )

14
[0”_ +MDTS
7 2L

m

(10)
¢ > (Csl +Cs2)Vin _ (Csl +C52)Vin
dt2 = -

iy (1)

nyY,
IO.//' _#(I_D)Ts

m

where Ca and Cx are the output capacitance of S1 and 52, respectively, and foma is the maximum
switching frequency, tan = ta — tc and ta = t5 — fr are the first and second dead time of the primary
MOSFETs, respectively. From (10), tat can be reformulated as follows:

2CV,

> s’ in
min{|ip (tc) ,|ip (tf )|} a1

From (10) to (11), the proposed magnetizing inductance for the ZVS capability can be derived as
follows:

! dt

Lin Dain TV 1

m = 2(C V. —Iq”-,maxtdrl)

s’ in

L < tdtZ (1 _Dmax )]}”zVoz
! 2(C3V1n _Io_[f,maxtdﬂ)

From (11) and (12), the proposed magnetizing inductance and dead time duration can be
designed for the dual-output LLC resonant converter to obtain ZVS capability of the primary
MOSFETs over the entire load condition. These equations consider both the unbalanced magnetizing
current and the switching frequency variation to achieve ZVS. Figure 5 shows the comparison of the
required magnetizing inductance between the conventional LLC resonant converter and the dual-

(12)

output converter to achieve ZVS. The dual-output converter requires lower magnetizing inductance
for ZVS capability compared to the conventional LLC resonant converter.
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Figure 5. Magnetizing inductance according to the switching frequency for zero voltage switching
(ZVS) capability.

3. Analysis of PFM and APWM Hybrid Control Algorithm and Resonant Tank Design

In this section, the operational principle of the hybrid control algorithm is analyzed to regulate
output voltages. Through this analysis, the resonant tank is designed to achieve output voltage error
compensation.

3.1. Analysis of the Hybrid Control Algorithm

The hybrid control algorithm has two control freedoms using two independent modulation
methods. The PFM is adapted to regulate the output voltages using the conventional cross regulation
method. In steady state, the conventional multiple output feedback can be derived as follows:

kiVor +kVor =V (13)

wl” o

where ku1 and k«2 are weight factors and Vi is the reference output voltage. From (13), the output
voltage errors using the weight factor can be derived as follows:

kwlAVol + kaAVDZ = O
Vi =Vorrer AV (14)

o o

o

4 2= VoZ,re/" + kWZAVOZ

where Vorf and Voo are the reference voltages of Vo1 and Vez, and AVer and AVe2 are output voltage
errors of Vo1 and V2, respectively. The feedback method for the multiple outputs affects the
performance of the cross regulation using the weight factors. As a result, (14) cannot eliminate the
output voltage errors which are divided into each output voltage according to the weight factor.

The APWM control method is adopted to regulate Vo1, which makes zero steady state voltage
errors of the Vo1 channel. The complementary voltage gain relationship between each output channel
also reduces the output voltage error of V2, as shown in Figure 4b. The decrement of the Vo1 and Vo2
error using the APWM can be derived as follows:

AI/ol’:Hol(D).Val_Va =0

Lref
(15)
AI/{)Z = HaZ (D) ! VaZ - I/OZ,ref

where AVo’ and AVe2” are the output voltage errors which are compensated with the APWM control
method. The Vo error is almost zero after the APWM control, however, the APWM cannot completely
compensate the Vo error. From (15), the output voltages after the APWM regulation can be derived
as follows:

’ ’

V.

ol

=V v v

olref > Vo2ref = Vorref T

AV,

02

(16)
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where Voi” and V2" are the output voltages of each output channel, which are compensated by the
APWM. The flow chart of the hybrid control algorithm is shown in Figure 6 which shows the control
sequence of the output voltage regulation to reduce the output voltage errors.

Cross-Regulation by PFM
Soft Start Vor =V =AY,
Controller Voy =Voa, — AV,

AV, +AV, =0 N

ol

=0

VUl :[Hf'(f).HDI(D).I/iH:l/nl :VGLI'éf

V, = {Hr (f)'Huz(d)'V;n}/nz :Vuzsz_AVazi

Proposed Control Algorithm by APWM

Figure 6. Block diagram of the PFM-APWM hybrid control algorithm.

After the APWM regulation, the cross regulation using the PFM with the feedback for the
multiple outputs divides the output voltage error of Vo2 with respect to the weight factors as follows:

Vo = Ho(d)VH, (£, )V, [/ 1y = =k, pAV,

VvoZ,ref_|:H02(d)Hr(.f.‘v,c) in ]/nz = k AVoz

where fic is the switching frequency which divides the output voltage error according to the weight

(17)

factor, and Hi(fc) is the voltage gain of the PEM at the f... The voltage gain according to the switching
frequency satisfies (13) to divide the output voltage error with respect to the weight factor. From (17),
the output voltages regulated by the PFM can be derived as follows:

’

V

ol:

ol,ref k AV VaZ Vej 02 Jref + k AV (18)

02 > wl

where Voi” and V" are the output voltages of each output channel, which are compensated by the
PEM at the next control step. The control iterations of the PFM and the APWM can reduce the output
voltage errors of Vo1 and Vo

From (15) to (18), the voltage gain variation by the PFM and the APWM can decrease the output
voltage error. However, the dual-output converter has limited voltage gain variation caused by the
switching frequency and the duty ratio ranges. The proper operating ranges to obtain tightly
regulated output voltages can be calculated as follows:

Hol(d)H (f)V I/oliej
Hoz(d)H (f)V Vozref

where Vi = Vin/m1 — [nRef, V2 = Vin/n2 — [2Rer, and R is the effective series resistance. The voltage gain
variation according to the PFM and the APWM has to satisfy (19) for the tight output voltage
regulations. Using (19), the required voltage gain of the APWM can be calculated as follows:

(19)

I/0 re v,
H,(d) =772 H,u(d) 20)
02,ref " 1
From (20), the APWM control method requires a voltage gain difference between Hoi(d) and
Ho(d) to reduce the output voltage error. The maximum voltage gain difference range of the APWM
can be derived at the worst load condition as follows:
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Hol (d) max( Vol,rcffVZ,min Vul,wfVZ,max \J (21)
H,(d)

= b
VoZ,rey" Vl,max VuZ,ref Vl,min

where Vimwx and V1min are minimum and maximum output voltages of Vo1, respectively, Vzmx and V2min
are minimum and maximum output voltages of Vo, respectively. These consider the voltage drop
according to the forward bias and conduction loss. Figure 7a shows the maximum voltage gain
difference between Hoi(d) and Hox(d).
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Figure 7. Required minimum and maximum voltage gains: (a) APWM case, (b) PFM case.

The required voltage gain of the PFM can be obtained for the cross regulation as follows:

V., .
H (1) =55 (22)
Hol (d) Vl
From (22), the maximum and minimum voltage gains for the cross regulation can be derived as
follows:
V. .
Hp (1) = 22—
| Hnl,min (d)Vl,min
(23)
H (f ) — Vol,ref
. ' Hol,max (d)l/l,min

where Hoimin(d) and Hoimix(d) are the minimum and maximum voltage gains of the APWM,
respectively. Figure 7b describes the maximum and the minimum voltage gains to implement the
cross regulation method. The resonant tank should be designed to compensate the maximum output
voltage difference of the dual-output converter. The voltage gain according to the duty cycle and the
switching frequency should satisfy (21) and (23) to compensate the maximum power difference. The
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power converter does not require any additional circuits to implement the hybrid control algorithm.
Therefore, the power converter size is not affected by the control algorithm.

3.2. Resonant Tank Design for Minimizing Output Voltage Error

The voltage gain using APWM and PFM has to satisfy (21) and (23) for compensation of output
voltage error over the entire load range. Figure 8 shows the voltage gain variation according to the
resonant inductance and the modulation methods. Large resonant inductance makes monotonic
voltage gain variation as switching frequency varies around the resonant frequency. However, the
large resonant inductance reduces the compensation range according to the APWM by (8). On the
other hand, small resonant inductance can compensate the large output voltage error using the
APWM according to (5). However, it induces flat voltage gain variation according to the PFM, which
makes large switching frequency variation to obtain the proper voltage gain for minimizing the
output voltage error. Therefore, the maximum resonant inductance design is required to achieve
small switching frequency variation and output voltage error compensation.

35 T - .
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3

25
.8
5]
O 2
o
&0
,'_3 15 large Resonant Inductance .
Q
=

Voltage Gain Gradient Variation
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Figure 8. Voltage gain variation according to the resonant inductance: (a) PFM case, (b) APWM case.

The maximum and minimum output voltages can be calculated with loss analysis. The primary
side voltage drop can be calculated as follows:

Vtr = V _Ip (Rds +Rz‘rl + Rc) (24)

in
where Vi is the transfer voltage from the primary to the secondary side, I is the primary current, Ras

is the on resistance of MOSFET, R is the primary resistance of the transformer, and R. is the
resistance of the resonant capacitor. In addition, the output voltage can be calculated as follows:

Vol :V;r /n_Vm _Iol 2
Vi =V, In=Vp, =1 ,R,,

(25)
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where Vb1 and Vb2 are the on-drop voltage of secondary diodes, It and I are the secondary rms
currents of each output channel, and Ru2 is the series resistance of the transformer. Table 1 shows the
specification of the proposed dual-output LLC resonant converter and its parasitic components.

Table 1. Power stage specifications and design parameters of the dual-output LLC resonant converter.

Parameter Value Parameter Value Parameter Value

Vin 400V Load 1 20V,6 A Load 2 10V,7A
Mimod 12 Lm 380 uH Ly 70 pH

Cr 30 nF fr 109 kHz Rus 330 mQ
Rin 300 mQ) Rin 130 mQ R 40 mQ
V1,2 04V

From (8), (21) and (25), the resonant impedance (Z1) can be designed to compensate the output
voltage errors for the entire load range. Within the designed duty variation range, the resonant

impedance can be derived as follows:
B B
x(D'B)——(DB')—
L @, o, (26)

¢, (pB)C'-x(D'B)C

»

where x is the maximum voltage gain ratio by (21), B=1 - cos(4), B'=1 - cos(4’), C = (D/wr)[R" +
(D'Ts)/2Lm]sin(A") + D*TsR’, and C' = (D'/wr)[R" + (DT5)/2Lw]sin(A) + D"?TsR'. From (26), the resonant
inductance and capacitance can be calculated to obtain the tight output voltage regulation.

The design methodology of the resonant tank can be described as follows. First, the
specifications, such as input voltage range, resonant frequency, and output voltages, are required to
design the power stage. Second, the magnetizing inductance is designed by considering the resonant
frequency, the input voltage, and the parasitic capacitance of the MOSFETs, which was derived in
(12). Third, the resonant inductance and capacitance ratio can be designed using (26). From the loss
analysis, the required maximum voltage gain ratio can be calculated using (21), and (25). Through
the proposed design methodology, the dual-output LLC resonant converter can achieve tight output
voltage regulation and ZVS capability for the entire load conditions.

The example of the power stage design can be described as follows.

Step 1: The design specifications are shown in Table 1.

Step 2: The magnetizing inductance can be calculated with (12). The proper magnetizing
inductance is 280 pH to achieve ZVS for the entire load range as shown in Figure 9.

Step 3: The required maximum voltage gain ratio is 1.31 and 0.64, which can be calculated with
(21), and (25). The resonant inductance and capacitance can be calculated with (26), which are
70 pH and 30 nF. Therefore, the design example shows resonant impedance and magnetizing
inductance to achieve ZVS for the entire load range, which can compensate all voltage errors of
all the outputs using the hybrid control algorithm.

— 170 pﬁ Case
—— 270 pH Case Small Magnetizing Inductance
1.5 = 370 pH Case

Hr,min (fs)

Voltage Gain

Large Magnetizing Inductance
0.5

4 06 08 1 12 14 16 18 2
Normalized Switching Frequency

0 0.2 0



Energies 2019, 12, 2146 13 of 19
Figure 9. Compensation range of the output voltage error according to the resonant inductance.

4. Experimental Results

Figure 10 shows the simulation result of the PEM-APWM hybrid control method which has the
minimum output voltage error, almost zero, according to the load variation. The simulation results
verify the performance enhancement of tightly regulated output voltage of the hybrid control
algorithm compared to the conventional cross regulation method. Figure 11 shows the prototype
converter and diagram of the experimental setup to verify the performance of the proposed hybrid
control algorithm. Figure 11a shows a photograph of the prototype converter which has two outputs
and a single primary side. Two separated electronic loads are connected to the converter to verify the
output voltage regulation performance as shown in Figure 11b.

Vour1 (V)
20.5 A
20 f
19.5
l/auri‘(V)
11 .
10 — r \/
9
lor loz ()
7
5
3
0.02 0.04 0.06
Time(s)

Figure 10. Simulation result using dual-output LLC converter with hybrid control algorithm.

v Electronic
outl Loadl
Power | | Dual Output
supply Converter Vous
Electronic
Load 2
e
Controller |
(b)

Figure 11. Experimental condition: (a) Prototype converter, (b) diagram of experimental setup.
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The conventional cross regulation method has high output voltage error (6.1% for Vo and 9% for
Vi2) since its performance is not enough to compensate the output voltage error at the worst load
condition. Figure 12 shows experimental waveforms of a prototype dual-output LLC resonant
converter using the PFM-APWM hybrid control method at the worst load condition. The proposed
control method shows much smaller output voltage error (0.25% for Vo1 and 0.3% for Vi) than that of
the conventional method. It verifies the validity of the proposed design methodology with tight
output voltage regulation at the worst load condition. The small voltage error of the hybrid control
method might be composed of analog-to-digital conversion (ADC) and measurement errors.
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Figure 12. Experimental waveforms of the output voltage regulation with hybrid control algorithm:
(a) Ton=1 A and lour =7 A, (b) Ton =6 A and Iz =1 A.

Figure 13 shows the voltage error in cross regulation according to the load variation. In Figure 12,
large load difference causes bigger errors of the output voltages. All the detail measured values of the
simulation and experimental results are shown in Table 2 which shows the performance comparison of
the cross regulation in the output voltages according to the control method. When two output powers are
similar, the conventional and hybrid control algorithm has good output voltage regulation performance.
When two output powers are significantly different, the conventional control algorithm has poor output
voltage regulation. However, the hybrid control algorithm with the proposed design methodology can
tightly regulate the output voltage for the entire load difference. The hybrid method shows more than 20
times less voltage regulation errors than those of the conventional simple cross regulation method at the
worst condition.

Table 2. Performance comparison by experimental verifications.

Conventional Cross Regulation Proposed Cross Regulation
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Figure 13. Error of output voltages according to the load variation.
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Figure 14 shows the step load response of the prototype dual-output LLC resonant converter
using the PFM-APWM hybrid control method which regulates the output voltages under load
variations. There are no oscillations and disturbances in the converter operating waveforms. The
results indirectly verify operating stability of the dual-output converter controlled by the hybrid
control algorithm. Figure 15 shows the step load response of the conventional cross regulation
method. The conventional regulation method has poor output voltage regulation according to the
load condition. At the worst condition, the output voltage regulation performance is 24 times poorer
compared with the hybrid control algorithm. The poor output voltage regulation is shown in Table
2. Figure 16 shows the power conversion efficiency of the prototype converter according to the load
variations which show the load change in one output channel when the other is set to a fixed value.
The proposed algorithm reduces the offset current on the magnetizing inductance compared with the
case of the conventional method. However, the APWM operation induces a higher turn-off loss than
that of the conventional method. Figure 16b shows the loss analysis according to the control method.
Figure 16a shows the power conversion efficiency between the conventional and proposed methods.
The power conversion efficiency is similar between the two control methods.
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Figure 14. Step load responses of the dual-output converter with hybrid control algorithm: (a) lou1 =6
A and Luz changed from 1 A to 7 A, (b) Loun changed from 1 Ato 6 A and Iuz =7 A.
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Figure 15. Step load responses of the dual-output converter with conventional cross regulation
method: (a) lourt = 6 A and Jou2 changed from 1 A to 7 A, (b) loun changed from 1 A to 6 A and louz =7

A.
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Figure 16. Comparison of power conversion efficiency and loss according to the control algorithm:

(a) Power conversion efficiency, (b) loss analysis.
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5. Conclusions

In this paper, the design methodology of a dual-output LLC resonant converter using the PFM-
APWM hybrid control method is proposed to obtain tight output voltage regulation and ZVS
capability for the entire load conditions. Through the analysis of the operational principle, the
magnetizing inductance is designed to obtain ZVS capability. The resonant impedance is designed to
implement the tight output voltage regulation for the entire load condition. The simulation and
experimental results using the 190 W prototype converter verify the validity of the proposed design
methodology, and the hybrid control algorithm. Without any power conversion efficiency
degradation, the PFM-APWM hybrid control algorithm reduces the output voltage error to 24.4 times
and 30 times smaller than those of the conventional cross regulation method at the worst load
condition.
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