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Abstract—The LLC converter is a topology using resonance 

and is effective for miniaturization and high efficiency. Generally, 

LLC converters use a direct frequency control (DFC) method, 

which has the issue of slow transient response characteristics. 

Therefore, power factor control (called previously), which 

directly controls the effective power (D-EPC) of the resonant 

circuit in LLC, has been proposed previously. However, it has 

been adopted only in series resonant operation (buck mode) 

because the magnetizing inductance was not considered. In this 

paper, a small-signal characteristics considering the effect of 

magnetizing inductance is derived, showed that D-EPC is effective 

even in boost mode, and confirm the characteristics by 

experiments  

Keywords—LLC converter, power factor, stability, digital control  

I. INTRODUCTION  

The LLC converter is a topology that uses resonance, 
enabling high efficiency operation at high frequencies. The 
high-frequency drive also enables miniaturization of passive 
components. Because of these features, research to replace 
conventional buck converters with LLC converters was 
promoted [1]-[5]. However, it has become difficult to have apply 
LLC converter to point-of-load (PoL) converter which, require 
stability against sudden load fluctuations [6][7]. This is due to 
the LLC converter is conventionally controlled by direct 
frequency control (DFC) using a voltage-controlled-oscillator 
(VCO). In the case of DFC, the dynamic characteristics of the 
LLC converter vary significantly depending on the load 
condition [8][9]. As a result, fast response to load changing is 
difficult. As previous study, There are many challenges to 
overcome this drawback of DFC [12]-[19]. 

Among them, power factor control (called previously) [12]-
[14] is promising for fast response of LLC converters because 
small-signal characteristics with little load dependence have 
been revealed. This method controls the phase difference 
between the voltage and current waveform in the resonant circuit. 
Therefore, it is a method of direct-effective power control (D-
EPC) that adjusts the power factor of the resonant circuit. 
However, the derivation of the small-signal characteristics of D-
EPC ignores the effect of the magnetizing inductance in the 
previous study [12]-[14]. Thus, it could not be used in the boost 
mode that is commonly used in the LLC converter applications. 

In this paper, the small-signal characteristics of D-EPC 
considering magnetizing inductance are derived from the 
power-focused equation of state to show the effectiveness of the 
control characteristics and the adaptability of D-EPC in boost 
mode. The remainder of this paper consists of five sections. 
Section II briefly describes the shortcomings of conventional 
control and the control method of D-EPC. Next, in Section III, 
we propose a method to analyze the small-signal characteristics 
of the D-EPC considering the magnetizing inductance. In 
Section IV, we confirm the validity of the proposed analysis 
method by conducting actual measurements of the control 
characteristics. Finally, conclusions are presented in Section V. 

II. PRINCIPLE OF D-EPC 

A. Review of Convetinaol contorol (DFC) 

Fig.1 shows LLC converter with direct frequency control 
DFC using VCO. Here, Q1 is the high-side switch, Q2 is the low-
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side switch, Lm of the transformer is magnetizing inductance, Lr 
is the resonant inductance, Cr is the resonant capacitor, Co is the 
smoothing capacitor and RL is the load resistance. fs is the 
operating frequency.Fig.2 shows the equivalent circuit of the 
LLC converter based on the FHA (Fundamental Harmonics 
Analysis) method. Using Fig.2, the frequency versus gain 
characteristic is expressed by (1) 
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As shown in (1), the LLC converter can control the output 
voltage by adjusting the operation frequency fs. Fig.3 shows the 
gain versus frequency characteristics of the LLC converter. 
Fig.3 shows that the characteristic of gain and frequency 
depends on the load. Therefore, conventional control (DFC) 

using VCO is difficult to control design because the transfer 
function of the plant is highly load-dependent. On the other hand, 
D-EPC has a small load dependence and is easy to control design.  

B. Operation of D-EPC[13][14] 

D-EPC (previously called ”power factor control”) method 
regulates the output voltage by adjusting the angle θ which is 
defined as the phase difference between the inverter voltage vinv 
and the primary resonant current i1. Fig 4(a) shows the block 
diagram of D-EPC and Fig.4 (b) the timing chart. Here, Vsaw is 
the saw wave of the control circuit, VFB is the feedback voltage, 
Q1on is the turn-on signal of the high-side switch Q1, and ϕ is the 
phase difference from zero crossing of the resonant capacitor to 
turning on the high-side switch. D-EPC algorithm generates Vsaw 
with respect to the zero crossing point of the resonant capacitor 
voltage Vcr instead of detecting the current phase, as shown in 
Fig.4. Then, the switch Q1 is turned on at the timing, when it 
crosses VFB to control the phase difference ϕ between the 
inverter voltage vinv and the primary resonant current i1. The 
phase difference ϕ is related to the power factor cosθ by the (2). 

 cos cos(90 )θ φ= −  (2) 

From the relationship in(2), the effective power output by the 
inverter is controlled based on the power factor cosθ. 

Identify applicable funding agency here. If none, delete this text box. 

Fig.1.  Block diagram of  LLC using VCO 

Fig.2. Equivalent circuit of LLC converter using FHA. 

Fig.3. Frequency vs gain characteristic LLC  

(a) Block diagram of  LLC using D-EPC 

(b) Timing chart of D-EPC 

Fig.4. The principle of operation of D-EPC for LLC converter 
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C. Small signal analysis in buck mode[12] 

The small-signal characteristic analysis establishes 
equations for the effective-power flow from the inverter to the 
load resistor in reference [12]. Fig.5 shows an analysis model 
of LLC converter. In this model, the input voltage is 
approximated as only Fundamental wave and the rectifier 
circuit is considered as a lossless power conversion circuit. V 
and I is root-mean-square value of the voltage and current in 
each part. Vi_AC and Vo_AC values are expressed as follows. 

  i_AC i

2
V V

π
=  (3) 

  o_AC o

2 2
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In this case, the effective input power Pi, output power Ptr 
from the secondary winding of the transformer per unit time 
can be expressed as follows 

  i 1 i_AC cosP I V θ=  (5) 

  tr 2 o_ACP I V= ⋅  (6) 

In the case of the LLC converter in buck mode the LLC 
converter is used in buck mode, the magnetizing inductance 
Lm should be large. Therefore, the value of the magnetizing 
current I3 is smaller than the secondary current I2, thus the 
secondary current I2 is expressed as 

  2 1I NI=  (7) 

Assuming that the LC resonator is driven at its resonant 
frequency fr , the stored energy in the resonator Eres  during the 
period of AC voltage is considered to be almost constant. Here, 
Note that the instantaneous AC voltage of Cr is zero at the instant 
of peak current in Lr, Eres can be formulated as 
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The difference between Pin and Ptr indicates the energy 
stored in the LC resonator per unit time. Therefore, from (5)-(8), 
the equation of state for I1 is expressed as  
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Next, deriving the expression for Vo from Vo_ac, the dc output 
power per unit time Po of the LLC converter is expressed as 
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Noting that Ptr indicates the ac power per unit time supplied 
to the rectifier, Ptr−Po can be interpreted as the energy charged 
in the output smoothing capacitor per unit time. If Ecap denotes 
the total energy stored in the output smoothing capacitor, Ecap 
can be expressed as 

  2
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Therefore, from (6), (11) and (12), the equation of state for 
Vout is expressed as 
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Finally, from (10) and (14), “state-space-equation” of LLC 
Power Factor Control is derived as follows. 
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 On the other hand, Back converter (Fig.6) is well known

“state-space equation” is expressed as  
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 Comparing (14) and (15), it is found that they have the same 
form. Therefore, the method that directly controls the effective 
power based on the power factor cosθ (D-EPC) has the same 
control characteristics as the buck converter. This allows the 
compensator design method of the buck converter to be adapted 
and enables a faster response. 

III. SMALL SIGNAL CHARACTERISTICS IN BOOST MODE 

A. Derivation of Small-Signal Model 

Similar to the buck mode, the small-signal characteristics in 
the boost mode are also derived by using (9) and (13), which 
focus on the effective power. However, in the boost mode, the 
equation is derived by considering the effect of the magnetizing 
current I3, which was ignored in (7) in the buck mode. 

Fig.5.  Proposed analysis model for LLC converter 

Fig.6.  Buck converter 
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Since the rectifier circuit is a power load, it can be considered 
a resistive load. Therefore, the magnetizing current I3 and the 
transformer secondary current I2 are orthogonal. Therefore, the 
transformer secondary current I2 is expressed as 
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From (16), which considering the magnetizing current, the 
equations of state (9) and (13) are expressed once again 
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Then the small signal transfer function from cosθ to Vo derive 
from (17)(18) to (19).
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where η is the ratio of transformer primary current I1 and 
secondary current I2 in steady state as shown in (20) 
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On the other hand, it is well known that the buck converter 
(Fig.6) can be linearly controlled and the small-signal 
characteristic is expressed by (21). 
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Comparing (19) and (21), we can see that both are second-
order delay systems and that the corner frequency is constant. It 
also shows that the damping factor depends on the load. 
Therefore, the LLC converter in boost mode has the same 
control characteristics as the buck converter by controlling the 
effective power based on cosθ. 

B. Calculating plant transfer function 

Fig. 7 shows the calculation characteristic the plant (control 

to output) transfer function at Ro=1.6Ω and 4.7Ω based on (19), 
and the values of TABLE.I were used for each parameter. Fig.7 
shows that there is no increase in gain at the resonance frequency 
regardless of the load condition. This is due to the effect of the 

magnetizing inductance, which tends to increase the damping 
coefficient. This effect causes the separation of the poles, 
resulting in a Bode plot similar to that of a first-order system. It 
can also be seen that the pole separation increases with light load. 
This model is considered to be a light load increases the 
attenuation coefficient by increasing the value of η in (19) . 

IV. IMPRIMENTATION AND EXPERIMENTS 

A. Imprimentation and Operating Mechanism 

Fig.8 shown circuit diagram. This circuit consists of an LLC 
converter main circuit, a capacitor voltage detection circuit, a 
saw wave circuit, and a digital controller. The digital controller 
is the ML62Q203x/4x (16-bit, 16 MHz clock, 64 MHz 
timer)[20]. This controller can realize event-driven operation 

(b) Phase characteristics 

Fig.7. Calculation result (control to output bode plot) 

(a) Gain characteristics 

TABLE.I Calculation parameters 
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without CPU control, and the timer has a frequency tracking 
function with an internal comparator. 

Fig.9 shows the timing chart. The control method is based 
on the saw wave as in the D-EPC operation. The ON period of 
the switch is determined by a timer in the digital controller. In 
this circuit, the rising edge of the internal comparator CMPtr is 

used as an event, and frequency tracking is performed from the 
previous resonance period to the triangular wave timer for phase 
delay timing adjustment. 

B. Experiments  

 Fig.10 shows the prototype board. The experiment also used 
Table.I for each parameter. This circuit is stepped down from 48 
V to 12V. The maximum output current is 8 A and the maximum 
output power is 100 W. The series resonance frequency is 150 
kHz. In the experiment, the feedback voltage VFB is VFB is 
applied externally, and the circuit is operated in open loop. Here, 
the feedback voltage is adjusted so that the output voltage is 12 
V. 

Fig.11 shows actual operating waveform with load 
resistance of 4.7Ω. The current waveforms in Fig.11 show that 
the LLC converter is operating at a frequency lower than the 
resonant frequency, to operate  in boost mode. The high-side 
switch Q1 turns on at the point where the feedback voltage and 
the saw wave intersect. Therefore, it was found that D-EPC 
circuit operates even in the boost mode and can be adapted to all 
modes of operation. 

C. Measuring plant transfer function 

 Fig. 12 shows the measured plant transfer function at 
Ro=1.6Ω and 4.7Ω. From Fig. 12, the transfer function shows 
the same characteristics as calculation result of proposed model. 
From this result, it can be said that the small-signal 
characteristics in (19) sufficiently predict damping factor. The 
characteristics of LLC converters using D-EPC are similar to 
those of buck converters.. This indicates that it is possible to 
adapt the compensator design of the buck converter to the LLC 
converter using D-EPC. 

V. CONCULTION 

Direct effective power control(D-EPC) method for LLC 
control was proposed.  A small-signal characteristic of the 
plant transfer function (control to output) considering 
magnetizing inductance for the boost mode operation was 
derived from “power -focused equation of state”.  Test 
board was implemented and evaluated at Vin=48V, 

Vout=12V, Ro=1.6Ωand 4.7Ω . As a result, D-EPC LLC 

Fig.11.  Operating wave form 

Fig.8.  Circuit Diagram of LLC D-EPC 

Fig.9.  Timing chart of LLC D-EPC 

Fig.10.  Prototype board of LLC D-EPC 
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converter in boost mode was working properly and “the 
plant transfer function” was in good agreement between 
calculated and measured bode-plot. It is confirmed that D-
EPC method is effective even in the boost mode. 
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Fig.12. Experimental result (control to output bode plot) 

(b) RL=4.7Ω 
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