4956

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 7, JULY 2016

On Automatic Resonant Frequency Tracking in LLC
Series Resonant Converter Based on Zero-Current
Duration Time of Secondary Diode

Hong Li and Zhiyuan Jiang

Abstract—In order to achieve higher efficiency for the unregu-
lated LLC series resonant converter, the switching frequency must
be equal to the resonant frequency. However, since the converter
works in open-loop condition, the switching frequency usually de-
viates from the resonant frequency in real converter. This paper
proposed a new control method to track the resonant frequency of
the unregulated LLC series resonant converter. Theoretically, the
time of zero diode current in secondary is zero when the working
frequency is equal or greater than the resonance frequency, and
it is changed as the frequency varies when the working frequency
is less than the resonance frequency. The proposed control algo-
rithm is based on the time measurement of zero diode current to
realize the resonance frequency tracking. A closed-loop digital con-
troller is designed to realize the proposed tracking approach. The
simulation and experiments are conducted to verify the proposed
tracking approach. The simulation and experimental results show
that (1) the switching frequency can be well controlled to track the
resonant frequency, and (2) the tracking accuracy can be at least
96%.

Index Terms—LLC series resonant converter, resonant fre-
quency tracking, zero-current duration time.

I. INTRODUCTION

T is well known that the ultimate design goal of a power con-
I verter is to increase its power density, and the main approach
to doing that is to increase switch frequencies. However, the in-
crease of the frequency is constrained by switch losses. One
way to deal with this difficulty is the soft-switch technology, in
which the LLC converter has received much attention, due to its
desired features: 1) the primary-side switch can be turned ON
in zero voltage, 2) the switching-off losses can be absorbed by
capacitors, and 3) the switch of the secondary rectifier diode has
a zero current. Thus, the high efficiency and power density can
be accomplished [1]-[6]. In conventional resonant converters,
the switching frequency is used as a control variable to modulate
the output voltage [7], [8] or to improve system’s efficiency [9],
[10]. In contrast, the unregulated LLC resonant converter, such
as LLC dc—dc transformers, the desired working condition is re-
alized by making the switching frequency equal to the resonant
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frequency. However, since the converter works in an open-loop
condition, and the parameters of inductors and capacitors in the
resonant tank are time-varying, the switching frequency usually
deviates from the prescribed resonant frequency in most practi-
cal situations. Thus, in order to make an LLC converter operate
at the resonant frequency, a resonant frequency tracking method
is needed.

It is worthwhile to mention that the phase lock-loop is widely
used in the frequency tracking in series resonant converter
(SRC), parallel resonant converter, and LLC converter [11], [13],
but it cannot be directly applied to isolated LLC SRC, because
the tank input currents have asynchronous phases caused by the
transformer magnetizing current. The study in [14] and [15] real-
ize the frequency tracking by minimizing the pulse-width differ-
ences between primary-side main switches and secondary-side
synchronous rectification driving signals. However, this method
exploits the switching behavior by using an antiparallel diode
MOSFET pair, which is not applicable for the diode bridge
rectifier in the secondary. The study in [16] develops a resonant
frequency tracking approach by using the minimum of total har-
monic in the resonant current, but this method needs to calculate
the total harmonic distortion of the resonant current online. The
study in [1] proposes an automatic resonant frequency tracking
scheme for a parallel LLC converter, where the drift in reso-
nant frequency is detected by observing the phase relationship
of an electrical variable pair, and it can be used in series LLC
converter.

Based on the fact that the current flows in one direction at
the resonant frequency, Li ef al. [17] designed a resonant fre-
quency tracking strategy in SRC. It is noted that this strategy is
not workable, when the dc bus current is always bidirectional
flowing. Since the DCdc bus current of the LLC is always bidi-
rectional flowing in its working frequency domain, the proposed
strategy in [17] cannot be applied for the LLC converter.

In this paper, we will propose a new LLC resonant frequency
tracking approach by using the zero-current duration time of
a secondary rectifier diode. This approach is only dependent
on the zero-current duration time, and is independent LLC pa-
rameters. In addition, this approach is also very easy to be
implemented in practice.

II. SIGNAL CHARACTERISTICS OF SECONDARY DIODE
CURRENT IN LLC CONVERTER

The circuit shown in Fig. 1 is equivalent to an LLC con-
verter, where R,. is the equivalent load, n is the transformer
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Fig. 1. Equivalent ac circuit of LLC converter.

Fig. 2.

Gain curves of LLC.

turning ratio, L,, is the magnetizing inductance of the trans-
former, and Ly, and Ly are the primary and secondary
leakage inductance (L, = n? Ly, respectively. Let denote

k=L, /Ly, Q =+/L,/C\./Rac,w, =1/\/L,C, (i.e., reso-
nant frequency), w, = 1/+/L,C,, then, L, = (k + 1)Ly, and
L, = Ly, (14 k/(k +1)). The equivalent impedance of the
LLC is as follows:

2LQ/.R + wQlepC’r —1
w? (L,,L + lep)Q =+ R,C%C J wC,
Why, - [W2 lep (Lm + lep) + Rgc]

w2 (Lm + lep)2 + RZC

The impedance angle is determined as

2(jw) =

(D

WL (2k +1) + W B2 (1 — @ ’;,jjl ) — R2,w?
w3L2, L,C, Ry ’

m

a=arctg

2
The LLC gain is as follows:

e == |
i(2)-(-z)-en+ (1-5)

The relations between different gains of () and frequencies
are shown in Fig. 2.

When a = 0, and the equivalent impedance is pure resistive
load, i.e.,

Ricwp +w?R2,

w'(2k + 1)L, —

{1_Q2(k+1) }

2k+1
“4)
The solution to (4) is the working frequency of the pure
resistive load, i.e., the peak gain frequency w,. When the
circuit parameters are fixed in (4), the peak gain frequency
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change as @) (i.e., the load) varies. In particularly, when Q) = 0
(ie., Ry = 00), w'(2k + 1)L /R:. —w, +w* =0, leading
to wy, = w,; when Q = oo, (1e Ry —O) w?(2k + 1) L2

é %:j i = 0, leading to wj,, = w,.. Therefore, the peak gain

frequency will change from w), to w,, as the load changes from
an open-circuit case to a short-circuit case in the LLC SRC. The
peak gain point is labeled as “x” in Fig. 2.

When w,, < w < w,, the equivalent load of LLC is induc-
tive, the main switches turn ON in zero-voltage condition, and
the secondary rectifier diodes turn ON and OFF in zero-current
condition. The related waveforms are demonstrated in Fig. 3(a),
where i, is the resonant current, ipropg 1S the current of the
secondary rectifier diodes, and t,.,, is the duration time when
iptope = 0. When w > w,, the related waveforms are demon-
strated in Fig. 3(b).

From Fig. 3, it can be seen that, (1) whenw,, < w < w;, tyero
change as frequency varies, and (2) whenw > w,., t,e,0 1s always
zero. When the load steps from 2 to 12 and the switch frequency
is equal to w,., the step transient response is shown in Fig. 4, from
which it can be observed that the load change does not affect
t,ero-The relationship between w (T = 27/w) and t,e,0 /T is
shown in Fig. 5, from which it can be seen that when w > w;,,
trero = 0 (that is, t,e0 /T = 0); When wy), < w < wy, trero/T
change as the frequency varies. Thus, t,e0 /7 O (1 — t,er0/T)
can be used as a basis to determine, whether the LLC converter
works at resonant frequency or not.

In the application for the H Bridge, the dead time always
exists, so we need to analyze the effect of dead time on %,¢,-
Because the LLC equivalent load is inductive when w > w,,, the

lkp
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current flows through the body diode of main switches during the
dead time. Based on (2), if the parameters of the LLC converter
are kept unchanged, then the impedance angle « only depends
on R,. and w. Let the time corresponding to o be the maximum
freewheeling time and can be written as tfeewheel = /w. Due
to the fact that the freewheeling current depends on load current,
this method may be not suitable for light loads. To demonstrate
this point, we provide Figs. 6 and 7 in the following as examples
to show the detailed reason. In Fig. 6, i, is the current of any
MOSFET in H Bridge, i,o4yp1ope and ¢ggT are the currents
flowing through the body diode and FET in MOSFET, respec-
tively. When the load is light, the 7},,qyp10pE may be equal to
the excitation current of the transformer, and the output current
of the rectifier diode approaches to zero which affects the ¢,.,,.
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Fig. 7 shows the influence of load on t,,,, when the dead time
is fixed and w = w,.. It can be seen that the ¢,.,, may be larger
than zero as the load current decreases significantly, and this
method might not be suitable. It is worth noting that, according
to the simulation and experiments, this method is still workable
when the load decreases to 30% of the rated load.

III. PROPOSED RESONANT FREQUENCY TRACKING APPROACH

The proposed resonant frequency tracking approach is shown
in Fig. 8. The challenge of using 1 — ¢, /7 to track the reso-
nant frequency comes from the measurement of the ¢,.,,. Since
t,ero 18 almost zero when w > w,, it is rather difficult to directly
measure an accurate t,..,. Here, we adopt an indirect method
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Fig. 9. Control black diagram of resonant frequency tracking.

to measure it, and the procedure is described as follows: First,
ipropg 1s measured by the Hall current sensor, then ipropg 1S
converted to a pulse signal vg;, by using the crossing-zero com-
parator. Finally, the average value of vg;, (i.e., ) is obtained by
using the RC low-pass filter. Note that this method proposes to
measure the average value instead of directly measuring ¢,¢;,
which greatly simplifies the measurement processes; although
the using of the RC low-pass filter will cause the delay issue on
frequency tracking.
If the magnitude of v, is M,, the average value of vyi, is

W= M,y (1 — tyero/T) = My(1 — tyerow/27).  (5)

From (5), we can see that % only depends on the magnitude
M, and tyero /T fw > w,, 0= M, ifw,, <w <w,, Tisa
function of w. Note that u is always equal to M, in the range of
w > w,, it is difficult to determine the exact value of w,. When
wpp < w < w,, the value of & can be uniquely determined by
w, implying that & reflects the variations of working frequency
in an LLC converter.

Assume that A < M, . Based on the aforementioned idea,
we use M, — A as the reference signal, and @ as the feedback
of the working frequency of the LLC converter in the control
closed-loop, shown in Fig. 9, where the resonant frequency w;,
can be obtained approximately, and is called the quasi-resonant
frequency wy,. Obviously, w,, is always less than w,. In this
design, the less A is the better w,, approaches to w,. However,
A cannot be too small, and must be greater than the sampling
resolution of A/D conversion.

In Fig. 9, V/F represents the conversion from voltage to fre-
quency; the dashed box is equivalent to the conversion from the
frequency to voltage. Denoting the conversion ratio in V/F by
k1, the output of V/F conversion can be written as

kq

k
Wy = Wp_1 + it U =wp1 + — (M, — A —7). (6)
S s

The program flowchart of the control closed-loop described
in Fig. 9 is shown in Fig. 10, where wy is the initial working
frequency, and the final value of w, is the desired wg; .

There are two choices to determine the initial working fre-
quency wy, i.e., wy < w, and wy > w,. In Section II, we know
that |w, — w),,| decreases as the load increases. If we take the
first choice, wy will vary as the load changes, otherwise the LLC
SRC may be operated at the frequency wy < wy,,, which is not
desirable. If the second choice is taken, we can avoid the effects
caused by load change; therefore, the second choice is preferred.

The LLC converter can be equivalent to an amplifier with a
pure time delay as follows:

iL (8)
Uer ()

|w:w,, = Ke ~ (7N
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where the gain of LLC converter is K, u.; is the V/F output, T
is delay time of the LLC converter, and in general, 7} is equal
to the switching cycle. The low-pass filter can be written as

u(s) 1 B 1
ir(s) Ths+1 RiCis+1°
In general, the 75 > T} (i.e., Ry Cy > T7). As a result, the
F/V conversion can be approximately simplified as
a(s) K I K
’U/Ct(S) 7T18+1 T28+1 - (T1+T2)S+1
By using an integral regulator, the transfer function in (9) can
tranformed into the typical type I system or a typical two order

system. The forward path transfer functionn can be expressed
as

®)

©))

B b K

The open-loop logarithm amplitude frequency response is
shown in Fig. 11.

In order to increase the stability of the system, the logarithmic
amplitude—frequency curve should be —20 dB/dec slope across
the 0 dB line. As a result, w, < 1/(Ty + T3). From Fig. 11,
we can obtain L(w)|,—1 = 201gk; K = 20lgw,, leading to
k1 K = w..Therefore, k1 K (T} + T>) < 1. The closed-loop re-
sponses of the system with three different k; are shown in
Fig. 12.

G(s) (10)
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The simulation results of the closed-loop resonant frequency
tracking are shown in Fig. 13. At the beginning wy > w,, the
switching frequency will gradually decrease to f,,1, and at the
same time @ also gradually approaches to M, — A (see Fig. 13,
M, — A =0.99). At time ¢t = 0.8, the resonant capacity C,
increases, implying that w, decreases. As a result, u is larger
than M, — A, leading to u, < 0. As the time increases, the
working frequency will decrease and the w will also be gradually
reduced to w = M, — A. That is, the working frequency of
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Fig. 14.  Experiment bed.

the LLC converter will gradually approach to the new quasi-
resonance frequency f,,2. Attime ¢t = 4 s, the resonant capacity
C,. decreases that means w, also increases. As a consequence,
@ is less than M, — A, resulting in u,. > 0. That is, the working
frequency will increase and u will also gradually be reduced to
u = M, — A.In this case, the working frequency will gradually
approach to another new quasi-resonance frequency f,3.

IV. EXPERIMENTS AND VERIFICATION

The LLC SRC experiment bed is shown in Fig. 14. Here,
the DSP (TMS320F2812) is used as the controller to provide
the working frequency of LLC converter and generate the drive
signals of the H bridge; the H bridge is built by MOSFET, and
the current sensor is Hall current sensor (the power loss is about
2 W). To meet the input voltage range (0-3 V) of A/D in DSP,
the maximum value of % is designed to be 2.1 V, that is, M, is
equal to 2.1 V; the selection of the minimum value A, ;,, should
be more than the resolution of A/D converter, theoretically, but
in practice, Ay,;, is at least one order of magnitude larger than
the resolution of A/D converter. For example, the A/D converter
in TMS320F2812 is 10 bit and the resolution is 3/1024, then
Apin = 0.029.

The parameter variation of the resonant tank is simulated by a
circuit in which two capacitors (i.e., Cr and C,’) are connected
in parallel, and a switch is connected in series with C,’. By
turning the switch ON and OFF the parameter variations can
be mimicked. The parameters are designed as follows: C! =
7 nF(the standard value is 6.8 nF), C, = 0.038 pF(the standard
value is 0.033 uF), L, = 762 pH, the input voltage is 50 V, the
transformer turns ration is 2 : 1, and the maximum output power
is 180 W. When switching on (off) C”, the resonant frequency
of the LLC converter is f, =~ 27179 Hz (f, =~ 29576 Hz).

As mentioned above, the proposed method is based on ¢, .
Therefore, in the experiment, we first need to verify the effec-
tiveness of the measurement method of ¢,.,, in the open loop.
The procedure is as follows: Open the feedback loop of w, set
the working frequency of the LLC converter (which is gener-
ated by DSP), and gradually decrease starting from wy. In the
procedure, the current ipjopr and %, at different working
frequencies are shown in Fig. 15.

Note that in Fig. 15, the ipropg during ¢,;, has noises in the
experiments. The noises make the vy, deviate from the ideal
shape, so the V,,, (i.e., u) obtained by using a RC' low-pass
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Fig. 15.  Secondary diode current and the pulse signal vg;y .

filter will change accordingly. Also, despite the presence of
noise when w =~ w,, the t,.;, is almost zero. This means that
the @ is insensitive to noises at the working frequency w ~ w.
Since the proposed method is used to approximate tracking
resonant frequency w ~ w,, where w is not sensitive to noises,
this approach is still valid in practical applications.
Second, we need to verify the closed-loop performance. Close
the feedback loop of %, and then three cases are considered:
1) Switch off the the capacitor C. (i.e.,C, = 0.038 uF'), and
set A = 0.16 (that means M, — A = 1.94) and k; = 10.
The responses of w and ipropg are shown in Fig. 16(a),
where the quasi-resonance frequency is f,, ~ 27.55 kHz
and @ is equal to the reference value (u = M, — A =
1.94 V). From Fig. 16(a), it can be seen that the closed-
loop system is stable, and the relative error of resonance
frequency tracking is (f, — for)/fr = 9%.
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Fig. 16.  Frequency tracking for different resonant capacitances.

2) Switch ON the capacitor C!(i.e., C, + C! = 0.045 uF,
fr &= 27179 Hz), and the other parameters are the same as
1) the tracking frequency is about 25 000 Hz, as shown in
Fig. 16(b). The relative error of the resonance frequency
tracking is (f, — f4r)/fr ~ 8% and u is always equal to
M, — A = 1.94V. When the load decreases to the half of
its original, the tracking frequency stays the same and the
current decreases nearly to its half, as shown in Fig. 16(c).
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3) Reduce A to 0.06 V (i.e.,M, — A =2.03V) and keep
C, = 0.038 uF. After the experiment, the tracking fre-
quency is about 28.54 kHz, which is record in Fig. 16(d).
The relative error of resonance frequency tracking is
(fr = for)/fr =3.8%, and @ is equal to M, — A =
2.03 V. This verifies that reducing A can decrease the
tracking error, making the quasi-resonant frequency ap-
proach to the resonant frequency. The experiment shows
that the proposed method in the experiment bed can get at
least 96% accuracy.

As mentioned above, the design instructions for practical

controller design can be summarized as follows:

Step 1): Calculate the theoretical resonant frequency of
the design LLC converter. Step 2): Determine the initial fre-
quency wy and let wy = 1.2w,. Step 3): Determine A ,;,. Let
Apin = 1025, where .o is the resolution of the A/D. Step
4): Determine 17, 15, K, and k;. Based on w,, obtain 77 and
let Ty, = 107} ; based on ky K (T + Ty) < 1, determine k; and
let kl = 1/[2K(T1 + Tg)]

V. CONCLUSION

This paper has developed a new resonant frequency tracking
approach for a LLC SRC. In this approach, the zero-current
duration time of the secondary diode has been used as a basis to
determine whether the LLC SRC reaches resonance or not. In
particular, the detailed ideas under this approach and in-depth
analysis on how to reach automatic tracking are also provided.
The proposed approach is only affected by the time when the
current is equal to zero, and is independent of LLC parameters.
Therefore, it can be applied to the LLC converters of any power
level. Another notable feature of the proposed approach is easy
to be implemented in practice. The effectiveness of the proposed
approach is verified by simulation and experimental results.
Note that the proposed method might not be suitable for very
slight load as we explained. So, how to determine the theoretical
load range when the method is valid is our future study topic.
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