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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

I T is well known that the ultimate design goal of a power con-
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 et 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 Rac 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, Lm is the magnetizing inductance of the trans-
former, and Llkp and Llks are the primary and secondary
leakage inductance (Llkp = n2Llks), respectively. Let denote
k = Lm /Llkp , Q =

√
Lr/Cr/Rac , ωr = 1/

√
LrCr (i.e., reso-

nant frequency), ωp = 1/
√

LpCr , then, Lp = (k + 1)Llkp and
Lr = Llkp(1 + k/(k + 1)). The equivalent impedance of the
LLC is as follows:

z(jω) =
ω2L2

m Rac

ω2(Lm + Llkp)2 + R2
ac

+ j

(
ω2LlkpCr − 1

ωCr

+
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ac ]
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ac

)
. (1)

The impedance angle is determined as

α=arctg
ω4L2

lkp(2k + 1) + ω2R2
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2
p

ω3L2
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The LLC gain is as follows:
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The relations between different gains of Q and frequencies
are shown in Fig. 2.

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

ω4(2k + 1)L2
lkp − R2

acω
2
p + ω2R2

ac

[
1 − Q2 (k + 1)2

2k + 1

]
= 0.

(4)
The solution to (4) is the working frequency of the pure

resistive load, i.e., the peak gain frequency ωpp . When the
circuit parameters are fixed in (4), the peak gain frequency

Fig. 3. tzero and ω. (a) ωpp < ω < ωr . (b) ω ≥ ωr .

change as Q (i.e., the load) varies. In particularly, when Q = 0
(i.e., Rac = ∞), ω4(2k + 1)L2

lk p
/R2

ac − ω2
p + ω2 = 0, leading

to ωpp = ωp ; when Q = ∞, (i.e., Rac = 0), ω2(2k + 1)L2
lk p

− Lr

Cr

(k+1)2

2k+1 = 0, leading to ωpp = ωr . Therefore, the peak gain
frequency will change from ωp to ωr , 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 “∗” in Fig. 2.

When ωpp < ω < ωr , 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 iL is the resonant current, iDIODE is the current of the
secondary rectifier diodes, and tzero is the duration time when
iDIODE = 0. When ω ≥ ωr , the related waveforms are demon-
strated in Fig. 3(b).

From Fig. 3, it can be seen that, (1) when ωpp < ω < ωr , tzero
change as frequency varies, and (2) when ω ≥ ωr , tzero is always
zero. When the load steps from 2 to 1Ω and the switch frequency
is equal to ωr , the step transient response is shown in Fig. 4, from
which it can be observed that the load change does not affect
tzero .The relationship between ω (T = 2π/ω) and tzero/T is
shown in Fig. 5, from which it can be seen that when ω ≥ ωr ,
tzero = 0 (that is, tzero/T = 0); when ωpp < ω < ωr , tzero/T
change as the frequency varies. Thus, tzero/T or (1 − tzero/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 tzero .
Because the LLC equivalent load is inductive when ω ≥ ωpp , the
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Fig. 4. Load step-up transient (ω = ωr , tzero = 0).

Fig. 5. Relation between ω and tzero/T (ω > ωpp ).

Fig. 6. Example to show the maximum tfreewheel .

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 α only depends
on Rac and ω. Let the time corresponding to α be the maximum
freewheeling time and can be written as tfreewheel = α/ω. 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, id is the current of any
MOSFET in H Bridge, ibodyDIODE and iFET are the currents
flowing through the body diode and FET in MOSFET, respec-
tively. When the load is light, the ibodyDIODE may be equal to
the excitation current of the transformer, and the output current
of the rectifier diode approaches to zero which affects the tzero .

Fig. 7. Effect of load decreases to tzero .

Fig. 8. Proposed resonant frequency tracking approach.

Fig. 7 shows the influence of load on tzero , when the dead time
is fixed and ω = ωr . It can be seen that the tzero 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 − tzero/T to track the reso-
nant frequency comes from the measurement of the tzero . Since
tzero is almost zero when ω ≥ ωr , it is rather difficult to directly
measure an accurate tzero . 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,
iDIODE is measured by the Hall current sensor, then iDIODE is
converted to a pulse signal vsig by using the crossing-zero com-
parator. Finally, the average value of vsig (i.e., u) is obtained by
using the RC low-pass filter. Note that this method proposes to
measure the average value instead of directly measuring tzero ,
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 vsig is Ma , the average value of vsig is

u = Ma(1 − tzero/T ) = Ma(1 − tzeroω/2π). (5)

From (5), we can see that u only depends on the magnitude
Ma and tzero/T . If ω ≥ ωr , u = Ma ; if ωpp < ω < ωr , u is a
function of ω. Note that u is always equal to Ma in the range of
ω ≥ ωr , it is difficult to determine the exact value of ωr . When
ωpp < ω < ωr , the value of u can be uniquely determined by
ω, implying that u reflects the variations of working frequency
in an LLC converter.

Assume that Δ � Ma . Based on the aforementioned idea,
we use Ma − Δ as the reference signal, and u as the feedback
of the working frequency of the LLC converter in the control
closed-loop, shown in Fig. 9, where the resonant frequency ωr

can be obtained approximately, and is called the quasi-resonant
frequency ωqr . Obviously, ωqr is always less than ωr . In this
design, the less Δ is the better ωqr approaches to ωr . However,
Δ 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

ωn = ωn−1 +
k1

s
uc = ωn−1 +

k1

s
(Ma − Δ − u). (6)

The program flowchart of the control closed-loop described
in Fig. 9 is shown in Fig. 10, where ω0 is the initial working
frequency, and the final value of ωn is the desired ωqr .

There are two choices to determine the initial working fre-
quency ω0 , i.e., ω0 < ωr and ω0 > ωr . In Section II, we know
that |ωr − ωpp | decreases as the load increases. If we take the
first choice, ω0 will vary as the load changes, otherwise the LLC
SRC may be operated at the frequency ω0 < ωpp , 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 (s)
uct(s)

∣∣
ω=ωn

= Ke−T1 s ≈ K

T1s + 1
(7)

Fig. 10. Program flowcharts.

Fig. 11. Open loop logarithm amplitude frequencies curve.

where the gain of LLC converter is K, uct is the V/F output, T1
is delay time of the LLC converter, and in general, T1 is equal
to the switching cycle. The low-pass filter can be written as

u(s)
iL (s)

=
1

T2s + 1
=

1
R1C1s + 1

. (8)

In general, the T2 � T1 (i.e., R1C1 � T1). As a result, the
F/V conversion can be approximately simplified as

u(s)
uct(s)

=
K

T1s + 1
· 1
T2s + 1

≈ K

(T1 + T2)s + 1
. (9)

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

G(s) =
k1K

s[(T1 + T2) s + 1]
. (10)

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, ωc < 1/(T1 + T2). From Fig. 11,
we can obtain L(ω) |ω=1 = 20 lg k1K = 20 lg ωc , leading to
k1K = ωc .Therefore, k1K(T1 + T2) < 1. The closed-loop re-
sponses of the system with three different k1 are shown in
Fig. 12.
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Fig. 12. Closed-loop responses with different k1 .

Fig. 13. Relation between the working frequency and u.

The simulation results of the closed-loop resonant frequency
tracking are shown in Fig. 13. At the beginning ω0 > ωr , the
switching frequency will gradually decrease to fqr1 , and at the
same time u also gradually approaches to Ma − Δ (see Fig. 13,
Ma − Δ = 0.99). At time t = 0.8 s, the resonant capacity Cr

increases, implying that ωr decreases. As a result, u is larger
than Ma − Δ, leading to uc < 0. As the time increases, the
working frequency will decrease and the u will also be gradually
reduced to u = Ma − Δ. That is, the working frequency of

Fig. 14. Experiment bed.

the LLC converter will gradually approach to the new quasi-
resonance frequency fqr2 . At time t = 4 s, the resonant capacity
Cr decreases that means ωr also increases. As a consequence,
u is less than Ma − Δ, resulting in uc > 0. That is, the working
frequency will increase and u will also gradually be reduced to
u = Ma − Δ. In this case, the working frequency will gradually
approach to another new quasi-resonance frequency fqr3 .

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 u is designed to be 2.1 V, that is, Ma is
equal to 2.1 V; the selection of the minimum value Δmin should
be more than the resolution of A/D converter, theoretically, but
in practice, Δmin 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
Δmin = 0.029.

The parameter variation of the resonant tank is simulated by a
circuit in which two capacitors (i.e., Cr and Cr’) are connected
in parallel, and a switch is connected in series with Cr’. By
turning the switch ON and OFF the parameter variations can
be mimicked. The parameters are designed as follows: C ′

r =
7nF(the standard value is 6.8 nF), Cr = 0.038μF(the standard
value is 0.033 μF), Lr = 762μH, the input voltage is 50 V, the
transformer turns ratio n is 2 : 1, and the maximum output power
is 180 W. When switching on (off) C ′

r , the resonant frequency
of the LLC converter is fr ≈ 27179Hz (fr ≈ 29576Hz).

As mentioned above, the proposed method is based on tzero .
Therefore, in the experiment, we first need to verify the effec-
tiveness of the measurement method of tzero in the open loop.
The procedure is as follows: Open the feedback loop of u, set
the working frequency of the LLC converter (which is gener-
ated by DSP), and gradually decrease starting from ω0 . In the
procedure, the current iDIODE and tzero at different working
frequencies are shown in Fig. 15.

Note that in Fig. 15, the iDIODE during tzero has noises in the
experiments. The noises make the vsig deviate from the ideal
shape, so the Vavg (i.e., u) obtained by using a RC low-pass
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Fig. 15. Secondary diode current and the pulse signal vsig .

filter will change accordingly. Also, despite the presence of
noise when ω ≈ ωr , the tzero is almost zero. This means that
the u is insensitive to noises at the working frequency ω ≈ ωr .
Since the proposed method is used to approximate tracking
resonant frequency ω ≈ ωr , where u 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 u, and then three cases are considered:

1) Switch off the the capacitor C ′
r (i.e.,Cr = 0.038 uF), and

set Δ = 0.16 (that means Ma − Δ = 1.94) and k1 = 10.
The responses of u and iDIODE are shown in Fig. 16(a),
where the quasi-resonance frequency is fqr ≈ 27.55 kHz
and u is equal to the reference value (u = Ma − Δ =
1.94V). From Fig. 16(a), it can be seen that the closed-
loop system is stable, and the relative error of resonance
frequency tracking is (fr − fqr )/fr ≈ 9%.

Fig. 16. Frequency tracking for different resonant capacitances.

2) Switch ON the capacitor C ′
r (i.e., Cr + C ′

r = 0.045 uF,
fr ≈ 27179Hz), 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 (fr − fqr )/fr ≈ 8% and u is always equal to
Ma − Δ = 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 Δ to 0.06 V (i.e.,Ma − Δ = 2.03V) and keep
Cr = 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 − fqr )/fr ≈ 3.8%, and u is equal to Ma − Δ =
2.03V. This verifies that reducing Δ 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 ω0 and let ω0 = 1.2ωr . Step 3): Determine Δmin . Let
Δmin = 10xres , where xres is the resolution of the A/D. Step
4): Determine T1 , T2 , K, and k1 . Based on ωr , obtain T1 and
let T2 = 10T1 ; based on k1K(T1 + T2) < 1, determine k1 and
let k1 = 1/[2K(T1 + T2)].

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.

REFERENCES

[1] U. Kundu, P. Chakraborty, and S. Sensarma, “Automatic resonant fre-
quency tracking in parallel LLC boost DC–DC converter ,” IEEE Trans.
Power Electron., vol. 30, no. 7, pp. 3925–3933, Jul. 2015.

[2] Z. Guo, D. Sha, and X. Liao, “Hybrid phase-shift-controlled three-level
and LLC DC–DC converter with active connection at the secondary side
,” IEEE Trans. Power Electron., vol. 30, no. 6, pp. 2985–2996, Jun. 2015.

[3] B. Lu, W. Liu, Y. Liang, F. C. Lee, and J. D. Van Wyk, “Optimal design
methodology for LLC resonant converter,” in Proc. IEEE Appl. Power
Electron. Conf., 2006, pp. 533–538.

[4] T. Liu, Z. Zhou, A. Xiong, J. Zeng, and J. Ying, “A novel precise design
method for LLC series resonant converter,” in Proc. IEEE Int. Telecom-
mun. Energy Conf., 2006, pp. 1–6.

[5] F. Yang, C. Lee, A. J. Zhang, and G. Huang, “LLC resonant converter for
front end DC/DC conversion,” in Proc. IEEE Appl. Power Electron. Conf.,
2002, pp. 1108–1112.

[6] W. Feng, F. C. Lee, P. Mattavelli, C. Prasantanakorn, and D. Huang,
“LLC resonant converter burst mode control with constant burst time and
optimal, switching pattern,” in Proc. IEEE Appl. Power Electron. Conf.,
2011, pp. 6–12.

[7] J. Y Lee, Y. S. Jeong, H. J. Chae, K. M. Yoo, J. J. Chang, and J. H. Chang,
“Two-stage insulated bidirectional DC/DC power converter using a con-
stant duty ratio LLC resonant converter,” U.S. Patent 20 111 009 071 7A1,
Apr. 21, 2011.

[8] R. L. Steigerwald, “A comparison of half-bridge resonant converter
topologies,” IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174–182,
Apr. 1988.

[9] F. C. Lee, S. Wang, P Kong, C. Wang, and D. Fu, “Power architecture
design with improved system efficiency, EMI and power density,” in Proc.
IEEE Power Electron. Spec. Conf., 2008, pp. 4131–4137.

[10] J.-B. Lee, J.-K. Kim, J.-H. Kim, J.-I. Baek, and G.-W. Moon, “A high-
efficiency PFM half-bridge converter utilizing a half-bridge LLC converter
under light load conditions,” IEEE Trans. Power Electron., vol. 30, no. 9,
pp. 4931–4942, Sep. 2015.

[11] T. J. Liang and J. J. Ribarich, “A new procedure for high-frequency elec-
tronic ballast design,” IEEE Trans. Ind. Appl., vol. 37, no. 1, pp 262–267,
Jan./Feb. 2001.

[12] H. S. Heng, Y. Pei, X. Yang, F. Wang, and C. W. Tipton, “Frequency
tracking control for cap-charging parallel resonant converter with phase-
locked loop,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2007,
pp. 1287–1292.

[13] Y. Yin, M. Shirazi, and R. Zone, “Electronic ballast control IC with digital
phase control and lamp current regulation,” IEEE Trans. Power Electron.,
vol. 23, no. 1, pp. 11–18, Jan. 2008.

[14] W. Feng, P. Mattavelli, and F. C. Lee, “Pulse width locked loop (PWLL) for
automatic resonant frequency tracking in LLC DC-DC transformer (LLC-
DCX),” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1862–1869, Apr.
2013.

[15] W. Feng, P. Mattavelli, F. C. Lee, and D. Fu, “LLC converters with au-
tomatic resonant frequency tracking based on synchronous rectifier (SR)
gate driving signals,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
2011, pp. 1–5.

[16] S. Jiang, W. Zhang, B. Liu, and F. Wang, “Automatic resonant frequency
tracking in unregulated LLC resonant converters based on total resonant
current harmonic calculation,” in Proc. IEEE Energy Convers. Congr.
Expo., 2013, pp. 4193–4198.

[17] H. Li, Y. He, and C. Wang, “A new method of frequency tracking and
output power control for full bridge series load resonant inverter,” Trans.
China Electrotech. Soc., vol. 25, no. 7, pp. 93–99, Jul. 2010.

Hong Li was born in Yuanqu, Shaanxi, China,
in 1962. He received the B.S., M.S., and Ph.D.
degrees in control theory and control engineering
from Northwestern Polytechnical University (NPU),
Xi’an, China, in 1985, 1997, and 2007, respectively.

From 1985 to 1989, he was an Assistant Profes-
sor with the Department of Mechanical Engineering,
NPU, where he joined the School of Marine Science
and Technology in 1990, and is currently an Asso-
ciate Professor. From 2012 to 2013, he was a Visiting
Scholar with the Department of Electrical Engineer-

ing, The University of Tennessee, Knoxville, USA. He is the Author of three
books and more than 30 articles in major journals of China. His recent research
interests include motor control and resonant power supply.

Zhiyuan Jiang was born in Changchun, Jilin, China,
in 1988. He received the B.S. and M.S. degrees in
control theory and control engineering from North-
western Polytechnical University, Xi’an, China, in
2012 and 2015, respectively.

Since April 2015, he has been an Assistant Re-
search with the Technology Center, FAW Group
Corp., Changchun, China. His research interest in-
cludes switching mode power supply and motor
control.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


