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An Accurate Frequency Tracking Method Based on
Short Current Detection for Inductive
Power Transfer System

Xin Dai, Member, IEEE, and Yue Sun

Abstract—Frequency drifting is a common problem in an in-
ductive power transfer (IPT) system. Conventional autonomous
oscillation method for maintaining soft switching is challenged
due to the drawbacks of feedback delay and disturbance, resonant
failure, and requirements of additional start-up circuit. A novel
frequency tracking method based on short current detection is
proposed for IPT applications. In addition, an instantaneous short
current detection method utilizing cheap comparator is proposed.
Furthermore, a fast and accurate tracking method is proposed
to calculate the frequency mismatch and make a correction. The
method can realize accurate frequency correction in several oscil-
lation periods. Furthermore, the method is simple and economic
for hardware implementation. Finally, the results of the exper-
iment and comparison results verified the frequency tracking
method.

Index Terms—Electromagnetic coupling, frequency control, in-
ductive power transfer (IPT).

I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology realizes ef-

ficient energy transfer across large air gap from power
supply to electrical equipment. With its rapid development,
more and more applications have been emerging in recent years
such as mobile phone, electrical vehicle material handling, and
biomedical implants [1]-[9].

For a typical IPT system, resonant tanks are very commonly
used to produce low-distortion sinusoidal oscillation and in-
crease the system reactive capability. However, the inherent
parameters of the resonant tanks may dynamically drift away
from the designed parameters due to load variation and mutual
coefficient change [10], [11]. It is because the mutual cou-
pling between the primary and secondary sides will produce
dynamical reflection impedance in the primary resonant tank
and cause its inherent frequency drifting. In order to realize
soft switching, the topology switching signal must keep up
with the inherent frequency variation. It should be noted here
that the inherent frequency refers to the inherent soft switching
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frequency of the primary inverter, which transforms dc input to
high-frequency ac output. Typical frequency tracking method is
a passive tracking method, which completes topology switching
by detecting the zero crossing points of resonant variables
[12]-[15]. This method is efficient to produce a self-sustained
oscillation. However, it normally requires start-up control to
produce initial oscillation, and the oscillation may fail in the
low-quality-factor condition [16]-[18]. Most important of all,
this method cannot realize accurate frequency tracking. There
inevitably exists a short-time lag in the topology switching due
to the time delay and disturbance on gate driver and detection
circuit in the feedback loop. The switching time lag will result
in resonant waveform distortion and augment of switching loss.
In particular, according to the first wireless power standard
“Qi” [19], [20], the oscillation frequency in commercial IPT
product should be set in the frequency range from 110 to
205 kHz. In the high-frequency range, the system becomes
more complex and sensitive because many parasite parameters
will affect system performance. A tiny time delay or distur-
bance in the feedback path may cause the system performance
to fall drastically. However, due to the inherently passive run-
ning property, it is impossible to eliminate the switching time
lag and disturbance so that the frequency tracking error will
always exist.

Compared with the passive tracking method, an active track-
ing method which completes topology switching by external
switching signal is seen to be a good alternate to solve these
problems. However, it is greatly relied on the tracking accuracy
and speed. Since the inherent frequency is determined by an
implicit high-order differential equation set, it is difficult to
obtain its accurate value [21]-[23]. Furthermore, even if the
inherent frequency can be calculated, the time consuming will
be unaffordable for real-time tracking. Therefore, instead of the
complex calculation, a simple and real-time tracking method
with unknown inherent frequency is needed.

In the IPT system, its well known that the short current is
adverse which should be avoided. The short current occurs
when resonant tank is shorted by the switching network. It
is caused by mismatch between the driving frequency and
the inherent soft switching frequency of the resonant tank. A
large mismatch can produce dangerous high current which may
cause the switching devices to fail. It has been found that the
short current occurs almost instantaneously while the mismatch
appears. Therefore, it can be utilized as a fast and accurate ruler
to measure the frequency error.

0278-0046 © 2013 IEEE
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Fig. 1. Parallel-resonant-type IPT system.

This paper proposes a novel active frequency tracking
method based on the detection of the short current. As the
frequency drift may be higher or lower than the inherent fre-
quency, the principles of the short current for the higher and
lower case are analyzed, respectively. An instantaneous short
current detection method utilizing normal comparators and
field-programmable gate array (FPGA) chip is proposed. On the
basis, this paper proposes a simple frequency tracking strategy
based on mismatch calculation. Furthermore, a tracking error
correction method is proposed as well. Finally, experimental
results verified the detection and tracking control method.

II. PRINCIPLES OF SHORT CURRENT

In terms of structures of resonant network at primary side,
there are normally two types. One is parallel resonant, and the
other is series resonant. The short current typically appears
in parallel resonant structure. A typical parallel-resonant-type
ICPT system is shown in Fig. 1.

As can be shown, the inductively coupled power transfer
(ICPT) system can be divided by primary and secondary sides.
At the primary side, the dc input 4. and filter compose a quasi-
current source. In addition, the switching network consists of
two switch pairs (S1, S4) and (S2, S3) and their inherent inverse
parallel diodes (SD1-SD4). The two switch pairs operate com-
plementarily at the forced switching frequency, transform dc
current input to high-frequency square-wave current, and inject
it into the resonant network, which is composed of resonant
inductor L p, capacitor Cp, and equivalent series resistance
(ESR) resistance Ry p. The resonant network converts the
square-wave current to sinusoidal current for primary coil to
produce alternating magnetic field. At the secondary side, the
secondary coil will pick up energy from the magnetic field and
produce resonance in the parallel resonant network composed
of resonant inductor Lg and capacitor C's. With the rectifier and
filter network (L, C'y), ac energy is transformed to dc output
to the load (Ryp).

While the forced switching frequency is approaching the
inherent soft switching frequency of the primary resonant net-
work, the switching points will be close to the zero cross-
ing points of the resonant voltage ucp which can produce
zero-voltage-switching conditions. Under the ideal conditions,
there is no short current occurrence. However, due to the
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Fig. 2. Switching frequency higher case. (a) Operating waveforms when short
current occurs. (b) (Regions I and IIT) Upper short current loop. (c) (Regions 1T
and IV) Upper short current loop. (d) (Regions I and III) Lower short current
loop. (e) (Regions II and IV) Lower short current loop.

load and coupled coefficient parameters variation, the reflection
impedance from the secondary side to the primary side will alter
the parameters of primary resonant network and result in its
inherent frequency drifting. The mismatch between switching
frequency and inherent frequency will cause the occurrence of
the short current.

In system running, when the switching frequency drifts away
from the inherent frequency, there are two possible cases. One
is higher, and the other is lower than the inherent frequency. The
two cases are quite different in nature and should be analyzed,
respectively.

A. Higher Case

The higher case can be illustrated in Fig. 2.
As it can be seen from (a), the waveforms from up to down
are resonant capacitor voltage ucp, switching signal S, and
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the input current 7, of the resonant tank, respectively. For the
switching frequency is higher than the inherent frequency,
the switching instants will appear before the zero switching
points of ucp. In addition, the mismatches will produce four
short current regions (Region I-IV). In each region, the short
current has different path and can be illustrated from (b) to
(e), respectively. In Regions I and III, the switch pair (S1, S4)
turns on and the switch pair (S2, S3) turns off. However, as the
resonant voltage ucp is below zero, two short current loops will
form in the inverter bridge. The one shown in (b) is the upper
short current loop including S1 and SD3. The other shown in
(d) is the lower loop include SD2 and S4. In Regions II and IV,
the switch pair (S1,S4) turn on and (S2, S3) turn off. However,
the resonant voltage ucp is above zero. Similarly, there are
two short current loops. The one shown in (c) is the upper one
including SD1 and S3, and the other shown in (e) is the lower
one including S2 and SD4. As the total resistance in the short
current path is approaching zero, the short current can be very
large and result in the sharp peak of input current /,, shown
in (a).

B. Lower Case

When the switching frequency is lower than inherent fre-
quency, the short current will appear as well. However, it is
different from the higher case in nature. The lower case can
be illustrated in Fig. 3.

As it can be seen from (a), since the switching frequency is
lower than the inherent frequency, the switching instants will
lag behind the zero crossing points of ucp. Furthermore, the
mismatches will produce four short current regions (Regions I-
IV). In Regions I and III, when the resonant voltage ucp
crossing the zero, the switching pair (S2, S3) still maintains
ON STATE because the switching signal is lagged behind. Two
short current loops will form in the upper and lower bridges,
respectively. The one including SD1 and S3 is shown in (b), and
the other including S2 and SD4 is shown in (d). In Regions II
and IV, the switch pair (S1, S4) will maintain ON STATE.
Similarly, the upper short current loop including S1 and SD3
is shown in (c), and the lower one including SD2 and S4 is
shown in (e). However, it should be noted that the short current
is driven by resonant inductor L p instead of capacitor C'p as the
resonant voltage is clamped to zero. Therefore, the short current
peak of input current ¢,. shown in (a) is much lower than that
of the higher case. In addition, in higher case, the short current
appears at the front end of the switching signal, while in the
lower case, it appears at the back end.

III. SHORT CURRENT ANALYSIS

Since the principles of the short current are quite different in
the higher and lower cases, the short current analysis should be
given, respectively.

A. Higher Case

According to the analysis of the Section III, the equivalent
circuit of the short current loop can be shown in Fig. 4.
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Fig. 3. Switching frequency lower case. (a) Operating waveforms when short
current occurs. (b) (Regions I and IIT) Upper short current loop. (c) (Regions II
and IV) Upper short current loop. (d) (Regions I and III) Lower short current
loop. (e) (Regions II and IV) Lower short current loop.

Fig. 4. Equivalent circuit of short current loop.

As can be seen, the short current is ¢¢, and resistance R¢
is the sum of conducting resistances of switch devices and
diodes on the short current loop. Moreover, the resistance Rp
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Fig. 5. Equivalent circuit of short current loop.

is the sum of ESR resistance Ry p and reflecting resistance
from secondary side. In addition, the differential equations of
the equivalent circuit can be shown as

ducp _ 1 .
dt CpRc (UCP + Rclp)

di .
G = 1, (uce — Rpiy).

&)

Because the duration time of the short current is very short,
the current 7 p in the inductor L p cannot mutate at the interval.
Therefore, equation diy, /dt =0 can be got. Furthermore, the
instantaneous resonant voltage at the time of the short current
occurrence can be defined as u¢g. In addition, the solution of
the short current can be obtained

_(Rg+Rp)t
e CrRcTp g

ie(t) = Ro

2
The maximum short current appears at the time of short
current occurrence (¢ = 0), and it can be obtained by

. uco
LClmaxy = Re . (3)

Normally, the R is less than 0.2 €. Hence, a small resonant
voltage can produce a dangerous high short current which can
damage the switch devices.

A threshold Ity for the short current is defined, when the
short current falls below the threshold and it can be seen as zero.
In this paper, the threshold Ity is set at 0.2 A. On the basis,
the duration time 7~ of the short current can be defined as the
time interval from its occurrence to the moment falling below
Ity. Solving the equation i (T¢) = Iy, the instant resonant
voltage ucq at the point of the short current occurrence can be
obtained by

(Rc + Rp)Tc

=0.2Rce —
uco ce CpRoRp

“)

B. Lower Case

In the lower case, the resonant voltage is clamped to zero
and cannot drive the short current. The short current is ac-
tually the freewheeling current of the resonant inductor Lp.
The equivalent circuit of the short current loop can be shown
in Fig. 5.

In the short-time interval of the short current, the resonant
current ¢p can be seen as a constant, which equals the instant
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Fig. 6. Short current detection circuit.

current ip(0) when the short current occurs. Therefore, the
short current can be simply expressed as

ic(t) =1ip(0). &)

It will be a constant in the short interval. In addition, it is
obvious that the peak of the short current in the lower case
is much lower than that in the higher case. Therefore, it is
relatively safe when frequency is running below the inherent
frequency.

IV. FREQUENCY TRACKING CONTROL

The frequency tracking control is to make the switching
frequency accurately and rapidly keep up with the inherent
frequency variation of the resonant tank.

A. Short Current Detection

The first step of tracking is to detect the frequency mismatch.
As analyzed in Section III, once the mismatch appears, the short
current will occur instantly. Therefore, the short current can be
utilized as the mismatch variable.

However, as the duration time of the short current is normally
less than 1 us, it is quite difficult for normal analog to digital
chip to detect it. In this paper, a short current detection circuit
using normal comparator chip LM319 is designed. It can be
shown in Fig. 6.

As can be seen, a comparator L1 is used to detect the
duration time 7T of the short current. As analyzed in Sec-
tion III, two identical short currents will form in the upper
and lower bridges simultaneously in no matter the higher or
the lower case. Moreover, in the upper bridge, the two short
current loops should include (SD1, S3) and (S1, SD3) in no
matter the higher or the lower case. It can be seen that the
short current in any diode of SD1-SD4 will be identical. In
order to simplify the detection circuit, only SD1 is selected to
detect the short current. However, as the inherent diode SD1
is normally embedded in switch device, it is difficult to detect
the current on it. Therefore, an inverse parallel diode recovery
diode (RD) with low conduction resistance is added to replace
it. In addition, a block diode is put in series with the switch
S1 to invalidate the diode SD1. Furthermore, with a current
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Fig. 7. Frequency mismatch calculation method for the higher case.

transformer, the short current on RD can be detected. The short
current signal will be compared with the threshold reference
Ity (defined in Section III) to produce pulse signal of the short
current for a FPGA chip to measure its duration time 7.

B. Determining the Mismatch Direction

The second step of tracking is to determine whether the
frequency is higher or lower than the inherent frequency. As
can be seen from Figs. 2 and 3, the short current on SD1 will
select different occurrence regions for the higher or lower case.
For higher case, the short current will select Regions I and IV
for occurrence, and for the lower case, the short current will
select Regions I and III. Furthermore, it can be easily found
that the Regions (I, IIT) and Regions (I, IV) are corresponding
to the positive and negative zero crossing intervals of resonant
voltage ucp, respectively. It is well known that there will be
90° phase deviation between the resonant voltage ucp and
resonant current ¢p. In other words, the positive and negative
zero crossing points of ucp will be corresponding to positive
max and negative max values of i p, respectively. Therefore, a
comparator L2 is used for detecting the direction of ip in the
short current interval to determine if the frequency is higher or
lower than the inherent frequency.

C. Mismatching Calculation and Correction

The third step of tracking is to calculate the deviation be-
tween the switching frequency and the inherent frequency. The
tracking method should be different according to the higher and
lower cases. For the higher case, the frequency mismatching
calculation method can be illustrated in Fig. 7.

As can be seen, with measured short current time 7, the
instant value uc of resonant voltage ucp can be calculated by
(4). In addition, the period difference can be calculated by

arcsin (teo/Upeak)

AT =
mfo

(6)
where fo is the switching frequency before the short current
occurrence. In addition, upeax can be calculated by

7TEdC
2

(7

Upeak =

As the uco/ Upeak 15 below one, the arc sine function can be
easily calculated by lookup table to reduce the tracking time.

Ucp A

> 12

Fig. 8. Frequency mismatch calculation method for the lower case.
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Fig. 9. Frequency tracking system structure.

For the lower case, the frequency mismatching calculation
method can be illustrated in Fig. 8.

As analyzed in Section III, for the lower case, the short
current will maintain constant until the switching signal is
coming. Therefore, the duration time of the short current should
equal half of the period deviation. Thus, the deviation can be
given by

AT =2T¢. (®)

In order to improve the accuracy of frequency tracking,
a proportional feedback is designed in the system to correct
the error brought by parameter drifting and measurement dis-
turbance. The whole tracking system structure can be shown
in Fig. 9.

As can be seen, only a few calculation steps are needed for
frequency tracking. It is easy to embed all the calculation into
an FPGA chip.

V. EXPERIMENTAL STUDY

A practical experimental IPT system has been built to verify
the proposed tracking method which utilizes an FPGA chip as
the tracking controller. The experimental system structure can
be shown in Fig. 10.

As can be seen, in the experimental system, the detection
module is set up according to Fig. 6. Only the current on
inverse parallel diode RD of S1 is selected for the short current
detection. The main tracking control unit (FPGA) undertakes
the tasks of frequency tracking (shown in Fig. 9) and gate
driving pulse generation. The feedback coefficient K for error
correction is set at 0.4. The system parameters are listed in
Table L.

The load change test is selected to show the tracking
performance. A load bidirectional switching test from heavy
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Fig. 10. Experimental system structure.

TABLE 1
PARAMETER TABLE

Parameters Values
DC input £, 30V
Resonant inductor Lp 61.5 pH
Resonant capacitor Cp 0.47 nF
Resonant inductor Lg 152.5 pH
Resonant capacitor Cg 0.22 pF
Mutual M 31 uH

condition (corresponding to R1 =50 €2) to light condition
(corresponding to R2 = 200 £2) was carried out.

Fig. 11 shows the load change from the light condition R2
to the heavy condition R1; the waveforms from up to down
are the short current in the loop (SD1, S3), the short current in
the loop (S1, SD3), and the resonant current ¢ p at the primary
side, respectively. The measurement method of the short current
was the same as that in Fig. 6. A current transformer was used
to transform the short current signal to corresponding voltage
signal. The transformation ratio of current transformer is 1:1.
The short current signal in the loop (SD1, S3) was utilized for
frequency tracking. In addition, the short current in the loop
(S1, SD3) was measured in the same way, but it was just for
the purpose of comparison. There was about 30-us adjusting
time before the short current was eliminated. With the tracking
control, the switching frequency was adjusted from 34.5 to
31.6 kHz. In this interval, the short current peak in the loop
(SD1, S3) was 2.5 A, and the peak in the loop (S1, SD3) was
4 A. The peak value of loop (S1, SD3) was higher than the peak
of loop (SD1, S3) because the loop resistance in (S1, SD3) was
slightly lower than the resistance in (SD1, S3).

Fig. 12 shows the load change from heavy condition R1
to light condition R2; the waveforms are similarly defined as
Fig. 11. There was about 90-us adjusting time before the short
current was eliminated. The switching frequency was adjusted
from 31.6 to 34.5 kHz. In this interval, the short current peak in
the loop (SD1, S3) was 2.5 A, and the peak in the loop (S1,
SD3) was 3 A. In the test, it took more adjusting time than
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Lciad shanging po nt\ Shart current in the loop (S1,SD3)
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Fig. 11. Experimental waveforms of load change from R2 to R1 (from light
to heavy load conditions).
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Fig. 12.  Experimental waveforms of load change from R1 to R2 (from heavy
to light load conditions).

that of the load changing from the light to heavy conditions.
It is because load changing from heavy to light conditions
will produce stronger oscillation in the resonant tank which
may bring some disturbance in the feedback correction loop.
However, it is relatively safe in the adjusting process due to
system running under the lower case.

Fig. 13 shows the start process under the frequency tracking,
and Fig. 14 shows its zoomed waveform. The system starts with
the heavy load R1. The initial driving frequency was set at
30 kHz. It took about 350 us to eliminate the short current. In
the steady state, the running frequency was kept at 31.6 kHz. In
this interval, the short current peak in the loop (SD1, S3) was
1.25A, and the peak in the loop (S1, SD3) was 1.3 A.

Fig. 15 shows the comparison between the calculated in-
herent frequencies and the experimental tracking frequencies
with load variation. The inherent frequencies were calculated
according to the iteration numerical computing method given
in [23].

As can be seen, the red line denotes the calculated inherent
frequencies, and the blue line denotes the experimental results.
They are in good agreement. In addition, in the whole load
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variation range (from 10 to 200 €2), the short current peak in the
steady state was always controlled below 0.2 A. It proves that
the method has an accurate frequency tracking performance.

VI. DISCUSSION

As mentioned in Section II, there are normally two resonant
types at the primary side. One is parallel resonant type which

SD2 Sh4

Primary Side Secondary Side

Fig. 16 Series-resonant-type IPT system.

is given and analyzed earlier. The other is series resonant
type, as can be seen from Fig. 16. For the series resonant
type, when frequency mismatch appears, it will not produce
large short current in the upper or lower bridge as the parallel
resonant type because the capacitor Cp will not be shorted.
However, the short-circuit paths are the same with the parallel
type. Therefore, the frequency tracking method based on short
current detection can be utilized as well.

The proposed frequency tracking method based on short cur-
rent detection is an accurate and instantaneous method which
only allows few times of short circuit. It is affordable for low-
power application. However, for high-power application, even
if there is only one short current shock, the switching device
may be damaged. Under this condition, the active tracking
method should be utilized combining with classic passive track-
ing method. The passive tracking method based on zero voltage
or zero current detection can be taken for a rough frequency
tracking to guarantee the strength of short current in relatively
safe region. In addition, the proposed active tracking method
can be taken to realize accurate frequency correction.

VII. CONCLUSION

In this paper, a novel accurate frequency tracking method
based on short current detection has been proposed for an
IPT system. An instantaneous short current detection method
utilizing cheap comparator is proposed. Furthermore, a fast and
accurate method is proposed to calculate the frequency mis-
match and make a correction. Compared with the conventional
autonomous oscillation method, this method is an active one
which can overcome the common problems such as feedback
delay, resonant failure, and additional start-up circuit. Fur-
thermore, the tracking strategy is simple and economic for
hardware implementation. It is particularly useful for realizing
soft switching in high-frequency IPT applications.
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