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Abstract: This paper proposes a control method for a digital signal processor based series-series
(SS) compensated wireless power transfer system. In the control method, load resistance and
mutual inductance are identified simultaneously, and output voltage can be estimated by using
only the primary side voltage and current without direct feedback from the secondary side circuit.
Since this estimation method requires a complex mathematical calculation procedure, a digital signal
processor is used in this system. One of the major disadvantages of using a digital controller in
this system is a limitation of sampling rates. Therefore, in this paper, several current reconstruction
methods with limited sampling rates are investigated and applied. As a result, this controller not only
reduces the cost of the system but also shows good estimation performance within the limited digital
controller unit resource. The proposed control concept is verified by experimental results with a 48W
laboratory prototype.
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1. Introduction

The wireless power transfer (WPT) system has been used in a variety of applications such as
cellular phones, biomedical devices, home appliances, and electric vehicles [1-6]. In these systems,
the secondary side circuit (receiver) is physically separated from the primary circuit (transmitter),
since it is often attached to mobile devices. This means that there is no direct return path for feedback
signals from the secondary side circuit. In order to overcome the inherent problem on these systems,
additional communication equipment has been commonly utilized to monitor and regulate output
voltage [7]. However, due to the growing demand for miniaturization and cost reduction of receivers,
a number of techniques have been studied for monitoring the load conditions and regulating the
output voltage without a communication link [8-16].

The method in [8] allows eliminating the additional communication link by performing the
power and data transmission at the same inductive link. However, this method is not suitable for
low-power applications due to additional losses in the inductive link. In [9], the load resistance is
indirectly identified by using the primary side voltage and current information. Based on the estimation,
the output voltage is controlled. Work [10] extends the similar control concept in a system with multiple
magnetically coupled coils. However, these studies have only considered the environment of the fixed
receiver position for simplicity.

Importantly, WPT applications often demand a flexibility of position of the receiver coil. Thisimplies
that the mutual inductance between the primary and secondary side may not be constant. Thus, in order
to control the secondary side without any direct measurement, mutual inductance also needs to be
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estimated. In [11], methods to detect both mutual inductance and load resistance on the secondary side
have been presented in SP (series-parallel compensated) topology. In [12,13], methods for the similar
purpose with SS (series-series compensated) topology have been proposed. The method in [12] uses a
dual-frequency operation; one is for the load resistance estimation, and the other is for the mutual
inductance estimation. [13] has shown that the estimation of both parameters is also possible in single
frequency operation. However, in both studies, the applicability of a closed-loop voltage control is not
evaluated. In [14], the closed-loop control is proposed while estimating the mutual inductance and load
resistance in a multi-source and single receiver structure. [15] also presents a primary side closed-loop
control method by using a synchronous reference frame model of a series-series compensated inductive
power transfer system.

The control methods explained in previous papers require complex mathematical calculation
procedures; thus, a digital signal processor (DSP) is usually used. The digital controller updates
the control variable at regular intervals to regulate the output voltage. However, one of the major
disadvantages of using digital control is a limitation of sampling rates. Especially for a WPT system
operating at high frequency, the sampling frequency is not sufficiently higher than the resonance
frequency. To solve this problem, an expensive high-end digital controller should be used; otherwise,
control performance degradation might follow.

This paper proposes a control method in an SS WPT system in order to overcome the limitation
of digital controllers. Based on the previous research [16], further explanation and implementation
are described in detail. Including a super-sampling and sub-sampling concept, several current
reconstruction methods with limited sampling rates are investigated. In this paper, the primary side
control method suitable for SS topology is also presented. The primary side controller monitors both
the mutual inductance and the load resistance simultaneously by using the primary side voltage and
current. Subsequently, the monitoring parameters are used to estimate the output voltage.

For the experiments, the laboratory prototype is designed to provide a 24V DC-output from a 50V
DC-input. The rated power of the prototype is 48W. Experimental results with the prototype are
presented to show the validity of the proposed concept.

2. Primary Side Current Reconstruction for Digital Controller

Figure 1 shows the structure of a typical SS compensated WPT system. The phase-shifted full-bridge
converter synthesizes the primary side voltage V), from the dc-input voltage source. The amplitude
of the fundamental component of V), is adjusted by the duty cycle D, while the switching frequency
is fixed. Examples of the waveform of V), determined by D are shown in Figure 2 where Tj is the
switching period.
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Figure 1. Wireless power transfer (WPT) system based on series-series compensated (SS) topology.
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Figure 2. Voltage waveforms synthesized by phase-shifted full-bridge converter according to the
switching duty cycle D.

In this paper, the primary side voltage and current are used to estimate and regulate the output
voltage instead of using a direct feedback signal from the secondary side circuit. As mentioned, the primary
side voltage V), is directly determined by D, which is the output of the controller; thus, it can be
predicted in the digital controller. Therefore, the only component to be measured is the primary side
current [.

There are several attempts to measure I, in many previous studies, which have similar purposes.
In [13], the external equipment was utilized to measure the current, which makes it difficult to apply to
a general WPT system. The methods in [17,18] utilize additional circuits such as an envelop detector
and phase detector, together with DSP to extract the required information of the primary side current
from the analog signal.

Instead of using additional equipment or circuits, this paper investigates several digital sampling
and current reconstruction methods for detecting the amplitude and phase of a current waveform. WPT
systems commonly have a high operating frequency comparable to the maximum sampling frequency
of DSPs. Therefore, the strategy to reconstruct I, with limited digital samplings is required. In this
papet, the digital sampling methods are categorized by the number of samples per cycle: equal or less
than 1 (sub-sampling) and greater than 1 but a limited value (super-sampling). Here, the sampling
points can have an equal spacing or non-equal spacing.

If the current has a sinusoidal waveform under the assumption that a resonator is highly tuned
at the resonant frequency and the high-order harmonic components are sufficiently attenuated,
the primary side current is represented by:

Ipsen = Io + |Iy| sin(6 - 6) (1)

where I, is an offset of I sen, |Ip| is @ magnitude of I, 5., O is the phase angle of the primary side current,
and 6 is a phase angle difference between V) (the fundamental component of V) and I, ;- Since the
series capacitor connected to the inductor blocks the DC current in SS topology, the offset current is
zero in the actual signal. Nevertheless, offset errors occur during the sensing procedure; thus, it is
desirable to detect and to compensate the offset current I,.

In order to extract three parameters (I,, ||, and 6) that define the primary side current waveform,
at least three independent samples are required. Figure 3a shows the example of the super-sampling
case that collects three samples in a cycle. Here, Iy, I, and I3 are the amplitudes of the measured
current at 0 = y1, 0 =y, and 0 = y;3 respectively. Then, the sampled values of the primary side current
are given as

L=+ |Ip| sin(y1 —0),

L = I, +|I|sin(y2 - 6), €
I3 = I, + || sin(y3 = 6).

(2) is rearranged as
L -1, = || sin(y; - 9),
I = I, = (I = I,)(cos Ay12 + cot(y1 — 6) sin Ayz), 3)
I3 -1, = (I — I,)(cos Ay13 + cot(y1 — 6) sin Ay13),
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where the angle between two points is defined as Ay1y = yp — y1 and Ayy3 = y3 — y1. It is noted that
the spacing between any two sampling points should not be too close to 180 degrees due to singularity
problems. Then, from (3), I, |I;|, and 6 are calculated as

I _ sin AVIZ (Il Ccos Ay13—13)—sin A)/13 (Il Ccos A)/lz—lz)
0™ sinAyqp(cos Ay13—1)—sin Ayi3(cos Ay1p—1)

B (lh=I,) sin Ayqp
d=y1-— arctan( (I—I,)—(I1=I,) cos Ay, )’ ?
I1-Ip
[ = iy

VI IPyse”
I]' """" 2 S0 I]'
Ig‘ """""

Vi Tpsen

|\

(a) (b)

Figure 3. Example of sampling points of current waveform of (a) super-sampling, (b) sub-sampling.

In a sub-sampling method, the current samples are collected over several cycles, unlike the
super-sampling case. Here, the number of samples per cycle, N, is defined as N = y/x where x and
y are the number of cycles and the number of samples, respectively. Figure 3b shows the example
of sub-sampling where y is 3 and x is 5. This method is useful when the switching frequency is
extremely high. In this paper, DSP utilization is defined as the ratio between the algorithm execution
time and the control interrupt interval. Table 1 shows the example of DSP utilization according to
the switching frequency and sampling methods when the DSP clock is fixed. The DSP utilization
should not exceed 100%. Therefore, only the conditions expressed in bold can be implemented in
the real system. As shown in the example, the primary side controller is implemented even with a
low-cost DSP using the sub-sampling concept. Therefore, this method is also useful for high frequency
applications such as a megahertz range power supply.

Table 1. Digital signal processor (DSP) utilization of each sampling method.

Method Super-Sampl. Sub-Sampl. 1 Sub-Sampl. 2
fsw (N=3) (N =3/4) (N = 3/40)
10 kHz 32% 8% 0.8%
100 kHz 320% 80% 8%
1000 kHz 3200% 800% 80%

It is sometimes difficult to assume that the primary side current has a perfect sinusoidal waveform
in the real-world situation. For example, since the resonator is usually designed under the rated
condition, the waveform of the current may be distorted as the load or the coupling conditions
change. The distortion level depends on the specific parameters of the resonator. Even if the harmonic
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components are removed sufficiently, the current reconstruction using the digital sampling is inevitably
sensitive to sensing noise. In these cases, the sub-sampling method with a digital band-pass filter is
preferred. By shifting the sampling points slightly at every cycle instead of getting enough samples in
one cycle, the controller gets a sufficient number of independent samples for digital band-pass filtering.
Figure 4 shows an example of sampling eight points over nine cycles (N = 8/9). The fundamental
component of the current waveform can be extracted by using the digital band-pass filter with the
collected samples under the assumption that the current waveform changes much slower compared to
the sampling frequency. To satisfy this assumption in this paper, the controller holds the switching
duty cycle, which is the control variable while collecting all independent samples. Obviously, the more
data collected for filtering, the worse the dynamic characteristics of the control. Therefore, the value of
N is determined considering the required dynamic performance of the system.

= QOriginal signal ® Samples

1 2 3 4 5 6 7 8

Figure 4. Example of the original signal and sampled points where y = 8 and x =9 (N = 8/9).

3. Primary Side Control Method

3.1. Output Votlage Estiamation

In the WPT structure shown in Figure 1, the resonator stage consists of loosely coupled coils and
compensation capacitors. L, and Ls are the self-inductances, and R, and Rs are the resistances of the
primary and secondary side coils, respectively. The mutual inductance of the coupled coils is denoted
as M. In order to improve the power transfer capability, the capacitors C, and Cs are connected in series
to the coils for compensation. The resonance frequency is determined by

Wo = ! = ! )

VLG, VLG

where the parameters for the primary side and secondary side circuit are designed in the same manner.

In order to rectify the secondary side voltage denoted as Vs, a passive full-wave rectifier is utilized.
The load is represented by the pure resistance Ry, and the output voltage to be regulated is denoted by
V. In the simplified circuit, the rectifier stage is modeled as the equivalent resistance R, (=8R/m?) with
the assumption that the power is dominantly transferred by the fundamental component and there is
no loss in the rectifier circuit. Vsq, which is the voltage across R,, is the fundamental component of V.

The amplitude of V;; is given by

4V
Val = =2, ®)

Since the resonator is usually designed to have a high quality factor at w,, the system can be
simplified to a linear equivalent circuit, as shown in Figure 5, where the system is operated at near w,.
In consideration of the foregoing, the phase-shifted full-bridge converter is modeled as a voltage source
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having a pure sinusoidal voltage of V; which is the fundamental component of V;,. Here, the amplitude
of V)1 is controlled by the duty cycle D of the converter as

[Vn] = 22 sin(Z2). )

C, R, L, L, R, G
——A—WA—T00—— —— 00 MW —i——
— —
1, I

+
Ro§ Vi

jortt 0) € jors,

@ I
Z

Figure 5. The equivalent circuit of the simplified WPT system.
By applying Kirchhoff’s laws in the simplified circuit in Figure 5, the following equations are obtained.
Vot = (Rp + jXp )T = joMI ®)
Va = —(Rs + jXs)Is + joMI,

where w is an operating frequency, X, = (wLp — 1/(wCp)), and X; = (wLs — 1/(wC;)). From (8), the voltage
gain G is calculated by

Ve (R,,XS + RSX,,) + RoX, (w2M2 + RyR; — X,,Xs) + RoRy

G = — = — 1l
Vo MR, J wMR,

)

The operating frequency of the system is fixed; thus, X}, and X; are constant values. Therefore, if the
variation in resistance of the coils (R, and Rs) is neglected, the voltage gain is determined by two
parameters: R, and M. Here, R, represents the time-varying load power. M is the mutual inductance,
which depends on the coil alignment. Since the coil alignment can be freely changed in many applications,
M is a variable that is not constant. Therefore, the two parameters R, and M need to be identified in
order to estimate the output voltage V.

By analyzing the equivalent circuit in Figure 3, the input impedance Z; is derived as

Vi 0®*M?*(Rs +R,) . w*M?X
Zi= 2 =Ryt ———— X - | (10)
P (Rs + Ry)™ + X2 (Rs+R,)" + X2

As shown in (10), the change of R, and M reflects the change of the input impedance Z; defined as the
ratio of V1 to Ip. Z; is a complex number that has real and imaginary parts; thus, it is written in polar
coordinates as

Z; = Zi|LZ; = |Zi|cos LZ; + j|Z;| sin LZ;. (11)

where |Z;| is a magnitude and 2Z; is a phase angle of the input impedance Z;. According to (10) and
(11), |Z;| and tan(ZZ;) are given by

1= M)z ( _M)z
1Zi| = \/(Rp+ (Rs+Ro)*+X? +1Xp ) “
tan(/Z;) = Xp((Rs+Ro)?+X2)~w M2 X
Y Rp(Re+Ro)?+X3) 02 M2 (Rs+Ry)

It is noted that there are two unknown parameters and two equations in Equation (12). It implies
that the unknowns can be uniquely identified simultaneously. The value of R; ,; and M, are derived
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as Equations (13) and (14). Therefore, the output voltage is derived as Equation (15) from Equations (6),
(7), 9), (13), and (14).

72| Xs(1Zi? tan £Z; - Ry X, (1+ tan? £Z;) + 1Zi{(X, - Ry tan £Z;) V1 + tan” /Z;)
Lest = —§ 2 2 2 2 “Re (13)
8 X5(1+tan” £Z;) — |Zi|" tan* £Z;
est 72((2Rs + 8Ry o5t ) tan £Z; + 12 X;)
8WMest Ry o5t V4o sin (22
VO.est _ estN\L.est Ve ( 2 ) (15)

2 2
\/(HZ(RpXS +RiXp) + 8RpestXp) + (m2(w?M2, + RyRs — X, X5) + 8Rp.estRy)

3.2. Output Votlage Regulation

Figure 6 shows the block diagram of the proposed control method. The proposed control method
operates in the following manner. First, the primary side current is reconstructed with one of the
digital sampling methods presented in Section 2. Next, the magnitude and phase of Z; are calculated
based on the obtained information. They are used for identifying Ry and M by Equations (13) and (14),
which leads to the output voltage estimation by Equation (15). In order to make the output voltage
converge to the desired value, a PI controller is used. The output of the controller is D, limited to
Oto 1.

.. M
Digital controller

= ; | . ¥ X

" Dref . ; .
Ve O PI Controller Converter Rectifier | R;

Riest [Load Detection Sub-sampling & | Dpsen
Voltage (13) Current reconstruction
Estimation M
(15) & | Coil Alignment | | L, amp
Detection (14)

Figure 6. Block diagram of the proposed digital control method.

4. Experimental Results

4.1. Experimental Setup

For the experiment, the laboratory prototype is designed to provide 24 V DC-output from 50 V
DC-input. The rated power of the prototype is 48 W (Ry =12 (3). The parameters for the experiment and
the detailed information of the resonator setup are listed in Tables 2 and 3, respectively. The transmitter
and the receiver coils are manufactured identically. The distance between two coils is set to 80 mm.
The coil system is designed in such a way that their alignment can be manually adjusted. In this section,
the coupling coefficient k indicates the alignment of coils instead of M to normalize the value. If the two
coils are correctly aligned, k is 0.266(M = 178.0 uH). The value of k decreases to 0.250 (M = 167.5 uH) if
the coils are misaligned by 45 mm. The actual value of k is calculated by FEM simulation tool.
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Table 2. Parameters for experiments.

Parameters Value
Ly, Ls 670 [uH]
Ry, Rs 1.6 [Q]
Cp, Cs 4.52 [nF]

fo 91.5 [kHz]
fow 106.8 [kHz]
C, 220 [uF]

Table 3. Description of resonator setup.

Coil diameter 260 [mm]
Vertical distance 80 [mm)]
Horizontal distance (Align) 0 [mm]
Horizontal distance (Misalign) 45 [mm]
Shielding material TDK B67410-N95

The resonance frequency f, is 91.5 kHz. The switching frequency f is set to 106.8 kHz to achieve
the maximum power transfer at the rated condition. The prototype is regulated by the duty control
with the fixed frequency. Here, the range of the duty cycle is limited from 0.3 to 1.0 to account for
converter non-linearity such as dead time effects.

In the control board of the prototype, the digital signal processor (TMS320F283775S) is used.
As mentioned in Section 2, the current reconstruction using the digital sampling is inevitably sensitive
to sensing noises. Therefore, in the below sub-section, the sub-sampling with the digital band-pass filter
is applied to verify the proposed control concept. Here, the controller is designed to get 13 independent
samples per 14 cycles (N = 13/14). The switching duty cycle, which is the control variable, is updated
every 14 cycles to regulate the output voltage. The sampling and control periods can determined
differently depending on the system requirements and the performance of digital signal processors.

4.2. Experimental Results

The performance of the estimation procedure is checked before verifying the closed-loop controller.
Figure 7 shows the estimated value of (a) Ry . and (b) kst according to the load (10% to 100%,
Rp =120 () to 12 Q) and the alignment condition. Here, the actual value is drawn with a dotted
line, and the estimated data are drawn with a circular mark connected by a solid line. The blue line
represents the case where the coils are correctly aligned (k = 0.266), the orange one represents the case
where the coils are misaligned by 4 cm (k = 0.257), and the yellow one represents the case where the
coils are misaligned by 4.5 cm (k = 0.250). As shown in Figure 7a, it is noted that R} .t shows almost
similar value, regardless of alignment of coils. Moreover, in the case of comparing with real parameters,
the estimation error of Ry is less than 12% and that of k is less than 2%. The estimation errors in both
parameters tend to increase as the load decreases. This is because, as the current signal is decreasing,
the estimation process is more susceptible to the current sensing noise, dead time effect, and sampling
timing variation due to interrupt latency. The accuracy of the estimation process gets worse at no load
or extremely light load condition, since the current level is too low to provide enough information
to predict the output voltage. Therefore, the operating range needs to be limited depending on the
accuracy of the current measurement and the model parameters.
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Figure 7. The estimated value of (a) R} and (b) k according to load and alignment condition.

Figure 8 shows the estimated value of the output voltage calculated from the results of Figure 7.
The estimation error of the output voltage is less than 6% for the given load range.

28 ‘ i v
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5} L . o | | =e==- Actual value
g 57
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20 ' : ‘ : ‘ : : :
10 20 30 40 50 60 70 80 90 100
Load[%]

Figure 8. The estimated value of the output voltage according to load and alignment condition.

Figures 9-11 show the performance of the proposed closed-loop voltage controller. Here, the integral
controller is used in the prototype, and the integral gain (K;) is selected to 40 ensure the stability of
the system. Figure 9a,b shows the steady-state waveforms of V), and I, at 100% load (R;, = 12 Q)
and 20% load (R, = 60 ), respectively. As expected, the controller adjusts the switching duty cycle
(D) according to load condition in order to control the amount of power delivery and regulate the
output voltage.

Figure 10 shows the dynamic performance for the step load change where the two coils are aligned
(k = 0.266). Figure 10a shows the waveforms of the switching duty cycle (D), the estimated resistance
(Rpest), the estimated coupling coefficient (kest), and the output voltage (V,) when the step load is
applied from 100% to 20%. As shown, the output voltage instantaneously increases due to the step
load change. The controller immediately recognizes this voltage change and adjusts D. At the steady
state, the output voltage is well regulated to the desired value (24 V) within 6% error. It is noticeable
that the estimated value of the load resistance and the coupling coefficient are in good agreement with
the actual value. Figure 10b shows the same waveforms of the opposite case in which the load is
changed from 20% to 100%. In this case, as well, the output voltage is well regulated at the steady state.
In both cases, it takes less than 10 ms to reach the steady state.
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V,[SOV/div] 1,[2A/div] 100% load V,[50V/div] [,[2A/div] 20% load

5u§/div Sus/div
> <>
(a) (b)

Figure 9. Waveforms of the primary side voltage (V) and current (Ip) at (a) 100% load (R = 12 (3) and
(b) 20% load (Ry, = 60 Q).

1.0 1.0
D[0.125/div] - 0.5 - D[0.125/div]
0 8 0
120 M 120
60 . : 60 P e
Ry ei[15Q /div] / Ry e[ 15Q /div] \
0 b 0
0.30 0.30
N
025+ f,.[0.0125/div] 025 * £, [0.0125/div]
0.20 i 0.20 5
44 44
24 . : . 24 — 5 -l
V,[5V/div] 10ms/div V,[5V/div] 10ms/div
4 : : — 4 . —

Figure 10. Waveforms of the switching duty cycle (D), estimated resistance (R, .s), estimated coupling
coefficient (kest), and output voltage (V,) where k = 0.266. A step load is applied from (a) 100% to 20%
and (b) 20% to 100%.
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Ry 15 /div]
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Vo[5V/div] 500ms/div
4 Il —>

Figure 11. Waveforms of the switching duty cycle (D), estimated resistance (R ,s), estimated coupling
coefficient (kes¢), and output voltage (V,), where the coupling coefficient varied from 0.266 to 0.250.

Figure 11 shows the experimental transient response when the alignment of the two coils
changes. Here, the value of k is varied from 0.266 to 0.250. The experiment is carried out at 100%
load condition. Since the rate of change of k is typically much slower than the rate of change of
load, the dynamic behavior of the controller is checked, while the alignment of the coils changes
over several hundred milliseconds. As shown in Figure 11, when the coil alignment changes, the
controller continuously estimates the change of k and the estimation error is kept within 2%. In addition,
as expected, the estimated value of the load resistance is consistently maintained within an allowable
range regardless of coil alignment. Based on these estimated parameters, the controller estimates and
regulates the output voltage.

5. Conclusions

In this paper, a cost-performance digital control method for a series-series compensated wireless
power transfer system is proposed. The digital controller can be free from the sampling limitation
regardless of resonance frequency thanks to the proposed current reconstruction with sub-sampling.
Therefore, the current reconstruction allows high-frequency applications to use a low-cost digital
signal processor.

This paper also shows the load estimation method, which uses only the primary side information
without any additional circuit. Since the proposed method identifies both parameters resistance and
mutual inductance simultaneously, the output voltage can be controlled well, regardless of the load
and alignment condition. In the experiments, the load estimation error shows less than 2% at high
load and 12% at light load due to low signal-to-noise ratio. Finally, it is verified that the output voltage
is regulated with less than 6% error at all conditions.
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