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Analysis and Design of a High-Frequency
Low-Profile Converter for Bendable Equipment
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Abstract—In this article, a 10-MHz low-profile converter for
bendable equipment based on aircore inductor is proposed. The
mathematical model and inductance calculation method of the
bendable planar circular spiral coil under different bending sit-
uations is analyzed. An optimal design method of the T type
matching network is depicted in detail which helps to guaran-
tee soft-switching characteristics and high efficiency within the
whole bending range by realizing weak inductive equivalent input
impedance. A 32 V input, 9V/6.3 W output prototype is proposed
in the laboratory and the experimental results verify the feasibility
of the proposed optimal design methodology, the system efficiency
can be improved by 4% than the traditional method.

Index Terms—Bendable planar coil, high-frequency (HF)
converter, matching network, soft-switching characteristics.

I. INTRODUCTION

ITH the development of material technology, more and

more bendable products such as displays, solar cells,
and lighting applications gradually appear in the consumer
electronics market. Compared with rigid systems, they are light
and bendable and more suitable for wearable or portable devices
[11-[3].

To form a bendable system, the power supply of these devices
is also expected to own bendable characteristics, among them,
much attention has been paid to the bending characteristics of in-
ductors which occupy the largest volume of the power converter.
In [4], a boost converter based on the bendable inductance of
coaxial cable material is proposed. By increasing the frequency,
the energy storage of passive components can be reduced in
each switching cycle, and the value of passive components can
be reduced. As the frequency increases to tens of megahertz, the
power density of the system increases, and planar aircore spiral
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coils can be used to help reduce the vertical height of the system
and form a planar converter [S5]—[7].

When these planar structures are considered for bendable
power converters, the coil windings can be printed on bendable
substrates such as polyimide or polyester film to match the
bendability of the system. Square spiral coils are adopted in some
bendable power converters including buck, LLC, and coupling
coils of wireless power transmission systems. The inductance
variation of coils at different bending angles is studied by
numerical calculation, simulation, and measurement [8]-[13].
However, there is not too much analysis of the plane circular
coil which owns a higher quality factor.

It is also worth noting that as the inductance of the planar
coil changes under different bending degrees, the system will
deviate from the optimal working point. This phenomenon may
cause a series of problems such as the loss of soft-switching
characteristics, output voltage, and current changes. Although
the design in [12]-[15] discussed the influence of bending
degrees on the inductance of the coil, no design intervention
is made to this influence, and the performance of the system
changes drastically under different bending angles.

High frequency (HF) and very HF (VHF) power converters
usually consist of three parts: inverter stage, matching network,
and rectifier stage. The matching network is a bridge connecting
the inverter stage and the rectifier stage to adjust the impedance
to improve the power and efficiency of the inverter. For the
inverter stage operating at several or tens of MHz frequency
level, the Class D topology has the lowest voltage stress and
only requires the inductive load to achieve soft switching. When
the impedance of matching network is weakly inductive, the
body diode of the switch can avoid conducting in the dead
zone, thus further reducing the loss of the inverter [16], [17].
Therefore, it is necessary to study how to suppress the influence
of the inductance variation on the input impedance angle of
the matching network through optimal parameter design. The
current research on designing a matching network has always
focused on eliminating the impact of load variation. Guan et
al. [18], [19] designed a pure resistive T-type/m-type matching
network for a wide load variation range, and Liu et al. [20]
designed a m-type matching network to eliminate changes in
mutual inductance in wireless power transmission. In [21] and
[22], adjustable capacitors are used to design the matching
network, and the value of the capacitor is adjusted to ensure
that the performance of the system remains unchanged under
different loads. The aforementioned existing studies follow the
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Fig. 1. Bending view of the planar spiral coil.

principle of designing network parameters under the condition
of load variation, and the influence of the value deviation of the
impedance network itself is rarely mentioned.

In this article, a bendable converter is analyzed based on
[23]; Session II analyzes the inductance calculation method
of a bendable planar aircore inductor; Session III designs a
T-matching network under the condition of bendable inductance.
Session IV presents experimental results. Finally, Section V
presents the conclusion.

II. ANALYSIS OF BENDABLE PLANAR AIRCORE INDUCTOR

The circular spiral coil has an inner diameter of Ry, an outer
diameter of Ry, and a number of turns of N. The line width is
w, the line spacing is d, and the copper thickness is . When the
coil is bent along the x-axis with an angle 6, the projection of
the coil on the xy plane is as shown in Fig. 1.

For the convenience of analysis, as shown in Fig. 1, the coil is
divided into two parts along the x-axis. The ith turn conductor in
the area where x > 0 is expressed as iy , and the ith turn conductor
in the area where x < 0 is expressed as i_. Then the coordinates
of each conductor segment can be expressed as

+(2,9,2)

An1- (% ) v, \/7——Mcose/2] y € [-Bi, B]

i(2,y,2)=

A; 1—(;)2,—y,—\/M27—y2+Mc089/2] y € [-Bi, Bi]
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According to (1), the partial derivative of the coordinates can
be obtained as

Oip(z,y,2) _ | —A; . S A
+8yyz B? \/172%)231; \/J\Iél—gﬂ S [ BzaBz]
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Equation (4) shows the method of calculating the inductance
according to Neumann’s formula and Rosa’s equation [13]
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Substituting the coordinate vector and partial derivative in (1)
and (3) into (4), the mutual inductance between the ith and jth
conductors can be deduced as
L(i+,j-) = 4 fB "y fB
L i+, j+) = £ IB “dy fB
L(i+,j+) = 4= [5, By,
UB J2 (g1, 92 dyz + fy 7 f2( y11y2)dy2}
+27r; [log (2””) +0.5+ %TW} (10)° (i = 5)
(%)
where the expressions of f1(y1, y2) and fa(y1, y2) are as shown
in (6) shown bottom of the next page

Then the self-inductance of the N-turns coils can be solved as
follows:

il yl»y?)dy2
" fa (y1,y2) dy2 (i # j)

N N
coz ZZ Z+ J+ +L(Z+ j )] (7)

i=1 j=1

According to (5), (6), and (7), the inductance calculation
program of the circular coil can be designed as the flow chart
shown in Fig. 2. In order to speed up the calculation, the coil
can be equivalent to multiple linear conductor segments, so that
the integral operation in (5) can be replaced by accumulation
operation.

According to the above analysis and derivation, the coil in-
ductance under different turns and bending angles is calculated.
Since the inductance value is obtained by dividing the circular
coil into multiple conductors, as Fig. 2 shows, larger “Segments”
is recommended under larger coil sizes. The calculated and mea-
sured results under different coil dimensions are shown in Fig. 3,
which agree well with each other. The error between calculation
and measurement of each coil and the selected calculation steps
are shown in Table I. All inductances are measured at 10-MHz
frequency with Keysight E4990A. When the coil is bent from 0
to 180 degrees, the inductance reduces about 13%. When the coil
is bent asymmetrically, the analysis method can also be used, as
shown in the Appendix.
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Fig. 2.

Fig. 3.
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Flowchart of the calculation process of the bendable coil.
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Relationship between coil bending angle and inductance value.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

TABLE I
STEP SIZE AND ERROR OF INDUCTANCE CALCULATION

Turns  Segments  0=0° 0= 0= 0= 0=
45° 90° 135° 180°
N=6 50 398% 3.95%  291%  098%  2.84%
N=8 50 3.68%  439%  5.03%  0.61% 1.01%
N=10 80 294%  2.84%  2.25%  330% @ 7.43%

N=12 100 429% 392% 137%  129%  4.99%
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Fig. 4. Circuit diagram of the proposed dc/dc converter.
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Fig. 5. Voltage and current waveforms of the circuit.

III. ANALYSIS OF THE MATCHING NETWORK

The HF dc/dc converter is usually composed of an inverter,
a matching network, and a rectifier. For a bendable dc/dc con-
verter, the most important task is to eliminate the influence of the
inductance change on the matching network, which is mainly
reflected in the impedance angle. The circuit diagram of the
proposed converter and the current and voltage waveforms are
shown in Figs. 4 and 5.

urgc and igpc are the output voltage and current of the
matching network, urny and Ny are the input voltage and

Y1vy2 Y1Y2
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current, Rrgc and Zinvy are the load and input impedance, re-
spectively. C; and Cy, are the resonant capacitors of the matching
network.

According to Kirchhoff’s voltage and current law and the
Fourier transformation, the voltage and current of the matching
network can be deduced as

uny = 4Ny - 1 X1 + X ol - (finv — iREC)
uiNy = 4Nv * J X1 +irec - j X2 + UREC ¥
urec = 'RecRREC.

Then the simplified network output to input voltage ratio, the
impedance angle and the equivalent impedance Rrgc of the
rectifier can be obtained as

_ UREC _ Xbent RREC

T oumny - (XnXo+XoXpent X1 Xbent) H(X14+Xbent) RREC
tan ¢y,
. (X1X2+X2Xbent+X1Xbent)(X2+Xbent)+(X1+Xbent)R2REC
o XﬁentRREc

4R
Rrec = 4.

€))

In order to study the design scheme of X, Xo, and Xcoil,
intermediate variables m and k are introduced. & is the inductance
change ratio which can be expressed as Lyent = k Leoil, Where
Leoi and X5 are the coil inductance and impedance at 6 =
0° Leoil = jwXcoil; Lbent and Xpeny are the inductance and
impedance at other bending angles, Lyent = jwXpent- M 1S the
ratio of X5 and X ;1. Then X5, Xpent can be expressed as

{ X2 = _mXcoil

Xbent = kXcoil- (10)

As analyzed by the earlier section, when the coil is bent to a
certain angle, its inductance will decrease accordingly, which
leads to a decrease in k. By setting two zero points of the
impedance angle Ny at kyin and kpax, @1Ny Will rise first
and then decrease with k, thereby limiting the variation range of
winyv. When the zero point is not set at kyiy, vy will always
rise or fall, resulting in a large AgNy.

In addition, the voltage gain of the matching network is G
= uinv/urgc- According to the waveforms in Fig. 5, it can be
calculated that uyny = 2% Vin/7, urgc = 2%xVo/m. Then from
the above analysis, three constraints of the matching network
can be derived as

PINV [k =0

PINV [kpin =0
G k=1 = Vo /Vin.

(1)

Actually, the impedance angle should be slightly larger than
zero. However, in order to establish the corresponding equation
to calculate parameters, the impedance angle is set to zero. When
building the prototype, the impedance can be slightly inductive
by fine-tuning the inductance and capacitance values.

Substituting (10) into (8) and (9), according to the specified
input and output parameters Vo, Vin, Rrec, and kpyin, the
intermediate variable m can be calculated as

m= \/[kmin"'&"(kmin*g)(VO/VIN)2]2+8[kmin*(VO/VIN)2+1] [(VO/VIN)Qfl]

4
+ Fmin 3+ (Fmin —3) (Vo /Vin)?
4

12)

12837

20

=20

¢H\I1V [°]

-60

-80

0 0.5 1 1.5 2
m
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Fig. 7. Relationship between Aprny and m. (Vo/Viy = 0.2813 kyin = 0.9).

Taking one situation as an example, Fig. 6 shows the change
of v under different values of m, Fig. 7 is the relationship
between Aprny and m based on Fig. 6.

In the next step, Xcoi1, X2, and X; can be obtained from (13)
according to m

Xeoil= L =Rrec 1-Vo/Vin <m < 1+Vp /Vin
V (Vo /Vin)?—(m-1)2
Xo= = RRrEC
V (Vo /Vin)?~(m-1)?
X, = m(1-m)- (Vo /Vin)2=(m-1)?

(1-m)2/ (Vo /Vin) 2 —(m—1)2+[(Vo /Vin)*~(m-1)?]

Rruc.
(13)

The specific analysis process can be simplified to the block
diagram shown in Fig. 8.

It should be mentioned that the X; and X, cannot be always
capacitive. The capacitive range is in the yellow region as Fig. 9
and (14) show. If ki and Vo, Vin exceed this range, X; and
X5 are inductive. For the analysis in this article, X; and X5 just
fall into the capacitive, where only one inductor exists in the
matching network

{kmin <0.6(Vo/Vin) + 0.7 Vo /Vin < 0.5 14

kmin < 1 0.5 < Vo/Vin < 1.2
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Fig. 8.  Flowchart of analysis process of matching network parameters.
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Fig. 9. Effective intervals of X; and X5 are capacitive.

Fig. 10 shows the relationship between Vo/Vin, &, and piny
of the proposed matching network. It can be seen that the larger
the Vo/Vin, the smaller the change in the impedance angle ¢y .

Fig. 11 shows the relationship between the output voltage,
voltage transformation ratio Vo/Vin, and inductance change
ratio k. ugrgc* is the rated matching network output voltage, and
urgc is the matching network output voltage when the system
is bent. It can be seen that as Vo/Vin decreases and & increases,
the output voltage gradually shifts from the original value. When
Vo/Vin is above 0.5, the output voltage shift rate can be limited
to 15%.

Under nonrated loads, the curve of voltage gain of the pro-
posed prototype is shown in Fig. 12. From Fig. 12, as the load
increases, the voltage gain of the system continues to increase,
which means that when the load changes, the output voltage also

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

Fig. 10.  Relationships between Vo/VIN, k, and ¢1Nv of the proposed match-
ing network.

Fig. 11. Relationships between urgc/urREC*, k, and Vo/ViN of T-matching
network.
0.4 :
Minimum voltage gain
* Simulated Results
035 Maximum voltage gain o
o imulated Results
03f
z
z
= 025
jo}
=
o
=
0.2f
¢
0.15
E
0.1 '
0.5%R, R L5*R, 2%Ry
Load
Fig. 12.  Performance of the prototype under different loads (rated load Ry, =

12.86 2, kmin = 0.9).

changes. Another characteristic is that the voltage range between
maximum and minimum remains almost the same.

IV. EXPERIMENTAL RESULTS

A 10 MHz, 9 V/6.3 W with 32 V input voltage prototype is
built based on the proposed design method, which helps to verify
the feasibility and correctness of the above design method. The
specific circuit parameters are shown in Table II. The picture of
the prototype is shown in Fig. 13. The load at the back end of
the circuit is an OLED panel.

The voltage and current are measured with Agilent
DSO7104A, and the power supply for the prototype is RIGOL
DP832. Under different coil bending angles, Fig. 14 shows the
waveforms of the matching network input voltage uyny and
current iiny. Under 0° and 180° bending situations, the resonant



GUAN et al.: ANALYSIS AND DESIGN OF A HF LOW-PROFILE CONVERTER FOR BENDABLE EQUIPMENT

TABLE II
EXPERIMENTAL PARAMETERS OF THE PROTOTYPE

Label Value Item
Cy 821pF 700A 821KW (ATC)
G 1362pF 700A 681KW (ATC)*2
Ciy 10uF GRM21BR61H106KE43L(Murata)
C, 10uF GRM21BR61H106KE43L(Murata)
Leoit 120nH R=11mm w=1mm d=0.5mm
N=T7 6=loz
Dy, D, BAS3010B(Infineon)
81,8 EPC2001C(EPC)
Load LL159FRI(LG)

OLED light-emitting panel\

Ri=2mm

Fig. 13.  Prototype of the proposed converter and OLED system. (a) OLED
and proposed converter. (b) converter on FPC.

I Bcnqm ang| th 0°
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UINV (20V/div)
N N\ P e NN P P a
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Fig. 14.  Waveforms of uinv and i1nvy. (a) Bending angle is 0°. (b) Bending
angle is 180°.

current and voltage are in the same phase, which can help the
switches operate in soft-switching. Fig. 15 shows the output
voltage V. The output voltage does not change significantly
when the converter and aircore inductor are bent. The maximum
deviation of the output voltage is about 25%. If the output voltage
is expected to be limited in a narrow range, there must be a
limitation for the bending angle. For the current research, the
input impedance angle is taken as the main focus. In future
work, a multiobjective optimization algorithm will be analyzed
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Fig. 15.  Output voltage Vo of the prototype under different bending angles.

to further improve the performance of the proposed system and
optimize the phase angle and output voltage at the same time.

In the soft switching state, the main losses of GaN-based
inverter are capacitance loss and diode conduction loss of S;
and S5, which can be expressed as

V2 Ops s (15)

Vs_pIinv

P p—
b 2w

[cos (7r — gole) — COS (wtz - SOINV)]
(16)

where Cpg is the drain-source parasitic capacitor of the switch,
Vs.p is the body diode conduction voltage, #- is the end time of
capacitor charging, which can be calculated as

4n fC

arccos [ (Vin+Vs_p)+cos (2rD + goINV)} —QINV

t:
? 2n f

A7)
The main loss of the matching network comes from the coil
resistance, which can be expressed as follows:

1

—/(iREC — invv)” Reodt.

Pcoil = 2

(18)

The loss of the rectifier is concentrated on the conduction loss
of the diode, as shown in the following, where Vp, is the forward
conducting voltage of the diode:

Pp =Vplo. 19)

The calculated loss of each component under different bend-
ing angles is shown in Fig. 16. Since the proposed topology can
suppress the change of impedance angle, the loss of the inverter
Ps1 + Pso remains relatively stable when the coil is bent. On
the other hand, inductance loss Pi,_pent and diode loss Ppi +
Pps increase with bending, this is because the decrement of
coil inductance caused during the bending will further increase
the matching network gain G (urgc / uinv), resulting in an
increment of coil current icq;.

The efficiency under different bending angles is shown in
Fig. 17. Compared with the conventional design method, the
overall efficiency of the system is higher and more stable
because of the maintenance of resistive input impedance and
soft-switching.
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Fig. 16. Calculated loss of the prototype under different bending angles.
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Fig. 17.  Efficiency comparison under different bending angles.
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Fig. 18.  Voltage and current waveforms with Coil 1. (a) Bending angle is 0°.
(b) Bending angle is 180°.

When the shape of the coil changes, it can also be analyzed
based on the proposed process: first derive the space coordinates,
then find the self-inductance and mutual inductance by integral
operation, finally, the inductance value can also be solved.
Based on the calculation results of the bendable coil in Fig. 3,
experiments have been carried out with different coils, and the
relevant waveforms are shown in Figs. 18-21. It can be seen
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Fig. 19. Voltage and current waveforms with Coil 2. (a) Bending angle is 0°.
(b) Bending angle is 180°.
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Fig. 20.  Voltage and current waveforms with Coil 3. (a) Bending angle is 0°.
(b) Bending angle is 180°.
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Fig. 21.  Voltage and current waveforms with Coil 4. (a) Bending angle is 0°.
(b) Bending angle is 180°.

that the impedance angle remains the same under 0° and 180°
bending angles.

In addition, the design of the topology also can be applied
to any bendable aircore inductor. Under other topologies, by
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Fig. 22.  Space projection of noncentrosymmetric bent coil.

substituting different objective functions, the topology can also
be designed for the condition of inductance variation.

V. CONCLUSION

This article proposes an optimal design method of T type
matching network of a 10 MHz bendable dc/dc converter with
planar aircore coil. In this article, the mathematical calculation
method of the bendable planar circular coil is analyzed, and
the accuracy of the inductance calculation is verified. The T-
matching network is optimally designed to maintain expected
input impedance characteristics considering the variable induc-
tance effect. A 10 MHz, 9 V/6.3 W with 32 V input voltage
prototype is built to verify the feasibility of the proposed design
method, which owns higher efficiency under bending situations.

APPENDIX

When the coil is bent asymmetrically, the projection diagram
of the coil on xy and yz planes is shown in Fig. 22. A general
situation is given where the left side of the coil is bent with
a radius of M/2 and an angle of €, while the right side keeps
its original shape. For any other bending situations, it can be
analyzed with a similar method.

Similar to the analysis in Section II, by taking the coil coor-
dinates and the partial conductance into (4), and then through
the program subsection summation, the coil inductance values
under different angles and radius can be obtained, where the
coordinates of different parts of the coil can be obtained as (20)
as shown at bottom of this page.
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