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Abstract: This article proposes a new connection method of tapped inductors that works in the
current source, which enables the current-mode power converter circuit to have a new topological
relationship. Usually, in a switched-inductor circuit, a stable output multiple is obtained through
the connection of the inductor and the switching devices. This is because the tapped point on the
inductor varies, and the magnetomotive force (mmf) of inductance is adjusted. Thereby, the output
current is controlled by the states of switching devices within a certain range. This optimized circuit
structure can adjust the output current according to load changes in practical applications without
changing the input power supply. The proposed method has been verified for its feasibility through
detailed analysis and hardware work. The principal analysis based on the flux linkage and the PSIM
simulation confirms that the theoretical circuit can be implemented. Finally, a hardware circuit is
built to obtain real and feasible conclusions, and it is verified that the circuit can achieve a stable
output and variable current within a specific range. The proposed work presents an alternative power
conversion methodology using the active switching of mmf, and it is a stable and simple power

conversion technique.

Keywords: DCDC converter; tapped inductor; current source; double mode; high frequency

1. Introduction
1.1. Backgrounds

The power converter is widely used in automotive electronic equipment, communica-
tion systems, industrial automation, and new energy systems [1]. However, most current
application conversions are based on voltage mode usage scenarios [1-4]. The current
source converters mentioned in this article are usually buried inside the electronic circuit
and are not easy to see; the internal resistance of an ideal current source is infinite. When
it supplies power to the load circuit, the current source can maintain a constant current
output and adjust the voltage [5]. Current mode source power supply systems are mainly
used in some professional fields. For example, the electric energy generated by the solar
panel [6,7] is directly proportional to the intensity of illumination on the solar panel. The
current increases when the light intensity increases, and when the sunlight weakens or
disappears, the current decreases. For the operation of a light-emitting diode (LED) power
supply system [8], if the LED brightness is stable, the chromaticity is consistent, and the
service life is improved, it is necessary for control to continue to work under a constant
current. This type of circuit requires a current mode source to supply power. In addition,
current sources also apply the conversion of Wireless Power Transmission (WPT) [9] and
the charging of high-power energy storage systems of electric vehicles [1,10-16].

Generally, the output current of a current source converter needs to be kept stable [17].
Otherwise, it can lead to a decrease in power distribution efficiency or damage to the load
equipment [18]. If a small part or parasitic of the circuit structure is changed, the output
current of the current source can be changed within a specific range and maintain a stable
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output, and the current source can be applied to more application scenarios. For example,
in quick charging, the current of a high-power energy storage system needs to be large first
and then reduced to small [9]; doubling the current of the wireless charging receiving end
through a multi-stage circuit can reduce the current’s requirement by the electromagnetic
coil, thereby reducing energy loss. In addition, inductors can also be used as energy storage
components. Compared with capacitor energy storage, inductors have better performance
under long-term continuous working conditions. Also, an inductive output configuration
enables a stable and constant output current.

The circuit studied in this article adds a tapped inductor [4,17,19-21] to the course.
This connection method can change the inductance at both ends of the inductor by moving
the position of the point of the tap on the inductor. In a high-frequency working environ-
ment [22], and under different working steps, the inductance can be changed and supply
a different current. The inductance at both ends brings different output results, which
gives the current power converter circuit a new topological relationship. In this working
mode, the incoming current source can change the output current within a specific range
to adapt to multiple relationships. Thus, it is applied to a variety of electrical equipment.
In addition, the current’s increase in the circuit causes the core material to be saturated
and more energy loss, thus causing changes in inductance. This requires special attention
during research. When selecting the required tap inductor, it is necessary to reserve a
sufficient current margin and temperature rise in space to ensure the stability of the output
current of the entire circuit [23-25].

In this paper, based on theoretical analysis, the inductor replaces the capacitor and is
connected in a specific way to obtain a new circuitry. The circuit is converted to a current
mode. The proposed new circuit can be examined for its principle of operation, and it
can be applied to the current source and current sink application. Then, the theoretical
circuit is simulated through p-sim to obtain results in order to verify the theoretical analysis.
Finally, the experiment is carried out by designing a hardware circuit with a variable DC
current-mode converter with the output of 1 to 2 times with the input. The voltage and
current changes at each critical point in the circuit are examined. The results verified that
the circuit could achieve a stable output of variable current within a certain range.

Through this experiment, we can discern the topology of the current mode and tapped
inductor circuits and theory correlations. For different application scenarios, we can use
DC converters with different conversion ratios and achieve better output efficiency and
current conversion requirements.

1.2. Basic Concept of the Duality

The starting point of the present research is based on the switched-capacitor con-
verter [23] and the duality principle in the circuit theory. Figure 1 shows a conventional
switched-capacitor converter, which is a double mode, i.e., V,/V}, = 2. Table 1 and Figure 2
are the translation methods between the voltage mode and current mode using the duality
principle [3]. The translational is directional, i.e., if it is originally a star connection, it is
translated to a delta connection.

Figure 1. Classical switched-capacitor converter.
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Table 1. Duality translation.

Before Duality Translation After Duality Translation
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Figure 2. Converted from voltage mode to a current mode switched-inductor converter.

2. Tapped Inductor Converter Circuit Analysis

Based on the double mode current type switch inductor converter circuit [2,3] shown
in Figure 3, when one MOSFET source pin is tapped to the middle of the inductor, the
tapped point can be moved to either side of the inductor. When the tapped point moves
from A to C, the output current increases. The new circuit can be seen in Figure 4.

Lz
M,
Ly
My
L
T Rjgaa n

D Tin

N
=
=]
™1

Figure 3. Double mode current type converter.
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Rjpaa n

D2

Figure 4. Tapped inductor current type converter.

With this circuit input, the current is 4 A, and MOSFET 1 (M;) and MOSFET 2 (M;)’s
operating frequency is 100 kHz; they conduct in a complementary manner, and each of
them works under the duty cycle of 50%. The resistance for the load is 2 (). The inductors
L; and L, are all 100 pH. The circuit has two stages of operation and is continuous. During
the first stage, the input current can flow through Mj; there is no current flow from M,
to L, and the direction of the current flow can be seen in the figure. The current flowing
through output resistance is the input current, adding the current maintained in L due to
the flux linkage coupled between parts B and C.

Stage 1 shows the current flow equivalent circuit that can be seen in Figure 5, and
Stage 2’s circuit current flow can be seen in Figure 6.
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Figure 5. First stage. I;;, flows through M; to L,. The difference between the L, current and I;;, flows
through D;.

Figure 6. Second stage. I;;, flows through M, to L. The difference between the L, current and I;;,
flows through D5.

Stage 1: The principal equations are as follows:

Iy, = Iin 1)

Lout :ILZ :Iin + IL1 (2)
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For Stage 2, the key equations are as follows:

IMZ :Ii'rl = ILlAB (3)

Tout = Iin + ID2 (4)

According to Faraday’s law of electromagnetic induction, an induced electromotive
force is generated in a coil when the magnetic flux varies with time, and the magnetomo-
tive force (mmf) is equal to the ampere-turns that remain the same during the first and
second stages.

mmf = NI

N is the number of turns of the coil; I is the respective current of the turns. So,

I,y Niap = I, - Ny @)
Niap
Iy = =5 s ©®)

Liap is tapped from L1, and is part of L;. We set Liap = N2L;, where 0 < N < 1. The
turns ratio is simply an inverted current ratio.

I, =N-I, (7)
Tout= Iiy +111 = (1 + N)'Iin (8)
Lout _
=1+N 9)
Iin

So, the output current is 1 to 2 times the input current. Figure 7 shows the output
current conversion ratio. The output current value depends on the coil current I;4p and
the actual inductance current I;145.

2.5

1.5

Conversion Ratio lo/lin

Figure 7. Output current conversion ratio.

3. Tapped Inductor Converter Work on P-SIM Results

This part of the software testing uses psim2022 for the student-free version; in the
simulation, the input current is 4 A, the inductance values of L1 and L; are all 1 mH, and
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the output load is 1 Q2. A and C are either terminals of L1 and B is the connection tap point
from M>’s source.

When the inductor L;’s A point connects to the M;’s source, B is moved to the same
connection point as C, which is the same point as the M, source and D; cathode. The
equivalent circuit is shown in Figure 8. At this part, when Mj is conducting, the current
flow through the inductor L; is via M.

L
M
1 ﬁﬁﬁ|
1ol T
0
A
Ly
M3
B
LT C Ripaa l:]

.

Figure 8. B and C at the same point connect with the M, source and D; cathode.

The currents through each component are simulated, as shown in Figure 9. Stage 1 is
the time from t; to ¢3. At this stage, M; is switched on, and M) is switched off; it can be seen
that the current flow at M; increases from 0 A to 4 A, the current flow at M, drops from 4 A
to 0 A, and the current flow at L1 drops from 4 A to 3.92 A, which means that the power
in L is used for the load. This also verifies that, in this stage, the load current is provided
by the input power supply and L; together. There is conduction overlapping between M;
and M as this is the current mode, and the deadline is negative. Negative dead time is a
switching feature in the current mode because the current in the inductor or the current
source cannot be interrupted and must be conducted by any one of the switching devices.
The current flow through the resistance load rises to 7.94 A [t1—t;]. As L is finite, the
current drops slightly [tp—t3]. Stage 2 is the time from #3 to 4. At this stage, M; is switched
off, and M, is switched on; the current in M; drops from 4 A to 0 A. The source current
then flows through M,, and its current rises from 0 A to 4 A; the current is the same as that
through L1, in which the current flow through the resistance load dropped fast to 7.88 A
[t3—t4]. From the test data, the simulation result of the output RMS current is 7.92 A, which
is close to two times the input current. This is because of the loss in the components, which
usually makes the conversion slightly lower.

I(M)

4 ————————— = |
ggg I(Lu‘ls) | ]
3.94 | S f -
39— - — — g
7294 T (Roue) >
7.92 Qut
7.9
7.88

6.675m 6.68m 6.685m 6.69m 6.695m >
t1 T2 1y t4

Figure 9. Simulation result.
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Using the same test method as before, when the tapped point B is in the middle point
(center tap) of the inductor, the test circuit and simulation waveform are shown in Figure 10,
and the output RMS current is 5.94 A, which is about 1.5 times the input current.

L
M, IMp) [Etiti]
1 ey )
T
X IRout)
M) 5 WL ‘
5 E—
IMa ¢
Ly Rioad l:]
<& Tin AD  sm
>
(a)
A i |
4@ >
5 I(Tﬂz)
3450—1_ >
» | I(Lus) I ) \
2,5 | o
5.95 -
E:gg I(Rout)
2:81 i ‘ . N
4.281m 4.289m Time (s) 4.296m 4.304m '
ti te t3 ta

(b)
Figure 10. Tapped point B in the middle point of the inductor. (a) Test circuit; (b) test waveforms.

When inductor L1’s A and B points connect to the M; source and M, source, respec-
tively, and become a common potential. C connects with the D; cathode; the performance
of the circuit is illustrated using a simulation and is shown in Figure 11. In this test, when
M), conducts, the current cannot flow through the inductor L;. The sum of currents flowing
through M; and M; is the same as I(R,y). D1 has no current flow.

In the circuit shown in Figure 11, it is easy to see that the current flow through L; is
always the same as that of Dy; the current flow through L; does not change, so the output
current is the same as the input current.

From the simulation result, the output current result depends on the tapping connec-
tion varying between A and B at L;, which means that the different inductance values have
different output results between the M; source and M, source, and the output current can
then be selected or adjusted from 1 to 2 times of the input current.
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Figure 11. Points A and B connect to the M7 source and M, source. (a) Test circuit; (b) test waveforms.

4. Higher Order

The above work can be extended to a higher order by inserting switching devices
and inductors. Figure 12 shows a higher order, such that the proposed circuit increases its
conversion ratio by one because of the addition of the new path formed by L,. This provides
additional [;;, to the output when M, and M3 are turned on, and M; is turned off. In the next
stage, when M is turned on, and M, and M3 are turned off, the current in L; and L, are added
up to [, via M to Lr and Ry,,4. Therefore, the conversion ratio is as follows:

It _ 54y (10)

Iout

Figure 12. Higher order of conversion ratio circuit.
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5. Prototype Experiments

Based on the simulation circuit, the FPGA obtains the 100 kHz signal and keeps the
two signals with no dead time because it is a current-mode circuit; a current source open
circuit is not allowed. The M; and M, plot in Figure 13 shows the detail. In addition, these

two signals work in a complementary manner, but before one MOSFET turns off, the other
MOSFET must turn on.

M: signal

R

M. signal

Rise<120.0ns Ity=52.40 % +Duty=52.00 % _ IFreg=100kHz
Figure 13. M; and M) signals.

Under FPGA control, the parameters of the other components in the circuit and test
equipment are shown in Table 2.

Inductor 1 is a tapped inductor; for the prototype experiments, it is just tapped at the
1/4,1/2, and 3/4 position of the whole inductor’s winding length, so this inductor value
can be 62.5 uH, 250 uH, 563 pH, and 1 mH in the proportional to the square of number of
turns. The hardware circuit is shown in Figure 14, and the experimental platform is shown
in Figure 15.

Table 2. Components and specifications for the circuit.

Name Values
Input current 4A
M; and M, IRF530N
Switching frequency 100 kHz
D; and D, IDH10G120C5
Output resistance 40
Ly 1mH
Lz 1 mH
Controller FPGA EP4CE6F17C8N
Power supply PWR1600H
Load E-load PLZ1004W

The experiment is performed firstly by connecting the circuit to a current source and
then setting the input current to 4 A and the output load to 3.75 () and using an oscilloscope
to read the GS signal of My, the output current of the circuit, and the current at the middle-
tapped point. This signal can be seen in Figure 16. The blue line shows the gate GS signal
at 100 kHz, and the input dynamic voltage range is about 17.5 V. The red curve shows that
the peak output current is about 6.62 A with an average of 6.37 A, and the current ripple is
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about 0.5 A. The yellow line shows that the tapped point with maximum current is 4 A;
they are the same as the simulation.

FPGA
controller

\l'——_ L !

<<=
Cu t
source

Current
probe

Figure 15. View of the experimental setup.

M: GS signgl

6.62A

\L\J\Kh\qr\“‘x_,' E“?‘j%\'w

Output current

, p— — — ¢ — , W— W—

_ EIEAHQA - - _ \i

Tapped point B current Time base: 5 b m/div

Figure 16. Oscilloscope signal.

The experiment is conducted by keeping the tapped point and the input current 4 A
unchanged. The output resistance is varied using the electronic load in order to adjust the
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output power. Efficiency is measured at different power levels. Figure 17a shows the result
versus the output power range from 60 W to 310 W. When the input power is about 200 W,
it is the maximal power efficiency point at around 79%. The next set of experiments is for
the output current at 3 A. When the tapped point remains unchanged, the input current
is adjusted to 3 A, and the power is varied by adjusting the output resistance through
the electronic load. The output power efficiency is better than the case when the input
current is 4 A. When the input power is about 170 W, the efficiency is about 93%, as seen in
Figure 17b. From these two figures, it is easy to see that for the present operation, when the
input power is about 150 W to 200 W, the output power has better efficiency.

90
78

80
76

70

Efficiency %

Efficiency %

0 50 100 150 200 250 300 350 0 50 100 150 200 250
Output power(W) Output power(W)

(a) (b)

Figure 17. The results of the measured efficiency. (a) [, =4 A; (b) I, =3 A.

Figure 18 shows the experimental conversion ratio against the turn’s ratio under
different input currents. It can be seen that the experimental conversion ratio agrees very
well with the theory, and the ratio only decreases slightly with a higher current because of
the higher current loss.

Touw/Iin

L

lin=2A

N

Figure 18. Experimental conversion ratio with turns ratio.

6. Conclusions

In this article, a tap-type current-mode converter control circuit is proposed, which
can control the current mode output current in a range of one to two times the input current
by controlling the tap point of the inductor. The utilization of inductor tapping offers an
alternative method of current conversion that is simple and stable. The design provides an
alternative manner to adjust the output current whilst the number of components used in
the circuit is low. It maintains relatively good in its conversion efficiency within a specific
range. In this paper, the principal design, analog simulation, and hardware testing were
performed to prove the feasibility of the complete test. A conversion efficiency of 93% and
170 W output was achieved with an input current of 3 A. This circuit can be well utilized
in small power supply circuits of up to 300 W. It provides a new solution for consumer
electronics WPT, solar panels, and LED control circuits.
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