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Abstract— This paper proposes the operation method of DCM
applied to inductor current control of a flying capacitor converter
(FCC) for the low boost ratio. Due to the charging and discharging
of the flying capacitor, the inductor current ripple in FCC is
reduced compared to that of the typical boost converter with the
same inductance. The operation analysis for high boost ratio have
been applied by authors. However, the duty calculation for light
load region of high boost ratio cannot be applied because the slope
of the modes II and III are inverted when boost ratio is less than 2.
Thus, the operation analysis for low boost ratio is proposed in this
paper. The validity of the proposed method is confirmed with a 1-
kW prototype. As the experimental results, an efficiency of 98.1%
is achieved.
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I. INTRODUCTION

In recent years, photovoltaic power generation systems have
attracted attention as renewable power sources [ 1-5]. In general,
converter topologies for these systems consists of a boost circuit
and a grid-tied inverter. Particularly, it is necessary to install the
converter in various places including each household when a
photovoltaic power generation system is incorporated in a DC
micro grid. Therefore, high power density and high efficiency
are required for these power converters. In particular, the boost
inductor in the boost converter occupies a large volume in the
system. Therefore, miniaturization of this boost inductor is
strongly demanded [6].

One of the ideas to downsize the boost inductor is an increase
in the switching frequency [7]. However, the effect on the
miniaturization of a system by the high switching frequency is
limited because the operation in the high-switching frequency
leads an increase of switching loss [8].

Other ideas for downsizing the boost inductor is applying
discontinuous current mode (DCM) to an inductor current
control [9-12]. DCM reduces the inductor volume because the
required inductance in DCM is smaller than continuous current
mode (CCM). However, a large current ripple occurs as
compared with CCM in the trade-off of a small inductor when

DCM is applied to the boost converter. This high-current ripple
significantly increases the conduction loss in the switching
devices. Hence, the effect on the miniaturization of a system by
the DCM operation in the boost converter is restricted.

The inductor current control method with DCM for a three-
level FCC has been proposed in order to increase the power
density of a DC-DC converter [13]. The proposed control
operates FCC using four modes; two of which are the same as
these of the boost converter (modes I and I'V), whereas the other
two modes are charging and discharging modes of the flying
capacitor (modes II and III). In this method, the modes II and III
inserted between the modes I and IV. This method makes the
inductor current waveform trapezoidal shape in heavy load
region due to the charging and discharging of the flying
capacitor. The conduction loss and the turn-off loss are reduced,
because the peak of the inductor current is reduced by this
method. However, the control method is taking into account
only the operation with a boost ratio more than two.

In this paper, the operation method of low boost ratio is
proposed to increase the practicality of this method. The slope
of the modes II and III are inverted when the boost ratio become
less than two by the flying capacitor voltage and input and output
voltage. Therefore, the originality of this paper is the operation
analysis for heavy load and light load region in low boost ratio
of less than 2. The control based on the analysis was
implemented in DSP and confirmed with a prototype.

This paper is organized as follows; firstly, the operation
modes of FCC on applying DCM method is introduced.
Secondly, the duty calculation method is introduced. Next, the
control method for flying capacitor voltage is introduced.
Finally, experiments are conducted in order to confirm the
circuit operation.

II. OPERATION MODES OF FLYING CAPACITOR CONVERTER

Figure 1 shows FCC. In this paper, DCM and CRM are
applied to FCC in order to reduce the boost inductor current
ripple, decreasing the RMS current value against the average
current value. Furthermore, since the required inductance value
by applying DCM is reduced, the size of the inductor is



downsized. Therefore, both high efficiency and miniaturization
are achieved with the proposed method.

Figure 2 shows the operation modes of FCC with applying
DCM for inductor current. In the proposed method, the current
i flowing through the inductor L is controlled using four modes;
Mode I to VI. In the mode I, energy is stored in L by turning on
S; and S4. In the mode I and mode 111, the energy is stored or
released in Cg. In the mode I and IV, the energy stored in L is
stored or released to the output side by turning on S; and S,.

1) Mode I
In the mode I, energy is stored in L by turning on S; and Sa.
The slope a; of the inductor current in this mode is expressed as

L (1),

where v, is the input voltage, and L is the inductance value of
the boost inductor.

2) Mode IT

In the mode II, the energy is stored in Cy. by turning on S,
and S4. The slope a, of the inductor current in this mode is
expressed as

Vin -V fc

a, =
L @

where vy is the voltage of the flying capacitor Cy.

3) Mode II1

In the mode IIL, by turning on S; and Ss, the energy stored in
Cr. and L is released to the output side v4.. The slope a3 of the
inductor current in this mode is expressed as

L 3),

where vq. is output voltage.

4) Mode IV

In the mode IV, by turning on S; and S,, the energy stored in
L is released to the output side. The slope as of the inductor
current in this mode is expressed as

L (4).

Figure 3 shows the inductor current waveform in each

switching mode during one switching cycle in heavy load region.

This control method is obtained by adding the modes II and III
to the operation modes of the boost converter with the modes I
and IV. Consequently, the inductor current i; becomes a
trapezoidal waveform.
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Fig. 2. Operation modes of flying capacitor converter.
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Fig. 3. Inductor current waveform and gate signals of MOSFETs of FCC
in rated power for heavy load region.

III. THE INDUCTOR CURRENT CONTROL WITH DISCONTINUOUS-
CURRENT-MODE

A. Heavy load region

Figure 4 shows the current waveform variation of each load
when the voltage condition and circuit parameters are as an
example. In Fig. 4(a), the duty ratio of the modes II and III



become less than zero when the input current is increased.
Therefore, the input current is the maximum that can be output
under that circuit condition. The other hands, in Fig. 4(c), the
duty ratio of Mode II and III become less than zero when the
input current is decreased. Therefore, the input current is the
minimum that can be output under that circuit condition. This
load region, that the input current is trapezoidal waveform, is
called “Heavy load region”. The slope of the current waveform
on each mode depends on the voltage conditions and the circuit
parameters. Therefore, the analysis of minimum input current
and maximum input current are required in this load region.

The duty ratios in heavy load are expressed as following
equations [13].

2v,
D, :—ﬁJrHD4

1
Vi

¢ %),
b _ —B+B>—44C
2 24 (©).
D; =Dy~ D, (7),
D4 _ Vin - \/_vin2 + Vin Vdc - ZIaVGLfswvdc
e (®).

where f;,, is switching frequency, . is the average input current,
A, B, and C are defined following equations
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Figure 5 shows the relationship among the duties and

average current on the boost inductor. The average current in Fig.

5 is standardized by

_ 2L1ave-f.;w Vout (1 0)

e vin (Vdc - vin)

Point “A” of Fig. 5 corresponds to Fig. 4(a). Similarly, Point
“B” of Fig. 5 corresponds to Fig. 4(c). The input current is
limited between A to B of Fig. 5.

The input average current /,v. has an upper limit and a lower
limit because all of the duties must be positive although the slope
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Fig. 5. Inductor current waveform and gate signals of MOSFETs of FCC
in rated power for heavy load region.
of the current waveform depends on the voltage conditions and
the circuit parameters. Therefore, another switching way for
light load region should be considered because this strategy is
applied only in heavy load region.

B. Light load region

Figure 6 shows the inductor current waveform in each
switching mode during one switching cycle on heavy load
region. Here, the current peak values Iy and Iy3 in the
respective operation modes are expressed as
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The slope of the mode II equals to one of the mode III when
the flying capacitor voltage vy is half of output voltage v,.. From
this, D»3 that is sum of the modes II and III period is expressed
as

Vv, —V.
— _ dc in
D,, =D, +D, ——/2
vin - vdc

(13).

The sum of the average power in each switching mode equals
to the transmission power, which is expressed as

1 1
E[plelT;w +E[ple23T;w = Iav@T;'w (14)
From (11), (12), (13) and (14), D4 is represented as
=y, /2
D4 = 2\/L1avef.;w M
vdc (vdc _Vin) (15)

In FCC, in order to keep the voltage of Cr. constant, the time
product of the current flowing through C. must be controlled to
be zero during one switching period. Therefore, the duties are
designed so that the current time products of iz in the modes II
and III are equal, expressing as

%(1 +1,,) DT, —1(1[,“+1p,€3)DST =0

Pkl sw 2 sw (1 6).
From (11), (12), (14) and (16), D», Ds is represented as
D2 — L vdc _vin D4
'\/5 vin _vdc / 2 (17),
Dy =D,,-D, (18).

Figure 7 shows the relationship between the average current
and duty ratio D>—Ds. As can been seen in Fig. 7, since the sum
of the duties are possible to take less than 1, it is confirmed that
there are an upper limit value for the value that the average
current I,y is possible to generate. Theses duty ratio calculations
need to be selectively used in the load region.

C. Flying capacitor voltage control

Figure 8 shows the flying capacitor voltage waveform in
each switching mode during one switching cycle. In the previous
section, the duty ratio is derived under the assumption of that the
flying capacitor Cy. voltage v is kept at half of the DC-link
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Fig. 6. Inductor current waveform and gate signals of MOSFETSs of FCC
in rated power for light load region.
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Fig. 7. Relationship between average current and duty for light load

region.
voltage. However, the voltage of the flying capacitor varies since
the modes II and III charge and discharge the flying capacitor.
Furthermore, the inductance information of the boost inductor is
required in calculation of the duty ratio however the actual
inductance value varies depending on current and heat.
Therefore, the flying capacitor voltage may diverge since an
error occurs in the duty calculation. Also, Eq. (16) does not
satisfy. Therefore, in this paper, feedback control is applied to
the flying capacitor voltage.

Figure 9 shows the block diagram of the boost inductor
current control and the flying capacitor voltage control system
[13]. This controller controls the inductor current and the flying
capacitor voltage in two steps. The first step is for calculation of
the original duty ratio. The original duty ratio is calculated based
on the parameters such as the average inductor current command
L.” and the input and output voltage. The second step is for
balancing of the flying capacitor voltage. The time ratio of the
modes II and III are adjusted by the compensation duty
generated by a proportional controller. A voltage command of
1p.u. is input as the command value for a proportional control of
flying capacitor voltage. Here, 1p.u. is defined as half of the
output voltage. In this control, the flying capacitor voltage v is
decreased by an increase in the ratio of the mode II. On the other
hand, the flying capacitor voltage vz is increased by an increase
in the ratio of the mode III. Thus, the flying capacitor voltage is



kept by the control even when the parameter variation of the
circuit occurs.

IV. EXPERIMENTAL RESULTS

Table I shows the circuit parameters. In this paper, a 200-V
single phase grid-tied inverter with a rated power of 1 kW (1p.u.)
is assumed as a load.

Figure 10 shows the operation waveforms of high boost ratio.
The boost ratio is 3. The current command of each waveform is
0.2p.u. and 1.0p.u.. From Fig. 11, the slope of inductor current
in the modes II and I1I is negative.

Figure 11 shows the operating waveforms of low boost ratio.
The boost ratio is 1.5. The current command of each waveform
is 0.2p.u. and lp.u. From Fig. 11, the slope of inductor current
in the modes II and I11 is positive. The input power of 1.0p.u. is
in light road region in this boost ratio even though input power
is same from the case of high load region. It is confirmed that
the boost inductor current iz is controlled in a triangular
waveform as Fig. 6. Also, the flying capacitor voltage vy is keep
on half of output voltage vg.

Figure 12 and Fig. 13 shows operating waveforms when the
power command is changed stepwise from 0.2p.u. to 1p.u., and
vice versa. As can be seen from Fig. 12 and 13, the flying
capacitor voltage is controlled constant despite the load power
fluctuation.

Figure 14 shows the efficiency characteristics. As a result,
the maximum efficiency of 98.1% is achieved at an input voltage
of 200 V. In this paper, the states of all MOFFETs in Mode IV
are all off. Therefore, over all the efficiency becomes better by
the synchronous switching is applied.

V. CONCLUSION

This paper proposed the operation method of DCM applied
to inductor current control of FCC for the low boost ratio. The
same calculation for each duty ratio is applied in heavy load
region. However, the duty calculation for light load region can
not applied because the slope of the modes II and III are inverted
when boost ratio is less than 2. Therefore, the calculation method
of duty ratio is applied for switching pattern without the mode I.
Also, the voltage control of frying capacitor is combined for this
method.

The analysis is verified with a 1-kW prototype. The
experimental results show the relevance of this method. The
maximum efficiency of 98.1% is achieved at an input voltage of
200 V.
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Table 1. Experimental Condition.

Input voltage Vin 100V or 200 V

Output voltage Ve 300V
Switching frequency|  fo 20 kHz
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