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Abstract: Fly-buck converter is a multi-output converter with the structure of a synchronous buck
converter structure on the primary side and a flyback converter structure on the secondary side,
and can be utilized in various applications due to its many advantages. In terms of control, the
primary side of the fly-buck converter has the same structure as a synchronous buck converter,
allowing the constant-on-time (COT) control to be applied to the fly-buck converter. However,
due to the inherent energy transfer principle, the primary-side output voltage regulation of COT
controlled fly-buck converters may be poor, which can deteriorate the overall converter performance.
Therefore, the primary output capacitor must be carefully designed to improve the voltage regulation
characteristics. In this paper, a theoretical analysis of the output voltage regulation in COT controlled
fly-buck converter is conducted, and based on this, a design guideline for the primary output
capacitor considering the output voltage regulation is presented. The validity of the analysis and
design guidelines was verified using a 5 W prototype of the COT controlled fly-buck converter for
telecommunication auxiliary power supply.

Keywords: multi-output; fly-buck converter; constant-on time (COT); output voltage regulation

1. Introduction

Multi-output converters can be utilized when different types of output voltages are
required in power conversion applications. As the need for multi-output power supply in
various industrial applications such as telecommunication equipment and medical devices
increases, studies on multi-output converters with simple structure, high efficiency, and
improved cross regulation characteristics are being actively conducted [1-8]. As part of
these studies, a new multi-output converter called fly-buck converter has been proposed
in [9]. The fly-buck converter has a combined structure of a synchronous buck converter
structure on the primary side and a flyback converter structure on the secondary side.
Hence, multiple outputs can be easily generated through the coupled inductor winding.
In addition, it is known that the fly-buck converter has the following advantages:

e  One power stage can supply tightly regulated non-isolated output and semi-regulated
isolated outputs;

e Isolated outputs have high design freedom by using the duty cycle and turns ratio of
the coupled inductor;
Low price due to low number of components;
High efficiency at light load due to zero voltage switching (ZVS) operation;
Excellent control dynamics because it is controlled in a non-isolated form.

Based on these advantages, fly-buck converters can be used for several power supply
applications, including gate drivers and dual supply amplifiers. A number of related
studies have also been reported [10-13]. In [10], the design of the fly-buck converter used
to provide IGBT gate driver bias was addressed. In [11], the cross-regulation characteristic
between primary and secondary side outputs of the fly-buck converter is studied. In [12],
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a comparative study is presented on the time domain analysis of fly-buck converter with
and without considering the effect of parasitic components.

In terms of fly-buck converter control, the primary side of the fly-buck converter
has the same structure as the synchronous buck converter, so the control techniques
applicable to the synchronous buck converter such as voltage mode control, hysteresis
control, constant-on-time (COT) control can be used as it is. Among them, COT control is
one of the most commonly used control techniques. Since COT control does not require a
loop compensation network, it can achieve a fast transient response and make design easier.
Accordingly, in [13], COT control has been applied to the fly-buck converter. In particular,
the literature compared the control dynamic and voltage regulation when voltage mode
control and COT control were, respectively, applied to a fly-buck converter. As a result,
in COT control, the control dynamic was excellent, but the voltage regulation characteristic
was inferior.

The poor voltage regulation characteristic when applying COT control is due to
the inherent operating principle of the fly-buck converter. Unlike other conventional
topologies, the non-isolated primary side output capacitor acts as an intermediate in energy
transferring to the isolated outputs in the fly-buck converter. Therefore, the heavier the
load on the isolated secondary side or the smaller the primary output capacitor, the larger
the ripple voltage on the primary side, which adversely affects the primary side voltage
regulation of the COT controlled fly-buck converter. Moreover, since the secondary output
voltage is indirectly controlled by the primary output voltage and the turns ratio of the
coupled inductor, the regulation of the primary output voltage must be treated as important
for the overall converter performance. Due to these properties, the primary side output
capacitor must be chosen very carefully when designing a fly-buck converter. However,
there is no literature dealing with this design issue as far as the authors are concerned.
Therefore, this paper aims to identify the cause of the phenomenon through the steady-state
analysis of the fly-buck converter and propose a design guideline for the primary-side
output capacitor based on the analysis.

This paper is organized as follows. Section 2 describes the steady-state analysis of
the fly-buck converter. Section 3 analyzes the relationship between the primary output
capacitor and the primary output voltage ripple regarding output voltage regulation,
and establishes design guidelines for the primary output capacitor design. In Section 4,
the experimental results verify the overall content of the analysis made. Finally, the
conclusion of the paper is discussed in Section 5.

2. Operating Principle of the Fly-Buck Converter

The circuit configuration of the fly-buck converter is shown in Figure 1. The non-
isolated primary side has the same structure as the synchronous buck converter except
that a coupled inductor is used in place of the output inductor. The coupled inductor has
a turns ratio of n:1 and is modeled using the magnetizing inductance, L, and leakage
inductance reflected on the secondary side, Ljx. SW1 and SW2 act as high side switch and
low side switch of the synchronous buck converter. C; and I; represent the primary output
capacitor and the primary load current. On the secondary, D,, Cy, and I, refer to the output
diode, secondary output capacitor, and secondary load current, respectively.

The following describes the voltage symbols indicated in Figure 1. V; is the input
voltage, v1(t) and v,(t) are the primary and secondary output voltages, V1 and V) are the
DC value of the primary and secondary output voltages, and Av;(t) and Av,(t) are the
ripple components of v1(t) and v,(t), respectively. vs,(t) is the voltage across the low side
switch, and vy,,(t) is the voltage across the magnetizing inductance.
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Figure 1. Circuit diagram of the fly-buck converter [9-13].

The following describes the current symbols indicated in Figure 1. I, I, i¢1(t), and
icp(t) are the primary side load current, the secondary side load current, and the current
flowing into C; and Cy, respectively. Additionally, ij,,(t) is the current flowing through a
magnetizing inductance, and i,;(f) and is.(t) are the currents flowing through the primary
and secondary sides of the coupled inductor. Finally, i (f) represents the sum of i,(f)
and iy, (t).

The operation modes of the fly-buck converter are shown in Figure 2. The overall
operation is divided into a buck mode in which SW1 is turned on (SW2 is turned off) and
a flyback mode in which SW2 is turned on (SW1 is turned off). In actual operation, the
modes can be further subdivided due to the effects of dead time and parasitic components,
but in this paper, the analysis proceeds based on these two modes for the convenience of
analysis. Figure 3 shows the steady-state waveforms based on the two modes.
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Figure 2. Operation modes of the fly-buck converter: (a) Buck mode; (b) Flyback mode.
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Figure 3. Steady-state waveform of the fly-buck converter.

2.1. Buck Mode

The circuit operation in buck mode is shown in Figure 2a. During the interval [, 1],
because a negative voltage is applied to D,, D, does not conduct, and energy is not
transferred to the secondary side. Therefore, it operates the same as when the high side
switch of the synchronous buck is turned on. In this mode, the basic equations of a circuit
are expressed as

orm(t) = Vs = V1, 1
ic1(t) =iL(t) — I, 2)
io(t) = —I, 3)
iL(t) = ipm(t). 4

2.2. Flyback Mode

The circuit operation in flyback mode is shown in Figure 2b. During the interval [¢1, t3],
the primary side operates as the freewheeling mode of the synchronous buck converter.
On the secondary side, D, starts to conduct and acts similar to a flyback converter. In this
mode, the basic equations of a circuit are expressed as

opm(t) = =1, ©)

ic1 (t) = iL(t) — I, (6)
icz(t) = isec(t) - IZr (7)
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iL(t) = Z.Lm(t) + ipri(t)‘ (8)

In more detail, the configuration of the primary and secondary sides in the flyback
mode can be expressed as Figure 4a. By reflecting the primary side into the secondary
side, the equivalent circuit in Figure 4b can be obtained. Here, for the convenience of
analysis, assuming that the impedance of the L;, is large enough, the equivalent circuit
can be simplified as shown in Figure 4c. From Figure 4c, it can be seen that the fly-buck
converter operates by the resonance of Ly, C1, and Cp, unlike the conventional flyback
converter during flyback mode operation.
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Figure 4. Equivalent circuit of the fly-buck converter in flyback mode: (a) Basic equivalent circuit; (b) Equivalent circuit
when the primary side is reflected to the secondary side; (c) Equivalent circuit when Ly, is large enough.

From Equations (5)-(8) and the differential equation of the resonance mode, is.(f) and
v5(t) can be expressed as

Vi/n—V-
isec(f)=12—IzCOS< 1/n—Va (

t—1 t—1t
sin , 9)
\V leCeq> vV le/ceq vV leCeq>

Vi t—1t le . t— 1t
t)=——-WVi/n-V; — | =1 , 10
v(t)=—-—(Vi/n 2)Cos< Lkng> HCeq 2sin| e (10)
where Cq; is the equivalent capacitor which can be obtained as
2
n-Cy)C
c, = PQG a

(ﬂ2C1) +GC

2.3. Voltage Gain

For the non-isolated primary output, since the operation is exactly the same as that of
the synchronous buck converter, the relationship between the input voltage and the output
voltage is expressed as

Vi =DV, (12)

where D is the duty cycle of the fly-buck converter.
The exact output voltage equation can be expressed as Equation (10) for the isolated
secondary output. However, it is difficult to use it as a design formula for its complexity.
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In general, Ly is a reasonably small value, so if ignored, Equation (10) can approximately

be represented as:

D
Va= Ve (13)

However, it should be noted that if Ly is not negligibly small, the V, will drop as the
I increases. Consequently, with respect to the indirectly controlled V5, how small the Ly is
has a significant impact on cross regulation performance.

3. Analysis on the Output Voltage Regulation of COT Controlled Fly-Buck Converter

As stated in Section 1, the non-isolated primary side output capacitor in the fly-buck
converter acts as an intermediate in energy transferring to the isolated outputs, unlike
other conventional topologies. Therefore, the heavier the load on the isolated secondary
side or the smaller the primary output capacitor, the larger the ripple voltage, Av;(t), on
the primary side.

Figure 5 shows the block diagram of the COT controlled fly-buck converter. In COT
control, the turn-on signal of SW1 is generated when the minimum value of the sensed
output voltage, vs,(t), becomes smaller than the reference voltage, vy.r. Therefore, when
the magnitude of Av;(f) increases, V; value moves away from the reference value, and
the voltage regulation deteriorates. It can be understood more intuitively in Figure 6 that
shows the enlarged waveform of the sensed output voltage.

The magnitude of Av;(t) is affected by C; and the amount of energy transferred to the
secondary side. Meanwhile, the secondary side load current corresponds to the input in
the two-port network that supplies the voltage source output and thus cannot be chosen by
the designer. Thus, the only design factor related to the magnitude of Avy(t) is C, and by
designing it correctly, the voltage regulation can be maintained within the desired range.

In this section, C; and output voltage regulation characteristics are analyzed more
quantitatively, and design guidelines are established from the results of the analysis.

—
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Figure 5. Block diagram of the COT controlled fly-buck converter.
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Figure 6. The enlarged waveform of the sensed output voltage.

3.1. The Relation between Primary Output Capacitor and Voltage Regulation

In the steady-state operation of the converter, in one cycle, the charge amount and the
discharge amount in the capacitor must be equal by the charge balance. Furthermore, the
following physical equation must be satisfied from the basic properties of the capacitor

AQ =CAV, (14)

where AQ is the amount of change in charge, C is the capacitance, and AV is the amount of
change in voltage. Let us apply these principles to the fly-buck converter.

Figure 7 shows the steady-state waveform of if in the primary side of the fly-buck
converter. From Figure 7, it can be seen that the charge amount of C; is the sum of Q; and
Q», and the discharge amount is Q3. Therefore, in the fly-buck converter, Equation (14) can
be rearranged as:

Q1 + Q2 = Q3 =2C1Avy. (15)

If Qq and Q; are quantitatively represented using circuit parameters, we can get an
intuition for circuit design with improved output voltage regulation.
As for 1, using Equations (2) and (4) in buck mode, it can be expressed as:

I
Qi = ton, (16)

where ¢, is the on-time determined by the COT generator.
As for Qy, using Equations (6), (8), and (9) and assuming that L, is large enough in
flyback mode, i1 (t) in the time interval [t1, t;] is obtained as:

i (t) = L cos t=h _N/n= Vo sin t-h (17)
o n ,/leng n\/le/Ceq ,/leceq )
Assuming the following condition, which is generally not difficult to meet,

~0, (18)

the cosine term and the sine term in Equation (17) can be approximated as follows:

t—t (t—t1)?
COS| —F——— ~ 1 —_ (19)
(\/ leCeq) 2L Ceq

sin t=h ) Ltk (20)
V/ LixCeq VLiCeq
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Figure 7. Steady-state waveform of i in the primary side of the fly-buck converter.

From the result of the assumption, Equation (17) can be rewritten as:

. L W/n-VW I 2
=2 o) 2 (t-h)~ 21
lCl(t) n nle ( l) anlkCeq ( 1) ( )
Using the above results, Q, can be expressed as:
t
Q= [ ia(h, @)
1

where ¢, is the time when 7}, is equal to I; and can be obtained as:

—Ceq(Vi/1 = Vo) + Cegr) (Vi /11 — Va)? 4+ 212y / Coyg

th =t + (23)
L
As a result, using Equations (15), (16), and (22), Av; can be calculated as:
Q1+ Q2
=== 24
AU] 2C1 7 ( )

and a voltage offset of Av; is generated in V1, which can deteriorate voltage regulation.

3.2. Design Guideline for the Primary Output Capacitor
If V1/n = V; is assumed for the convenience of analysis, Equation (23) can be approxi-

mated as
fbh=H+ \/ ZLIkCeqr (25)

and, consequently, Q can also be approximated as

2L
Q= 37\/2le@14. (26)

Then, the charge amount of C; is

I 2]
Qi +Q2 = ton+ 3 \/2LixCes. (27)

Therefore, if the desired Av; is determined, C; should be designed as

1 (Db 21,
> — | =t — /2L . 28
C > 2A0; (n on T 31 lkCeq> ( )

Equation (28) confirms that C; should be designed to consider the energy transferred
to the secondary side from a voltage regulation perspective. However, since C is a value
dependent on C; as in Equation (11), Equation (28) cannot be directly used as a design
criterion. Therefore, Equation (28) can be rearranged assuming the following two cases.
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The first case is C, << n2Cy, where Ceq can be approximated to C;, hence, Equation (28)
can be rearranged as:

n

1 I 21,
> = —=/ .
C > 270, < ton + n 2leC2> (29)

The second case is C, >> n?Cy, where Ceq can be approximated to n2Cy, hence, Equa-
tion (28) can be summarized as:

1 9o ton
C, > —|42L 24/ 41312
12 Tga0; | 42 wt— = \/ oLy +

The analysis results were applied to a specific target application of the 5 W telecom-
munication auxiliary power supply. The system specifications are summarized in Table 1,
and the design parameters of the COT controlled fly-buck converter excluding C; are
summarized in Table 2.

1813 Likton 30)
n

Table 1. System specification.

Input voltage (V) 24V
Primary output voltage (V1) 12V
Secondary output voltage (V;) 12V
Rated power (Pyyte) 5W

Table 2. Design parameters of the COT controlled fly-buck converter.

Constant-on time (toy) 24 us
Secondary output capacitor (Cp) 10 uF
Magnetizing inductance (L;,) 250 uH
Leakage inductance (Ly) 2 uH
Transformer turns ratio (1) 1:1

Figure 8 shows the change in Av; according to the design of C; at rated power in the
fly-buck converter designed with the parameters in Tables 1 and 2. In Figure 8, it can be seen
that the approximation of C, >> n?C; is more accurate in the region where C; is small and
vice versa in the region where C; is large. From the above, it was confirmed that by using
Equations (29) and (30), C; can be designed in consideration of the secondary load from the
viewpoint of output voltage regulation. Therefore, the COT controlled fly-buck converter
can be designed using a suitable approximation for target applications. Additionally, based
on Equations (29) and (30) and Figure 8, it can be seen that the larger C; is, the more
desirable in terms of voltage regulation. However, COT control is performed based on the
ripple of the output voltage. Therefore, if C; is too large, the ripple magnitude will be too
small to control, which must additionally reflect the ripple generation technique that can
complicate the overall system. Consequently, in a COT-controlled fly-buck converter, C;
must be designed large enough to satisfy the desired voltage regulation, but at the same
time be small enough to generate a ripple voltage for COT control.
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Figure 8. Av; according to Cy design.
4. Experimental Result

A prototype of a COT controlled fly-buck converter was built and tested fora 5 W
telecommunication auxiliary power supply to verify the validity of the analysis. The values
in Tables 1 and 2 were used for the system specifications for the experimental and design
parameters, respectively. The LM5017 IC was used to implement COT control. Meanwhile,
a multilayer ceramic capacitor (MLCC) was used as an output capacitor, which has the char-
acteristic that the capacitance changes according to the DC bias voltage [14]. Therefore, for
accurate experimental data, the voltage ripple value according to the current input/output

was measured at the DC bias value to be tested, and the obtained equivalent capacitance
from these data was used for the experiment.

First, to verify the effect of the energy transferred to the secondary on the voltage
regulation, C; was designed as 10 uF and then the experiment was conducted by gradually
increasing the secondary load current. The experimental waveforms of the voltage across
the low side switch (vs(t)), the sum of the currents flowing through the magnetizing
inductor and the primary side coupled inductor (if,(t)), the primary side output voltage
(v1(t)) and the secondary output voltage(v,(t)) of the fly-buck converter are shown in
Figure 9a,b. The experimental conditions are when the secondary load power P, is 1 W
and 5 W, respectively. When P, is 1 W, V1 is 12.145 V, and when P, is 5 W, V1 is 12.464 V,

which is consistent with the analysis that voltage regulation characteristics worsen as the

secondary load increases. Additionally, as can be seen from Equation (10), it was also
confirmed that V, decreased as the secondary load current increased.
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Figure 9. Experimental waveform of fly-buck converter: (a) C; = 10 uF and P, =1 W; (b) C; =10 pFand P, =5 W.

Next, to check the changes in the ripple voltage according to the design of Cy, Av;
and Av, were observed while changing C; in a situation where the primary output power,
P, and the secondary output power, P,, were set to 1 W. Av; and Av, were observed by
magnifying the output voltage in AC coupling mode. Figure 10a,b show the experimental
waveforms when C; is 390 nF and 10 uF, respectively. When the noise component is
excluded in Figure 10a where C; is 390 nF, Av; is observed to be about 260 mV, while in
case of Figure 10b where C; is 10 pF, Av; is observed to be about 10 mV. These experimental
results show that the smaller C;, the greater the Av;, and the higher the operating frequency
as vp discharges faster. On the other hand, in the case of Av,, since C; and P; do not change,
it shows a value that hardly changes.

Avy(#) = [100 mV/div] Avy(#) : [100 mV/div]
i (£): 1200 mA/div] 1

i (f): [200 mA/div] 1

Rl et oo

Moasure Flduy(Cl)  P2eqiCi) P3---
value 2591700 kHz
4

PLAUM(CI)  P2req(C) P3---  Pemean(C3 PEmean(CZ  PEmeaniCh PTee- PE- -
220.0845 kHz

s

Figure 10. Experimental waveform of fly-buck converter: (a) C; =390nFand Py =P, =1 W, (b) C; =10 uFand Py =P, =1 W.

Figure 11 is a graph drawn by comparing calculated Av; by Equation (28) with the
observed Av; and Av, excluding switching noise while increasing C; from 390 nF to
10 uE. As can be seen, for Avy, there is a small error, but the overall trend is consistent
with the analysis. In contrast, for Av,, since the values of C; and P, are constant, almost
the same value is maintained regardless of C;. Thus, the validity of the analysis was
verified through experiments, and it was confirmed that C; should be designed in the
consideration of the load power transferred to the secondary side in order to improve the
voltage regulation characteristics.



Electronics 2021, 10, 1886

12 of 13

0.35

T T T T T T
e = @ Calculated Av, by Equation (28)
= » ma  Experimental result of Av,
. Experimental result of Av,
0.3 ; .
.
-
-
LY
025 - = » g
e
L)
..
L
L)
L]
02 - - .
.
Av (V) =%
. u
.
0.15 L
L
L]
-8
S
R )
0.1 —* |
- ..
., o
‘e
\’ Yu,
- V.,, :
L * 9
005 “ay .‘..‘lll..
' "smrraamna ...'-..ll.lllllll
...-Ill.... .......'.

Figure 11. Experimental result of Avy and Av, according to C; design.

5. Conclusions

In the fly-buck converter, the non-isolated primary side output capacitor, Cy, acts as
an intermediate in energy transferring to the isolated outputs. Therefore, the heavier the
load on the isolated secondary side or the smaller the primary output capacitor, the larger
the ripple voltage on the primary side, which adversely affects the primary side output
voltage regulation and may lead to deterioration of the overall converter performance in
the COT controlled fly-buck converter. Due to these properties, the primary side output

capacitor must be chosen very carefully.

In this paper, first, steady-state analysis, which is the basis for output voltage regula-
tion analysis in a COT controlled fly-buck converter, was performed. Next, a theoretical
analysis of the output voltage regulation in COT controlled fly-buck converter is conducted,
and based on this, a design guideline for C; considering the output voltage regulation
is proposed. According to the obtained design guidelines, the primary output capacitor
should be designed large enough to have a ripple voltage smaller than a certain Avy, taking
into account the secondary load from the standpoint of output voltage regulation. However,

since COT control is performed based on the ripple of the output voltage, if the C; is too
large, the ripple magnitude will be too small to control, which must additionally reflect the
ripple generation technique that can complicate the overall system. Consequently, in a COT
controlled fly-buck converter, the C; must be designed large enough to satisfy the desired

voltage regulation, but at the same time be small enough to generate a ripple voltage for
COT control.

To verify the validity of the analysis, a prototype of COT controlled fly-buck converter
was built and tested for a 5 W telecommunication auxiliary power supply. First, to verify
the effect of the energy transferred to the secondary on the voltage regulation, the C;
was designed as 10 pF and then the experiment was conducted by gradually increasing
the secondary load power, P;. From the experimental result, when P, was 1 W and 5 W,
V1 was observed to be 12.145 V and 12.464 V, respectively, which is consistent with the
analysis that voltage regulation characteristics worsen as the secondary load increases.
Next, to check the changes in the ripple voltage according to the design of the C;, Av;

and Av, were observed while changing the C; in a situation where the primary output

power and the secondary output power were set to 1 W. When the noise component was
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excluded from the measurement, Av; was observed to be about 260 mV and 10 mV when
C1 was 390 nF and 10 pF, respectively. On the other hand, for Av,, almost the same value
is maintained regardless of C;. From the results above, the validity of the analysis was
verified through experiments, and it was confirmed that C; should be designed in the
consideration of the load power transferred to the secondary side in order to improve the
voltage regulation characteristics.
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