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Abstract— The isolation capabilities of the flyback-based
converter have garnered significant attention in different
applications, particularly in photovoltaic inverter systems.
However, the behavior of the anomalies, especially the parasitic
element, has posed a significant difficulty in design. These
irregularities ultimately interfere with the switching sequence,
particularly during the current peak control operation. A novel
topology is suggested to address the issue of distorted primary
current during current peak control operation by leveraging the
relationship between inductance and frequency in the parallel
resonant circuit, as well as the input impedance of the converter.
For this reason, an adaptive auxiliary path is activated during
high-frequency switching. Analysis of acquiring the critical
component value using the proposed input impedance match is
discussed, and the alleviated result from the 100W enhanced
converter topology test bench is obtained and presented.

Keywords—converter, flyback, impedance, input current,
parasitic

I. INTRODUCTION

A flyback DC-DC converter, which is schematic depicted
in Fig. 1, is one of the widely utilized options for converting
input DC voltage from a PV panel to a different DC voltage
level when it comes to photovoltaic (PV) microinverters. The
flyback transformer used in the converter is crucial in
providing the converter with excellent galvanic isolation [1]-
[3]. It can be sourced from commercially available options or
custom-designed based on the specified switching technique,
as discussed in several scholarly publications [4][5]. The
transformer is designed according to a particular rating, and
its specifications are carefully selected to operate within a
narrow range of switching frequencies, allowing for only a
limited degree of tolerance. This may pose a challenge for
applications that involve varying switching frequencies. The
flyback-based converter in the micro-inverter could be
controlled by using one of the three modes: discontinuous
conduction mode (DCM), continuous conduction mode
(CCM), and boundary conduction mode (BCM). There are
also several technical papers that proposed a hybrid mode
combining two or more modes in one reference cycle to
enhance switching performance and efficiency [6]-[9].
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Fig. 1. Conventional flyback converter topology

Like any other system, flyback-based converters
encounter their own inherent challenges, such as undesirable
electrical anomalies that can potentially disrupt the circuit.
Parasitic capacitance is one such anomaly. It occurs when
circuit components inadvertently act as little capacitors. Its
reaction with the other circuitry parasites, such as parasitic
inductance, significantly increases voltage overshoot and
current oscillations, which stresses the components and
increases power losses from the energy conversion [10], [11].
Regrettably, this effect is significant for peak control
operation, particularly with the integration of variable
frequency BCM. At the comner end area of the reference
signal, the BCM switching frequency is considerably high in
the range of a few hundred kilo Hertz to mega Hertz. A
switching signal might be triggered incorrectly due to the
interfering primary current signal, resulting in ineffective
power conversion. Numerous articles have proposed
techniques to deal with high switching frequency at this corner
end area, mainly with the switching algorithm approach [4],
[12]-[14].

Another approach for reducing resonances in flyback
primary current and voltage across the switching devices is to
analyze and address the parasitic components. Further
analysis of the transformer's behavior and response, along
with that of other on-board components proposed by [1], [2],
[11], [15], has the potential to enhance the overall
performance. High transformation ratios magnify the
resonances, which may cause changes in the anticipated
primary current, and hence, impact converter behavior.
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Fig. 2. Proposed enhanced flyback topology

Resonance must, therefore, be reduced to enhance the
magnetizing current in flyback converters.

Various strategies have been suggested, although some are
neither being used nor beneficial for flyback’s current peak
control operation. In [10], a parallel connected diode clamp
to a series resonant inductor and switching device has been
proposed to improve the sharing current on the primary side
of an interleaved flyback configuration. The use of a resonant
capacitor connected in parallel with the transformer's primary
inductance to overcome a flyback converter's parasitic
limitation is presented in [16], which was an improvement for
low power level, high voltage output applications. Also, the
addition of a diode clamp at a converter's input stage proposed
by [17] and [18] to absorb all parasitic reactance to suit high-
frequency operation, although they are not directly deployed
to a flyback converter.

This paper presents a new enhanced circuit arrangement
for the flyback converter and a novel technique objectively to
compensate the parasitic and improve the converter’s primary
current at high frequency operation for peak current control,
particularly involving varying switching frequency operation.
This work is based on the initial investigation presented in
[19] on the influence of the parasitic at the flyback transformer
at high-frequency operation. Proposed enhanced circuit
topology, novel input impedance match method, analysis on
the circuit operation, and the related mathematical equations
are discussed and presented in section II. The effectiveness of
the proposed enhancement circuit and method is verified and
validated through experimentation on a 100W flyback
converter prototype. Results and discussion yielded from the
experimental work are presented in section III.

II. PROPOSED FLYBACK CONVERTER WITH ENHANCED
CIRCUIT ARRANGEMENT

Given that the input current directly influences the
switching mechanism, it is crucial that the current is in an
appropriate shape and devoid of any distortion caused by the
parasitic elements. Therefore, a novel method is proposed to
attain the desired input current shape for current peak control
or any protocol that necessitates a well-shaped input current
throughout a wide range of switching frequencies. The
fundamental principle of the proposed technique is derived
from the conventional resonant circuit. The reactance of an
inductor has a linear relationship with the operational
frequency and exhibits an upward trend as the operational
frequency is raised. However, the inductance X; itself exhibits
an inverse relationship with the operational frequency f.

X, = 2nflL &)
L= 2
= onf (2)

The diagram depicting the enhanced circuitry is presented
in Fig. 2. The conventional flyback converter is enhanced by
incorporating an auxiliary path. Although the auxiliary circuit
is set in with a resonance inductor, the configuration differs
from what is presented in previous work [10], [20]. The
proposed method is designed with the auxiliary inductance
connected in parallel to the transformer's primary inductance
and the converter's equivalent capacitance. Parallel
connection offers greater flexibility than its series counterpart,
particularly when dealing with high switching frequency
adjustments. This is due to the inverse proportionality
relationship between inductance and frequency, as explained
in the resonance circuit fundamental. In addition to the
auxiliary inductor, the proposed auxiliary path consists of a
low-side power switch and a diode. The MOSFET, which
functions as the low-side power switch, activates the
additional pathway as needed. The parallel auxiliary
inductance is activated when the transformer operates outside
its designated switching frequency range. To ensure
unidirectional current flow through the auxiliary path, the
diode is positioned in reverse orientation relative to the anti-
parallel diode of the MOSFET. Incorporating and linking
extra paths in a paralle]l manner makes handling multiple high
switching frequencies possible. The dedicated switching
devices activate each path at its desired switching frequency.

The auxiliary inductance, L is a crucial parameter in the
enhanced circuitry. A new method is proposed to achieve
precise and efficient estimation of component values in the
auxiliary path. The process of acquiring the L, value
commences by examining the input impedance, Z;, ., when
the converter works at the designed operating switching
frequency of the transformer specified by the manufacturer.
Zin res 1s defined as a reference input impedance and
determined through empirical testing using an LCR meter to
measure its value or through mathematical computation with
data provided in the transformer datasheet and the following
equation.

L
Zin_ref = # 3)
eq_opr
dTg (1-d)Ts
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Fig. 3. Enhanced approach theoretical operation waveform under DCM
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Fig. 4. Equivalent circuitry for each interval operation

where Ly opr and Cgy opr are the magnetizing inductance and
equivalent capacitance of the transformer at its designated
operation switching frequency, respectively. To determine the
L opr, 1t 1s necessary to know both the leakage inductance,
L _opr, and the primary inductance, L, ., of the transformer.
Typically, the device's datasheet provides information of these
parameters. Alternatively, the values of these parameters are
acquired through physical measurement [19].

Lm_opr = |Lp_opr - le_oprl 4)

Meanwhile, the equivalent capacitance, Ceq opr, is the total
capacitance, including what is present at the secondary side of
the converter, with the following relation.

Ceq_opr = Cq + CS_oss + NZCD_oss 5)

where C, is the input capacitance, Cs o5 is the MOSFET
output capacitance, Cp . is the diode capacitance, and N is
the transformer’s turn ratio. Since the parameters of the
transformer are drifting relative to the switching frequency,
the transformer’s primary inductance, L, xr, and equivalent
capacitance, Ce, nr, at the new switching frequency, are
required to find the L, value. Again, these parameter values
are obtained through empirical measurement. The calculation
of L. begins by taking the reference impedance at the
operational switching frequency as an input impedance of the
new switching frequency. Therefore, the relationship can be
deducted as follows:

Zinur = Zin,ref =Zin (6)

From (3) and (6), the input impedance with an auxiliary
path connected to the conventional circuit is formulated as
follows.

L L
p_HF“ ax (7)

Ceq,HF

Solving (7), the required auxiliary inductance for the
enhanced flyback converter circuit can be deduced as follows.

2
Zin CEQHFLPHF (8)

PHF (Zizn CeqHF)

Lax:L

Once the switching frequency hits the threshold value, the
auxiliary circuit's low side switch is enabled, and the L
engages with the transformer. At this moment, L, and L.
produce the equivalent inductance Ly;. Fig. 3 and Fig.4 show
the operational waveform and the equivalent circuitry for each
operation interval, respectively.

Interval 1 (to- t1): The main switch, S, is in the ON
position prior to switching time #p. When the switch S is turned
off at time ¢ = ¢y, Ly discharges the C,. The resonance
between C, and Ly, delays the passage of energy to the
secondary winding until C, reaches -V,/N and at time ¢ = ¢;.
During this interval, the Ly, simultancously releases the
energy it has been holding onto and produces the damped
resonance through Cs oss and internal winding resistance. The
magnitude of the electrical current passing through the
magnetizing-auxiliary inductance reached its maximum at #y;.
The magnetizing-auxiliary current and the dissipated energy
resulting from the presence of leakage inductance during this
time period can be mathematically represented as:

V.
i1 (£) = 77 SI0(@0r8) + Lz coc0s(@,t)  (9)

L

1 2
Ele = Ele (ILMx,to) (10)

where I}y ¢ is current flowing through Ly, at switched off.
Zi = JLyx/Cq and @, = 1/,/LyxCeq.

Interval 2 (t1 — t2): At the instant when the equivalent
voltage across the capacitor, Vc,, reaches a value of -V,/N at
time ¢;, the diode, D, located at the secondary side of the
converter is triggered into conduction. This enabled the flow
of current from Ly to pass through the output side. During
this particular interval, Ve, increases until the voltage across
the main switch reaches Vi, + (Ni/N2)V, at t;5. After that, Ve,
holds its value while the current /7y, experiences a gradual
decrease and eventually reaches zero at £,. The decline in
current can be mathematically represented by

Vo

NLjyy

Iy (8) = — (t —t) + I px,, (11)
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where V, represents the converter’s output voltage and /.y
indicates the current flowing via Ly at time #;.

Interval 3 (t2 — t3): The resonance circuit is established by
the capacitance and inductance, i.e., Cy, Cs oss, Cp 0ss, L, and
Ly once the energy from the Ly has been fully transferred to
the secondary side of the converter. At the present moment,
there was a reversal in the initial voltage across the capacitor
Cy, leading to a change in its polarity. Additionally, the diode
on the secondary side ceased conducting when the Iiy;
reached zero. Nevertheless, the voltage across the switch does
not instantly drop to zero at this very moment. The interaction
between magnetizing inductance Ly, and equivalent
capacitance C, leads to a state of quasi-resonance, which aids
in achieving a Vg value of zero at time #;. Consequently, the
anti-parallel diode associated with the primary switch S
initiates conduction, thereby facilitating the occurrence of
zero voltage switching (ZVS). The magnetizing current and
voltage across equivalent capacitance are deducted as:

(12)

. o .
i, () = —ﬁsm(wrt)
L

(13)

The termination of this interval occurs when the voltage
across the equivalent capacitance Ve, reaches the value of Vi,
at f3.

Vo
Veyq (t) =-— N cos(w;,t)

Interval 4 (t3 — t4): In this interval, the switch S is
activated. The electric energy accumulated at the
magnetizing-auxiliary inductance, L, through the Vi, — Lax —
S route. At once, the primary-side current rises linearly. The
flowing magnetizing-auxiliary current is deducted as:

V.
iy, () = L— (t = t3) + Lpxy, (14)

Mx
where 1.3 1s the instantaneous iz, at the beginning of this
interval. Current at ¢, and # of the magnetizing-auxiliary
inductance is eventually equal; therefore, considering (12), the
equation (14) can be deducted as follows.

i

iLMx(O) = L (t4-) + ILMXt3 (15)
Mx
Vi WV

=7 (w,ty) — msm(wrts)
The conversion ratio, I' is defined as T = —V,/NV, ,
therefore,

. Vi .

i1 (0) = - [(@,t) = Tsin(w,t)]  (16)
i

The end of this interval is when the primary switch S is
deactivated.

III. EXPERIMENTAL RESULT

To validate the effectiveness of the new enhanced
converter circuit and its method on the input current, a 100W
flyback converter prototype module has been built as shown
in Fig. 5 with the specifications listed in Table I. From (8) and
a measured value at 160 kHz switching frequency of Zi, s =
152 Q, L, yr = -218.31 uH, Ly yr= 1.46 uH, and Cey yr =
4.49 nF, the final auxiliary inductance L., was selected as 15.6
uH.

Fig. 5. Experimental setup

The master switch’s switching pulse and the auxiliary’s
enable bit are programmed via the ePWM module of the Texas
Instrument’s TMS320F28379D DSP board. The experiment
is conducted at 160 kHz and 200 kHz switching frequencies.
The selection of testing frequencies is determined by
considering the possible existence of parasitic elements and
the preliminary examination of the self-resonant frequency
(SRF) value.

TABLE L PARAMETER OF FLYBACK CONVERTER
Parameter Value Unit
Input Voltage, V; 30 \%
Output Capacitance, C, 940 uF
Output Resistance, R, 1000 Q
MOSFET Output Capacitance, Cyys 101.4 pF
Diode Internal Capacitance, Cp 30.93 pF

Based on the earlier investigation, the transformer under test
has entered its capacitive region when operated above 150
kHz and beyond. This indicates that the SRF of the
transformer is shifted to a lower value when it runs at higher
frequency [19]. The experimental results of the flyback

+—— [ activated L, deactivated ————»

Primary current, ip (1 A/div)

Switching pulse

Fig. 6. 160 kHz switching frequency under DCM

«—— L, activated

L, deactivated —————»

Primary current, ip (1 A/div)

Switching pulse

Fig. 7. 200 kHz switching frequency under DCM
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Fig. 8. Current peak control at 160 kHz switching with
activated L,
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Fig. 9. Current peak control behavior with and without L,

converter with the proposed auxiliary impedance match path
are presented in Fig. 6-9.

The primary current ip response of the converter is
displayed in Fig. 6 and Fig. 7, respectively, when the auxiliary
path is activated and deactivated with the main switch S gating
signal operating at 160 kHz and 200 kHz. The primary current
profile during the L., engagement through the auxiliary switch
is displayed in the first three pulses of Fig. 6 and Fig. 7. At this
point, the peak current has an appropriate shape for peak
current control operation, reaching 2 A at 160 kHz and 1.5 A
at 200 kHz switching frequency. In contrast, when the
converter operates at the high frequency switching operation
using its conventional architecture, the primary current is
obviously distorted and much reduced in amplitude.

Fig. 8 illustrates the peak current control behavior of the
flyback dec-dc converter in both the conventional arrangement
and the proposed input impedance match enhancement
configuration under DCM. The main switch's gating signal is
disrupted when the converter runs at high frequency switching
with the conventional configuration, in which the L, is
disengaged. From the image, it is evident that glitches occur
randomly and generate an erroneous switching pulse for the
converter's main switch. Once the auxiliary line is connected
and L, activated, the peak current control effectively regulates
and delivers an appropriate switching signal to the converter's
main switch.

The current peak control operation when the auxiliary path

is linked to the converter is illustrated in Fig. 9, with i,

serving as the current reference for the peak current control.
At this point, the gating signal for the main switch S is
determined by the values of i, and ... The switching signal is
switched to low when the input signal i, reaches and surpasses
the reference current i, It will remain low until the zero
current switching is achieved by controlling the current on the
secondary side of the converter. The signal is switched to a
high state during zero current switching when i less than zero.

IV. CONCLUSION

This article proposes a solution to improve the flyback
converter’s input current shape that disrupted the current peak
control operation. It was essential to mitigate the ringing
primary current of the flyback converter caused by the
interaction between parasitic elements, as it affected the
converter's behavior during current peak control operation.
The effect of the parasitic interaction was studied in the
previous work, and based on that, a new enhancement circuit
for the converter to work at high frequency was introduced.
The enhanced circuit was designed based on the new input
impedance match technique. The analysis led to introducing
the auxiliary path, consisting of L, linked in parallel with the
flyback transformer’s magnetizing inductance. The laboratory
prototype was used to validate the theoretical conclusion. The
experimental measurements of the prototype exhibit a
correlation with the theoretical analysis. Moreover, an
enhanced input current magnitude with an appropriate
waveform, specifically for the current peak control operation,
was achieved.
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