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Abstract—In high-voltage to low-voltage isolated power con-
verters for automotive applications, a promising topology is the
Input-Series Output-Parallel (ISOP) flyback, allowing to reduce
the voltage stress on power transistors. However, Common-mode
(CM) conducted Electro-Magnetic Interference (EMI) for such
a topology has not yet been thoroughly addressed. This paper
investigates the CM EMI reduction at the source by exploiting
symmetrical topology combined with balancing technique tai-
lored for ISOP topology. Based on the employed CM equivalent
model, the required balancing conditions are derived, leading to
a double capacitive compensation which ensures complementary
switching waveforms. Simulation results validate the proposed
model, allowing a significant CM conducted EMI reduction.

Index Terms—Conducted EMI, flyback ISOP, EMI reduction
at the source, symmetric topology, balancing condition.

I. INTRODUCTION

With the increasing demand for efficient and compact High
Voltage (HV) to Low Voltage (LV) dc—dc converters, e.g.,
auxiliary power supplies for traction drives in electric vehicles,
isolated topologies derived from the conventional flyback con-
verters have been proposed. Amongst them, the Input-Series
Output-Parallel (ISOP) flyback shown in Fig. 1 comprises
multiple flyback modules connected in series (parallel) on the
HV input (LV output) side [1]. Although its cost is higher, the
major advantage compared to a conventional flyback converter
is the reduced voltage stress across T1s and Ty transistors,
which is approximately halved in the two-cell topology shown
in Fig. 1.

By exploiting the ISOP topology, GaN power transistors can
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Fig. 1.

Traditional ISOP flyback converter.

be effectively employed in HV to LV conversion, enabling
higher switching frequencies and the use of integrated trans-
formers [2], thus further reducing the converter size. However,
the use of fast-switching transistors combined with higher
switching frequency is expected to increase conducted Electro-
Magnetic Interference (EMI) at the converter input, with the
drawback of requiring bulky EMI filters. To reduce conducted
EMI in power converters, several approaches effective at
the source have been proposed in the literature [3]. Besides
alternative PWM modulations [4], [5], specific solutions for
isolated converters include the adjustment of the transformer
winding structure, e.g., shielding or the introduction of ded-
icated cancellation windings [6], [7]. Other solutions aim
at reducing the equivalent parasitic capacitance related to
Common-Mode (CM) disturbances [8], thus limiting the CM
current injected into the reference ground. A well-known ap-
proach is based on symmetric topologies. Originally proposed
for boost converters [9], [10], this strategy introduces addi-
tional passive or active components to achieve complementary
switching nodes, theoretically allowing for a complete CM



cancellation. In order to be effective, symmetric topologies
must be combined with balancing techniques, which ensure
equal CM current injection from complementary switching
nodes [11]. This is typically achieved by including compen-
sation capacitors at specific nodes in order to have equal CM
loading. More recently, balancing techniques have also been
investigated for conventional [12] and two-switch [13] flyback
converters, with promising results.

Although the balancing technique has been widely studied, its
application to the ISOP flyback topology remains unexplored.
Indeed, the conventional ISOP flyback shown in Fig. 1 is
not a symmetric topology. Moreover, since ISOP flyback
typically operates in Discontinuous Conduction Mode (DCM),
the resonance associated with the magnetizing inductance must
be properly addressed not to affect CM EMI cancellation.
This work investigates a symmetric ISOP flyback converter
combined with the balancing technique to reduce CM con-
ducted EMI. From the analysis, it results that a double capaci-
tive compensation is required to compensate for CM unbalance
and DCM resonance effects at the same time. Simulation
results validate the proposed approach.

The paper is organized as follows. Sect. II introduces the
symmetric ISOP flyback converter and derives the balancing
conditions. Preliminary simulation results are provided in
Sect. III to assess the efficacy of the proposed compensation
approach. Concluding remarks are in Sect. IV.

II. ISOP CM EQUIVALENT MODEL AND BALANCING
CONDITIONS

In the original ISOP flyback configuration shown in Fig. 1,
T1s and Tyg are driven by the same control signal. This results
in the switching-node voltages vgw s (t) and vsw Lg(¢) to be
characterized by simultaneous voltage variations in the same
direction, as illustrated in Fig. 4 (a). Therefore, their corre-
sponding CM noise contributions cannot cancel each other out.
To obtain a symmetrical configuration, the positions of THg
and the HS primary winding are exchanged, as highlighted in
Fig. 2 by a dashed circle. This allows vgw us(t) and vgw Ls(¢)
to exhibit voltage variations in opposite directions, as shown
in Fig. 4 (b), enabling cancellation of their CM noise contri-
butions. However, this modification does not ensure exact CM
disturbances elimination, as proper balancing conditions must
be satisfied.

A. Flyback ISOP CM equivalent model and CM balancing

To investigate the CM conducted EMI of the modified ISOP
flyback, hereafter referred to as the symmetrical ISOP flyback,
the schematic shown in Fig. 2 is employed. Line Impedance
Stabilization Networks (LISNs) have been added and the main
parasitics contributing to CM noise have been highlighted by
dashed boxes. The coupling between the primary-side switch-
ing devices and reference ground is modeled by CsouRcE,g,HS
and CpraiN,g,Ls, Which are associated with the source pad of
Tys and the drain pad of Tig, respectively. The primary-to-
secondary transformer parasitic capacitances are denoted as
Cps,us and Cpg1s. Finally, the secondary-side coupling to
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Fig. 2. Schematic of symmetrical ISOP flyback including LISNs for con-
ducted EMI evaluation. The parasitic elements determining CM are encircled
in dashed boxes.
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Fig. 3. Simplified equivalent common mode model of symmetrical ISOP
flyback.

the reference ground is represented by Cc ¢ ns and Cc g 1.5,
i.e., those related to the thermal pads of the secondary diodes,
and by Cs,, associated with the secondary ground. From the
circuit in Fig. 2, the simplified CM equivalent model shown
in Fig. 3 can be derived. As far as the regulated frequency
range is concerned, the CM voltage at the LISN side can be
approximated in the Laplace domain as

Vem(s) = s - Zrisn,cm(s) - Cosw as - Vaw us(s)+
— s Zrisn,om(8) - CuswoLs - Vew,Ls(s),

6]

where C, swnus and C, sw s are equivalent capacitances
defined as follows

Ch,sw,uHs = CSOURCE,g,HS» ()

Ch,sw,Ls = CDRAIN,g, LS+
C’psLS : (ng + C’C,g,HS + CC,g,LS) (3)
Cpsis + Cpsus + Csg + C g us + Co g 1s

The overall CM conducted EMI is given by the superposition
of HS and LS switching voltages. The minus sign in (1)
accounts for the opposite phase of the two noise sources. In
what follows, the conditions to ensure the two contributions
to be equal are discussed. From (1), assuming that Vaw pus(s)
and Vgw s(s) are equal in magnitude, the first condition to
achieve balancing is found by imposing (2) equal to (3). It
follows that

CsoURCE,g S = CDRAIN,g,Ls+
CvpsLS . (ng + C'C,g,HS + CC,g,LS) (4)
Cpsis + Cpstis + Csg + Co g s + Co g 1s
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Fig. 4. High-side and low-side switching nodes waveforms for conventional
ISOP flyback (a) and symmetrical ISOP flyback (b).

The condition derived in (4) is hereafter referred to as the
Common-Mode Balancing (CMB) condition.

B. Noise sources balancing

It is worth noting that (4) only ensures balancing of CM
propagation paths under the assumption that Vsw ns(s) and
Vew Ls(s) are identical. In principle, this may not be true.
Assuming DCM operation and neglecting the leakage in-
ductances, the dominant CM contributions arise from three
switching-node voltage transitions: turn-on (triangle markers),
turn-off (circle markers), and the resonance with magnetizing
inductance (diamond markers), as shown in Fig. 4 (a). Both
voltage slopes and the trajectories during resonance with the
magnetizing inductances are affected by the equivalent capac-
itances loading the HS and LS switching nodes. Therefore,
different values of HS and LS equivalent capacitances may
prevent the CM contributions in (1) from perfectly cancelling
each other out. With the purpose of evaluating these capaci-
tances, a high-frequency equivalent model can be derived from
Fig. 2, following the same approach as for the CM model. The
model is omitted for brevity. The expressions of the HS and
LS capacitances are reported below

Ceq,us = CSOURCE, g, HS, )

Coq,Ls = CDRAIN g,L5+
+ C'psLS @ (ng + C’C,g,HS + C'C7g,LS + C'psHS>-

where @ denotes the parallel combination. The second con-
dition for CM balancing, hereafter referred to as the Noise
Sources Balancing (NSB) condition, can be derived by impos-
ing (5) equal to (6). While the CMB condition can be fulfilled
by adding a compensation capacitor Ccomp,1 in parallel with
CsOURCE,g, 1S, the same approach cannot be used for NSB,
since it would modify the CM propagation path and thus vio-
late the CMB condition. For this reason, NSB is achieved by
adding a compensation capacitor Ccomp,2 in parallel with the
HS switch, so as to modify the HS switching-node trajectory
without altering the CMB condition.

(6)

III. VALIDATION RESULTS

The proposed CM balancing analysis has been verified
through simulations of both the symmetric ISOP flyback
shown in Fig. 2 and the conventional ISOP, using the pa-
rameters listed in Table I. In the first step, equivalent capac-
itances (2) and (3) have been evaluated using the parasitic
capacitance values taken from [13] and listed in Table I,

TABLE I
ISOP FLYBACK CONVERTER PARAMETERS.

Parameter Value Parameter Value
Vps; VOUT 400V; 12V POUT 40W
Turns ratio 14 Ln 536.2 uH
CIN; COUT 30 |JF; 1mF fsw 100kHz
Tus, Tus GS-065-004-1-L Dsgc MBR40200PTH
CSOURCE,g,HS 10pF Csg; CpraIN,g,Ls 6pF; 10pF
Chps,us, Cps,Ls 80 pF Cc,g,8s,Cc.g LS 9pF

yielding Cn,SW,HS = 10 pF and Cn,SW,LS = 20.43 pF.
To satisfy the CMB condition, a compensation capacitor
Ceomp,1 = 10.43 pF has been placed in parallel with
CSOURCE,g,Hs- The resulting switching-node voltages are
reported in Fig. 5. Although the CMB is fulfilled, the HS and
LS switching-node voltage waveforms are not complementary.
More specifically, the resonant transitions associated with
the magnetizing inductances are not matched. In the second
step, equivalent capacitances (5) and (6) have been evaluated,
yielding Ceq 1s = 20.43 pF and Ceq 1.5 = 55.21 pF. Hence, a
compensation capacitor Ccomp,2 = 34.78 pF has been placed
in parallel with the HS switch to satisfy NSB condition. With
this additional compensation, complementary switching-node
voltage waveforms are obtained, as shown in Fig. 6.

CM spectra have also been evaluated, more precisely, von (t)
has been evaluated as (vrisnn (t)+vLisnp(t))/2 and processed
using the Virtual EMI Receiver described in [14]. Resolution
bandwidth (RBW) set to 9 kHz for the 150 kHz-30 MHz
range and 120 kHz for the 30 MHz-108 MHz range, as
prescribed by the standard [15]. Fig. 7 shows the CM EMI
spectra of traditional ISOP flyback (black spectrum) compared
to symmetrical ISOP flyback in three conditions: without
CMB and NSB conditions satisfied (green spectrum), with
only CMB condition satisfied (blue spectrum) and, finally,
with both conditions satisfied (red spectrum). With only CMB
condition satisfied, CM attenuation is limited to the first
harmonics, while with both conditions satisfied an attenuation
of approximately 50 dB is achieved over a wide frequency
range. In practice, the values of the compensation capacitors
may deviate from their nominal values due to manufacturing
tolerances. To assess the effect of tolerance, in Fig. 8 the CM
EMI spectra of traditional ISOP flyback (black spectrum) is
compared to the proposed topology with nominal values of
compensation capacitors (red spectrum), and with a relative
variation of both capacitors of +10% (green spectrum). With
such variation, the achievable attenuation is lowered to approx-
imately 20 dB. The simulated efficiencies for the conventional
ISOP flyback and the symmetric ISOP flyback with both CMB
and NSB satisfied are 83.5% and 82%, respectively. Thus, the
proposed method slightly reduces the efficiency. The additional
capacitance may contribute to this reduction by slowing down
the switching transitions and increasing switching losses.

IV. CONCLUSIONS

A topological modification is proposed for the ISOP flyback
converter in order to obtain a symmetrical configuration.



Voltage (V)

5
3

—- = W
w2 o 8
o &3 83

T T

-50

AT
AR S PP P

100

Magnitude (dBuV)

I
0.8 1 12 1.4 1.6 1.8 2
Time (s)

Fig. 5. High side and low side switching node voltages with only CMB
condition satisfied

2001

ne
A A v
R

100

Voltage (V)
o

[E—

0.8 1 1.2 1.4 1.6 1.8 2
Time (s) ©10°

Fig. 6. High side and low side switching node voltages with both CMB and
NSB conditions satisfied

To achieve CM cancellation, two balancing conditions have
been identified. Common-mode balancing condition, which
balances the CM propagation paths, and the noise sources
balancing condition, which ensures HS and LS switching-node
voltages to behave as complementary waveforms. Simulation
results show that when both CMB and NSB conditions are
fulfilled, an attenuation of about 50 dB is obtained. Never-
theless, in a practical implementation nonidealities such as
layout parasitics and component tolerances may affect the
achievable attenuation. Indeed, it is shown that considering
a variation of +10% of both compensation capacitors may
limit the achievable attenuation to 20 dB. Future work will
focus on further investigating the proposed approach and,
finally, validating the results on a prototype with experimental
measurements.
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