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Improving the operation of an asymmetric inverter with magnetically coupled inductors
for energy storage systems

Introduction. Bidirectional DC-DC converters are widely used in energy storage systems for efficient energy transfer. One of the effective
converters for such systems is the asymmetric inverter with a magnetically coupled inductors. To enhance the efficiency of this converter
for energy storage applications, it is necessary to optimize its parameters. Objective. The objective is to develop a mathematical model of
an asymmetric inverter with magnetically coupled inductors and based on this model, to establish the conditions for improving the energy
efficiency of the inverter in energy storage systems. Methods. The study uses the state-space averaging method and simulation modelling
to analyse operational processes. Results. Analytical expressions were derived for calculating current parameters of the magnetically
coupled inductor within switching intervals. A correlation was identified between the inductor’s inductance and power source parameters
under conditions that eliminate circulating currents, thus reducing static energy losses in the inverter. Novelty. Based on these
expressions, new analytical and graphical dependencies were established, illustrating relationships between the inductor parameters and
the magnetic coupling coefficient of its windings. These dependencies determine the boundaries of the discontinuous conduction mode for
the asymmetric inverter with a magnetically coupled inductors within its switching range. Practical value. The application of these
dependencies during the design phase allows for a reduction in both static and dynamic energy losses in the inverter using discontinuous
conduction mode. This will also improve the dynamics of transient processes during changes in the direction of energy flow, which is a
significant advantage in the development of hybrid power systems for electric vehicles. References 19, figures 9.

Key words: energy storage systems, bidirectional DC-DC converter, asymmetric inverter, magnetic coupling inductors,
circulating current.

Bemyn. B cucmemax HaxonuyenHs eHepii WiUpOKO 6UKOPUCIOBYIOMbCA Nepemeopiosayi NOCMIUHOI Hanpyau 6 pescumax
oeonanpaenenoi nepeoaui emepeii. OOHUM 3 eeKMUBHUX NePemEOPIOSAIbHUX NPUCPOI8 O 3ACMOCYEAHHS 8 MAKUX CUCHEeMAax €
acumMempuyHuil iHeepmop 3 MAcHimMOo36 A3AHUMU THOYKMOpOMU. J{NA SUKOPUCMAHHA 6KA3AHO20 Nepemeopiosaia 6 Cucmemax
EHePeOHAKONUYEHHS HeOOXIOHUM € YOOCKOHAICHHS 1020 napamempie 0iis nioguujeHHs egpekmusHocmi nepemeopiosaya. Mema. Memoio
€ po3pobKa MamemamuiHoi MoOeni ACUMEMpPUYHO20 IHBEPMOPA 3 MACHIMO38 SA3AHUMU THOYKIMOPAMU MA 8U3HAYEHHs. HA 1T OCHOBI YMO8
niOBUUEeHHsl eHepeemUYHOI eeKMUEHOCMI MAaKo2o THEepPmMopa Npu 3acMOCY8AHHL 8 CUCMEMAX HakonuweHwHs eHepeii. Memoou. [Ipu
docnioxcenHi npoyecie ¢ pobomi GUKOPUCAHO MemOoO YCepeOHeHHs 8 NPOCMOpI CMAHIE ma Memoou IMImayitiHo2o MOOe08aAHHSL.
Pesynomamu. Po3pobieno ananimuyni eupasu 015 poO3paxyHKie napamempis cmpymie MasHimo3e a3aHux iHOYKmopie Ha iHmepeaniax
KOMymayii, BU3HA4eHO 63AEMO38 130K Midic 11020 IHOYKMUBHICMIO ma napamempamu Odicepes eieKmpodICUBNIeHHA, Npu  AKUX
YUPKYTAYIIHI cmpymu 6I0CYymHi, wo 3menuye cmamuuni empamu enepeii ineepmopa. Hoeusna. Ha ocnosi pospobnenux eupasie
OMPUMAHO HOGI AHATIMUYHI MA 2PAPIUHT 3ANeHCHOCE MIdC RAPaAMempamu IHOYKmopa ma KoepiyieHmom MAeHImHO20 36 3Ky MidC ix
06MOmMKaMU, Wj0 BUIHAYATOMb MediCi 0bnacmi nepepuguacmoi pobomu acumempuyHo2o iHeepmopa 3 MAazHimo3e A3anumu iHOyKmopamu
6 dianasoHi tioeo komymayii. IIpakmuyuna 3nauumicms. Buxopucmanua ompumanux 3anedcHocmett Ha emani npoekmy8ans 00360151€
SMEHWUMU CMAMUYHL Ma OUHAMIYHI 6Mpamu eHepeii IHeepmopa 3a605KU GUKOPUCTAHHIO PeXCUMy nepepugiacmoi npogionocmi. Lle
MaKoxc 003801UNMb NOKPAWUMU OUHAMIKY NEPEeXIiOHUX NPOYECie Npu 3MIHU HANPAMKY NPOMIKAHHS eleKmpoeHepeil, wjo € CYmmesoo
nepeeazoio npu CMeopeHHi CIGPUOHUX CUCIeEM eNIeKMPOICUBTEHHSL eNeKMPOmpancnopmuux 3acobie. biom. 19, puc. 9.
Knwouosi  cnosa: cHCTeMHM HAKONMHYEHHSI eJIEKTpoeHeprii, IBOHANpaBJeHUHl IepeTBOPIOBAaY MOCTiiiHOT
acHMeTPUYHUIi iHBepPTOP, MarHiTo3B’s13aHi iHIYKTOPH, IUPKYJIIOKYHIi CTPYM.

HANpyTH,

Introduction. Batteries and supercapacitors are the
most common and economical choices for energy storage
today. This drives strong demand for bidirectional DC-
DC converters, which facilitate energy transfer between
storage units and power-consuming devices. These
converters support bidirectional energy flow and flexible
control across all modes of operation, making them
integral to a range of energy systems, such as hybrid and
fuel cell vehicles, renewable energy system, and beyond
[1-3]. In renewable energy systems, a bidirectional DC-
DC converter is used to combine different types of energy
sources [4-14], with different voltage levels, providing a
quick response when changing the direction of the
electricity flow.

Currently, numerous circuit topologies for the
potential implementation of bidirectional DC-DC
converters are known [5-18]. These topologies are
primarily classified into two types: non-isolated and
isolated converters, each suited to specific applications.

A typical structure of a non-isolated bidirectional DC-
DC converter combines a buck converter and a boost
converter in a half-bridge configuration [4, 9, 13]. These
converters can operate independently to create a
bidirectional flow of electrical energy, although this leads
to inefficient use of electromagnetic components and power

switches. However, unidirectional DC-DC converters can
be configured as bidirectional converters based on the half-
bridge inverter topology by utilizing the built-in diodes
within the switches and shared inductance. There are
several disadvantages to the half-bridge inverter topology
when used as a bidirectional converter. Firstly — excessive
energy losses. Significant energy losses occur due to diode
reverse recovery or faulty simultaneous conduction of both
switches, which can lead to device failure. The
conventional solution is to introduce dead time into the
switching interval. However, this approach leads to duty
cycle losses and limits the switching frequency. Secondly —
poor transient response. The shared inductance used for
current ripple smoothing negatively affects the dynamic
response during changes in the direction of power flow,
which is a major issue for hybrid power systems. This
problem arises due to a reduction in stored energy, for
example during the transition to regenerative breaking in
electric vehicle power systems [4].

Many studies have been done to research bidirectional
converters with efficient power flow management [7—15],
as well as various control strategies to improve power
quality. Recently, new converters based on an asymmetric
inverter with magnetically coupled inductors have been

© D.V. Martynov, Y.V. Rudenko, V.V. Martynov

Electrical Engineering & Electromechanics, 2025, no. 4

53



introduced as an alternative to traditional bidirectional DC-
DC converter topologies [4, 9, 15]. These structures have
been applied in various applications due to their immunity
to short-circuit issues and low losses during diode reverse
recovery. This unique characteristic is achieved using
magnetically coupled inductors and the structure of the
asymmetric inverter, such as the dual buck inverter and the
split-phase PWM inverter. The converter offers two key
advantages: firstly, shoot-through currents are avoided
because no active power switches are connected in series in
each phase’s arm; secondly, energy dissipation during the
reverse recovery of the power switch is significantly
reduced, as discrete diodes with superior dynamic
characteristics compared to the internal diodes of power
switches can be utilized.

The bidirectional converter using the topology of an
asymmetric inverter with magnetically coupled inductors
is shown in Fig. 1.

I

Fig. 1. Schematic of the bidirectional converter based on the topology
of an asymmetric inverter with magnetically coupled inductors

The device consists of four switches, of which
switches S and S, are controllable. This converter topology
allows operation in both buck and boost modes in both
directions of power flow. When transferring energy from
source U, to U, switch S; is activated while S, remains
OFF; conversely, during energy transfer in the reverse
direction from source U, to U,, switch S, is activated.

The converter has some disadvantages when using a
magnetically coupled inductor, especially when there is a
significant voltage difference between the low-voltage
and high-voltage sides. In this scenario, circulating
currents may arise during certain operating modes of the
converter [4], resulting in power loss.

Research has shown that the presence of circulating
currents increases the static energy losses in the inverter. On
the other hand, the efficiency of the inverter also depends on
the dynamic energy losses. Dynamic power dissipation is
reduced by operating in discontinuous conduction mode,
which allows transistors to switch at zero current.

To date, research aimed at reducing circulating
currents, improving transient response quality and
increasing energy efficiency has mainly focused on
modifying the structure of the asymmetric inverter or
implementing new control methods [12, 13, 15, 17]. While
structural modifications or the implementation of advanced
control strategies can partially solve these issues, they also
have certain disadvantages, such as an increased number of
components, greater circuit complexity and higher energy
losses. In addition, the implementation of new control
methods increases the complexity of the control system.
Analysis of the processes in inverters shows that the use of

non-magnetically coupled inductors prevents the
occurrence of circulating currents but also eliminates one of
the main advantages of the asymmetric inverter, which is
the fast transition dynamics between energy storage and
discharge modes [15, 16]. Also, the use of counter-rotating
inductor windings does not provide significant benefits due
to the complexity of additional filtering systems [17]. It is
known that in an asymmetric inverter with non-
magnetically coupled inductors, circulating currents are
absent; however, this leads to slow transient processes
when changing the direction of power flow. Inverter
structures with magnetically coupled inductors provide
good speed during changes in power flow direction;
nevertheless, under certain parameter ratios of the power
sources on the low-voltage and high-voltage sides [4],
circulating currents may arise [17]. Thus, it can be
concluded that a strong magnetic coupling in the inductor
leads to circulating currents, while the absence of magnetic
coupling prevents them. These studies do not consider the
relationship  between an  asymmetrical inverter’s
parameters, its magnetically coupled inductors, and the
parameters of additional inductive filters (additional
inductor) that can minimise circulating current.

In this work, we focus on the elimination of some
disadvantages of the asymmetric inverter with
magnetically coupled inductors and additional inductor
(Fig. 1) by developing analytical expressions for the
calculation and rational selection of effective parameters
when used in a bidirectional DC-DC converter for energy
storage systems. Solving these problems is expected to
improve the overall energy efficiency of the asymmetric
inverter. Furthermore, the use of analytical expressions
will simplify the design and development of the
asymmetric inverter for energy storage applications.

The objective of this work is to develop a
mathematical model of an asymmetric inverter with
magnetically coupled inductors, and based on this model, to
determine the conditions for increasing the energy efficiency
of such an inverter when used in energy storage systems.

Methods. To solve this problem, we need to
optimise the parameters of magnetic coupling inductors,
at which sufficient performance is kept, and the current
circulation tends to zero. We will also find the ratio of the
converter parameters at which it can operate in the
intermittent conduction mode.

The study of the asymmetric inverter with
magnetically coupled inductors was performed by
analysing its operating modes using the PSIM circuit
simulation software, based on the developed simulation
model shown in Fig. 1. This model included magnetically
coupled inductors with L; = L, = 30 uH and an additional
inductor of Ly = 6 pH, designed to block unwanted
circulating current. It was assumed that the switching
elements of the converter operate instantaneously, the
active resistance in the open state is zero, and the active
resistance of the inductor winding is also zero. In the
circuit illustrated in Fig. 1, the supply voltage U,>2U,.

In Fig. 2, the calculated results of the currents are
presented: i;(¢) is the current through inductor L, iy (f) is
the current through inductor L,, and #3(¢) is the current
through inductor L; in the circuit shown in Fig. 1, during
the operation of the bidirectional converter in the mode of
discontinuous currents.
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Fig. 2. Graph of the calculated current results during
the operation of the bidirectional converter
in the discontinuous mode

When transferring energy from source U, to U, the
circuit operates as a buck regulator with the active
transistor S;. During the energy accumulation phase, with
transistor S; in the ON state, voltage U, is applied to the
inductors L;=L,. Due to the magnetic coupling of the
inductors, the voltage at L, at the connection point of
inductor L exceeds Ui, resulting in circulating current
through the diode of transistor S, and inductor L,. This
increases static losses due to the current flowing through
the antiparallel diode of transistor S,. When the transistor
is turned OFF, circulating current is absent, as shown in
Fig. 2. This indicates that blocking the antiparallel diode
in transistor S, prevents circulating current; however, it
causes additional static losses in the converter. The path
of the circulating current in the active mode of transistor
S is represented in Fig. 1 by the dashed contour /7.

When transferring energy from source U; to source
U,, the circuit operates as a boost regulator with transistor
S,. During the activation of transistor S,, voltage U, is
applied to inductor L,, and when the voltage U, is less
than U,, circulating current is absent. When transistor S,
is turned OFF, as shown in Fig. 3, circulating current
flows through diode D, and the inductor L, as the voltage

U,/2>U, is induced on the inductor L.
i(1)
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Fig. 3. Graphical representation of the currents in the inductors
of the asymmetric inverter during the energy transfer period
from the low-voltage source to the high-voltage source
in the discontinuous mode

The appearance of the circulating current 7,(f) in Fig. 2
leads to the fact that a part of the energy from the source
U,, accumulated in the inductor L, when the transistor S,
is open, does not enter the source U,. The path of the

circulating current after transistor S2 is turned OFF is
shown in Fig. 1 by the dashed contour /.

Let’s analyze what occurs in the inverter when
transistor S, operates in active mode. As shown by the
calculations in Fig. 3, when the inverter is operating, for
example in boost mode with discontinuous inductor
currents, four continuous operating intervals of the circuit
shown in Fig. 1 can be identified: the first interval, Ti(f—t),
occurs when the transistor S, is open while all other
switches are OFF; the second interval T(¢,—t,) during the
pause in the operation of transistor Sy; the third interval
T(tr—t3) during the time of reduction of inductor currents to
zero; the fourth interval (1-T) is the cutoff when all the
switches of the converter are closed.

The presence of three intervals during pauses in
transistor control is influenced by the coupling of the
inductors and the voltage ratios of the power sources. An
analysis of the time diagrams in Fig. 3 shows that the
waveforms of the converter state variables — currents iy, i,
i3 — exhibit a multistep character with several sequential
stages of rise and fall, while the current i, demonstrates a
varying sign.

The configurations of the equivalent circuits during
the intervals of interest 7j, 7y and T, (Fig. 3), are shown in
Fig. 4 — 6. Figure 4 shows the interval 7, where the
transistor S, is turned ON. Figure 5 shows the interval T,
after the transistor S, has been switched OFF, during which
the current i3(f) decreases to zero. Figure 6 shows the interval
T, the scenario in which the energy stored in the inductor by

the circulating current is returned to the power source U,.
L,

Fig. 6. Equivalent circuit during the time interval 7},
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We will define the parameters of the equivalent
circuits for which the circulating currents are negligible.
To analyse the processes, we will use the converter model
obtained by the averaging method developed in [19].
Accordingly, we will establish a system of differential
equations for the three switching intervals:

diy diy
L2410 22_y,;
2a S ar !
U dﬁ_LS%:UI;
dt d dt m
U +L %-FL dQ—Mﬂ—U'
a7 oz
diy . dj
L—+L,—=U,.
Var S ar !

We will move to a system of algebraic equations
with averaged variables concerning the currents iy, i, and
i3, taking into account the signs of the increments of the
state variable functions during the switching intervals of
the converter. Using the state-space averaging method
based on Lagrange’s theorems [19], we can express the
system of algebraic equations as follows:

Al Al
Ly =2+ L —2=Uj;
T; i
Al Al Al
—L MR- L R =Uy
T T, T;
Al Al Al
Up+L 2+ L, =2 -M—L-U,; 2)
Ty Ty Ty
Al Al
L=+, = L=U;
P Ty
AI1+AI2 ZAI3,

where Al, AL, Al; are the increments of the corresponding
state variable functions during the converter’s switching
intervals, equal to the ripple of these functions;

M=K o, +/Li - L, is the mutual inductance between the

inductors; K., is the magnetic coupling coefficient
between the inductors; 7 is the specified duration of the
first interval; T is the duration of the second interval; T, is
the duration of the third switching interval.

For further analysis of the processes in the converter,
it is necessary to solve the obtained system of algebraic
equations (2) with respect to the independent variables. The
solution to this system is given by the following equations:

VL) Mn)o -+ Loy
Ui
Al =T, ; 4
2L, @)
Aly = U @M+L+ L), - -M),

=T . ; (5)
(L+L)  (M+L)U (L + L )U;
U, (L2L1 + L Ly + L Ly +2ML, — M? ) .

Considering the case close to ideal magnetic
coupling between the inductors M~L,=L,=L, we will find
the relationship of parameters under which the current
increase A/; in Fig. 3 approaches zero during the second
interval. We express (3) in a simplified form as:

r Ui 2L +(Ly - L)U, '
H(L+Ly) 2LU ~ (L +L)U;
Setting (8) equal to zero, we can determine the value

of the additional inductor L at which the increase in
circulating current approaches zero.

_ Y200 )
U,
Using the notation k&=U,/U,, we transform (9) to the
following form:

®)

Al =

L

S

L 2

7 1 - (10)

According to (10), as the difference between the

power sources U,>>U; increases, a larger additional

inductance is required to prevent current circulation in the

asymmetric inverter. Figure 7 shows the graphical
solution of (10).
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Fig. 7. Graphical interpretation of the dependence of additional
inductance on the voltage ratio of power sources

From the analysis of the graph in Fig. 7, it follows
that if the voltage of source U, is twice as large as the
voltage of source U, then the additional inductor L, to
reduce the current circulation in the asymmetric inverter,
can be omitted. If the voltage source U, significantly
exceeds the voltage source U, the value of the additional
inductor tends to the value of the magnetically coupled
inductors L&=L,=L,=L.

To achieve high power density, bidirectional DC-DC
converters often use the discontinuous mode, which
allows the inductor to be minimised in size. The current
ripple associated with this mode can be minimised either
by employing multiphase configurations in power supply
systems or by utilizing large energy storage devices. In
particular, in hybrid electric vehicle power systems,
energy storage is implemented using various batteries,
supercapacitors, and generally large capacitive storage
solutions. Another significant advantage of operating in
discontinuous conduction mode is the zero losses during
turn-on, resulting in low losses during the diode’s reverse
recovery.

TO:Ti(LzJFLs)' (Ly+ LU = (M + 1y U, H(©
T =T. (L1+LS). M+L2)l]1+(LS_M)(]2 (7)
b I(L2+Ls) (M+L1)Ul_(Ls+Ll)U2 '

56

Electrical Engineering & Electromechanics, 2025, no. 4



The condition for the existence of discontinuous
conduction mode in the converter is that the sum of the
durations of its switching intervals must be less than the
duration of the switching period. The limiting condition is
when the sum of the durations of the intervals equals the
duration of the switching period 7, which leads to the
following equation:

Li+Ty+T,=T. (11)

Using the parameter values from (3—7), we obtain
the sum of the durations of the switching intervals:

LM, (12)

L2 + LS
and the condition for the existence of the discontinuous
conduction mode of the converter:

Lz + M
Ly + L
Let’s consider the following relationship y=Ty/T,
M=L,-(Keop/Ky), L=L,/K,>, y is the duty cycle of the
converter’s control pulses; K, is the transformation ratio
between the coupled inductors. In this case, we can
express the condition for the existence of discontinuous

conduction mode as follows:
Ll (1 + KtrKcop)

L+K2L,

Let’s express the relationship between the inductors
L, and L, using the parameter a=L,/Ls. From (14), we can

derive the following formula in relative units concerning
this parameter:

T+ T +Tp =

T.<T. (13)

<. (14)

< Ktzr .
‘l+Kt,Kcop E—l

Equation (15) defines the relationships between the
inductance values L, and L across the entire range of the
converter’s switching operation that ensures the operation
in discontinuous conduction mode.

In the graphical representation, the condition derived
in (15) corresponds to the range of values left and below
the thresholds shown in Fig. 8.

L LVLs
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a
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Fig. 8. Boundaries of the discontinuous conduction mode region
as a function of the duty cycle of the control pulses
of the converter for different values of the magnetic coupling
coefficient between the inductors

In Fig. 8, the boundary values are depicted for K=1,
as well as for several values of the magnetic coupling

coefficient between the inductors. From the analysis of (14)
and the graphs in Fig. 8, in the switching modes when
y<0.5, the converter maintains the discontinuous
conduction mode regardless of the magnetic coupling
coefficient and the relationship between the inductors
L, and L. Where L=L, L has been described above for use
in the expression (8—10).

Figure 9 shows the simulation results of a
bidirectional converter based on the asymmetric inverter
circuit with the following parameters: L,=L,=15 pH,
PWM modulation frequency is 300 kHz, power supplies
U=14 V, Uy=56 V. According to (7), the additional
inductance value is L,=8.57 uH.

: i
Sl Sl S: | S«
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08 ;
" (1) iy i) =i(1)
N L(1)=0 1),
02 - - (=0
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Fig. 9. The results of current calculations during the operation
of a bidirectional converter with an additional inductor,
whose parameters are determined by (7)

As can be seen from the simulation results, there are
no circulating currents. Despite the presence of the
additional inductor, the high-speed performance is
maintained when the direction of energy transfer is changed.
The work has therefore allowed the relationship to be
established between the key parameters of the asymmetric
converter with additional inductor to prevent circulating
currents in an ideal magnetically coupled inductors.

Conclusions.

1. The new analytical model of an asymmetric inverter
with magnetically coupled inductors for energy storage
systems has been developed, along with a methodology
for calculating its parameters. The derived analytical
expressions allow the inverter parameters to be calculated
at the design stage, ensuring improved efficiency.

2. The method for improving the structure of the
asymmetric inverter with magnetically coupled inductors
has been proposed, using an additional inductor to reduce
undesirable circulating currents in the converter, that lead
to power losses. The schematic implementation of the
inductor connection has been determined, as well as the
relationship between their inductance and the ratio of the
power supply voltages, under which circulating currents
are absent in the asymmetric inverter, reducing the static
energy losses in the device. It was found that the higher
the voltage of the high voltage power supply exceeds the
low voltage power supply, the greater the additional
inductance that needs to be added to prevent circulating
currents in the asymmetric inverter with magnetically
coupled inductors.

3. Analytical expressions and calculation methods for
the converter parameters have been developed to ensure
its ability to operate in discontinuous conduction modes.
Such modes contribute to the reduction of dynamic losses
in the converter, leading to an increase in the performance
of the asymmetric converter by reducing switching losses.
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It has been found that the asymmetric converter maintains
the discontinuous conduction mode regardless of the
magnetic coupling coefficient and the ratio between the
inductance of the inductors and the additional inductance,
provided that the relative duration of the control pulses is
less than 0.5.

The simulation carried out confirms the reliability of
the results obtained.
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