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Abstract
Owing to an increase in the demand for bidirectional applications such as battery energy storage systems (BESS), isolated 
bidirectional converters have become more popular. However, conventional transformer design methods such as the area 
product and core geometrical coefficient methods, consider only one operating point. Thus, these do not always guarantee high 
efficiency if there are any changes in the operation point of the converter. Accordingly, this paper proposes a multiobjective 
optimized transformer design algorithm that considers the overall energy loss of the bidirectional operation of the converter. 
The proposed algorithm adopts a nondominated sorting genetic algorithm-II (NSGA-II) effective core cross-sectional area 
and turn ratios as main variables. A 20W prototype converter with a transformer for 20-series lithium-ion cell balancing 
purposes has been built for verification. The results show that the proposed algorithm dissipates lower power loss during the 
charge and discharge mode of operations with a smaller volume than the conventional method.

Keywords  Battery applications · Bidirectional converter · Multiobjective optimization · Transformer design

1  Introduction

Because renewable energy, battery energy storage systems 
(BESS), electric vehicles, and smart grids are being widely 
used, the battery market is growing, and accordingly, the 
demand for battery chargers is also increasing [1, 2]. A typi-
cal battery charger consists of a unidirectional topology that 
transfers power from an input power source to a battery. 
However, to be applied to a BESS, a battery charger must be 
configured with a bidirectional converter [3]. Furthermore, 
if isolation is essential for safety reasons, battery chargers 
should be isolated by a high-frequency transformer [4].

For transformer design, simple and practical methods 
such as the area product ( Ap ) method and the core geometri-
cal coefficient ( Kgfe ) method are commonly used [5–7]. The 
area product is a parameter that represents the product of the 

effective core cross-sectional area ( Ae ) and the window area 
( Acw ), and is directly related to the power handling capability 
of the transformer. It provides a measure of core utilization 
and determines the maximum amount of power that a trans-
former can handle without saturation. A higher Ap value 
indicates a larger core cross-sectional area or a larger win-
dow area, which allows for a higher magnetic flux density 
or magnetic field intensity. This in turn, makes it possible 
to achieve a higher power handling capacity. In addition, 
Kgfe represents the effective size of the core in terms of the 
combined impact of the copper loss and the core loss. Con-
sidering these losses, it provides a more accurate estimation 
of the power handling capability and overall efficiency of 
the transformer.

However, conventional transformer design methods con-
sider only one operating point. In unidirectional battery 
charging applications, even in the constant current and con-
stant voltage (CC–CV) charging processes, efficiency should 
be considered for various output current conditions [8, 9]. 
To complete the changed sequence, the duty is changing 
during operation, which results in different RMS currents 
in the transformer. Furthermore, for bidirectional convert-
ers, high efficiency should be ensured in both the charging 
and discharging modes under wide duty variations [10–12].
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To address this challenge, this paper proposes a multi-
objective design optimization algorithm for transformers in 
bidirectional converters. The proposed algorithm optimizes 
the core volume, the transformer loss, and the operating 
duty with the transformer design parameters. For optimized 
design candidates, PLECS simulation is utilized to analyze 
total converter efficiency to choose a final solution.

The remainder of this paper is organized as follows. 
Bidirectional converter applications and conventional trans-
former design methods are reviewed in Sect. 2. The pro-
posed design algorithm and simulation results are shown in 
Sect. 3. Verification through hardware experiments is shown 
in Sect. 4. Finally, some concluding remarks are made in 
Sect. 5.

2 � Target application and conventional 
transformer design methods

2.1 � Bidirectional converter operation in cell 
balancing applications

Figure 1 shows the target system configuration. In this active 
cell balancing system, the battery pack consists of 20 cells 
and the bidirectional converter equalizes the cell voltages by 
redistributing the charge from the pack to the cell (buck mode) 

or from the cell to the pack (boost mode). The bidirectional 
converter is configured as the two-switched forward topology 
shown in Fig. 1a and waveforms for its bidirectional operation 
are shown in Fig. 2. The specifications of the converter are 
shown in Table 1. Bidirectional operation of the converter is 
controlled by duty signal alternation. When the converter is 
controlled by the on-duty of Q

1
 and Q

2
 , Dbuck , current flows 

from the battery pack to the cell. Thus, the converter operates 
in the buck mode. When the converter is controlled by the 
on-duty of Dboost , the current flows from the cell to the battery 
pack [13, 14]. Thus, the converter operates in the boost mode. 
Dboundary is the duty that makes the current go to zero. Thus, it 
is referred to as the boundary duty. Dbuck , Dboost , and Dboundary 
are related to the circuit parameters as follows:

where Vcell is the open-circuit voltage of the cell, IL is the 
average inductor current, rL is the equivalent series resistance 

(1)D =

⎧
⎪
⎨
⎪
⎩

(Vcell+IL(rbat+rL))∙N

Vpack

(Buck mode)

(Vcell−IL(rbat+rL))∙N

Vpack

(Boost mode)

(2)Dboundary =
(Vcell)N

Vpack

Fig. 1   Bidirectional battery cell balancing converter: a whole con-
verter configuration; b bidirectional forward converter

Fig. 2   Proposed converter operation waveforms: a buck mode; b 
boost mode

Table 1   Bidirectional converter specifications

Name Symbol Value

Voltage of the pack Vpack 76 V
Voltage of cells Vcell 4 ~ 3.6 V
Switching frequency fsw 50 kHz
Output inductor L 500 �H
Primary filter capacitor C

1
55 �F

Secondary filter capacitor C
2

200 �F
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of the output inductor, rbat is the equivalent series resistance 
of the cell, N is the turn ratio of the transformer, and Vpack 
is the open circuit voltage of 20 series-connected cells. The 
operation duty is greatly affected by the transformer turn 
ratio. From (3), the inductor current change according to the 
operation duty is shown in Fig. 3.    

Since the average inductor current is decided by the duty, 
the RMS inductor current for each of the transformer designs 
is different, which has a great influence on the converter 
efficiency (Fig. 4).

The switch matrix selects the target cell to be charged or 
discharged. In the buck mode, the single cell with the low-
est voltage among the cells is connected to the secondary. 
On the other hand, the cell with the highest voltage is con-
nected to the secondary in the boost mode for discharging. 
Likewise, 20 cells are connected one by one to equalize the 
charge inside the pack.

2.2 � Conventional transformer design method 
and its limitations

Typically, the most straightforward and practical method for 
transformer design is the area product method. This method 
utilizes a fundamental concept: the size of the magnetic 
core is determined by the power handling and allowed core 
losses of the transformer. The method based on the geomet-
ric constant ( Kgfe ) of the magnetic core is an extension of 
the area product method that includes the optimization of 

(3)IL =

⎧
⎪
⎨
⎪
⎩

D
Vpack

N
−Vcell

(rbat+rL)
(Buck mode)

Vcell−D
Vpack

N

(rbat+rL)
(Boost mode)

the transformer loss. It aims to achieve optimal transformer 
design by searching for the condition that minimizes both 
the total losses and the size of the core [7, 15]. The core 
selection criterion of the area product method is expressed 
as (4) and the core selection criteria of the Kgfe method are 
expressed as (5) and (6).

where Ae and Acw are the effective cross-sectional area and 
the window area of the core, Ptot is the total power of the 
transformer, Bac is the operating flux density of the core, 
fsw is the switching frequency, J is the current density, Kf  
and Ku are the waveform factor and the window utilizing 
factor, MLT  is the mean length per turn of the core, lm is the 
effective length of the magnetic path, � is the flux density 

(4)AeAcw ≥ Ap =
Ptot ∙ 10

4

BacfswJKfKu

,

(5)

Kgfe =
Acw(Ae)

(2(�−1)∕�)

MLTlm
(2∕�)
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(6)Kgfe ≥ Kgfe,ref =
��

1

2Itot
2Kfe

(
2

�
)

4Ku(Ptot)
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Fig. 3   Inductor current change according to the operation duty

Fig. 4   Flow chart of the proposed algorithm
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exponent, � is the resistivity of copper, �
1
 is the applied 

primary volt-seconds, and the Itot is total current of the 
transformer.

Although the area product and Kgfe methods are simple and 
practical, they have several disadvantages. First, several itera-
tions of trial and error in the design process may be required 
to satisfy conditions (4) and (6) [16]. Second, duty changes 
according to the bidirectional operation of the converter are 
not considered. Conventional transformer design methods only 
determine the core size for one operating condition. Therefore, 
it is not possible to consider a power loss that varies due to a 
change in the operating current or a change in duty during 
bidirectional operation. Therefore, conventional transformer 
design methods do not always guarantee high energy efficiency 
that considers the overall operation. To mitigate these issues, 
the transformer design should be optimized for both buck 
and boost modes while considering the actual operation duty 
excursions.

3 � Proposed algorithm

3.1 � Multiobjective optimization

In the proposed transformer design algorithm, a multiobjec-
tive optimization algorithm called nondominated sorting algo-
rithm-II (NSGA-II) is adopted. NSGA-II has two outstanding 
advantages. It increases the possibility of survival of the well-
evaluated variables in the fitness function by nondominated 
sorting, and it provides a constant distance between optimized 
solutions to obtain multiple design solutions by crowding dis-
tance sorting [17].

In the proposed method, the performance vector (7) is mini-
mized over the parameter vector �⃗x defined in (8)

where N is the transformer turn ratio, Ae is the effective core 
cross-sectional area, Np is the primary winding number, and 
Vcore is the core volume which is calculated from Ae accord-
ing to the core datasheet. Ptransformer is the total transformer 
power loss.

In calculating Ptransformer , the core volume Pcore and the 
copper loss Pcopper are considered together, and expressed by:

(7)Min
x⃗

J =

[
Vcore,Ptransformer,

|||Dboundary,ref − D
boundary

|||

]
,

(8)�⃗x =
(
N,Ae,Np

)T

(9)Ptransformer = Pcore + Pcopper

(10)Pcore =
8

�2[4D(1 − D)]�+1
kfefsw

�Bac
�Vcore,

where (10) is from the rectangular extended Steinmetz equa-
tion [18] and D is either Dbuck or Dboost depending on the 
operating mode.

Dboundary is also optimized to ensure the various conver-
sion gains in both the buck and boost modes. To cope with 
the changing load conditions of the converter in the closed 
loop, both modes must have an appropriate operating duty 
range. Since Dboundary is responsible for the boundary operat-
ing point between two modes, Dboudnary,ref  must be chosen 
to fit the specifications of applications where Dboundary,ref  is 
the targeted boundary duty value. In this paper, Dboudnary,ref  
is chosen to be 0.25 since the duty of the forward converter 
is limited from 0 to 0.5 to ensure core rest time.

A flow chart of the proposed algorithm is shown in Fig. 5. 
The algorithm proceeds by a number of steps.

1.	 Choose initial values for the parameters N,Ae , and Np.
2.	 Calculate the core volume and winding configurations 

from the chosen parameters.
3.	 Calculate the total transformer power loss and Dboundary.

4.	 Plot Vcore,Ptransformer, and Dboundary in the Pareto front 
for the optimized solutions. If the generation reaches 
the maximum generation limit, stop NSGA-II, plot the 
Pareto front, and proceed to step 5. Otherwise, repeat 
steps 1 ~ 4.

5.	 For the solution candidates in the optimized Pareto front, 
PLECS simulation is accompanied by MATLAB Sim-
ulink to analyze the overall power and energy efficiency 
at every duty point of the converter for the buck and the 
boost modes.

6.	 Finally, choose the final solution from the simulation 
result.

(11)Pcopper =
�NxMLT

Wa

Irms
2

Fig. 5   Winding configuration of an EE core transformer
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3.2 � Transformer magnetic modeling

In this paper, the EE core shape is chosen for the design 
due to its popularity. However, the proposed algorithm 
can be adapted to any core shape without loss of gener-
ality. The half-side configuration of the EE core trans-
former is shown in Fig. 5. The transformer winding is 
wound in a sandwich configuration to reduce the leakage 
inductance. Permeance-based equivalent circuit models 
for the core are shown in Fig. 6. In Fig. 6a, the perme-
ances are placed along the effective magnetic paths of the 
core and Pair are placed for the leakage path through the 
air [19, 20]. In addition, Gm is the magnetic conductance 
to model the core loss. The core loss is expressed as:

where Pcore is the core loss of the transformer from Eq. (10), 
F is the magnetomotive force, and Φ is the flux along the 
core. Rm is the core loss resistance, which is reflected to 
the electric port, and Rp,winding and Rs,winding are the winding 
resistances for the primary and secondary windings.

Considering the geometric symmetry of the core, the 
magnetic model is simplified to Fig. 6b, and it is imple-
mented by the PLECS magnetic library. The power effi-
ciency and energy efficiency simulation circuits with 
transformer magnetic modeling are shown in Figs. 7 and 
8, respectively.

3.3 � NSGA‑II optimization results

The NSGA-II design algorithm generates 200 design 
samples for each generation until it reaches the maxi-
mum number of generations. The algorithm setting and 
generated Pareto front are shown in Table 2 and Fig. 9. 
After the algorithm generates 200 design candidates, 
it forwards the corresponding parameter vectors to the 
PLECS co-simulation part.

(12)Pcore = FΦ̇ = Φ̇2Gm

(13)
Rm =

(
Vp

Np

)2

Pcore

(14)Rp,winding =
�NpMLT

Wa

(15)Rs,winding =
�NsMLT

Wa

3.4 � PLECS simulation results

From the 200 design candidates, PLECS executes a power 
and energy efficiency simulation to choose the most opti-
mized design solution. The converter power efficiency simu-
lation result is then sorted in descending order as shown in 
Fig. 10. Among the ranked design samples three candidates 
are chosen by the following criterion.

Fig. 6   Magnetic circuit model of the transformer in Fig. 5: a perme-
ance circuit model; b simplified model
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Fig. 7   PLECS power efficiency simulation schematic

Fig. 8   PLECS energy efficiency simulation schematic: a converter 
circuit with a battery subsystem; b battery subsystem

Table 2   NSGA-II algorithm setting

Name Value

Population size 200
Probability of crossover 0.9
Probability of mutation 0.5
Maximum number of generations 50
Mutation strength 0.05

Fig. 9   Computed Pareto front

Fig. 10   200 design candidates from the last Pareto front
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•	 Candidate #1 has the same volume as the conventional 
transformer design by the Kgfe method, which is shown 
in Table 3, and a higher efficiency among the candidates 
with same volume.

•	 Candidate #2 has an intermediate volume between can-
didates #1 and #3 with the highest efficiency among the 
same volume.

•	 Candidate #3 has the smallest volume available on the 
market and the highest efficiency among candidates 
with the same volume.

The design parameters for the three candidates and energy 
efficiency simulation results are summarized in Table 4. 
With the three design candidates, the converter energy 
efficiency simulation was carried out. This simulation pro-
ceeded until all of the cells were balanced from the same cell 

condition. For the simulation result, solution #3 is chosen 
for the hardware test sample parameter.

4 � Hardware verification

4.1 � Experimental setup

Two transformer samples are made according to Table 4. 
The nearest core volume in the market is chosen for hard-
ware verification. Transformer test samples and their 
parameters are shown in Fig. 11 and Table 6. To validate 
the effectiveness of the proposed algorithm, a 20W pro-
totype converter for 20-series lithium-ion cell balancing 
is built and tested. For the hardware verification, three 
experiments were established. First, a power efficiency 
comparison test with various load conditions between the 
proposed and conventional designs was performed. Next, 
a power efficiency time trend test was used to check the 
energy efficiency of the converter during mode changes.

The equipment setup is shown in Fig. 12, and the param-
eters are shown in Table 5. For the power efficiency test 
scenario, the converter operates in the CC mode with vari-
ous reference current values from 0.5A to 3.0A to check the 
converter efficiency for the various operation duty values. 
For the buck mode test, the battery pack is emulated by a 

Table 3   Design parameters of the Kgfe method

Name Symbol Value

Turn ratio N 5
Number of windings Np ∶ Ns 40:8
Effective cross-sectional area Ae 52.5 mm2

Window size area Acw 87 mm2

Core volume Vcore 3020 mm3

Table 4   Energy efficiency simulation test results

Name Symbol Candidate #1 Candidate #2 Candidate #3

Turn ratio N 5.96 5.07 4.9
Number of 

windings
Np ∶ Ns 30.8:5.17 36.7:7.24 42.0:8.58

Core volume Vcore 3006 mm3 1969 mm3 1476 mm3

Energy effi-
ciency

�energy 85.83% 86.12% 86.33%

Fig. 11   Designed test samples

Fig. 12   Test equipment setup

Table 5   Parameters for the experimental setup

Name Value

Pack voltage Vpack 76 V
Vcell (buck mode) 3.6 V
Vcell (boost mode) 4 V
Load resistance (buck mode) 1.8 Ω
Load resistance (boost mode) 1.2 kΩ
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battery emulator (KERNEL BTU-1601-DH), and the elec-
tric load in the CV mode is connected to the secondary side 
to emulate the cell, Vcell,buck . For the boost mode test, the 
battery emulator with Vcell,Boost is connected to the second-
ary side, and the electric load in the CV mode is connected 

to the primary side to emulate the pack. The efficiency dur-
ing the operation of the two modes is analyzed by a power 
analyzer (YOKOGAW​AWT​1804E).

For the power efficiency time trend test, the power effi-
ciency is measured while the converter is operated for a 
30-min bidirectional active balancing operation. The maxi-
mum initial voltage deviation between the cell voltages is 
set to 100mV  for the balancing test. The time trend effi-
ciency is also measured by a power analyzer. The tempera-
ture increase of the transformer is measured by a thermal 
camera (FLIR A70) after the 30-min operation.

4.2 � Experimental results

The power efficiency test results are shown in Fig. 13. For 
the most of inductor current range, the proposed design 
achieves a higher efficiency in both operating modes, with 
about half the core volume when compared with the con-
ventional design, which is shown in Table 6. This shows 
that the proposed design satisfies the required specifications 
with a higher efficiency and a reduced core volume than the 
conventional design.

Power efficiency time trend test results are shown in 
Fig. 14. The balancing algorithm toggles between the buck 

Fig. 13   Converter efficiency test results in different CC conditions: a 
buck mode; b boost mode

Table 6   Hardware design parameters of the test samples

Parameter Kgfe Proposed

Core material TDK ferrite N87
Core part number EE25/13/7 EE20/10/6
Effective cross-sectional area 52.5 mm2 32.1 mm2

Window size area 87 mm2 57.4 mm2

Core volume 3020 mm3 1490 mm3

Number of windings Np ∶ Ns 40:8 44:9
Primary winding area 0.3 mm2 0.16 mm2

Secondary winding area 0.7 mm2 0.7 mm2

Fig. 14   Converter power efficiency time trend test results



1806	 T.-Y. Im et al.

1 3

mode and boost mode every 20 s, which generates square-
like efficiency waveforms as shown Fig. 14. From the time 
trend test data, energy efficiency is calculated by integrating 
the power efficiency over the testing time and the results are 
summarized in Table 7. These results show that the proposed 
design achieves a 2% higher energy efficiency in the buck 
mode, a 0.7% higher energy efficiency in the boost mode, 
and a 1.5% higher overall energy efficiency than the conven-
tional design method. 

Finally, temperature increase test results of the trans-
former are shown in Fig. 15 and Table 8. The tempera-
ture increase of the proposed design sample is only 2.74 
◦
C higher than that of the conventional design, which is 

mostly due to the reduced volume. However, this differ-
ence is trivial. In summary, the optimized transformer 
design achieves higher power and energy efficiency in the 
various ranges of the bidirectional converter operations 
with half of the core volume and a similar temperature 
increase.

5 � Conclusion

A multiobjective transformer design optimization algorithm 
was proposed in this study. The proposed algorithm opti-
mized the core volume and transformer loss at the same 
time. In the hardware verification, the proposed transformer 
design showed a 50% core volume reduction with higher 
power and energy efficiencies. Therefore, this algorithm was 
shown to be suitable for bidirectional applications that need 
a transformer with a compact volume.
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