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Abstract – The dual active bridge (DAB) converter is an efficient power conversion topology designed for applications that require 
bidirectional galvanic isolation and energy transfer. Among its various configurations, the resonant LC-DAB converter is notable 
for its ability to significantly reduce switching losses and enhance efficiency. While discrete-time control methodologies are widely 
employed for design and analysis of DAB converters, it is challenging to ensure performance stability during steady-state and 
transient operating modes. Furthermore, high-frequency and single point measurement of resonant LC-DAB possess challenge, as it 
may not reflect the behavior of resonant inductor current. To address these issues, a generalized average modeling-based approach 
is proposed, which minimizes output-side circulating current. This is achieved by aligning the output current with the secondary side 
converter's voltage. The proposed model eliminates the need for a current sensor and demonstrates low sensitivity during transient 
conditions. A two-stage control loop is utilized: an inner loop for current control and an outer loop with a PI controller for voltage 
control. The analysis and design procedure for the proposed control is detailed, followed by simulation and experimental results in 
order to demonstrate the effectiveness of the proposed method.
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1.		 INTRODUCTION

The DC-DC converter is essential as an interface be-
tween different DC-bus levels. It has been utilized in 
many applications, such as automotive applications 
[1], PV applications [2], DC transmission systems [3], 
and DC microgrids [4]. DAB DC-DC converter offers the 
advantages of a high step-down conversion ratio, high 
power transfer efficiency, bidirectional power flow, 
and galvanic isolation between the input and output 
stages [5-7]. The mode in which the converter operates 
with the current aligned with the secondary side volt-

age is preferred in many power electronics converters, 
as it minimizes switching losses [8]-[10]. In this mode, 
the current through the inductor returns to zero at the 
end of each switching cycle, but it does not stay at zero 
for a long period. One of the main challenges in power 
conversion systems is handling fluctuations in input 
voltage and varying load operations. These factors can 
lead to output voltage ripple and instability in the DAB 
system [11-13]. To solve this problem, a control loop 
can be used to ensure stability and maintain dynamic 
performance. However, measuring high-frequency cur-
rent poses a challenge. Various authors in the existing 
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literature have proposed different methods for current 
measurement, including direct and indirect measure-
ment of current, and current sensorless control.

The first category for current measurement uses a 
high-frequency current sensor to measure the current 
in real-time. This approach was employed in a robust 
digital nonlinear control system based on asymmetric 
half-cycle modulation [14]. It features model-based 
predictive current control with a compensator using 
a geometric sequence-control algorithm. This system 
demonstrates a smooth transient response, but its prac-
tical application is limited due to the requirement of a 
high-bandwidth current sensor. Another approach, a 
digital predictive controller for single-phase shift mod-
ulation, is proposed in [15-17]. The controller tracks the 
current reference within a single switching cycle to en-
sure that the transient DC offset is removed from the 
transformer current. It provides inherent over-current 
protection for the transformer but requires midpoint 
current sampling, leading to design complexity.

The second category involves indirect current mea-
surement. In [18], the voltage across the extra input re-
sistor is used for a feedforward controller. It measures 
the DAB converter's average input current under single 
phase shift modulation by analog integrator. Although 
this method shows a good dynamic response, however 
it requires additional complicated hardware. Another 
technique uses a load-current estimating method un-
der a single-phase shift with switching-period delay 
compensation [19]. This method estimates the load 
current by measuring input and output voltage differ-
ences. The measurement noise is reduced by adopting 
the damping coefficient. However, this method in-
creases the control complexity due to the load current 
estimating and input voltage sampling processes.

In the third category, current-sensorless control, elim-
inates the need for a current sensor. A model predic-
tive control scheme under dual phase shift modulation 

without a current sensor can predict the output power 
in the following switching cycle [20]. It uses the devia-
tion between the reference voltage and input voltage. 
This method has low hardware cost and good dynamic 
performance. However, a sampling delay makes the 
feedback loop time constant large. Another paper pro-
poses a current sensor-reduction control with an ex-
tended state observer under dual-phase-shift modu-
lation [21]. The observed load current is directly used 
to predict phase-shift duty ratios after each switching 
cycle. This results in cost savings and increased reliabil-
ity. Additionally, the proposed method can eliminate 
the steady-state error of the output voltage. However, 
the observer's accuracy depends on the precision of 
the model parameters.

Table 1 presents a comparative summary of various 
current measurement techniques, highlighting their 
respective advantages and limitations. Direct current 
measurement can be accurate but has high cost and 
limited practical application. In contrast, indirect cur-
rent measurement tends to have a lower cost but may 
have implementation complexity. Sensorless current 
control offer elimination of sensors, which can reduce 
costs and simplify system design. Nevertheless, they 
often suffer from issues of accuracy.

Conventional converters typically utilize a pure in-
ductor for damping purposes. These converters offer 
simplicity in analysis but have high switching and RMS 
urrents, reducing efficiency [22, 23]. In contrast, the res-
onant DAB converter incorporates an inductor in series 
with a capacitor, forming a resonant tank that acts as 
the power impedance. This decreases the peak current 
and the transformer current's DC component, which 
enhances efficiency [24, 25]. However, its dynamic be-
havior can introduce significant stability challenges, 
necessitating the development of control strategies to 
mitigate oscillations and maintain performance across 
various operating conditions.

Table 1. Current measurement techniques comparison

Current measurement 
method Controller type Modulation 

technique Benefit Drawback Reference

Direct measurement Robust digital 
nonlinear control

Asymmetric half-cycle 
modulation

Smooth transient 
response Limited practical application [14]

Direct measurement Digital predictive 
controller Single phase shift Inherent overcurrent 

protection ability
Midpoint current sampling 

requirement, high cost [15]-[17]

Indirect current 
measurement Feedforward controller Single phase shift Good dynamic 

response
Additional complicated 
hardware requirement [18]

Indirect current 
measurement

Load-current 
estimating method Single phase shift Low measurement 

noise Control complexity [19]

Sensorless current 
control

Model predictive 
control Dual phase shift

Low hardware cost 
and good dynamic 

performance

Large feedback loop time, 
inaccuracy [20]

Sensorless current 
control

Sensor-reduction 
control with an 
extended state 

observer

Dual phase shift

Low-cost, good 
reliability, elimination 

of output voltage 
steady-state error

Accuracy dependence on the 
model parameters [21]

Different works performed control strategies for reso-
nant DAB converters. The paper [26] discusses phase 

shift compensation with unified boundary control for 
resonant LC-DAB based on triple-phase-shift modula-
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tion. It presents a steady-state analysis utilizing various 
modulation controls to minimize circulating current and 
enhance converter efficiency. However, it can work only 
at frequencies much higher than resonant frequency 
which may tend to higher switching losses. Another 
method uses frequency-domain analysis, representing 
current and voltage waveforms in a high-frequency link 
form [27]. This method accommodates variables related 
to multiple phase shifts. It can guarantee soft-switching 
operation, while minimizing the reactive power circulat-
ing between the bridges. However, it requires complex 
calculations to minimize reactive circulating power. The 
authors in [28] develop a small-signal model by extend-
ing the description function to predict the low-frequen-
cy behavior of the resonant LC-DAB. The model investi-
gates the effects of switching frequency and phase shift 
as control parameters, incorporating a compensator 
into the control loop to enhance the dynamic response 
of resonant converters. However, accurately detecting 
both phase and gain relationships incurs high hardware 
costs and significant computational time. 

Additionally, previous research primarily focused on 
adjusting the duty cycle, which becomes less effective 
when operating near the resonant frequency. These 
methods typically require the switching frequency to 
be at least 20% higher than the resonant frequency 
in order to function correctly [29]. Furthermore, it is 
observed that a significant portion of the existing lit-
erature has primarily employed discrete-time steady-
state models, which can complicate the analysis and 
evaluation of a system's overall effectiveness. In con-
trast, using a continuous-time model facilitates a 
more straightforward evaluation of system behavior. 
The resonant LC-DAB model can be obtained through 
generalized average modeling (GAM) which provides 
continuous-time representations of AC state variables 
by utilizing complex Fourier coefficients [30, 31]. This 
approach provides a balanced trade-off between com-
plexity and accuracy, enabling the ability of both zero 
current switching and zero voltage switching.

By considering the limitations discussed in prior re-
search, the key contributions of this study, therefore are:

1.	 The GAM-based control has been proposed to ef-
fectively minimize circulating current on the out-
put side by ensuring that the output current phase 
is aligned with the voltage of the secondary side 
converter.

2.	 By aligning the output current with the voltage, 
the model significantly reduces the current during 
switching, which enhances overall converter effi-
ciency.

3.	 The model uses a sensorless control approach with 
continuous time representation. It allows for a 
more straightforward assessment of system behav-
ior under varying conditions, eliminating the need 
for physical sensors that can introduce complexity 
and potential points of failure. The model has been 
verified through analysis and simulation.

The remainder of this paper is organized as follows. 
Section 2 presents the operation principle and GAM 
analysis of the resonant LC-DAB converter. Section 3 
details the proposed control methodology, including 
inner and outer loop control. Section 4 presents the 
simulation and experimental results in detail with a 
comparison of the previous discussed method and pro-
posed method. Finally, Section 5 concludes the paper.

2.	 STRUCTURE AND BASICS OF PROPOSED 
CONVERTER SYSTEM

2.1.	 CONVERTER TOPOLOGY

Fig. 1 shows a schematic of a resonant DAB converter. 
It consists of two full bridges on the primary and sec-
ondary sides, resonant inductance L, resonant capaci-
tor C, and a high-frequency transformer characterized 
by a turn’s ratio n. The full bridges consist of eight MOS-
FETs S1−S8 with antiparallel diodes D1−D8. The terms 
Ci, Co, Ro, are the input, output capacitors, output resis-
tance respectively. Vin, Vout, iout, vAB, vCD, ir, vLC are input 
voltage, output voltage, output current, primary side 
voltage, secondary side voltage, inductor current, and 
LC-tank voltage, respectively.

Fig. 1. Single-stage resonant LC-DAB
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Fig. 2 illustrates the operating waveforms of resonant 
LC-DAB with output-aligned current. In stages 1 and 2, 
the inductor current is positive, conversely, in stages 3 
and 4, the inductor current is negative. At time t2, the 
current approaches zero, allowing for ZCS to be achieved 
which leads to reduced switching losses. The normalized 
phase shift between leading and lagging leg of primary 
side is defined as d. The fundamental harmonic ap-
proximation is indicated by the dashed line. Notably, the 
phase shift between the resonant current and the first 
harmonic voltage of the secondary side is zero, while the 
phase shift between the resonant current and the first 
harmonic voltage of the primary side is represented as φ 
for illustration purpose. Both the duty cycle d and phase 
shift φ in a real implementation are smaller than those 
illustrated in the graph; however, they have been exag-
gerated for clearer understanding.

Fig. 2. Operating waveforms of the resonant LC-DAB

2.2.	 GENERALIZED AVERAGE MODELING

The GAM can formulate linear and time-invariant 
state equations. Throughout the analysis, τ represents 
the time referenced to the rising edge of s1. State vari-
able z(t) during the interval t - T ≤ τ ≤ can be expressed 
using Fourier series expansion as follows [30]: 

(1)

Where ω = 2πfs, ⟨z⟩k - coefficient of the kth harmonics, 
which is defined by

The transformer current is entirely AC in a DAB con-
verter, resulting in a significant ripple and a zero DC com-

ponent. To accurately represent the state variable aver-
ages in DAB converters, it is necessary to include multiple 
terms (k = 0 and k = ±1) in the Fourier expansion.

The product of 0th-order coefficient terms is

(2)

⟨mn⟩0=⟨m⟩0 ⟨n⟩0+2(⟨m⟩1R ⟨n⟩1R+⟨m⟩1I ⟨n⟩1I). (3)
The 1st-order coefficient terms of two terms are

⟨mn⟩1R=⟨m⟩0 ⟨n⟩1R+⟨m⟩1R ⟨n⟩0,
⟨mn⟩1I=⟨m⟩0 ⟨n⟩1I+⟨m⟩1I ⟨n⟩0.

(4)

(5)

Where the lower indexes “R” and “I” represent the real 
and the imaginary parts of a complex number, respec-
tively.

According to the graph in Fig. 2, the phase shift 
between the primary and secondary side legs is con-
sidered to be equal to zero, with the output voltage 
aligned with the leading leg of the secondary side. 
The 0th-order coefficients of and s2 (τ) are zero due to 
a fixed 50% duty ratio. The switching function s1 (τ) of 
input side voltage has three states (1, 0, -1) and it can 
be defined as: 

(6)

Similarly, the output side switching function s2 (τ) has 
two states (1, -1) and can be represented as:

(7)

For output-aligned current, the 1st-order coefficients 
of primary and secondary side switching functions are 
obtained from the Fourier series expansion of the sig-
nal, derived in Eqs. (1)—(3), (6)—(7):

(8)

Using GAM and derived switching function (8), a 
large signal model for resonant DAB converter can be 
obtained [31]: 

(9)

(10)
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Where ⟨is (τ)⟩1R, ⟨is (τ)⟩1I are the 1st-order of real and 
imaginary parts of series inductance current; ⟨v0 (τ)⟩0 is 
the 0th-order of output voltage; ⟨vs (τ)⟩1R, ⟨vs (τ)⟩1I are 
the 1st-order real and imaginary parts of resonant ca-
pacitor voltage.

The current on the output side can only have two 
states: 1) the iout when transistors S6 and S7 are OFF; 
and 2) the -iout when transistors are S5 and S8 OFF. 
Therefore,

(14)

(15)

3.	 	PROPOSED CONTROL METHODOLOGY

3.1.	 OUTPUT-ALIGNED CONTROL METHOD

Existing research employed discrete-time modeling 
and steady-state analysis for zero voltage switching 
(ZVS) and zero current switching (ZCS) [17, 32]. Howev-
er, the solutions derived were overly complex and not 
directly applicable to microcontrollers. To address this, 
the researchers made approximations that are only ef-
fective at high frequencies. Additionally, the stability 
and sensitivity of ZVS and ZCS during transients have 
not been guaranteed or thoroughly analyzed. While 
these methods may perform well under steady-state 
conditions, they do not necessarily ensure ZVS and ZCS 
during transient.

According to (7), the secondary side switching func-
tion is aligned with the leading leg, causing the funda-
mental component to be oriented along the imaginary 
axis. For optimal performance, the inductive current 
should mainly consist of an active component with a 
minimum reactive component, as it does not contrib-
ute to energy transfer. To achieve ZVS and ZCS, the in-
ductive current should predominantly feature an imag-
inary component with a minimized real part.

The duty cycle dcan be calculated differently depend-
ing on load conditions in the output-aligned current 
mode. Nevertheless, the proposed implementation has 
been approximated using the Taylor approximation [8]:

(16)(11)

(12)

(13)

Only the 0th-order coefficient of output current is 
considered, as both are DC components. Therefore, by 
applying Fourier expansion in (3), the 0th-order coef-
ficient of output current can be found:

Iref is the desired output current value during steady-
state for the proposed controller design. Therefore,

(17)

Output-aligned current mode can be achieved using 
the following constraints:

 1) output current is following Iref ; 2) real part of in-
ductance current is equal to zero ⟨is (τ)⟩1R = 0; and (3) 
imaginary part of voltage is close to zero ⟨vs (τ)⟩1I≈0 
(due to small series resistance of LC-tank). 

Therefore, during steady-state, it should satisfy equa-
tions derived using Eqs. (9), (13), (17):

(18)

(19)

(20)

From these equations, the frequency can be found:

with coefficients,

(21)

(22)

3.2.	 SENSORLESS CURRENT CONTROL

The proposed current control diagram of the con-
verter is illustrated in Fig. 3. 

Fig. 3. Proposed current control diagram of the 
converter

The duty cycle is calculated by dividing the measured 
output voltage by the input voltage, as derived in (16). 
Switching frequency fs is calculated by frequency cal-
culation block, as described in (21), which is a function 
depending on the reference output current Iref and the 
duty ratio d:

(23)
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By processing these inputs, the resonant LC-DAB 
converter block, which utilizes the GAM calculation, 
determines output current, as described in (9)—(13):

(24)

(25)

Where, 

[(⟨is (τ)⟩1R ⟨is (τ)⟩1I ⟨v0 (τ)⟩0 ⟨vs (τ)⟩1R ⟨vs (τ)⟩1I)]
T.

3.3.	 SMALL-SIGNAL MODEL

To design controllers and analyze stability for power 
converters, it is essential to obtain the small-signal con-
trol-to-output transfer function. This function shows 
the converter's dynamic response to small perturba-
tions in the control signal. 

The small signal model can be derived by perturbing 
the system in Eqs. (9)—(13) around steady-state values. 
The deviations of the state variables are expressed as 
follows:

(26)

The variables in capital letter X denote the steady-
state values, the large-signal states are defined by the 
variables in lowercase letters x and the perturbations 
are represented by the Δx variables.

Steady-state values can be derived by solving:

(27)

Then, the small-signal model can be found by per-
turbation around steady-state value and have the form:

(28)

(29)

Where expressions of matrices  are given in the Ap-
pendix A.1.

The control-to-output transfer function can be ob-
tained using:

(30)

3.4.	 VOLTAGE CONTROLLER DESIGN

A two-step controller can be implemented to ad-
dress the issue of voltage regulation. The inner loop 
consists of a previously discussed current control loop, 
while the outer loop utilizes a PI controller, which is 
elaborated in this section. The analysis is performed us-
ing the small-signal method.

Fig. 4. Small signal closed-loop control diagram of 
the converter with PI controller

As depicted in Fig. 4, the PI controller is implemented 
between the GAM and frequency calculation block. GC (s) 
and Gs (s) represents the transfer function of the control-
ler and the converter, respectively. The measured output 
voltage Vout is subtracted from the desired output volt-
age Vref. Then, the error signal is fed into a PI controller, 
which is implemented in closed-loop control.

The PI controller block determines the reference cur-
rent as follows:

(31)

Where Kp and Ki are the proportional and integral co-
efficients of the PI controller, respectively. 

The PI controller is used for voltage regulation. Com-
bining the PI controller with an inner current loop re-
duces circulating reactive current during transients 
and provides alignment with secondary side voltage in 
most cases. The design and simulation results support-
ing these are presented in Section 5. 

4.	 SIMULATION AND EXPERIMENTAL RESULTS

The converter with the proposed control has been im-
plemented in MATLAB/Simulink. The main parameters 
used for converter simulation are given in Table 2. In the 
actual system, the input voltage is 400V, and the turn ra-
tio n equals 3:1. However, for design simplicity, an input 
voltage of 30V and a turn ratio of 1:1 have been used.

Table 2. Simulation parameters

Parameter Symbol Value
Input voltage Vin 35 V

Output voltage Vout 20 V

Turn ratio n 1:1

Resonant inductance Lr 7.5 uF

Resonant capacitor Cr 15 uF

4.1.	 EVALUATION OF SENSORLESS 
	 CURRENT CONTROL

Evaluating performance and sensitivity under volt-
age, circuit parameters, and reference current varia-
tions helps analyze the proposed model's effectiveness.

To compare how changes in output voltage impact 
output aligned current, waveforms on secondary side 
voltage and resonant current for different output volt-
ages can be analyzed. Vout is set to be equal (15; 20; 25) 
V at Iref = 50A. According to Fig. 5, it can be seen that 
the current is equal to zero at the beginning and the 
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end of each switching cycle when Vout =15V and 20V, 
ensuring ZVS and ZCS. When Vout =25V, the current has 
shifted due to the frequency approaching the resonant 
frequency, resulting in inaccuracies.

(a)

(b)

(c)

Fig. 5. Steady-state waveforms of the converter with 
proposed control technique @Iref = 50A (a) Vout =15V 

(b) Vout =20V (c) Vout =25V

To demonstrate the dependence of alignment on 
parameter variation, the steady-state waveforms of the 
circuit when the resonant capacitor is adjusted to be 
10% higher and 10% lower than the actual capacitance 
Cr at constant values of Iref = 50A and Vout = 20V are ob-

tained (Fig. 6). The results indicate that a 10% variation 
in capacitor value does not affect the ZVS and ZCS char-
acteristics. Similarly, the steady-state waveforms when 
the resonant inductance is adjusted by 10% above and 
below the actual inductance Lr are also shown in Fig. 
7. It demonstrates that change in inductance value re-
sults in a 2% variation in peak inductance current, with 
minimal effect on ZVS and ZCS characteristics.

(a)

Fig. 6. Steady-state waveforms of the converter 
with proposed control technique @Iref = 50A, Vout = 

20V (a) 1.1 Cr (b) 0.9 Cr

(b)

(a)
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(b)

Fig. 7. Steady-state waveforms of the converter with 
proposed control technique @Iref = 50A Vout =20V (a) 1.1 
Lr (b) 0.9 Lr

Reference current perturbation may affect output 
current alignment with output voltage. When the cur-
rent is leading, the output current is greater than zero. 
In contrast, when the current is lagging, the output will 
drop below zero. The frequency response of the current 
control loop has a bandwidth of approximately 4 kHz. 
To understand the circuit's behavior near this point, the 
reference current was perturbed with a sine signal of 4 
kHz and an amplitude of 3 A. The steady-state response 
of the output current under these conditions is shown in 
Fig. 8. The perturbations cause the current to fall below 
zero at the zero crossing, indicating that the inductance 
current is lagging. In the worst case, the power factor 
is 0.97 and in the best case, it is 0.99. However, this dif-
ference may not be visible in the simulation waveforms 
due to the small angle between the voltage and current. 
To better demonstrate the efficiency of the proposed 
system, switching and conduction losses are calculated.

Fig. 8. Steady-state response of output current with 
reference current perturbation

ZVS switching occurs only on primary side lagging 
leg and its switching loss correspond to the internal ca-
pacitance Cint, current flowing during switching Iturn-off, 
switching frequency fs, input voltage Vin and fall time  
toff. Therefore, ZVS switching loss [33]:

(33)

ZCS switching losses occurs due to discharging of 
the parallel parasitic body capacitance of the transis-
tors. It depends on internal capacitance Cint, switching 
frequency fs, transistor voltages before turn-on which 
is equal to input voltage Vin for primary side losses and 
Vout for secondary side losses. Therefore, the loss during 
ZCS switching on primary side can be calculated as:

(34)

Similarly, the loss during ZCS switching on secondary side:

(35)

Total switching losses for circuit includes 2 ZVS and 2 
ZCS switching on primary side, and 2 ZCS switching on 
secondary side. Therefore, total switching losses:

(36)

These losses are calculated using parameters from 
the datasheets for both the primary side transistors 
INN100FQ025A [34] and secondary side transistors 
INN650TA030AH [35]. Fig. 9 illustrates the losses associ-
ated with the proposed strategy across various output 
currents while maintaining a steady output voltage of 
20 V. The overall percentage of switching losses tends to 
be lower when the current is increased. Although higher 
current increases ZVS switching losses, it also leads to 
decreased switching frequency, which reduces both 
ZVS and ZCS switching losses. Additionally, conduction 
losses increase with current. Therefore, switching losses 
decrease with higher current. Overall, the losses remain 
below 8 W within the specified operational range, illus-
trating the efficient performance of the proposed mod-
ulation strategy across different operating conditions.

(32)

Fig. 9. Loss breakdown under output aligned 
current mode for different output current at output 

voltage of 20 V
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4.2.	 EVALUATION OF CLOSED-LOOP 
	 VOLTAGE CONTROL

To evaluate outer loop voltage control, the frequency 
response characteristics of the current control loop with 
and without the outer loop can be analyzed. To achieve 
dynamic performance and stability, the gain and phase 
margins are set equal to 25 dB and 15°, respectively. Thus, 
using PI controller parameters from Table 2, the outer loop 
control satisfies targeted gain and phase margins, and it 
can be validated through the bode plot given in Fig. 10. 
Converter characteristics during a transient under load 
current step change of 10 A is shown in Fig. 11. Output 
current and voltage waveforms are smoothly adjusted to 
their new steady-state values. 

Fig. 10. Frequency response characteristics @ =50A 
without and with the outer loop

Fig. 11. Converter characteristics during transient 
under load current step change of 10A

Overall, analysis and simulation results represent that 
the proposed model provides current alignment with 
output voltage not only during steady-state but also 
during transients and parameter variation. The model 
performs satisfactorily even with frequency perturba-
tions of up to approximately 4 kHz. 

4.3.	 COMPARISON WITH EXISTING METHOD

A few papers have proposed a control technique for 
output-aligned current for resonant LC-DAB.

 In this paper, the discrete-time technique has been 
implemented. This approach [8] is compared with the 
proposed method. This converter's parameters for 
open-loop modulation (phase shift ratio d and period 
T) can be determined using the reference output cur-
rent Iref, along with the input voltage Vin, and output 
voltage Vout, the resonant angle frequency ωr. This 
method measures the resonant capacitor voltage over 
half of a sequence to facilitate accurate current calcula-
tions. The time t2 is defined as half of the modulation 
period, while t1 can be calculated using:

With coefficients:

(37)

(38)

The duty cycle can be derived using (16), and the 
switching frequency can be derived as follows:

(39)

Fig. 12. Frequency response characteristics of real 
and imaginary parts of inductance current for two 

methods @Iref =50A

Fig. 12 illustrates the frequency response of the real 
and imaginary parts of the inductor current using two 
methods. The existing model demonstrates a wider 
bandwidth range. However, the proposed method has 
better damping of the real part of the current over a 
wide range of frequencies, nearly up to 4 kHz. The pro-
posed method has stable sensitivity close to the op-
erating point, which minimizes the circulating output 
current even during transition. Fig. 13 shows the de-
pendence of current on switching frequency between 
the previously established technique and the proposed 
method. The proposed model has lower switching fre-
quencies for almost all current values, reducing switch-
ing and resistive losses.
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Fig. 13. Dependence of frequency on reference 
output current for two methods

In comparison with other works, the proposed tech-
nique has benefit of ability to work near resonant fre-
quency which can further minimize switching losses. 
For instance, unified boundary control for resonant 
LC-DAB [26] can help to enhance converter efficiency 
by minimizing circulating current. However, it can 
work only at frequencies much higher than resonant 
frequency which may tend to higher switching losses. 
Another benefit of the proposed method is low cost 
and low complexity. In contrast, model with beat fre-
quency dynamics [28] requires complex calculations to 
perform efficiently but has good performance in a wide 
frequency range. Moreover, the proposed model does 
not require the need of high frequency current mea-
surement, as it is required by robust digital nonlinear 
controller [14]. While this controller can provide good 
dynamic performance with smooth transient response, 
it can only work with non-resonant DAB converter and 
requires high-frequency current measurement with 
complex calculations. As can be seen from extensive 
simulation, the proposed design also exhibits strong 
robustness, consistently maintaining current align-
ment with output voltage during steady-state condi-
tions, transients, and parameter variations. In contrast, 
the accuracy of the method discussed in paper [21] 
relies on the model parameters, but it demonstrates 
good accuracy without the need for a PI-controller 
when the parameters are known.

Therefore, the proposed model is valuable for en-
hancing the dynamic performance of the resonant 
LC-DAB converter. It performs well under parameter 
variations, minimizes losses, effectively operates in the 
presence of a resonant circuit, and has low-cost with 
simple calculations.

4.4.	 EXPERIMENTAL RESULTS

The prototype of the LC-DAB was built and tested to 
demonstrate the effectiveness of the proposed model 
(fig. 14). The converter comprises four main components: 
the control PCB, the low-voltage side power PCB, the 

high-voltage side power PCB, and a high-frequency trans-
former. The prototype was built on a printed board by us-
ing GANFET (INN100FQ025A) on the input side and GAN-
FET (INN650TA030AH) on the output side. The control 
PCB utilizes a DSP (TMS320F28374D) alongside an FPGA 
(EPM570T100I). These three PCBs are interconnected 
through connectors in a sandwich configuration to facili-
tate PWM signal transmission. Both the DC and AC sides 
feature pads for transformer connections, positioned be-
tween the power and control boards to optimize space 
and enable easy replacement and inspection of all PCBs.

Fig. 14. Experimental setup

Fig. 15 depicts the experimental steady-state wave-
forms of primary and secondary side voltage and in-
ductance current with proposed control technique at 
Iref= 10A, Vin= 35V for output voltages Vout= 15V, Vout= 
20V, Vout=30V. It represents alignment of output current 
with secondary side voltage even at frequencies near 
resonant. This shows the feasibility of proposed control 
technique.

(a)

(b)
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(c)

Fig. 15. Steady-state waveforms of the converter 
with proposed control technique @Iref = 10A Vin = 

35V (a) Vout =15V (b) Vout=20V (b) Vout=30V

5.	 CONCLUSION

This work presents a model for the resonant LC-DAB 
with output-aligned current. The GAM method repre-
sents the model of the converter in a continuous form, 
making analysis more straightforward. This model em-
ploys a two-stage control loop: an inner loop for current 
control and an outer loop utilizing a PI controller for volt-
age control. This approach helps to minimize circulating 
current during switching at the output side of the con-
verter. Moreover, the analysis and design process for the 
proposed control strategy is discussed, and the corre-
sponding simulation studies are conducted in the MAT-
LAB/Simulink environment along with experimental re-
sults are presented in order to validate the effectiveness 
of this scheme. The obtained results show that not only 
the proposed method provides a promising solution for 
improving the dynamic performance of DAB converters, 
but it also helps to analyze the converter’s behavior in 
output-aligned current mode.

6.	 APPENDIX

A. 1
The matrices A, B, q of small-signal model, derived in 

(28)-(29) are listed in the following. 

q=[(0 0 1 0 0)];

With coefficients:
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