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Abstract— This research provides an in-depth general
analysis of a Dual Active Bridge (DAB) DC-DC converter with
a finite magnetizing inductance (Lm). A high-frequency
transformer considered in this study is a radial-type rotary
transformer for aerospace applications. A single-phase-shift
(SPS) modulation technique is considered in this study. First, it
develops new analytical equations for the RMS currents of the
converter that include the effects of Lm. The analysis is based on
the equivalent T-type electric circuit transformer model. Then,
this study shows that a high Lm is not the best choice for the
overall system performance, including loss and transformer
mass, which have a direct effect on the converter's power
density. The analysis further shows the effects of different
system parameters such as the control phase-shift angle,
transformer inductances, turns ratio, and switching frequency
on the SPS-DAB performance. Understanding the impact of
these parameters on the performance of the DAB can contribute
to the optimum design of the converter. The proposed theory
and analytical equations are validated by the
MATLAB/Simulink simulation of a 40 kW 800V/800V DAB
converter switching model.

Keywords— Finite magnetizing inductance, Dual Active
Bridge, Rotary transformer, DC-DC converter..

L INTRODUCTION

In high-voltage and high-power applications where input
and output DC voltages are tightly regulated, the Single-
Phase-Shift (SPS) modulated Dual Active Bridge (DAB) DC-
DC converter is the best option due to its performance and
simple control compared to advanced modulation techniques
[1-2]. [1] provides a summary of DAB performance based on
different modulation schemes; however, magnetizing
inductance (L) is not included in the analysis. Fig. 1(a) shows
the basic DAB converter circuit, while Fig. 1(b) represents the
electric circuit with the transformer inductances (L;, Lo, and
L) and turns ratio (g=Ngs/Np) that characterize the exact
transformer. Although several papers [3—8] have discussed the
effect of Ly, on the performance of the SPS-DAB converter,
the value of L, is selected solely based on the converter's
performance to reduce conduction losses and achieve soft-
switching operation. The effect of L, on transformer
performance, including mass and temperature, has not been
investigated.

[3-5] have used external primary and secondary side
inductances (L; and L) and chosen a high value of Ly
compared to L; andL, to design the transformer, not
considering a potential effect on the transformer size.
Furthermore, [6-8] have demonstrated an integrated
transformer design where the dependences of primary and
secondary leakage inductances on L., are taken into account,
but optimal designs considering both transformer mass and
loss have not been discussed. Similarly, [9-16] provides a
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Fig. 1. (a) DAB converter topology, (b) Most common electric circuit
representation of the transformer.

comprehensive study of reactive power for optimal design of
DAB using various methodologies, while the analytical
equations used in this study do not consider L. This study
thus takes a new approach by considering both transformer
and converter performances, demonstrating that selecting L,
solely based on converter performance can result in a not-
optimal (oversized) transformer. To design the system
(converter and transformer) optimally, analytical equations
for RMS currents, including the effect of L., are needed, and
to the best of the authors’ knowledge, they are not available in
the literature. Furthermore, recent SPS-DAB research [3],[6]
reveals some effects of Ly, but analytical equations for active
power and peak current assume an infinite L,. The accurate
equations that consider finite Ly, for active power and peak
current are found in papers [7-8], but they are complex and
lack insight. Also, the same complex peak current equations
are applied to the Zero Voltage Switching (ZVS) region,
making it difficult to represent distinct ZVS regions
graphically. As a result, this paper develops new analytical
equations for RMS currents, followed by analysis based on the
T-type model with simple, intuitive, and exact equations for
peak currents, active power, and (ZVS) regions while
accounting for Ly,

Furthermore, to demonstrate the effect of Ly, on the mass and
loss of the system, the optimal transformer design study [16]
is further evaluated in this research based on the magnetizing
inductance. [16] describes the optimal design methodology for
a40 kW rotary transformer (shown in Fig. 2) based SPS-DAB
converter with the specifications listed in Table I. However,
the analytical equations for the RMS and peak currents of the
transformer, used in [16], ignore the effect of L.,, which
influences significantly the converter performance and will be
discussed briefly in this study. The objective of the
optimization in [16] is to design a radial type rotary



transformer (RT) with minimal total mass and loss, and the
optimization algorithm takes care of the transformer’s loss and
mass and generates the optimal design without explicitly
demonstrating the effect of different inductances such as L,
L, and L,,. Thus, in this study, the detailed post-processing of
the optimization results based on the exact analytical equation
developed in this paper will be presented to demonstrate the
effect of transformer inductances on the DAB performance.
Understanding the influence of these parameters on the DAB's
performance can contribute to the system’s optimal design.
The proposed theory and analytical equations are validated by
simulating a 40 kW 800V/800V DAB converter switching
model using RT’s electrical model in MATLAB/Simulink.

TABLE I: SPS-DAB CONVERTER SPECIFICATION

Parameter Symbol Value

Output Power Poue 40 kW

Input/ Primary side DC Voltage Vi =V 800 V

Output/ Secondary side DC _

Voltage Vy = Vg 800 V

Primary and Secondary Duty cycle dp = dg 50 %
a A w

z sec
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Fig. 2. (a) Radial type Rotary Transformer and (b) Side view geometry
with secondary inner winding and primary outer winding [16].

II. COMPREHENSIVE STEADY-STATE ANALYSIS OF DAB
CONVERTER WITH MAGNETIZING INDUCTANCE

The value of magnetizing inductance (L) affects the RMS
and peak currents, active power, and ZVS region of the DAB
converter. So, this section will provide the exact analytical
equations and analysis of the DAB converter's performance
while taking L1, L, and L., into account.

A. Equivalent Electrical DAB Model

There are two active full bridges in the DAB converter that
are connected via a transformer. Fig. 1(a) is a schematic
representation of the DAB converter. The standard equivalent
electric circuit of a two-winding conventional transformer is
shown in Fig. 3(a), where Li, L,, and L, represent the
transformer's primary series inductance, secondary series
inductance referred to the primary side, and magnetizing
inductance, respectively and q (=Ns/Np) represents the
transformers turns ratio. Li/L, can represent the
primary/secondary leakage inductance and any external
inductance placed in series on the primary/secondary side of
the transformer.

(b)

©
Fig. 3. (a) Standard equivalent electric circuit, (b) T-type equivalent
electric circuit and (c) n-type equivalent electric circuit representation of
transformer.

The T-type and m-type electric circuits can be made from
the standard electric equivalent circuit, as shown in Figs 3(b)
and 3(c), respectively. Assumptions such as comparatively
small winding resistances and ideal switches are made to
simplify the study of the effect of L., on performance. Using
KVL to determine the Z-parameter matrix (1) on the two-port
networks, the inductance matrix can be solved as (2). These
inductance matrices can be used to translate the representation
of one electric circuit to another (Figs 3(a) and 3(b)), Li1, L2,
and M are well-known parameters called primary inductance,
secondary inductance, and mutual inductance, respectively.

V11 _ [Z11 Z12] [ i1 ]
[172] B [221 Zyl -1 M
[Ln M ] _ [Ll + Ly qlm ] )
M Ly qLm qz(Lz + L)

The n-type representation in Fig. 3(c) is useful for
determining La, the inter-link inductance between the two full
bridges that determines the active power flow. Lo can be
calculated as (3) by transforming a T-type electric network
into a m-type network, where k represents the coupling
coefficient. By applying (2) to (3), La can also be presented in
terms of L, L, and Ly, as (4), which demonstrates the direct
effect of various transformer’s inductances. With a relatively
higher Ly, only the series inductance q(L;+L;) incorporates
the effective inductance (La).

1 M
L =M(——1);k=7 3
4 k? N )
~ LiL,
Ly=q L1+L2+L 4)
m

B. RMS and peak current

The current dynamics must first be examined to determine
the analytical equation for RMS and peak currents. For the
primary and secondary ports of the T-type representation (Fig.
3(b)), the KVL equations can be written as follows:

di di

v=lagy Mgy )
di di

vy =M= Loy ©

By rearranging (5) and (6), the primary and secondary
dynamic current equations can be written as, where La is
given by (3).
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These equations determine the shape of the respective
current waveforms for any applied modulation technique. In
this work, the single-phase-shift (SPS) modulation technique
is implemented as shown in Fig. 4. It shows the primary
current and pole voltages waveforms with SPS modulation at
steady state conditions, for a given switching frequency f; and
T, = 1/f,, where the secondary voltage v, lags the primary
voltage v by the phase-shift angle 9.
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Fig. 4. SPS-DAB pole voltages and primary current waveforms.

Considering half-wave symmetry as shown in the figure, the
two slopes of the primary current for 0<6<6 and & <6<rn can
be found by using (7) as follows, where a=5/2m.

i1(§) - il(o) - Iap + Ibp LZZ

aT, al, ML, - (_VZ) )
= slopey s
il(T[) - i1(6) _ Ibp - Iap _ L22 (V )
05-a)T, (05— a)T, MLA 2 (10)

= slopes

By solving these two equations, the peak currents of the
primary side /, and I, can be found as

ap = i1(aTs) = i1(5)

47Tf L [252 - (LMﬁ - m)] o

Ibp =i;(0.5Ty) = 11(”) —i;(0)
(12)
41TfSLA m)]

Ly,
[26m + n( m
Here, m is the voltage ratio equal to V2/V;. Using these
equations, the instantaneous primary current i;(t) can be
derived and thus the RMS current on the primary side Ipys,
can be calculated as follows:

i (6)
_ (slopeg s)t + i1(0) 0<t<aT; (13)
" | (slopes )(t — aTy) + iy (aT;) aTs <t < 0.5T;
2 0.5Tg
sy =7 | (@7 de (14)
sJ0
Irmsp

i el )

Similarly, by using (8), peak currents on the secondary
side of the transformer at instant 6=3 and 6=n can be
calculated as (16) and (17) respectively. The corresponding
secondary RMS current Iy s, can be calculated as (18).

Vi L
i =ghofu-s(ion] o
Iys = i, (m) = —i,(0) L
11
47TfSLA [2 Mo (17)

Lyy
1 —_—
< "M )]
IRMSS

V1 1 L11 2 lel 26
ot [kl
2nfil, 12 M 3M 0 \ 7

3) (18)

In addition, the general analytical equation for the RMS
value of the derivative of the currents also can be evaluated as
(19) and (20) as it is needed in some applications such as for
calculating the effective AC resistance of the litz wire which
carries non-sinusoidal current [16].

d V(L Z 48mlL,, (19)
<dt ll(t)>RMs,, L \/ ( M m) T
2
<il-2(t)> _ha (1 _ ﬂ) , domlyy (20)
dt RMSs LA M M

C. Active Power

The power transfer characteristics of the SPS-DAB
converter can now be calculated by averaging the product of
instantaneous primary current i; (13) and pole voltage vi.
Thus, the total active power transferred can be derived as (22),
and it can be seen that the expression is similar to that of the
ideal-SPS-DAB converter [1]; this can be explained using the
n-type electric circuit representation, in which two voltage
sources transfer power through inter-link inductance La (4).
The maximum power transfer can be calculated at 6= 7 /2 as
(23).

1 0.5T;
Pou =g | (v e
P, =12 (s Ll sfor —m<8<m (22)
Ut T 2mf,L, m))’ -7
mV12 T T v,
p _ Tois=T =22 23
Outmas = 2f L4 ;at s 5 where,m 7 (23)

From (22) and (4), it can be concluded that the power
transfer capability reduces with the finite L. Furthermore,
from (22), the solution of the phase-shift angle § for the given
output power can be found as (24).

[ st LA out) (24)

ViV,

D. ZVS Region

Both primary and secondary switches of the SPS-DAB
converter can be turned on and off at zero voltage switching
(ZVY) instants [2]. From no load to full load, there are regions



in the operating area where ZVS happens under certain
conditions. The conditions for assuring ZVS for secondary
switches (i.e., at switching instant 6=3) and for primary
switches (i.e., at switching instant 6=n) are given by (24) and
(25). These conditions also assure ZVS for the switching
instants in the second half of the period because of the half-
way symmetry, i.e., at 0=(n+0) (secondary switches) and 6=0
(primary switches).

i,(6) > 0 : ZVS for secondary switches (25)

i(m) > 0 : ZVS for primary switches (26)

Thus, using (16) and (12) together with (25) and (26), the ZVS
condition considering the effect of Lm can be found as
follows:

T Liq

—(1-—m=2L 27
5> 3 (1 m M) (X))

T Lys

—(1 - 222 28
8> 2(1 mM) 28)

The presented comprehensive analysis is proposed for
improved design and analysis of a DAB converter and an
associated transformer with finite Lm. These analytical
equations are used in the following section to analyze the
impact of Lm on the mass and loss of the RT, which directly
impact the power density of the converter.

III. DATA POST-PROCESSING AND EVALUATION OF A
ROTARY TRANSFORMER WITH MAGNETIZING INDUCTANCE

This section demonstrates the impact of L, on the
transformer's mass and loss by post-processing the data of all
RT design candidates based on Table I and [16]. The
magnetic, electrical, and thermal properties of RT are
modelled in detail in [16], and the same optimal design
algorithm and inputs are used for further analysis in this paper.
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Fig. 5. Loss vs. mass trends of all possible and constraints filtered RT
designs for specifications listed in Table I and [16].

According to the research in [16], the six input
optimisation variables (OVs): operating flux density, number
of primary & secondary turns, switching frequency and
number of strands and diameter of each strand in the Litz wire
are required for the construction of RT, and running the
optimization engine for multiple iterations can provide the
optimal design, as shown in Fig. 5. Detailed information about
Fig. 5 is available in [16], which depicts all valid RT design
candidates in terms of total loss and mass for the specifications
listed in Table I. In addition, the research reveals complex
design trends involving different system parameters, such as

operating frequency (10 kHz to 100 kHz), number of turns,
and core thickness.

In this paper, the same analysis is performed to gain a
deeper understanding of the influence of the transformer's
inductances and optimization results based on the exact
analytical equations developed in this paper. In Table II, the
design results of the optimization process for three cases have
been listed. The first case (Besf) demonstrates the optimal
design and parameters that stay true to all practical constraints
and have the minimum mass solution. In contrast, the second
(A) and third (B) cases were chosen rationally to demonstrate
the impact of L. All of the symbols used to describe the
parameters and geometry of RT listed in Table II are depicted
in Figs. 1(b) and 2(b). These design cases are also marked in
Fig. 5. In this study, constraints like core thickness > 10 mm,
phase-shift angle > 30°, and max. temperature < 180 °C are
used. The geometrical parameters for the RT designs for
different cases are listed in Table II. By selecting the cases
with the same number of turns of litz wire, the winding area is
kept identical to understand the effect of geometry on various
inductances.

TABLE II: OPTIMAL CHOSEN DESIGNS AND THEIR RESPECTIVE
PARAMETERS FOR 40 KW 800V/800V RT-BASED DAB CONVERTER

Parameters Symbol  Best A B Units
Operating Flux density B 64.3 61.4 56.2 mT
No. of Primary/ Np 4 4 4
Secondary Turns = Ng -
Switching Frequency fs 45 45 45 kHz
Nf)' of Strands in Litz Ny, 2000 2000 2000 -
wire
Diameter of each strand 5 907 007 007 mm
in Litz wire
Total Loss Pioss 288.3 300.5 356.8 w
Core Loss Picsg 47.6 452 41.5 w
Winding Loss Puagioss 2407 2553 3153 w
Total Mass M 12.8 13.6 15.3 kg
Max. Temperature Tyax 176 176 179 °C
Core thickness n—-n 10 10.5 114 mm
DAB phase-shift angle ) 31 35.9 53.6 °
Output Power Pout 40 40 40 kW
Pri Current RMS Irmsp 58.6 60.1 66.1 A
Magnetising inductance
ref. to pri. Side L 2 L . wH
Pri. series inductance Ly 12.5 13.9 18.1 pH
Sec. series inductance
ref. to pri. Side L, 122 13.7 178 wH
Inter-link inductance L, 253 28.4 372 pH
Shaft Radius n 270 270 270 mm
Inner radius 1 ) 280 280.5 2814 mm
Inner radius 2 T3 301.5  303.1 3073 mm
Outer Radius I 310.5 3125 3174 mm
Air gap length g 1 1 1 mm
Gap length b/w W, 5 5 5 mm
windings
Pr‘1. / Sec. winding Wpri 72 738 0.4 mm
width = Wyee
Outer core height hy 35 35 35 mm
Inner core height h, 12.6 11.7 9.7 mm

Fig. 6 shows the different RT designs for the three cases
listed in Table II. Table II or Fig. 6 shows that the magnetizing
inductance is directly proportional to the core thickness, while
the leakage inductance is directly proportional to the aspect
ratio of the winding window's width and height for the same
number of turns. Detailed analytical equations for these
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Fig. 6. Comparing the geometry of RT design for different cases: Best.
A and B (left to right).

inductances for radial type RT are provided in [16].
Furthermore, from Table II, it can also be seen that even
though case B has a larger magnetizing inductance than case
A, case B has a higher winding loss and, consequently, a
higher total loss for the same 40 kW and 800/800 V DAB
operation. Further, this trend can be seen widely for all the RT
designs, as shown in Figs. 7(a) and 7(b) for the loss and mass
versus L. This demonstrates that selecting a higher Ly, leads
to an increase in both loss and mass.
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Fig. 7. All possible and constraints filtered RT designs for
specifications (listed in Table I and [16])

It is unusual for an increase in L., value to increase
conduction loss or RMS currents. In this RT case, this is
because of the interdependence between L., and inter-link
inductance (La), where L, is significantly determined by the
leakage inductances, as can be seen in (4). The relationship
between L, and La, on the other hand, is primarily based on
geometry and can vary depending on the method used to
design the transformer geometry. The relationship is revealed
in this study through simple post-processing of the RT
designs, as shown in Fig. 8(a), and it can be seen that La
increases in proportion to L. This figure includes only the
designs that fulfill the above mentioned system constraints for
meaningful results. Furthermore, because Ly is the inter-link

inductance between the two full bridges that control the RMS
currents for a specific output power, as shown in Fig. 8(b), La
significantly increases the RMS current (at various
frequencies) and consequently the losses. Consequently, in
this design case, with an increase in L, both the loss and mass
are increasing and affecting the overall system performance.
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For the DAB specification listed in Table I, Fig. 9 shows
the design trends for the inter-link inductance L considering
switching frequency and phase-shift angle 8. An optimal
design can then be chosen using Figs. 8(b) and 9. Lowering
the phase shift angle for a given power load at a particular
frequency to reduce the required L can thus increase power
density.
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Fig. 9. Inter-link inductance required vs phase shift angle with different
frequencies for control of a DAB converter for specifications (listed in
Table I and [16]).



A. Discussion and validation of the analytical models

[16] uses the approximate analytical equations for the peak
and RMS currents as given by (29) and (30) for V,=V,=800V
and Np:Ng=1:1 configuration. Because of the unity turns ratio,
it assumes the same current flowing in both primary and
secondary windings as given below. The proposed exact
equations (11)-(18) also simplify to (29),(30) by setting L., =
infinite.

oV
Iap = Ipp = lus = Ips = 5—— (29)
zﬂstA
A 28
Ipmsp = Irmss = —27TfSLA 1- 3 (30)

However, using the exact analytical model presented in
this paper (11-18), the accuracy of the optimization results
can be evaluated. For this firstly, the analytical equation
developed in this paper has been validated using the Best case
(Table IT) as shown in Table III.

TABLE III: TRANSFORMER PARAMETERS FOR MATLAB SIMULATION

Parameters Symbol Best Units
No. of Primary/ Secondary Turns Np = Ng 4 _
Switching Frequency fs 45 kHz
Magnetlsmg inductance ref. to pri. L, 225 uH
Side
Pri. series inductance Ly 12.5 pH
Sec. series inductance ref. to pri. Side L, 12.2 pH
Inter-link inductance Ly, 253 pH

Fig. 10 shows the validation of the proposed analytical
equation for current stress considering with and without Ly, vs
MATLAB simulation and it can also be seen that the impact
of L, on the no-load RMS current is more as compared to the
full-load RMS current.

Analytical 1, /with L
%0 [ |—— Analytical I bp ‘with L .
g0 | |——Amalytieal T o L
-~ _Amalytical T, AwoL
/woL
70 Lo Analytical Lo oL
Simulation I Jwith L
hd ap m
= 601 Simulation I Iwith L
< o Simulation o wit N
L 50| | e Simulationl o F/with N
]
o
=}
=)
O
>
Z
s
=]
‘£
~
-10 - . L L L L L

0 5 10 15 20 25 30 35 40
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Fig. 10. Validation of the proposed analytical equation for current stress
with and without L,, for 800/800 V and other specifications are listed in
Table II1.

Table IV compares the exact and approximate analytical
equation results of the current RMS and peak values for full-
load and light-load conditions. It can be seen that the RMS
current has < 5% error at full load, and hence the optimization
results presented in [16] are valid. However, at light-load
conditions, the accuracy of the model is impacted by L., (as

shown in Table IV), and thus the exact equation needs to be
used for the optimization purpose.

TABLE IV: COMPARISON OF CURRENT STRESS WITH EXACT AND
APPROXIMATE ANALYTICAL [16] EQUATIONS

Full Load (40 kW)

Parameters Exact [16] % Error
Output Power (P,,,;) (kW) 40 40 _
DAB phase-shift (8 )angle (°) 31 31 _
Pri Current RMS (Irysp) (A) 58.62 56.84 -3.1%
Sec Current RMS (Ippss) (A) 58.67 56.84 -3.2%
Pri Peak current (I5,) (A) 69.92 60.43 -15.7%
Pri Valley current (I5,,) (A) 54.20 60.43 10.3%
Sec Peak current (I,5) (A) 54.05 60.43 10.6%
Sec Valley current (Ups) (A) 70.15 60.43 -16.1%
Light Load (10 % of Full load)

Output Power (P,,;) (kW) 4 4 _
DAB phase-shift (5 )angle (°) 2.6 2.6 _
Pri Current RMS (Irysy) (A) 7.55 5.05 -49.4%
Sec Current RMS (Igyss) (A) 7.65 5.05 -51.4%
Pri Peak current (I5;) (A) 14.57 5.07 -187.2%
Pri Valley current (I5,,) (A) -4.15 5.07 181.7%
Sec Peak current (I,5) (A) -4.37 5.07 186.2%
Sec Valley current (I;) (A) 14.80 5.07 -191.8%

Furthermore, although the RMS current error is small at
full load conditions (Table 1V), the peak currents, which
determine the selection of the converter’s switches, are
significantly higher when L, is considered. Thus, the SPS-
DAB converter performance can be well optimized when
considering L, by using the exact solution. Additionally, the
impact of L, can be seen in the soft-switching operation as
well. As expected, it is found that with finite L, the ZVS
region expands. Also, it is evident that by selecting a voltage
ratio equal to the turn ratio, the ZVS can be obtained in the full
operating area from no load to full load. At other voltage ratio
levels, the minimum power limit for ZVS is indicated on the
graph, which is governed by (27) and (28) for secondary and
primary side switches, respectively. Fig. 11 shows the ZVS
regions for different power and output voltage levels for
specifications listed in Table IIT at V;=800V.

r]— Secondary ZVS boundary with L

Primary ZVS boundary with L

m

Max Power Limit with L
— m

100 |
_ _ _Secondary ZVS boundary wo L

_ _ _Primary ZVS boundary wo L

m

) kW]

80

_ _ _Max Power Limit wo L

out

40

Active Power (P

20

S P8 = T(1 — Lyy/miM))
0.2 0.4 0.6 0.8 1 1.2 14 1.6
%
2 1 )

Pou(6 = 5(1 —mLy /M))
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Fig. 11. ZVS region with and without Lm; Impact of Lm on DAB
converter ZVS regions for 800V input and other specifications are listed
in Table III.



IV. CONCLUSION

This research investigates the optimal design of the SPS-
DAB system by considering both transformer and converter
performance, demonstrating that selecting Ly, solely based on
converter performance can result in a non-optimal (oversized)
transformer. For designing the system (converter and
transformer) optimally, exact analytical equations for peak
and RMS currents, including L., are also provided and
compared with the approximate solutions. This analysis takes
into account the various impacts of transformer inductances,
turns ratio, phase-shift angle, and switching frequency on the
performance of the converter, including soft switching region
conditions. This research introduces generic and simple
equations that significantly govern the DAB's performance.
Thus, following this research, the design of the DAB can be
improved by having a better understanding of the impact that
various system parameters have on the performance of the
DAB.

REFERENCES

[11 N. Noroozi, A. Emadi and M. Narimani, ‘‘Performance Evaluation of
Modulation Techniques in Single-Phase Dual Active Bridge
Converters,”” in I[EEE Open Journal of the Industrial Electronics
Society, vol. 2, pp. 410-427, 2021.

[2] D. Das and K. Basu, ‘‘Optimal Design of a Dual-Active-Bridge DC—
DC Converter,”” in IEEE Transactions on Industrial Electronics, vol.
68, no. 12, pp. 12034-12045, Dec. 2021.

[31 X. Chen, G. Xu, H. Han, D. Liu, Y. Sun and M. Su, ‘‘Light-Load
Efficiency Enhancement of High-Frequency Dual-Active-Bridge
Converter Under SPS Control,”” in IEEE Transactions on Industrial
Electronics, vol. 68, no. 12, pp. 12941-12946, Dec. 2021.

[4] Y.Cai,C.Gu,lJ.Yang,J.Li, G. Buticchi and H. Zhang, ‘‘An Advanced
Extended Phase Shift Modulation Strategy of Daul Active Bridge
Converter Considering Magnetizing Inductance,”” JECON 2021 — 47th
Annual Conference of the IEEE Industrial Electronics Society, 2021,
pp. 1-6.

[5] S. Anwar and D. Costinett, ‘‘Modeling Dual Active Bridge Converter
Considering the Effect of Magnetizing Inductance for Electric Vehicle
Application,”” 2018 IEEE Energy Conversion Congress and
Exposition (ECCE), 2018, pp. 538-545.

[6] E.S. Lee, J. H. Park, M. Y. Kim and S. H. Han, ‘“‘An Integrated
Transformer Design With a Center-Core Air-Gap for DAB
Converters,”” in [EEE Access, vol. 9, pp. 121263-121278, 2021.

[71 S. Anwar and D. Costinett, ‘“Modeling Dual Active Bridge Converter
Considering the Effect of Magnetizing Inductance for Electric Vehicle
Application,”” 2018 IEEE Energy Conversion Congress and
Exposition (ECCE), 2018, pp. 538-545.

[8] J.Riedel, D. G. Holmes, B. P. McGrath and C. Teixeira, ‘‘Maintaining
Continuous ZVS Operation of a Dual Active Bridge by Reduced
Coupling Transformers,”” in [EEE Transactions on Industrial
Electronics, vol. 65, no. 12, pp. 9438-9448, Dec. 2018.

[91 Y. Xiao, Z. Zhang, M. A. E. Andersen and K. Sun, ‘‘Impact on ZVS
Operation by Splitting Inductance to Both Sides of Transformer for 1-
MHz GaN Based DAB Converter,”” in IEEE Transactions on Power
Electronics, vol. 35, no. 11, pp. 11988-12002, Nov. 2020.

H. Bai and C. Mi, ‘‘Eliminate Reactive Power and Increase System
Efficiency of Isolated Bidirectional Dual-Active-Bridge DC-DC
Converters Using Novel Dual-Phase-Shift Control,”” in [EEE
Transactions on Power Electronics, vol. 23, no. 6, pp. 2905-2914, Nov.
2008.

[11] S.Wang, Z. Zheng, C. Li, K. Wang and Y. Li, ‘‘Time Domain Analysis

of Reactive Components and Optimal Modulation for Isolated Dual

Active Bridge DC/DC Converters," in /[EEE Transactions on Power

Electronics, vol. 34, no. 8, pp. 7143-7146, Aug. 2019.

H. Shi et al., ‘““Minimum-Backflow-Power Scheme of DAB-Based

Solid-State Transformer With Extended-Phase-Shift Control,”” in

IEEE Transactions on Industry Applications, vol. 54, no. 4, pp. 3483-

3496, July-Aug. 2018.

[13] H. Wen, W. Xiao and B. Su, ““Nonactive Power Loss Minimization in
a Bidirectional Isolated DC-DC Converter for Distributed Power

[10

=

[12

—

Systems,’” in [EEE Transactions on Industrial Electronics, vol. 61, no.
12, pp. 6822-6831, Dec. 2014.

[14] M. Mu, L. Xue, D. Boroyevich, B. Hughes and P. Mattavelli, "Design
of integrated transformer and inductor for high frequency dual active
bridge GaN Charger for PHEV," 2015 I[EEE Applied Power
Electronics Conference and Exposition (APEC), 2015, pp. 579-585.

[15] Bin Li, Qiang Li, Fred C. Lee, "High-Frequency PCB Winding
Transformer With Integrated Inductors for a Bi-Directional Resonant

Converter", IEEE Transactions on Power Electronics, vol.34, no.7,
pp.6123-6135, 2019.

[16] H. Vardhan, M. Odavic and K. Atallah, "Design Optimization
Methodology for High-Frequency Rotary Transformers for Contactless
Power Transfer Systems," 2022 IEEE Energy Conversion Congress
and Exposition (ECCE), 2022.

ACKNOWLEDGMENT

This work is funded through the Clean Sky 2 Joint
Undertaking (JU); i.e., the project JTI-CS2-2019-CfP10-
LPA-01-77.

DISCLAIMER

This work reflects only the authors' views, and the JU is not
responsible for any use that may be made of the information
it contains.

Clean S

T UNDERTAKING

y?2




	I. Introduction
	II. Comprehensive Steady-State Analysis of DAB Converter with Magnetizing Inductance
	A. Equivalent Electrical DAB Model
	B. RMS and peak current
	C. Active Power
	D. ZVS Region

	III. Data Post-Processing and Evaluation of a Rotary Transformer with Magnetizing Inductance
	A. Discussion and validation of the analytical models

	IV. Conclusion
	References


