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Electric vehicles (EVs) are now becoming quite popular in modern cities in order to reduce dependency on fossil
fuel. In green city initiatives and in the Made in India mission, the design, development and marketing of
electric vehicles and their internal configurations are given high importance.l*:2] India aims to reach
approximately 80% electrification of two- and three-wheelers, about 70% of commercial vehicles, around 40%
of buses, and roughly 30% of private passenger cars by 2030.[3!

However, while EVs are seeing increased adoption, hybrid electric vehicles (HEVs) which combine an internal
combustion engine (ICE) with an electrically driven power train, are also making their way to market. Among
the different types of HEVs, the plug-in hybrid is one option.

Fig. 1 shows the configuration of a plug-in electric vehicle with an additional 48-V battery for electric steering
along with the main high-voltage (HV) battery for driving the transmission system. The HV battery can be
charged from the ac mains through a rectifier unit and it can be charged from an ICE-fed generator as well
through the on-board power electronics converters.[#:5]
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Fig. 1. Typical configuration for plug-in series hybrid electric vehicle.?]

The most commonly used power converter configurations for such HEV and other EV systems are dual active
bridge (DAB) to interface different voltage levels.[6.7] This article will first focus on the operating principle of dual
active bridge as relates to the control method or modulation technique employed. The three different
modulation methods—single-phase-shift, triple-phase-shift and extended-phase-shift control—are introduced
with waveforms presented to illustrate how they determine switching of the two H-bridges.

From there, we proceed to explain the key elements of DAB converter design, presenting the equations required
for determining the link inductance and transformer turns ratio, which are then used in determining the peak
and RMS current ratings of the power switches. This is followed by a discussion of magnetic design, that is core
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selection and winding design for the transformer and inductor. Then, the equations needed to calculate the
losses of the power switches and magnetics are presented.

With these last equations in hand, we can proceed to the study our team conducted on DAB converter losses as
a function of modulation method at the two switching frequencies which represent the range of the specified
converter’s operation. Then, simulation results reveal the impact of the different modulation methods on switch

stress and loss.

These are followed by experimental results for a prototyped converter at the two frequency extremes, and two
power output levels. Measurements of switching waveforms and output voltage demonstrate actual
performance under single-phase-shift control and thermal images reveal maximum temperature rises at the
higher power level.

Operation Of Conventional Dual Active Bridge Converter

The basic structure of the DAB converter is shown in Fig. 2.
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Fig. 2. Power circuit diagram of conventional dual active bridge (DAB) converter.
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The most widely used control method for DAB is single-phase-shift (SPS) control,[®] where a single phase-shift
(D2) exists between H-bridge-1 and H-bridge-2. The power flow direction and magnitude can be controlled by
adjusting the phase shift (D2) between vhi and vha.

The generalized modulation technique employed is triple phase-shift (TPS) control,[®:1% which incorporates not
only an outer phase shift but also inner phase shifts within H-bridge-1 and H-bridge-2. Specifically, D1 and D3
represent the inner phase shifts of H-bridge 1 and H-bridge 2, respectively. Extended phase-shift (EPS)
controll!l is a special case of TPS control where the inner phase shift occurs in only one H-bridge. The
illustrative waveforms of SPS, TPS, and EPS control methods are shown in Fig. 3.
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Fig. 3. Illustrative waveforms for the different modulation techniques.

Design Of Conventional Dual Active Bridge Converter

The design of the dual active bridge is carried out by selecting an appropriate link inductance and a turns ratio
of the transformer. The specification of the converter is given in Table 1.

Table 1. Specification of DAB.

Attributes DAB
Port-1 (Vin) 40to 75V
Port-2 (Vo) 375V
Rated power (Po) 1 kw

Switching frequency (f) 20 to 50 kHz
L 90 to 225 pH
Turns ratio (N) 6

The variation of link current stress (peak value of iL) with input voltage (Vin) at 1-kW load power is shown in
Fig. 4. As observed from the figure, the link current stress attains its peak value at an input voltage of 40 V,
identifying this as the worst-case operating condition for the converter. Therefore, the design and sizing of the
link inductance must be conducted considering this scenario to guarantee optimal performance and ensure that
the converter can withstand the maximum current stress without compromising reliability.
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Fig. 4. Variation of link current stress with input voltage at 1-kW load.

Assuming the maximum power Pmax transferred is 2.5 times the rated power, the link inductance (L) is
calculated using the following expression.

NV, V, 6X40%X375
L=—""°2% = = 225 uH (1)
8fPmax 8x20000%2.5X1000

where N, Vin, Vo, f and Pmax are the terms defined above.

The turns ratio is chosen as 6 assuming the nominal input voltage is 65 V (N = % = 5.77 = 6).

For the single-phase shift (SPS) modulation technique (see Fig. 4 again), the peak and RMS values of the link
current are determined based on the corner point currents of the waveform. The different corner point current
expressions are given below.

Voltage Conversion Ratio, k = Yo (2)
NVin

. NVin
i,(0) = TTR [1+k(2D; —1)] (3)
. NVin
iL(D2Ths) = 4fL [k + (2D, — 1)] (4)
where

_ _ ’ _ 8fLP,
D, =0.5 [1 1 —NVmVO] (5)
iL(Ths) = —i(0) (6)
Now, let the peak value of link current be Ipk. Then for
Iy = i, (D;Ths) fork > 1 and Ly, = ip(Ths) fork < 1 (7)

The RMS value of the link current (Irms) can be calculated from the link current waveform by utilizing the
various corner point values.
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Lrms = J [Di2(0) + (D — D)iZ(DyTns) + (1 = Dy){(if (Ths) — 2 (DaTu)}] + (1 — DiE(D2Ths)  (8)

where
_ _ iL(DZThs)
D =D, TmThe (9)
The m term is then defined as
NV, +V,
=— (10)

Subsequently, the RMS currents for the switches are derived from the link inductance RMS current. For H-
bridge-2, the switch RMS current is denoted as Isw2, and for H-bridge-1, it is denoted as Iswi:

NI
and I, = Jg‘s (11)

_ Irms
I =

w2 — NG
Blocking voltage ratings of H-bridge-1 and H-bridge-2 switches are Vin and Vo, respectively.

Magnetic Design

For a dual active bridge converter, the magnetic design plays an important role and the design depends on the
configurations of the magnetic components.['213] The design steps for the high-frequency transformer and
inductor are summarized as follows.

1. Calculate area product

Transformer: For a given specification of volt-ampere (VA), V1, V2, J (current density), Bmn, kw (winding factor),
and f of a transformer, compute the area product (Ap)) of the desired core and select the smallest core from
the available cores.

VA
H© = 2,8, (12)

Inductor: To calculate the area product of an inductor (Ap(i)), it is necessary to know both the peak and RMS
currents flowing through it.

LkaIrms

13
kwJBm (13)

Apwy =
2. Select the smallest core from the core tables having an area product higher than that obtained in the
above step.
3. Find the core area (Ac) and window area (Ay) of the selected core.
4. The no. of turns in the primary and secondary windings of the transformer is given below.

__"n
" 4fBmAc

N, (14)

N, = NN, (15)

The no. of turns in the winding of the inductor is given below.
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LI
= Lk
N; = - - (16)

5. Compute the wire size and select a wire whose diameter is nearly two times the skin depth.

I
a, = - 17
w = (17)
6. Calculate the number of parallel wires.
f— aw
n= 2 (18)

where a is the cross-sectional area of the selected wire.

7. Find the bobbin size based on the number of cores used in the design. From the bobbin height, find
the number of turns of n parallel wires in one layer.

h .
Nl — bobbin (19)

ndye
where dwe is the diameter of the wire with enamel.
8. Find the number of layers in primary and secondary windings.

NL = — (20)

Calculate the length (I) of a single parallel wire for both windings and find the dc resistance (Rdc) of a single
parallel wire.

Ry == (21)

where p is the resistivity of the wire.
9. The dc winding resistance is given by

Rg
Ryac = TC (22)

10. From Dowell’s equation,[!3] the ac-to-dc winding resistance ratio for the solid-round-wire winding at
the kth harmonic frequency can be expressed as

_ sinh(2VkA)+sin(2Vk4) | 2(NL%2-1) sinh(VkA)-sin(vVkA)
FRk - \/EA [cosh(Z\/EA)—cos(Z\/EA) 3 cosh(VkA)+cos(VkA) (23)
_(n 0.75 dwoe
A= (Z) 5 Vn (24)

where A is the effective diameter of the solid round wire winding, dwoe is the diameter of the bare conductor, &
is the skin depth of the conductor, and n is the ratio of dwoe to dwe.

11. The ac resistance of a winding for k™ harmonic frequency is

Ryi = FrrRwac (25)
© 2025 How2Power. All rights reserved. Page 6 of 15
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Loss Calculation

1. The switch conduction loss!!3] is given by
)
Pc(sw) - Isw Rds(on) (26)

where Isw and Rps(on) are the RMS current and on-state resistance of the switch.

2. The switching loss of a switch is given by
1
Ps(sw) = Est‘wIsw(tr + tf) (27)

where Vsw and Isw are the voltage and current at the time of switching, respectively and tr and tr are the rise
time and fall times, respectively.

3. The conduction loss of a transformer/inductor is given by

— \VZ
Pc(t/i) - Zs:l(Pdc,s + Pac,s) (28)
where z is the number of windings, Pdc,s and Pac,s are dc and ac power losses in the windings respectively.

4. The core loss of a transformer/inductor is given by

Pcore(t/i) = [Zk=1,3,5,... klfkaBrik]Vcore (29)

where ki, o, and B are constants whose values depend on the core material. fk, Bmk and Vcore are k® harmonic
frequency, the maximum flux density of kth harmonic component and the volume of the core, respectively.

Comparative Study With Different Modulation Techniques

The performance of the dual active bridge converter is significantly dependent on the modulation strategy
employed. In this section, a comparative study is presented with SPS, EPE and TPS modulation methods. The
conventional DAB with SPS control is compared with DAB with TPS and EPS control in terms of different
(semiconductor, transformer, inductor) losses. Table 2 presents the specifications of various semiconductor
switches across a range of operating points for the three modulation techniques: SPS, TPS, and EPS.

Table 3 presents the conduction and switching losses for the semiconductor switches at a given operating point.
It can be observed that the Set-1 switches exhibit lower conduction losses, attributed to their lower on-state
resistance. In contrast, the Set-2 switches demonstrate reduced switching losses due to shorter rise and fall
times.

It can be noted that for selection of switches Set-1 and Set-2 are purely for illustration purposes. A different
and even better selection of switches can always be made from the available power semiconductor switches in
the market.

The magnetic designs corresponding to the SPS, TPS, and EPS modulation techniques are summarized in Table

4, while the associated magnetic losses are detailed in Table 5. This comparison helps to select appropriate
switching frequency, semiconductor switches and magnetic core for the converter.
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23 ns (tr), 21 ns (tr)

mQ, 10 ns (tr), 7
ns (tf)

ns (tr), 48 ns (tf)

Operating | Topology/ Set-1 switches Set-2 switches
points (Vin, | modulation
Vo, fsw) techniques
H-bridge 1 H-bridge 2 H-bridge 1 H-bridge 2
NTP6410ANG, 100 SCT10N120, 1200 | IRFP260N,200V, SCT2450KE,1200
40 to 75 DAB+SPSI&] V,76 A, 11 mQ, 170 |V, 12 A, 500 mQ, 50 A, 40 mQ, 60 V, 10 A,450 mQ,
\Z ns (tr), 190 ns (tr) 120 ns(tr), 17 ns ns(tr), 48 ns (tr) 17 ns (tr), 34 ns
375V, (tr) (tr)
20 to 50
kHz PSMNO013- G3R350MT12D, IRFP260N, 200 V, SCT2450KE,1200
DAB+TPS[?! 100YSEX,100 V, 58 1200V, 10 A,350 50 A,40 mQ, 60 V, 10 A, 450 mQ,
A, 11 mQ, 23 ns (tr), | mQ, 10 ns (tr), 7 ns(tr), 48 ns (tr) 17 ns (tr), 34 ns
21 ns (tr) ns (tr) (tr)
PSMNO13-100YSEX, G3R350MT12D, IRFP260N, 200V, SCT2450KE, 1200
DAB+EPSI10] 100V, 58A,11 mQ, | 1200V, 10 A, 350 |50 A, 40 mQ, 60 V, 10 A, 450 mQ,

17 ns (tr), 34 ns
(tr)

Table 3. Switch losses.

Topology/ Operating Losses of set-1 switches Losses of set-2 switches
modulation | points (Vin,
techniques | fgy) (Po= 1
kw) Conduction (W) Switching (W) Conduction (W) Switching (W)
40 V, 20 kHz 66.683 1.784 175.55 0.601
DAB+SPSIél
75V, 200 kHz 34.251 0.638 93.776 1.257
40 V, 50 kHz 66.683 4.461 175.55 1.501
75V, 50 kHz 34.251 1.595 93.776 3.144
40 V, 20 kHz 39.127 0.0227 106.581 0.086
DAB+TPSI[®]
75V, 20 kHz 16.844 0.0376 38.658 0.013
40 V, 50 kHz 39.005 0.089 112.440 0.229
75V, 50 kHz 16.003 0.280 42.294 0.464
40V, 20 kHz 32.762 0.023 79.602 0.012
DAB+EPS!0!
75V, 20 kHz 13.888 0.0425 32.252 0.019
40 V, 50 kHz 32.127 0.021 78.856 0.052
75V, 50 kHz 13.094 0.084 32.241 0.132
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Table 4. Magnetic design (wire -SWG 22, core material N27).

Operating Topology/modula- | Attributes Transformer Inductor
frequency (f) tion techniques

Ap (mm*) 365090 91609
20 kHz DAB+SPSIé]

Core E42/21/15 E42/21/15

M 8 2

Parallel wires | 29 (primary), 5 (secondary) |5

Ap (mm*) 146030 36644
50 kHz DAB+SPSIél

Core E36/18/11 E36/18/11

M 8 2

Parallel wires | 29 (primary), 5 (secondary) |5

Ap (mm*) 284460 50887
20 kHz DAB+TPSI®]

Core E65/32/13 E42/21/9

M 2 2

Parallel wires | 23 (primary), 4 (secondary) | 4

Ap (mm?*) 116870 20907
50 kHz DAB+TPSI®]

Core E42/21/20 E40/17/11

M 2 2

Parallel wires | 23 (primary), 4 (secondary) | 4

Ap (mm*) 251040 40136
20 kHz DAB+EPSI10]

Core E47/20/16 E36/6/18

M 8 8

Parallel wires | 20 (primary), 3 (secondary) | 3

Ap (mm*) 100410 16054
50 kHz DAB+EPSI[10]

Core E40/17/11 E34/14/9

M 8 2

Parallel wires | 20 (primary), 3 (secondary) | 3

A, = area product of the required core, M = no. of E-cores required.
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Table 5. Power loss.

Topology/ Operatin | Semiconductor Transformer Inductor
modulation g points
techniques | (Vin, fsw)
(Po=1 Conduction | Switching | Conduction | Core Conduction Core
kW) loss (W) loss (W) loss (W) loss (W) | loss (W) loss W)
40 Vv, 20 66.683 1.784 12.559 6.217 5.445 2.657
DAB+SPSI8l | kHz
75V, 20 34.251 0.638 11.997 8.998 5.016 2.801
kHz
40 V, 50 66.683 4.461 13.153 11.055 5.947 4.332
kHz
75V, 50 34.251 1.595 12.968 13.581 5.694 4.565
kHz
40 Vv, 20 39.127 0.023 10.013 4.308 5.033 2.082
DAB+TPSI[®1 | kHz
75V, 20 16.844 0.037 9.638 6.821 4.976 2.115
kHz
40 Vv, 39.005 0.089 11.296 9.264 5.791 3.773
50kHz
75V, 50 16.002 0.280 10.649 11.839 5.424 3.935
kHz
40 V, 20 32.762 0.023 9.644 4.018 4.841 1.851
DAB+EPSI101 | kHz
75V, 20 13.878 0.042 8.186 6.327 4.556 1.942
kHz
40 Vv, 50 32.127 0.021 10.183 7.935 5.232 3.436
kHz
75 V, 50 13.094 0.084 9.893 9.016 5.095 3.695
kHz

It can be observed that the efficiency of the converter significantly depends on the variation of the input
voltages. The effects of this variation along with modulation method in terms of total loss (including
semiconductor and magnetic losses) are summarized in Fig. 5.
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Total Loss (W)

40V, 20kHz
75V, 20kHz

40V, 50kHz

75V, 50kHz

DAB+SPS
DAB+TPS

Input Voltage and Switching Frequency DAB+EPS

Modulation Method
Fig. 5. Comparison of total loss at different operating points and with different modulation
techniques: SPS [8], TPS [9] and EPS [10].

Simulation Results

Fig. 6 illustrates the simulation results for the DAB converter using SPS, TPS, and EPS control methods. The
results indicate that the EPS control achieves the lowest peak link current, while the SPS control results in the
highest peak value.

It can be clearly observed from the waveform that the peak-to-peak current in the ac link is lower with TPS and
EPS modulation compared to that with SPS for the same power transfer. This results in reduced switch stress
and reduced losses in the converter.

. |- - -sPs —— TPS —EPS|
S M o
=
>

208 L :
0.

12 0.120020.12004 0.12006 0.12008 0.1201 0.12012
< 500 - = - -IJ :

o 0‘LI"] | J Lr‘l | I1T—| 1
0.12 0.120020.12004 0.12006 0.12008 0.1201 0.12012

0.12 0.120020.12004 0.12006 0.12008 0.1201 0.12012
time (s)
Fig. 6. Simulation results at Vin=45V, Vo =375V, P, =1 kW, and f = 20 kHz.
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Hardware Results

Fig. 7 shows the hardware setup of the dual active bridge (DAB) converter. Transformer designs corresponding
to two different operating frequencies—20 kHz and 50 kHz—are illustrated in Fig. 8. The hardware results for
DAB with SPS control are shown in Fig. 9 for two different power levels (500 W and 900 W). The measured
thermal images at steady state are shown in Fig. 10 for transformer and input side-H bridge.

Voltage Sensor .\\1

s =
& SiC H-Bridge o . |
- sy |
PDI Card & d 1 \
A L5 .' - i .\

_—

— > HF Transformer . f
Current Sensor “Band Inductor g
! e A\ - —

T gt £y

Si H-Bridge
| l .

— <] ‘

o )

Fig. 7. Hardware setup of DAB.

Fig. 8. High-frequency transformer prototype: 20 kHz (left) and 50 kHz (right).
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Fig. 9. Waveforms for DAB operating at P, = 500 W (a) and P, = 900 W (b). Scope settings are
chi1: 20 A/div, ch2: 500 V/div, ch3: 200 V/div, ch4: 500 V/div, and time: 10 us/div.
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Fig. 10. Thermal images with 900-W loading with the transformer (left) and input side H-bridge
(right) shown.

Conclusion

In this article, effective bidirectional power converter configurations were studied for electric vehicles. It was
determined that dual active bridge is one of the promising topological configurations in this regard. The basic
operating principles were discussed and converter modulation techniques were evaluated with regard to their
effect on the efficiency and magnetic component selection.

As was observed, different choices of operating frequency and different selections of devices can affect the
efficiency and magnetic design significantly. The efficiency of the DAB converter improves by 3% with TPS
control and by 3.65% with EPS control, compared to SPS control. The area product of the magnetic components
in the DAB converter is reduced by 26% with TPS control and by 36.3% with EPS control, relative to SPS
control. This reduction directly translates to smaller transformer and inductor requirements. The concept can be
extended to replace multiple dc-dc converters with a multiport converter.
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For further reading on designing dc-dc converters, see the How2Power Design Guide, locate the "Power Supply
Function” category and select "DC-DC converters”.
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