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Abstract— An enhanced generalized average modeling (GAM)
method for a dual active bridge (DAB) converter is presented in
this paper. Firstly, the conventional lossless model is introduced
and it is shown that this model might cause a non-neglectable
steady state error. In order to improve the modeling accuracy,
a wide range of loss sources are involved in the proposed
enhanced GAM model, such as conduction losses and core losses.
On this basis, this paper further proves that the 3"%-order
harmonic component of the leakage inductance current should be
considered to reduce steady state errors in light load conditions,
while others might only consider the 1°-order harmonic in the
existing DAB models. Also, a universal form of the modeling
equation to include up to any h‘"-order harmonic component is
derived. Finally, comparative simulation and experimental results
are presented to validate the feasibility of the analysis.
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I. INTRODUCTION

The dual active bridge (DAB) dc-dc converter has been
widely used in many applications such as distributed power
systems and energy storage systems [I]-[5] due to its ca-
pabilities of matching different voltage levels and providing
isolated and bidirectional power transfer. Besides, the inherent
nature of zero voltage switching (ZVS) realization and simple
symmetrical structure makes the DAB a potential candidate
for high power density and modular applications [6], [7].

Many discrete-time models [8[|-[|11]] of the DAB converter
have been proposed to describe the converter states during dif-
ferent subintervals in one switching period and because of this,
exact solutions for the studied state variables can be obtained.
Even so, a continuous-time model is still worth researching
since it can facilitate the controller design and provide an
easy way to evaluate the whole system performance, especially
when the DAB converter is used for modular system design.

Commonly, conventional averaging technique [12]] exten-
sively has been employed for power converter modeling.
However, it requires a negligible current ripple, which is
not applicable in DAB converters due to the ac transformer
current. A generalized average model (GAM) [13] expands
the state variables into Fourier series terms and provides a
more clear representation of ac variables. Some papers [14],
[15] have applied GAM to the DAB converter with focus
on the tradeoff between accuracy and complexity. Of course,
other methods can also be used to model the DAB converter,
such as the time-domain analytical expressions based averaged

modeling presented in [[16], [[17] and the discrete-time models
(81, (1001, [L1], [18]. Among the previous works, the DAB is
often taken as a lossless converter or only partial losses (e.g
conduction losses) are taken into account, which will result
in considerable steady state errors. Another problem is that
usually only the 1%'-order term of the ac current is involved
in the model, and this will also lead to errors especially in
light load situations. On the other hand, for the time-domain
analytical solution, a large amount of calculation is needed for
solving the piecewise expressions in different sub-intervals,
and this may become very complicated when more losses are
considered.

In order to reduce the steady state error and unify the
modeling procedure, an enhanced GAM for the DAB converter
is presented in this paper. Various loss sources are consid-
ered in the enhanced GAM, including the conduction losses
distributed on the on-state power devices, the isolating trans-
former and the auxiliary inductor, the core losses within the
transformer and the losses from the equivalent series resistor
in the DC capacitors. Besides, a universal modeling equation
is derived to include up to k‘"-order harmonic components
of the leakage inductance current. For the remaining parts
of this paper, the basic lossless model is firstly introduced,
followed by an improved model considering power losses. In
the lossy model, the steady state errors are calculated by only
considering the 1¢-order harmonic of the leakage inductance
current, and then in order to reduce the errors in light load,
the model is further improved by considering the 3"%-order
harmonic component. Next, the experimental results are shown
and the conclusions are summarized in the end.

II. BASIC MODEL

The commonly used lossless model of the DAB converter
can be simplified as shown in Fig. [I] V;, is the input DC
voltage, and v, vs are the terminal voltages of the primary
H-bridge HB; and secondary H-bridge HB,, respectively. 7y,
is the current flowing through the leakage inductance L, which
is referred to the primary side of the transformer. ¢, and v,
are the output current and the output DC voltage across the
resistive load Rjoqq.

The single phase shift modulation is applied to the DAB
converter, and the working waveforms in one switching period
are shown in Fig. [[(a). ¢ is phase shift angle between



the voltages v, and vs. The diagonal power semiconductor
devices in one H-bridge (e.g. Si, Ss in HB; in Fig. [I)
are synchronously switched. If two switching functions w1 (¢)
and wus(t) are introduced to HB; and HB,, respectively, the
following equations are satisfied.

l,t S [t07t2] — Sl,S4 on
’U,l(t> ==
—1,t e [tg,td — SQ, Sg on 0
1,t e [t17t3] — 55,88 on
up(t) =
—1,t e [to,tl) U (tg,t;d — Sg, S7 on
Then the voltages v, and v, can be expressed by v,(t) =

w1 (t) - Vi, and v, (t) = ua(t) - vo(t), respectively. The lossless
switched model can thus be obtained.
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For the convenience of derivation, iy, (t), v, (t), w1 (t), us(t)
in @) are simplified with i1, v,, u1, ug, respectively. Focusing
on the 1%t-order harmonic component of the high-frequency
ac current 77, and the zeroth of the output DC voltage v,, the
generalized averaged model (GAM) can be derived from (2)),
resulting in
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(3)
where w = 27 f., (fsw is the switching frequency). In order to
avoid transformer saturation, the dc components of the switch-
ing functions should be zero, namely (u1)o = (u2)9 = 0.
Therefore, according to [13]], [[19], there are

4)

Based on (), the 1‘-order component of u; () and us(t)
can be calculated as

2 2 ,
= — — . JP 5
(uih s (uzh e (5)
Besides, for a periodic state variable x, the following
relationships between the real (denoted by “R”) and imaginary
(denoted by “I”) parts of (z), and (x)_j are satisfied for the
arbitrary k*" order coefficient.

(r)kr = %fiTx(T)cos(kwT)dT = (x)_kr
1 (6)
()pr = 7 fiTx(T)sin(kwT)dT = —{(x)_ks
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Fig. 1. Lossless DAB converter model with a resistive load.
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Fig. 2. Operating waveforms of the DAB converter (a) Typical working
waveforms using single phase shift modulation. (b) Simulated and modeled
step response by changing ¢ from 30° to 60° at t=2 ms, where the gray
area is simulated v, with switching ripples, the black solid line is the DC
averaged value of the simulation results and the red is derived from (7). The
corresponding simulation parameters are the same as the experiments, as listed
in Tablem (c) Zoomed area from 1 ms to 2ms in Fig. E[b). (d) Zoomed area
from 3 ms to 4 ms in Fig. 2[b).

On the basis of @) ~ (6), the original GAM model in (3)
can be transferred to a state-space form as

0
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and this is the lossless generalized average model of the DAB
converter, which can be directly used for parameter estimation.

In order to evaluate the accuracy of (7)), a step change of
the phase shift ¢ (swiched from 30° to 60° at ¢t = 2 ms)
is conducted, and the resultant voltage v, responses from the
simulation and (7) are shown in Fig. (b). The gray area is
the simulated output voltage v, with ripples, and the solid
black line is the averaged value of v,. The solid red lines
are derived from (]ZI) which have an obvious error from the



simulated average value in both light load (¢ = 30°) and
heavy load (p = 60°) conditions.

In order to have a clear view of the voltage errors, the
waveforms during ¢ € [1 ms, 2 ms] and t € [3 ms, 4 ms]
are amplified in Fig. 2Jc) and Fig. [J(d), respectively. It can be
seen that there exist non-negligible errors (denoted by AV,,,.)
between the modeling and simulated results in either light load
(¢ = 30°, AV,,.. = -2 V) or heavy load (¢ = 60°, AV,,.. =3
V). Besides, the simulated average output voltages are around
23 V and 37 V in light and heavy load, respectively, and thus
the voltage error percentages in two load situations can be
calculated, which are both around 8%.

III. ENHANCED GAM

As mentioned before, the commonly used lossless model
is not accurate enough for estimating the output voltage in
the real situation. In light of this, a new converter model
considering the conduction losses, the core losses and the
equivalent series resistor (ESR) of the output capacitor is built,
as shown in Fig. Eka). In the figure, the equivalent resistor R,
referred to the primary side of the transformer (the turns ratio
from primary to secondary side is n : 1) is equal to

Req = 2-RDS,onP + Rind + Rt'r‘p + antrs + n2RDS,onS (8)

where Rpgs onp, Rps,ons are the on-state resistance of each
primary and secondary transistor, and R;nq, Rirp, Rirs are
the resistance of the auxiliary inductor, the primary winding
and the secondary winding of the transformer, respectively.
Due to that each switch of the secondary HB, is composed of
two paralleled transistors for reducing the current stress, the
referred on-state resistance is n°R DS,ons in (). Besides, Lys
in Fig. Bfa) is the magnetic inductance and R, is used to
symbolize the core losses.

Applying a similar derivation procedure as in lossless mod-
eling, the lossy switched model can be obtained with ()
according to the lossy converter model in Fig. 3{a).
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From the point of unifying the ¢; analysis in GAM frame-
work, it is worth to derive a universal equation including
up to the h'* order components. By selecting the currents
flowing in the leakage inductance (ir), magnetic inductance
(izar) and the voltages across the output capacitor (v.,), the
resistive load (v,) as the state variables, the universal GAM
equation for modeling the lossy converter can be derived in
(T0). Therein, the k*" (k = 1,3, 5...h) order component of iy,
can be modeled by the first state-space expression, and since
the magnetic current is usually much smaller than iy, only the
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Fig. 3. Operating of the lossy DAB coverter (a) Lossy DAB converter model.
(b) Simulated and modeled step responses by changing ¢ from 30° to 60°
at t = 2 ms, where the gray area, the black line, the solid red line are the
same as shown in Fig. [I} The blue line and the dashed red line are derived
from the lossy model in (I0) with h = 1 (k = 1) and h = 3 (k = 1,3),
respectively.

1%¢ order component of i, is considered, as shown by the
second state-space equation. On the DAB output side, unlike
the lossless converter model, the capacitor voltage v., is not
equal to v, any more and the relationships between them in the
GAM framework can be expressed by the last two equations
in (I0). The symbol Cy, is a coefficient of the last equation
and it is constant if a DAB setup is given.

For a comparative analysis, if h in (I0) is set to be 1, the
1%t-order lossy model can be obtained, and the resulting step
response is plotted by the blue curve in Fig. [3{b). Compared
to the lossless response (solid red), the 1%¢-order lossy model
(blue) results in a much smaller error from the DC averaged
curve (black) in the heavy-load situation (¢ = 60°), as shown
by the top-right inset in Fig. 3[b). Nevertheless, seen from the
amplified bottom-right inset in Fig. [3(b), the resulting errors
(blue) in light load (¢ = 30°) are almost the same as the
1%t-order lossless model (solid red), both having a large error
from the averaged value of the output voltage (black).

This phenomenon can be explained by the following: As-
suming V,1/Vs1, Vps/Vss are the peak value of the 1°% and
374 order components of the primary and secondary voltage
vp/vs, the transferred power through the 1%* and 374 order
components can be approximately calculated by P,; and P,3,
respectively, which are

Po = Vi Va =, % (11

Considering that Vj,3 = 1/3V},; and V3 = 1/3Vj4, the ratio

of P,3/P,1 will be

PoS = VpBVSS

Po3 _
P,y 27 - sing

_ sin(3p)

12)



Based on (I2), the relationship curve between the power
ration P,3/P,; and the phase shift ¢ is shown in Fig. [ If
the converter works in heavy load, taking ¢ = 70° as an
example, the resulting ratio is 2%, which can be neglected and
it indicates that the 1%'-order modeling is accurate enough for
heavy load situations (for the ¢ = 60° in Fig.[3(b) and the ratio
P,3/P,1 even becomes zero). However, in light load situations,
the ratio sharply increases to 7.4% with ¢ = 30°. Furthermore,
if ¢ continually decreases so that siny ~ ¢ and sin(3¢) ~ 3¢
are satisfied, the maximum P,3/P,; will reach 11%. In this
case, the 3"%-order component can not be neglected, and this
also is the reason why the 1°¢-order lossy modeling in Fig.
Blb) can help improve the heavy load performance, but has
little effect in the light load.

In order to verify the theoretical analysis above, the modeled
3"4-order response is also depicted by the dashed red line in
Fig. b), which is obtained with h = 3 in (I0). It can be
seen from the two right insets in Fig. [B(b) that compared to
the lossless model (solid red) and the 1%¢-order lossy model
(blue), the 37¢-order model can achieve much smaller errors in
both light-load and heavy-load situations. Especially, the error
between the 3"-order lossy model (blue) and the averaged
simulation results (black) in light load is considerably reduced.

IV. EXPERIMENTAL VALIDATION

A test platform shown in Fig. [5] is built. The converter
parameters are listed in Table where Tye.q.q 1S the dead
time for the two transistors in the same leg and the subscripts
“ind”, “trp”, “trs” denote the auxiliary inductor, the primary
and secondary winding of the transformer, respectively. The
leakage inductance referred to the primary side can be calcu-
lated by L = Ljpqg + Lirp + n?Ly,s. Besides, the measured
(or obtained from the data sheet) parameters of the passive
components and the power devices are listed in Table

The step responses by switching the phase shift ¢ between
30° and 60° are illustrated in Fig. [f] including the step-up

TABLE I
SYSTEM SPECIFICATIONS

Parameters ~ Description Value
P Rating power 1.5 kW
Vi Input DC voltage 120V
n:l Turns ratio of the transformer 35:1
fsw Switching frequency 60 kHz
Tiead Dead time 400 ns
Lind Auxiliary inductor 36.2 uH
Lirp Primary-side leakage inductance 4.5 uH
Lirs Secondary-side leakage inductance  372.5 nH
TABLE II
COMPONENT PARAMETERS OF THE IMPLEMENTED PROTOTYPE
Components Parameters
Auxiliary inductor: R;na=27.9 mQ2
10 turns Litz wire, 20 strands, 0.355 mm QT,=25°C
Primary winding of the DAB HF Rirp= 607.9 m2
transformer: 35 turns copper foil QT,=25°C
Secondary winding of the DAB HF Rirs= 16.5 mQ2
transformer: 10 turns copper foil QTe=25°C
Magnetic inductance of the transformer Ly =14 mH
Core losses resistance Rpr= 2k
QT,=25°C
MOSFETs 51 ~ 542 RDS,onp= 72 m§2
IPW65R080CFD QTy=25°C
MOSFETs S5 ~ Ss: Rps,ons=9.6 mQ2
2 x IPP110N20N3 in parallel QTy=25°C
Resistive load Rioad= 23 Q2
Output capacitor Co: Rgspr= 30 m2
2 x EETEE2D301HJ in parallel QT,=25°C

response in Fig. [6(a) and the step-down response in Fig. [6(b).
Therein, v, is the output voltage across the resistor load, v,
is the terminal voltage of the primary H-bridge and iy, is the
leakage inductance current. In the step-up response, the steady

2
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Fig. 4. Varying power ratios of the transferred power through the 37%-order
component and the 1°¢-order component of the leakage inductance current.
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Fig. 5. Test platform for the DAB converter.

state working waveforms (as enclosed by the gray areas in Fig.
[Bla)) are zoomed in Fig.[7] where v, is the terminal voltage of
the secondary H-bridge. Compared to the light load situation
in Fig. [/(a), the output voltage becomes higher in Fig. [7b)
with an increased phase shift ¢ = 60°, leading to a different
shape of the leakage inductance current i,.

In order to evaluate the modeling accuracy, the waveform
data of v, from the oscilloscope is imported to MATLAB
and averaged to compare with different modeling results, as
shown in Fig. [§[a). Obviously, the lossless model (denoted by
the solid red line) will cause large errors from the averaged
output voltage (denoted by the solid black line) in both load
situations.

In order for a better view to compare the 1%*-order model
and the 3"%-order model, the waveforms within [0.02s, 0.04s]
and [—0.03s, —0.01s] are amplified in Fig. [8{b) and Fig. [§c),
corresponding to the heavy load and light load, respectively.
Seen from Fig. b), the modeling results from the 1%¢-order
lossy model (denoted by the solid blue line) and the 379-
order lossy model (denoted by the dashed red line) are almost
overlapped, and both achieve a more accurate result than the
lossless model. Nevertheless, the 37%-order model also can
considerably improve the modeling accuracy in light load
situations, where the 15t-order model has little effect and
appears close to the lossless model in Fig. [§[c). These results
indicate that the lossy GAM model including the 1¢ and 37¢
components has the smallest error in both light- and heavy-
load situations, which agrees well with the analysis before and
signifies the correctness of the improved modeling method.

TELEDYNE LECROY
Everywhereyoulook”

Yoo (20 Vdiv)

i (25 Aldivy Py, (250 Vidiv) -

10 ms/div
(a)
| Fig 7(b) 9% S
L v, (20 Vdiv)

Fig. 7(a) « |

vy (250 Vidivy

i (25 Aldiv)

10 ms/div

(b)

Fig. 6. Measured step response of the DAB converter: (a) with ¢ changing
from 60° to 30°. (b) with ¢ changing from 30° to 60°.
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Fig. 7. Measure steady state operating waveforms of the DAB converter with
(a) ¢ = 30°. (b) ¢ = 60°.

V. CONCLUSIONS

By involving an enhanced power loss consideration and the
37_order component of the ac current, the improved GAM of
the DAB converter can achieve a considerably reduced steady
state error compared to the conventional lossless modeling or
by only considering the 1¢-order term. Besides, the usage of
the 3"¢ harmonic is emphasized in light load situations, and
furthermore, a universal generalized average modeling method
can be achieved by adopting the derived unified k'"-order
model in this paper. The feasibility of the modeling analysis
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is validated with simulation and experimental results.
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