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Abstract—An optimal modulation scheme that enables mini-
mum conduction and copper losses is presented for a bidirec-
tional dual active bridge (DAB) dc—dc converter. The considered
converter system is employed for an automotive application and
comprises of a high voltage (HV) port with port voltage Vi,
240V < V; <450V, and a low voltage (LV) port with port
voltage V5,11V < V, < 16 V; the rated output power is 2 kW.
The closed-form expressions for the optimal control parameters
are derived and implementation details are presented in order to
facilitate the direct application to a given DAB converter. The paper
further details the properties of the presented modulation scheme
with respect to switching losses. Experimental results confirm a
considerable increase of the converter efficiency achieved with the
proposed optimal modulation scheme, compared to the efficiency
obtained with conventional phase shift modulation. The efficiency
increase is most distinct at V; = 450V and V, = 11 V with an
increase from 78.6% to 90.6% at 1 kW output power and from
85.9% t090.7 % at rated output power as compared to conventional
phase shift modulation.

Index Terms—Battery charger, circuit analysis, DC-DC power
conversion, digital systems, optimal control.

NOMENCLATURE
n Transformer turns ratio.
L DAB converter inductance.
fs Switching frequency.
Ty Switching period, Ts = 1/ fs.
Vi HV port voltage.
%) LV port voltage.
Iy RMS value of the current through L.
P DAB power (assuming a lossless DAB).
P Port 1 power (= P for a lossless DAB).
Py Port 2 power (= P for a lossless DAB).
Vacl AC volt. generated by the HV full bridge.
Vac2 AC volt. generated by the LV full bridge.
Dy Duty cycle used for the HV full bridge.
Dy Duty cycle used for the LV full bridge.
%) Phase angle between v,c1 and vaco.
Viet Reference voltage; can be selected
arbitrarily, e.g., Vier = 340 V.
Zret = 2mfsL Reference impedance.

Lot = Viet /Zvet Reference current.
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Pret = V21 /Zret Reference power.

Vi=Vi/Viet Normalized dc voltage V.

Vo =nVa/Vies Normalized dc voltage V5.

P = P/Prt Normalized converter power level.

I, =1 /Lot Normalized inductor rms current.
CPM Conventional phase shift modulation.
DAB Dual Active Bridge.

FSM Finite State Machine.

HF High Frequency.

HV High Voltage.

LV Low Voltage.

OTM Optimal Transition Mode Modulation.
TCM Triangular Current Mode Modulation.

I. INTRODUCTION

HE fuel cell vehicles’ power system presented in [1] re-

quires a bidirectional and isolated dc—dc converter to pro-
vide power to the HV power train in order to start the car.
Thereafter, during normal vehicle operation, the same dc—dc
converter powers the LV ancillary loads and charges the LV bat-
tery. This bidirectional dc—dc converter is operated within wide
voltage ranges:

1) HV port voltage V;: 240V < Vi <450V, nominal volt-
age: 340 V;

2) LV portvoltage V2: 11V <V, <16 V,! nominal voltage:
12'V.

The rated power is 2 kW within the entire voltage range. For
this application the DAB converter topology [see Fig. 1(a)] [2],
[3] is selected in [4] due to the low number of passive compo-
nents and due to its soft-switching properties. It facilitates a high
switching frequency and therefore a highly compact converter
is feasible [5].

Current research on the DAB converter mainly focuses on
four subjects listed below.

1) Applications of DAB Converters: to enable bidirectional
power transfer between a HV drive train and the LV bus
of fuel cell vehicles, hybrid electric vehicles, and electric
vehicles [4], [6]; to store electric energy in ultracapacitors
in aircraft systems [7].

2) Characteristics of the DAB in Steady State Operation:
calculation of the impact of dead time intervals and semi-
conductor losses on the power transferred [8]; converter
operation at low power levels [9]; accurate prediction of
the power losses of the DAB [4].

! According to [1], V2 may be as low as 8.5 V. The proposed DAB converter
can be operated with Vo < 11 V; however, the LV port current of the given
converter is limited to 200 A.

0885-8993/$26.00 © 2011 IEEE
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Fig. 1. (a) DAB converter topology; (b) employed lossless electrical DAB
model; (c) general waveforms of v,¢1, vVac2, and ¢y, used to define Dy, Do,
and ; the waveforms are calculated for V; = 250V, Vy, =11V, Dy = 0.37,
Dy =0.35,p =0.5rad, L = 26.7 uH, and n = 19.

3) Modeling of the dynamic converter characteristics and
converter control: derivation of an accurate small signal
model of the DAB inclusive EMI filter dynamics [10];
development of a nonlinear control model, which consid-
ers the impact of parasitic effects (e.g., dead time) on the
dynamic converter properties [11]; investigation of the im-
pact of the employed modulation scheme on the dynamic
converter properties [12].

4) Modulation schemes: novel modulation schemes, which
facilitate increased converter efficiency and/or power den-
sity of the DAB converter [13]-[23].

Due to the general demand for high converter efficiency
and/or power density, research on improved modulation
schemes is particularly prominent.

The first modulation scheme presented in [2], [3] oper-
ates the full bridges of the DAB with maximum duty cycles,
Dy = Dy = 0.5, and solely adjusts the phase angle ¢ between
Vac1 and v,co in order to achieve the required power transfer [see
Fig. 1(c) defines D;, D5, and n,p].2 This modulation scheme,
termed conventional phase shift modulation (CPM), thus fa-
cilitates simple control of the DAB. Moreover, high converter

>The duty cycles are defined as the durations of the positive active time
intervals divided by Tg, e.g., if 77 is the duration of the time interval with
vac1 (¢) being equal to + V7 then Dy = T} /Ts. The phase shift, ¢, is measured
between the center points of the positive active time intervals of va¢1 and vac2.
It can be shown that the sign of ¢ determines the power transfer direction with
this definition, e.g., ¢ > 0 causes a power transfer from the HV port to the LV
port.

efficiency is achieved at rated power and for V; ~ nV, [13].
CPM, however, causes considerably increased rms currents in
the inductor, the transformer, and the switches for V| < nV,
or V; > nV, (in particular at low power levels), which gen-
erates increased losses and reduces the efficiency of the DAB,
there [14].

Numerous alternative modulation schemes have been pro-
posed in literature in order to achieve increased efficiency and/or
power density of the DAB converter [13]-[23]. The proposed
modulation schemes can be classified into the two groups listed
below.

1) Some of the proposed modulation schemes apply:

Dy =05AN0<Dy <05Vnla/Vi <lor
Dy =05 AN0< Dy <05VnVh/V) > 1. (1)
2) The remaining modulation schemes use:
0<D; <05A0< Dy <0.5. 2)

The modulation schemes summarized with (1) gain one de-
gree of freedom compared to CPM by either changing D; or
Dy, which is most often used to extend the converter’s operat-
ing range where low switching losses occur (ZVS range of the
DAB) [15]. A possible selection of Dy or Ds, useful to achieve
an increased ZVS range, is given in [16]. Optimal D; or D,
are calculated in [17] with respect to maximum converter effi-
ciency (on the assumption of a predefined converter loss model)
or in [18] with respect to minimum reactive inductor power.
However, no closed-form solutions for optimal D, and D, are
given.

The modulation schemes specified with (2) facilitate the high-
est possible degree of freedom regarding the search toward an
optimal modulation scheme, provided that a constant switching
frequency is used. As a consequence, analytical investigations,
e.g., the calculation of D; and D, with respect to maximum
converter efficiency, become considerably more complex than
for the modulation schemes defined with (1) [19]. D; and D,
are thus often calculated with respect to a particular waveform of
the inductor current 77, . With the use of triangle-shaped inductor
currents, improved low-load efficiency is demonstrated in [20]
(as compared to CPM); however, limited voltage ranges apply
for Vi and V5. This restriction has been eliminated with the intro-
duction of trapezoidal-shaped inductor currents [14], [21]. The
best choice between either CPM, triangular inductor current,
or trapezoidal inductor current, with respect to high-converter
efficiency, is presented in [13]. There, however, no new modu-
lation schemes are considered, whereas this paper describes a
new modulation scheme, which outperforms three modulation
schemes regarded in [13] with respect to the rms transformer
currents within given limits of the output power. In a different
approach, in [22], a combination of the modulation schemes
given with (1) and (2) is proposed and simple solutions are
given for D; and D,, which enables ZVS within a wide range
of operation in order to achieve increased converter efficiency.
In [23] an analytic approach is presented, which focusses on
the reduction of reactive converter power; a possible selec-
tion of the control parameters is presented in [12]. With this,
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however, considerably high rms currents result, which is shown
in Table IV (see Section III-D).

So far, all modulation schemes presented are either restricted
to the modulation schemes summarized with (1) or are not op-
timized with respect to the converter losses. In particular, no
closed-form solutions for optimal modulation parameters D,
Ds, and ¢ exist.

This paper presents closed-form solutions for Dy, D, and ¢
of a new modulation scheme, which selects the specific oper-
ating mode out of all possible operating modes that generates
the minimum inductor rms current at a given operating point;
this facilitates minimum conduction and copper losses (see Sec-
tion II-A).

In Section II, a simplified model of the DAB converter is
presented and all possible operating modes of the DAB are
detailed. The expressions given in Section II facilitate the cal-
culation of optimal control parameters D1 op¢, D2 opt, and @ope,
as presented in Section III. In Section III-A the results obtained
from a numerical optimization are analyzed in detail in order
to enable the derivation of the expressions for optimal control
parameters Dy op, D2 opt, and ¢g;,¢. Section III-B summarizes
the results obtained for D1 op¢, Do opt, and ¢gp. Section IV
focusses on the DAB hardware prototype employed; the actual
implementation of the optimal modulation scheme is discussed
in Section IV-A and measured efficiency results, used to validate
the achieved improvements as compared to CPM, are presented
in Section I'V-B.

II. DAB MODEL AND OPERATING MODES

The DAB converter contains two voltage-sourced full bridge
circuits, which apply the ac voltages v, () and v,¢2 (t) to the
inductor L and the HF transformer. On the assumption of ideal
components, the lossless electrical converter model depicted in
Fig. 1(b) can be used to investigate the DAB converter; there,
the full bridges and the HF transformer are replaced by the
respective voltage sources v,.; and n v,cs.

A. DAB Conduction Losses

The lossless model of the DAB [see Fig. 1(b)] assumes a
negligible magnetizing rms current [, of the HF transformer,
i.e., I, < Iy (with I, being referred to side 1). This is typically
given for magnetic transformer cores. Moreover, the impact of
additional HF losses, caused by current harmonics, is neglected.
Both assumptions are most often used for investigations of the
DAB converter, e.g., in [2], [17], [24], and allow for a practically
reasonable estimate of [7,.

Based on these assumptions and according to [4], the total
conduction losses of all MOSFETsS are

I\’
Peona = 4RDS(011)7HV (\/5)

7\2
+ 4n” Rpg (on) LV (\/Li) o I}

(Rps(on),nv denotes the on-state resistances of the MOSFETSs
Ty, To, T3, and Ty and Rpg(on),rv denotes the on-state re-
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sistances of the MOSFETs Tj, Tg, T7, and Tg). The copper
losses generated in the inductor windings and in the transformer
windings are

Pew = Ry (fs)I7 + Ruvuv (fs)17 + 0’ Rirwy (fs)I7 o< I7
(4)
(Rp: ac resistance of the inductor, I?;, mv: ac resistance of the
HYV winding of the transformer, Z;, 1y : ac resistance of the LV
winding of the transformer; all ac resistances are determined at
the switching frequency).

According to (3) and (4), the conduction and copper losses
generated in the DAB converter shown in Fig. 1(a) are pro-
portional to the square of the inductor rms current, 7. As a
consequence, minimum /;, leads to minimum conduction and
copper losses.

B. Operating Modes of the DAB

The two full bridge circuits employed can generate 12 dif-
ferent voltage patterns, regarding the different sequences of
rising and falling edges of v,.; and v,.2; Fig. 2 depicts ex-
amples for all of these 12 patterns, for discrete phase angles
=0, 45°, 90°, 135°... —90°, —45°, and for selected duty
cycles D) and D,. With respect to the search toward the modu-
lation scheme with minimum inductor rms current /7, ; however,
only the patterns la, 1b, 2, 3b, 7b, and 8 are considered since
the remaining six patterns, 3a, 4, 5a, 5b, 6, and 7a, lead to an in-
creased inductor rms current and do not result in a higher DAB
power transfer capability. Patterns 3a and 7a obviously cause
the rms current value of 7, to increase, e.g., regarding Fig. 2(c):
the transferred power remains constant if the duration of the
time interval ¢; — t, changes; however, the rms value I be-
comes smaller for decreasing ¢; — to, since the current during
t;1 <t < t9 considerably increases the total rms current. The
remaining patterns 4, 5a, 5b, and 6 employ 90° < || < 180°;
this also causes unnecessarily high rms currents /. The funda-
mental frequency approach, often used to investigate the DAB
(e.g., in [21]), can be used to analyze this property of the DAB.
The normalized fundamental frequency components of vs ¢ (1),
vaca(t), and iy, (t) are

Vlﬁ,\, = 471 Sil’l(’f(’Dl)/T{' (5)
V. =4Vysin(rDy)e 7 /x (6)
TL.,N — M (7
J
The active power,
P=Re(Vi.I, ) =Re(Vo Ty )
= sin(p)[Vi ~[[V2,~| ®)

is proportional to sin(y) and thus shows a maximum for |¢| =
90°. The rms value of the fundamental component

[T = Vi + Vol = 2c08(0) Vi~ ][Varn] (9

however, is minimal for ¢ = 0 and increases for increasing ||
Thus, 90° < |¢| < 180° would cause a reduced power transfer
and a high rms current |1, ~ |.
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Fig. 2. Twelve basic voltage patterns generated with the two full bridges;

Vi =340V, Vy = 12V, L = 26.7 uH, n = 19, and fs = 100 kHz.
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TABLE 1
CONTROL PARAMETER RELATIONS FOR ACHIEVING THE RESPECTIVE
VOLTAGE PATTERNS

Pattern Condition
la Dl—D2<(pla/7T<—D1+D2
1b —Di1+ D2 < ¢p/m < Di1—Ds
2 |D1 — D2| < ¢2/m <min[Dy + D2,1 — (D1 + D))
8 |D1 — D2| < —pg/m < min[Dy + D2,1 — (D1 + D2)]
3b 1—(D1+ D2) < ap/7 < D1+ D2
7o 1— (D14 D32) < —pm/m < D1+ D2
TABLE II N
REQUIRED PHASE SHIFT ANGLES © FOR A GIVEN POWER P
Pattern @
_ P
la P = 9nviv,
P
1b PIb = 557

2 Lpz:ﬂ'(Dl—l—Do—Q”DlDQ 27rV1V2)
o | me (1 ma o )

3b P3b =T {%—

\/01(1—01)+1)2(1—02)—§— P

7o e =—T {%—

\/Dl(L—D1>+Dz(1—Dz)—§+ 7

The voltage pattern, which is active for a given set of control
parameters D1, Do, and ¢, is determined using the conditions
listed in Table I (most of these conditions are presented in [22];
there, however, the control parameters are defined differently).

Table II lists the expressions used to calculate the phase an-
gles, ©1a, V11> P2, P31, ©7H, and g, at a certain power level P,
for given operating voltages V41, Vs, and for the duty cycles Dy,
D, . The calculation of these expressions can be divided into the
three steps given below.

1) The steady-state value of the inductor current, iz (),

needs to be calculated at a certain instant, e.g., at t = ¢ in
Fig. 2; the calculation of this steady state value assumes
that the inductor current repeats with reverse sign after
each half cycle, i.e., iy, (tg) = —iy (to + T5/2).

2) The average port current,

9 to+Ts/2
—/ ipp1 (t)dt
to

Ty (10)

Il.avg =

and the power P = Py = V1 ,, are calculated in a
second step.
3) P needs to be reformulated with respect to ¢ in a last step.
An example of this calculation is presented in [24] for the
three-phase DAB; however, the calculation principle is the same
for the single-phase DAB.
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TABLE III _
EXPRESSIONS FOR THE INDUCTOR RMS CURRENT [,

Seq. | Normalized inductor rms current Tp,

- — — ——
Al | Tp=n \/va1 (1 4D1) + D3V, (1 — 4D3) + Y172 e

}
}

2

2
la ems = 6D1 [f_z + (DQ (D2 - 1) + %)

2

2
b ems = 6D2 |:_,<ﬂ_2+ (Dl (Dl —1)+%)

™

2.8 | ems = DF +3D¢ (D2~ 2) + (D2 — 121
o[£ o- 2 )
30, 7| ems = (1221} {1 lel 4 2

73[D1(17D1)+D2(17D2)]}

The interim value em, is needed to evaluate the expression given in the
first line, under “All”; e;ms depends on the pattern number.

The implemented algorithm, which is used to calculate the
rms current I for a given set of input parameters V1, V5, P,
Dy, and Ds, first calculates all phase angles of Table II and then
evaluates the conditions listed in Table I in order to determine
the active voltage pattern (if a complex phase angle results then
the respective voltage pattern is disregarded). It can be shown
that only a single pattern is valid at a certain operating point, i.e.,
ambiguities are avoided. The active voltage pattern determines
the phase angle ¢,

(1. if pattern la is active
w1 if pattern 1b is active
o if pattern 2 is active
p= I . . (11)
3 if pattern 3b is active
7, if pattern 7b is active
s if pattern 8 is active.

The normalized inductor rms current, I, which occurs at the
given operating point and for given D, D5, and ¢, is finally
calculated with Table III, using the expression that corresponds
to the active voltage pattern determined before. The calculation
of T L
2 to+Ts/ 27.2

T = 7 (H)dt

(12)
TS to

is similar to the calculation of Tl.a‘vg discussed earlier.

III. OPTIMAL MODULATION SCHEME

The calculation of the optimal control parameters, D1 ¢,
D5 opt, and @,p¢, takes the complete operating range of the
DAB into account, which is limited according to

Vi>0AVa>0A —Phax < P < Pax. (13)

It can be shown that the maximum power transfer capability of
the DAB, P,,.x, is achieved with CPM at ¢ = 7/2:

Pmax = @7 n‘/lvrz

SfsL

Pmax =

(14)
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Fig. 3. (a) Volume between the upper and the lower surfaces, calculated with

(13) and (14), defines the complete operating range of the DAB with n =
19 and L = 26.7 pH; (b) operating range of the DAB converter specified in
SectionT,i.e.,240V <V} <450V,11V <V, <16V,and —2kW < P <
2kW, defines a cubical shaped volume. The operating point I, V; = 240V,
Vo =11V, and P = 1 kW, is used to exemplify the optimization procedure
used in Section III. The surface defined with Vi = 240V,11V <V, <16V,
—2kW < P < 2kW depicts the different operating modes of the DAB needed
to achieve minimum inductor rms current (cf., Fig. 9). The results presented for
D1 ,opt> D2 opt»and et (see Section 111-B) facilitate minimum inductor rms
current within the complete operating range of the DAB.

The sign of P denotes the direction of the power transfer:
P >0:HV =LV,

P <0:LV— HV. (15)

Fig. 3(a) depicts the surfaces Py« (V1, V2) and — Py ax (Vi, V2)
calculated for the DAB used (n =19, L =26.7uH; see
Section IV-B). All operating points possible with the DAB
are located inside these two surfaces. Furthermore, the oper-
ating range specified in Section I, i.e., 240V <V} <450V,
11V<V, <16V, and —2kW < P < 2kW, defines a cube-
shaped volume, which is completely inside the volume of all
possible operating points.

The operating point V; =240V, Vo, = 11V,and P = 1 kW,
marked with I'in Fig. 3(b), is used to exemplify the optimization
procedure employed. Different values for D; and Dy can be
used to achieve the designated power transfer at the given port
voltages; the different voltage patterns that are active for differ-
ent duty cycles D and D, (calculated with the use of Table II
and Table I) are shown in Fig. 4(a). Fig. 4(a) also shows that the
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Fig. 4. (a) Employed voltage patterns and (b) inductor rms currents at

Vi =240V,V; =11V, and P = 1 kW [operating point I in Fig. 3(b)], plot-
ted against D1 and Do at D1 = 0.45 and Do = 0.5 (marked with II) minimum
inductor rms current, I7, i, = 5.1 A is achieved. The required power trans-
fer cannot be accomplished if D; and D2 fall below a certain limit. DAB
parameters: n = 19, L = 26.7 uH, fg = 100 kHz.

required power transfer cannot be accomplished if D; and/or Dy
fall below a certain limit. Fig. 4(b) depicts the inductor rms cur-
rents I (D, D) at Vi =240V, Vo =11V, and P = 1kW,
calculated with the expressions given in Table I1I. The calculated
surface I1 (D;, Dy) shows a single minimum, Iz, i, = 5.14,
at Dy opy = 0.45and D3 ¢ = 0.5 [marked with II'in Fig. 4(b)].

Thus, the analytic expressions for I, facilitate the calcula-
tion of optimal control parameters with respect to minimal I,
within 0 < D; < 0.5 and 0 < Dy < 0.5 and for a given oper-
ating point, i.e., for constant V1,Vs, and P:

Ip min =min[I;(Vy, Vo, P, Dy, Dy, o(V1,Va, P, Dy, D5))]
V 0<D; <05A0< Dy <0.5. (16)

The phase angle ¢ is adjusted according to the expressions listed
in Table I and (11) in order to maintain a constant power P.
Analytical solutions for the optimal control parameters
D1 opts D2 opt,and g, are not directly feasible and anumerical
minimum search is used to calculate D1 ¢, D2 op¢, and g, in
a first step. A close inspection of the results obtained from the
numerical minimum search, detailed in Section III-A, reveals
that overall three different modulation strategies are required to
achieve minimal I; within the complete operating range of the
DAB. These three modulation strategies and closed-form solu-
tions for Dy pt, D2 opt, and ¢gp¢ are presented in Section II1-B.

A. Numerical Optimization with Respect to Minimum I,

In afirst step, different operating points have been analyzed in
order to find Dy, and D5 ¢ within wide voltage and power
ranges. The results of this numerical search are summarized
below.?

1) Optimal Modulation at Low Power Levels: Fig. 5(a) de-
picts the resulting values of I; at a relatively low power level

3The presented results have been successfully tested for n = 19 and L =
26.7 pH and within 200V <V} <500V, 11V <V, <26V, and 20WW <
P <2kWforll x 11 x 11 = 1331 different operating points. The employed
input data array uses equally spaced voltage and power values. Three different
search algorithms have been used to test the results: Nelder—-Mead, differential
evolution, and random search.

V=340V, V,=12V, P=1kW, V=340V, V,=12V, P=1kW,

I Dy=D; 0 =0.395 I Dy =D, 0 =0.265
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(b) I;=6.0A I,=57A I;=6.1A
Fig. 5. (a) Values of I, close to its minimum at D1 op¢ = 0.265, D3 opt =

0.395 (V1 =340V, Vo =12V, P=1kW, n =19, L = 26.7uH, and
fs = 100 kHz). Minimum [, is achieved with TCM (on the assumption that ¢
is adjusted in order to achieve constant power transfer). (b) Voltage and current
waveforms related to the three operating points marked in Fig. 5(a) to illustrate
the impact of the change of D; on the converter waveforms. Obviously, the
current during the freewheeling time interval increases, which causes the total
rms current [, to increase.

of P=1kW atV; =340V and V5, = 12V, calculated for dif-
ferent D; and Dy (¢ is adjusted in order to maintain a constant
power transfer). Minimum [7, is achieved at D ;¢ = 0.265 and
Dy op¢ = 0.395, which leads to a triangular transformer current
[see Fig. 5(b)]. Based on the inspection of numerous different
operating points it has been found that the triangular current
mode modulation (TCM) scheme presented in [21] yields mini-
mal I, at low power levels.

Fig. 6(a) depicts typical waveforms of vac1, Vac2, and iy.
There, the shape of the inductor current is triangular during
0 <t <ty and iy is zero during the subsequent time interval
ty <t < Tg/2. TCM can be realized with pattern 2 [HV — LV,
Fig. 2(b)] or pattern 8 [LV — HYV, Fig. 2(h)].

The two reasons for TCM being optimal with respect to min-
imum /[;, are

1) A full bridge circuit only transfers power between its dc
port and the HF transformer if it remains in the active state,
i.e., for v,.1 = =V; on the HV side and for v,.o = V5
on the LV side. Thus, both full bridges should remain in
their active states for as long as possible in order to transfer
as much active power as possible with as low currents as
possible.

2) The optimal modulation scheme needs to minimize cir-
culating inductor currents in order to achieve low rms
inductor currents. Thus, the instantaneous powers p; and
po generated by each full bridge should be positive:

P1LE) = Vaer (D)iz (1) > 0V pa(t) = vaea (£)ir () > O,
(17)
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Fig. 6. Measured voltage and current waveforms obtained with the optimal
modulation scheme for (a) V; = 340V, Vo =12V, P, = 1kWand (b) V} =
340V, Vo =12V, Py =2kW;n =19, L = 26.7 uH, and fg = 100 kHz.

TCM satisfies both items listed earlier. However, a reduced
duration of its active time interval, i.e., Dy < D; in Fig. 6(a),
is unavoidable, since the slopes diy, /dt are given for given port
voltages V), V5 and given hardware parameters n and L of the
DAB. Thus, TCM yields minimum I}, even though i, (¢) shows
discontinuous characteristics (see Fig. 5). A further reduction
of I, could be achieved by increasing L or by increasing fs.
The adaptation of L to the actual operating point; however, is
difficult to implement and a variable switching frequency is
often undesirable.

The closed-form expressions for D; and D, of TCM are
known [21] and are given in Section III-B1.

2) Optimal Modulation at Medium Power Levels: The max-
imum power feasible with TCM is exceeded at a certain power
level [21]; this power level is termed FA,IMX and is given with
(22) in this paper. A possible extension to higher power oper-
ation is the trapezoidal current mode modulation scheme pre-
sented in [21]. There, negative instantaneous powers p; and
po are avoided. The results obtained from the numerical opti-
mization, however, suggest either pattern 3b (power is trans-
ferred from the HV port to the LV port) or pattern 7b (LV port
to HV port) to be used, instead. The numerical optimization
procedure further selects Di opy or Do op €qual to 0.5, de-
pending on the ratio Vi /(nV2): Dy ope = 0.5V Vi < nl5 and
Dy opr = 0.5V Vi > nVs,. Fig. 6(b) shows a typical i; time
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V1=340V, V,=12V, P=2kW, V=340V, V,=12V, P=2kW,
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Fig. 7. Values of I}, close to its minimum at medium power levels (Vi =
340V, Vo =12V, P =2kW,n =19, L = 26.7 uH, and fg = 100 kHz).
Minimum [}, is achieved with OTM.

behaviour corresponding to this modulation scheme and Fig. 7
shows the resulting values of I; for D; and D, around the
optimum for V; =340V, V, =12V, P = 2kW. The charac-
teristics of 1, (Dy, D) is relatively flat and thus, rms currents
close to the minimum are still achieved if D; and D are selected
within some range around D ,p¢ and Dy opy.

Thus, according to the results obtained from the numeri-
cal optimization, minimum inductor rms current is achieved
at medium power levels, |P| > FA’HI&X, if the duration of the
active time interval of one full bridge is maximal, i.e., D; = 0.5
or Dy = 0.5. With this, however, negative instantaneous pow-
ers p; and p, must be accepted, e.g., in Fig. 6(b), p; is negative
during 0 < t < t; and py is negative during t; < t < to.

The modulation parameters needed for this modulation
scheme, termed optimal transition mode modulation (OTM),
are obtained from

mode 3b, 14 > nj : SULID2=05)

dD;
—0 & Dy = Dy (18)
d(Iz|p,~0.5)
de 3b, Vi < nVp : —=———"2
mode 1SNV dDQ
=0« D2 = D2‘0pt (19)

for power being transferred from the HV port to the LV port. If
power is transferred from the LV port to the HV port then mode
3b needs to be replaced by mode 7b in (18) and (19).

3) Optimal Modulation at High Power Levels: At high
power levels, the duty cycle Dy o, or Ds ¢, calculated with
(18) or (19), exceeds the value 0.5. There the numerical opti-
mization procedure selects D1 op¢ = D2 op¢ = 0.5, i.e., CPM.
Fig. 8 shows the resulting values of I; for Dy and D, around
the optimum. The characteristics of I, (D;, D) is relatively flat
and thus, rms currents close to the minimum are still achieved
if Dy and D, are selected within some range around D1 ¢ and
D5 ot However, I, starts to increase rapidly if D; and /or D,
fall below a certain limit (e.g., D; < 0.42 in Fig. 8), since the
respective phase angle ¢, required to maintain a constant power
transfer, approaches /2.

B. Closed-Form Solutions for D1 ¢, D2 opt, and @

For given V; and V, the power P determines the actual
modulation scheme needed to obtained minimum /I :
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V=340V, V,=12V, P=3.5kW, V=340V, V,=12V, P=3.5kW,

L Dy=Dsopi=0.5 I Di=D ¢=0.5
21.0A 21.0A
20.5A \ 20.5A \
200A 20.0A \\
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Fig. 8. Values of I, close to its minimum at high power levels (V7 = 340V,

Vo =12V, P =2.6kW,n =19, L = 26.7 uH, and fs = 100 kHz). Mini-
mum /7, is achieved with CPM.

Operational Modes of the Lossless DAB for V; = 240V

16V
TCM
15V | (P<Pama) A o1
(V;> AVTﬂ/Xn) (PA,rnax <P = Popt,max) A
(V2>V1/n)
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Vo<V, / sEiE i
v Vas¥iin) \
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P

@ TCM: (P < Pya) A (V2 <V /1)

Fig. 9. DAB operating modes for V; = 240V, different voltages V>, and
positive output power levels P, n = 19, and L = 26.7 pH; cf., Fig. 3(b). This
Figure is mirrored with respect to the P-axis if negative power levels, P < 0,
are used.

1) TCM for |P| < Pa max: (21), [21];

2) OTM for I_DA,max < |F| < ?Opt,max: (23), (24);

3) CPM for Poyi max < |P| < Prax: (26).

The expressions needed to calculate }_DA_,maX and ?Opt,max
are given in Sections III-B1 and III-B2, respectively; Py
is defined with (14). Fig. 9 depicts the modulation schemes
employed for V; = 240V, different voltages V5, and different
output power levels P for the DAB converter used (n = 19,
L =26.7uH, fs = 100 kHz).

Due to the symmetry of the converter model depicted in
Fig. 1(b), similar expressions result for V; >V, and for
V1 < V5. In order to reduce the number of equations needed to
fully describe the optimal modulation scheme, Vi, Vo, D1 opts
and D, ¢ are replaced by Va, Vg, Dy, and D according to

[Va Vg Dy DB]T

— T — —
_ Wl V2 Dl,opt D2,opt] v Vl S V2 (20)
= o T . o

W? Vl D2,0pt Dl,opt] vVvl > V2-

With this simple transformation V', < V' always applies.

Fig. 10 summarizes the complete procedure used to calculate
D1 opt» Da.opt, and . This flow chart is in close accordance
to the discussions given in Sections III-B1, III-B2, and III-B3,
below.

Start calculation of optimal D, D,, and ¢, with respect to
minimum inductor rms current /;; given: Vi, V3, P

Calculate normalized voltage and power values i, Vo, P

Calculate Py with (14) h
Limit P to +Ppy '
Determine 7 and ¥V with (20) h

Calculate P oy with (22)

TCM: calculate
DAy DBa and ¢opt

OTM: calculate
DA; DBy and (popt
with (23) and (24)

CPM: calculate
DAs DB: and (oopt
with (26)

Determine D, and D, with (20) i
End of calculation; result: optimal values Dy opt, D2 0pt, and @opt
with respect to minimum /;,

Fig. 10.  Procedure to calculate the optimal control parameters using closed-
form expressions for D1 opt, D2,opt, and @.

with (21)

1) Low Power; Triangular Current Mode Modulation
(TCM): TCM is extensively discussed in [21], typical wave-
forms of v,c1, Vac2, and i, are depicted in Fig. 6(a). The re-
spective inductor current can be divided into 2 time intervals: an
active time interval, characterized by a triangular shape of i, (¢),
and a freewheeling time interval with iy, (¢) = 0[e.g.,0 < ¢ < 19
and ¢ty < t < Tg/2 in Fig. 6(a), respectively]. The expressions
needed to calculate the respective modulation parameters are

DA _ “POpt| _ VB v |F| < FAAmaw
™ VB — VA

Dy — lPontl _ Va
7T VB — VA

(2D
The duration of the freewheeling time interval decreases with
increasing P and becomes zero at the maximum possible output
power of TCM:

_2 J— J—
A (Vs —Va)
Vi
2) Medium Power; Optimal Transition Mode Modulation

(OTM): Dy = 0.5 and a_large expressi_on for Dy regﬂt from
(19) for power levels |P| between Pa max and Popimax

— T
PA,max - 5 . (22)
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68:1 @+36%—862—467
A\ e

VPAJnax < |?| < Fopt,max-

(2v/er —2\/es —e1)

qk\»—* [N

(23)

4 According to Section I1I-A and Fig. 4 OTM uses either mode 3b or mode 7b.
Moreover, D1 = 0.5 or Dy = 0.5 applies. Result (23) is thus obtained together
with (20) by differentiating I, (using egyg of the last entry of Table IIT and
D1 = 0.5) with respect to Dy and by equating this expression to zero. The
resulting equation then needs to be reformulated with respect to Do, which is a
rather extensive calculation and has been carried out with a software tool, e.g.,
Mathematica or Maple.
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Fig. 11.  (a) Optimal control parameters D1 opt, D2,0pt> and @op¢, Which

minimize the inductor rms current for V; = 340V and Vo = 12V: TCM is
optimal at low power levels and CPM is optimal at high power levels. OTM
minimizes the inductor rms current at medium power levels. (b) D1 opt, D2 opt»
and @,p¢ for V1 =450V and Vo = 16 V: again, TCM is optimal at power
levels considerably lower than Py ax (Pnax = 6.4kW at Vi =450V and
V5 = 16 V); however, due to the increased port voltage levels, Pa o is equal
to 2.8 kW and thus, TCM is employed at rated power (P = 2kW). DAB
parameters: n = 19, L = 26.7 pH, fg = 100 kHz.

The respective phase angle is calculated according to Table II:

Popt = msgn(P)

1 1 [P
Dy (1—=Dp)+Dp(1—-D —
3~ |/Da (1= D)+ Dy (1= Dp) =~

(24)

The duty cycle Dy increases with increasing P and reaches
Dg = 0.5 at Fophmax. However, no closed-form solution has
been found for Popt,max; therefore, a numerical solver is used
to determine Popt max:

—_

DB (ﬁopt,max) =3 PA‘max

Popt,max :

[\

< Popt,max S Pmax (25)

whereas the values Pa .y and Py, . define upper and lower
limits used for the numerical solver algorithm. The value of
pnpt,max depends on V, and Vy (cf., Fig. 9). The calculation
of P can also be described based on Fig. 11(a) (there, D; =
Dg applies): starting at P = Pa .« the value of D) increases
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with increasing P and eventually reaches D; = 0.5. There, P =
Pypt.max applies.
3) High Power; CPM: CPM is used at high power levels.
The respective modulation parameters are
— |1 1 |P|
bt — T SgN P - — _-— =
Popt gn(P) B 1 7VaVs

Dy =

Dy =

N = DN~

v?opt,max < |?| A\ |ﬁ| S PmaLx- (26)

In order to avoid complex values for ¢, ¢, P needs to be limited
t0 Pax sgn(P), whereas P, is given with (14). Moreover,
(14) limits the inductance L of a DAB converter with a maximum
rated power P, according to

I < min(V; )min(n V43)
N 8fSRnax

27)

C. Example for Vi =340V and Vo =12V

Fig. 11(a) depicts Dy, Dy, and p at V} =340V, V, =12V,
and for different power levels. Reduced duty cycle values
Dy < 0.5and Dy < 0.5 result for P < P ax; the duty cycle
D5 becomes equal to 0.5 at P = P y,,x. OTM is used within
PAmax < P < Popt max, 1.€., Dy is calculated with (23). At
power levels exceeding P,y max, CPM is used (D = Dy =
0.5). The given equations facilitate continuous characteristics
of Dy, Do, and . It is important to note that the actual values
of PA max»> Popt,max> and Py ,x, needed to distinguish between
low, medium, and high power levels, depend on V; and V5; e.g.,
for Vi =450V and V5, = 16V, depicted in Fig. 11(b), TCM is
employed at rated power, P = 2kW, since P .« 1S equal to
2.8 kW, there.

D. Theoretical Results

Fig. 12 shows different inductor rms currents I, calculated
according to the expressions listed in Table III. Fig. 12(a) de-
picts I, for CPM at P =1kW:atV; =450V and V, =11V
a maximum rms current of 13.5 A results. The optimal modu-
lation scheme reduces the maximum rms current to 6.7 A [see
Fig. 12(b): V; =450V and V5, = 11 V]: as a consequence, the
conduction losses, which are proportional to I7 for the given
converter, are reduced by 75%.

Similar results are obtained at rated power, P = 2kW:
with CPM the maximum inductor rms current is 14.9 A at
Vi =450V, V5, =11V [see Fig. 12(c)], whereas the opti-
mal modulation scheme achieves a maximum I, of 11.3 A at
Vi =450V, V5 =11V [see Fig. 12(d)]. The optimized modu-
lation scheme thus facilitates a 42% reduction of the maximum
conduction losses at rated power.

Table IV compares the rms currents I, achieved with recently
published modulation schemes for different operating points.

P=1kW, CPM P =1kW, Optimal Mod. Scheme
16V . AR
15V /‘/. 4A7 /6A /BA 7 5A4
% 5A /A | [# A4
p, 14V S (oA 7,14V bty
13V [7 lpuga TCM =
‘OTMA _6A
12V 2% BY 7
1V 11V B
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
7 4
(a) (b)
16V P=2kW, CPM P =2kW, Optimal Mod. Scheme
. SA OTM=77= TISA
15V l \/ oA/ 15V Lo\ P
\ K\_/ |- VAN ! —
14V [\~ 10A /] 14y [CpN =" LL9AT
V2 X 1A/ V2 ¢ |OT™M TCM
BV oA BV UL T0A
12v BA]  12VEN—
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V) Vi
(© (d
- V]:n VZ

--------- Boundary between OTM and CPM
——- Boundary between OTM and TCM

Fig. 12.  Inductor rms currents, I, calculated with the expressions listed in
Table III; (a) P = 1 kW, CPM; (b) P = 1 kW, optimal modulation scheme;
(c) P = 2kW, CPM; (d) P = 2kW, optimal modulation scheme; considered
hardware parameters: n = 19, L = 26.7 uH, and fg = 100 kHz.

Obviously, the dual-phase-shift control presented in [12], [23]
causes comparably high rms currents, in particular at low-
load conditions. This is mainly due to the selected phase an-
gle of ¢ = /2. Considerably reduced rms currents result with
the modulation schemes presented in [22]: these modulation
schemes are based on practical and intuitive considerations;
still, Dy and D, are close to the optimal values presented in this
paper and thus almost the minimum values of I; are achieved.’
This is due to the fact that I}, (D;, Dy ) shows a flat characteris-
tics, i.e., I, is close to its minimum for control parameters close
to the optimum control parameters (cf., Figs. 7 and 8).

IV. EXPERIMENTAL RESULTS

A. Practical Implementation

1) Digital Control Concept: Fig. 13 depicts the cascaded
control structure employed to control V53, i.e., for power being
transferred from the HV port to the LV port. In the inner control
loop, a current controller (PI-controller) controls the dc current
I; and the modulator determines the control parameters needed
for the DAB to generate the set current /7 ,,,q and the set power
Piod = Vit It moa. The outer control loop contains the volt-
age controller (PI-controller), which sets the output voltage V5.
Digital moving average filters are used to remove noise from
Vi, Vo, and I;. The realized DAB converter employs a single dc
current sensor that measures /7 ; the voltage controller, however,
provides the value of the dc current needed at the LV port, I ;..
Therefore, the additional arithmetic block shown in Fig. 13 is
required to determine I yor = I5 yor Vo /V1 (on the assumptions
of a lossless converter and slowly varying dc port voltages, i.e.,

3In the lower power regime TCM is proposed in [22] and thus, minimum [},
is achieved, there.
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TABLE IV

RMS CURRENTS ACHIEVED WITH RECENTLY PUBLISHED MODULATION SCHEMES

Operating point (V1, Va, P) Control variables according to the Respective Dy, Do, and o, ac- 1, Rel. difference to
cited literature cording to Fig. 1{c) minimum Iy,
Dual-phase-shift (DPS) control [12], [23], D1 = 0.5 (important: D1 and D2 defined in Fig. 2 in [12] are different to D; and Dg used in this paper)
300V, 16V, 2kW Dy = 0.5, Dy = 0.484 p=m/2, D1 =0.242, D3 = 0.242 I}, =15.9A 118%
300V, 16 V, 500 W D1 = 0.5, Dy =0.242 p=m/2, D1 =0.121, Dy = 0.121 I}, =8.86 A 420%
300V, 11V, 2kW D1 = 0.5, D = 0.601 p=m/2, D1 =0.300, Do = 0.300 I, =15.9A 51%
300V, 11V, 500 W D1 = 0.5, Da =0.292 p=m/2, D1 =0.146, Dy = 0.146 | I}, =8.97TA 159%
300V, 11V, 2.68 kW Dy = 0.5, Dy =0.791 p=m/2, D1 =0.396, Dy = 0.396 |I; =18.6A 22%
Single H-Bridge PWM [22]
300V, 16V, 2kW ap =0, as = 0.041, ¢y = 0.426 @ =0.426, D1 = 0.5, Do = 0493 | I, =7.31A 0.0%
300V, 16V, 500 W ap =0, as = 0.041, ¢y = 0.095 @ =0.095, D1 =0.5, D2 =0.493 | I, =1.70A 0.0%
300V, 11V, 2kW ap = 0.953, as = 0, ¢y = 0.823 @ =0.823, D; =0.348, D2 = 0.5 | I, =10.7TA 1.4%
300V, 11V, 500 W ap = 0.953, as = 0, ¢y = 0.192 @ =0.192, D; =0.348, D2 = 0.5 | I =4.18A 21%
300V, 11V, 2.68 kW cannot be achieved with this modulation scheme
Simultaneous Dual PWM of DAB, Composite Scheme [22]
300V, 16V, 2kW ap =0, as = 0.031, ¢y = 0.426 @ =0.426, D1 = 0.5, D2 =0.495 | I, =7.31A 0.0%
300V, 16V, 500 W ap =0, as = 0.039, ¢y = 0.095 @ =0.095, D1 =0.5, D =0.494 | Iy, =1.70A 0.0%
300V, 11V, 2kW ap = 0.708, as = 0, ¢y = 0.758 @ =0.758, D1 =0.387, Do = 0.5 | I, =106 A 0.14%
300V, 11V, 500 W ap = 1.752, as = 1.147, ¢y = 0.302 | ¢ = 0.302, Dy = 0.221, Do = 0.317 | I}, = 3.4T A 0.0%
300V, 11V, 2.68 kW ap = 0.370, as = 0, ¢y = 1.146 @ =1.146, D1 = 0.441, D2 = 0.5 | I =154A 0.94%

The operating points are selected such that the comparison considers V1 =~ nVa, V1 > nVa, and different power levels (n = 19, L = 26.7 uH).

Vi
- T )
Varet Voltage | L2t Vag | et Current |/1,mod Prnod Mol g ? i Delay: DAB V2
’ O" Ve Tw=I[T1, T2, 51", | ;: DSP, FPGA, (| power
controller Vie controller g Eq. (28) dir ; X I
- s Lig ¥ - q. measurements stage | || o
Vig| Vag Vig Vie | Var
Digital
filter
Fig. 13.  Employed control structure including voltage and current control loops for power transfer from the LV to the HV port as well as the modulator function

which calculates the required timing signals, Ty, = [T1, T2, T3 ]T [T, T, and T3 are calculated with (28)]. Voltage and current controllers and the modulator
reside in the DSP; the FPGA generates the gate signals for the MOSFETs of the DAB.

Vi=Vifand Vo = VQ,f).6 Details regarding the control of the
employed DAB are presented in [10].

A DSP runs the voltage and current controllers, interfaces to
current and voltage measurement peripherals (A/D converters),
monitors overcurrent and overvoltage conditions in order to en-
sure safe converter operation, and communicates with a control
pc, which is used to start and stop the DAB converter and to
adjust the output voltage. The DSP as well calculates the con-
trol parameters, ¢, D1, and D-, and interfaces to an FPGA that
generates the dedicated gate signals. The employed gate signal
generation unit, presented in Section IV-A3, requires the timing
parameter vector Ty, = [T, T, T3]":

Dl—DQ—i-gO/T( D1 D2

0>0:T =177 =1 Ty===

1 2fs T Tk

DQ—Dl—(p/ﬂ' DQ D1

<0y =227 oy 2 = 2L

v ' 2fs T ks T ks
(28)

OTf power is transferred from the LV port to the HV port, the shown voltage
controller needs to control V7. In that case the arithmetic block connected in
series to the voltage controller is not required, since the respective voltage
controller directly outputs /7 yef.

The variable dir determines the direction of power transfer (it
can be shown that the sign of P is equal to the sign of ):

HV — LV
LV — HV.

+1:

~1: 29)

dir = Sgn(Pmod) = bgn(@) = {

The employed DSP is a TMS320F2808 operated with a clock
frequency of 100 MHz; the software is implemented in the com-
puter language C. For the FPGA, the device LCMX02280, op-
erated with a clock frequency of 100 MHz, is employed; the
hardware description language VHDL is used to program the
FPGA.

2) On-line Calculation of the Modulation Parameters: The
calculation of (23) and (25) requires elaborate calculations in
order to determine the three-control parameters @qp¢, D1 opt,
and D, (. With the given computational power of the DSP,
on-line parameter calculation is not feasible. In order to still
run the discussed optimal modulation method, the respective
control parameters are calculated off-line for a set of basic values
and stored in a table on the DSP. The controller software then
uses linear interpolation to approximately determine the actual
control parameter values.

Each control parameter depends on the current operating
point, characterized by Vi s, V¢, and Puod: @opt (Vis, Var,
Pmod)s Dl,opt (Vvl.,fa Vv?,fy Pmod), and D2,opt (Vvl.,fa Vv?,fy Pmod)~
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TABLE V
POWER ERROR BY REASON OF THE LINEAR INTERPOLATION
Arithmetic Arithmetic
max|ep| mean of max|ep,| mean of
lep| lep.|

CPM:

4w | 2IW ] 1.8% [ 021%
Optimal modulation scheme:

4w | saw ] 6.6% | 0.68%

The error values are calculated according to (39) and (40), whereas the
calculation of the relative error excludes zero power.

Consequently, a 3-D table is required for every control parame-
ter to store the basic values and to facilitate the subsequent linear
function interpolation. The employed interpolation algorithm is
detailed in [25].

The currently used tables employ 16 basic values V7 ; and
Vau,

‘/1,111;1)( - ‘/1,min

‘/lﬁk = Vi,min + k ke Ny Ak <15 (30)

15 ’
Vo = Vo min +lv2"m%5v2’mm, leNyAL<L15 (3D
and 32 values P, ,
Py = —Fymax + mmggil meNyAm<3l. (32)

The tables are calculated for a slightly enlarged operating range
in order to avoid extrapolation during transient operation:

Vi,min = 200 V, ‘/l,max =490V (33)
Vv?,min = 10V» VvQ,max =17V (34)
Py max = 2.5kW. 35)

In total, the tables for D, D, and ¢ require 3 X 162 x 32 =
24576 memory cells; this fits into the on-chip flash memory of
the TMS320F2808.

Depending on the operating point, the transferred power may
deviate from the set power by reason of the linear interpolation.
The maximum power errors occur approximately in the middle
between eight adjacent basic values and therefore

Vie+ Vi

%kz% keNgAO<k<15 (36)
Vo, + Vi

szz% leNygAO<I<15and (37)
Pem Pem

Pe,mz%, meNgAO<m <3l (38)

are considered in order to calculate the absolute and relative
eITors:

ep (Vlﬁe,ka V2.,e,la Pe,m) =P - R(‘/l.&,ka VZ,eﬁla Pe,m)
ep (Vlﬁe,]m V2A,e,1a Pe,’m )

P

(P denotes the power calculated with the interpolated control
parameters determined at V; ¢ i, V2. ¢ 1, and P, ,, ; the calculation
of the relative error excludes zero power). Table V summarizes

(39)

eP,r(VlA,e,kv ‘/2.9,1 ) Pe,m ) = (40)

POS1 POS2 ZERO1_2

Half cycle counter  Half cycle counter Half cycle
/.\ reached T /\ reached 7, /‘\ counter elapsed
\Z/ _/ _/

HV—-LV: §j,«1
LV—HV: S5,6 1

HV-LV: S5 1
LV—HV: S[ € 1

HV—-LV: S3,4<— 1
LV—HV: S7,g<— 1

Furthermore: Furthermore:

- Reset half - Reset subsidiary
cycle counter FSM counter

- Update FSM -HC1 _active flag <1
timing parameters

- Generate
external DSP

interrupt (sync.)

ZERO2_2 NEG2 NEG1
Half cycle counter  Half cycle counter

reached T, m reached T /\
N N/

HV—-LV: S5,5 —0 HV—-LV: S] 2 0
LV—>HV: §,<0 LV—HV: S56«0
Furthermore: Furthermore:
- Reset subsidiary - Reset half

FSM counter cycle counter
-HC2 active flag « 1

Half cycle
counter elapsed /™

HV—-LV: 53,4 —0
LV—-HV: S7yg —0

Fig. 14. Master state machine: employed for the DAB to control three out
of four half-bridge state machines (see Fig. 16). The fourth half-bridge is
controlled with the additional state machine depicted in Fig. 15, since those
particular switching commands may occur after the half cycle has elapsed, e.g.,
in Fig. 6(b). It is important to note, that the assignments related to each state are
only performed at the instant the FSM enters the respective state.

the errors calculated for the different modulation schemes. The
maximum absolute error is 44 W; with the optimal modulation
scheme, a maximum relative error of 6.6% occurs. The error due
to the linear interpolation causes an error in the output current
if the DAB is operated open loop. With the use of a current
controller, as shown in Fig. 13, I 1,04 and P,,q are adjusted
such that the difference between the reference current and the
measured current becomes smaller; a PI current controller elim-
inates the steady state difference between I; and I ..

3) Flexible Gate Signal Generation Unit: The voltage pat-
terns required for the different modulation schemes demand for
a highly flexible gate signal generation unit. The gate signal gen-
eration is therefore performed with finite state machines (FSMs)
being executed in an FPGA; this approach allows for very high
flexibility regarding the generation of different gate signal pulse
patterns.

The gate signal generation unit consists of six different state
machines: the master FSM (see Fig. 14) and its supporting sub-
sidiary FSM (see Fig. 15) control for subordinate FSMs which
in turn generate the gate signals (see Fig. 16).

Let us assume, that the state “POS1” of the master FSM
becomes active with the configured direction of power transfer
being “HV — LV.” The FPGA thus resets the half cycle counter
(required in order to detect the end of the half cycle), updates
the FSM timing parameters, and generates an external DSP
interrupt to synchronize the digital control part implemented
on the DSP to the gate signal generation unit. It further sets
the switch signal S » to 1 which triggers the half bridge FSM
assigned to T and Ty (see Fig. 16 with ¢« = 1 and j = 2). At
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ZERO2_1b
hQ®
=l

HCI _active_flag <0

HC1 _active_flag=1

Subsidiary FSM
counter reached 73
and
HC2_active_flag =1

ZERO2_1a

b @

e
HV-LV: S35 1
LV—HV: S35 1

Furthermore: z_lnd
HC1_active flag«0 HC2 active flag=1

HC1 _active_flag=1

Subsidiary FSM
counter reached T

Subsidiary FSM
counter reached 73 and

HCI_active flag=1 ZEROI_la

(o)

~
HV—-LV: S750
LV-HV: S35, 0
Furthermore:

HC2_active_flag <0

HC2_active flag=1

Subsidiary FSM
counter reached 73 and
HCI1_active flag=1

ZERO1_1b
Ve

AN
HC2_active flag <0

HC2_active_flag=1

Fig. 15. Subsidiary part of the master state machine depicted in Fig. 14;
controls the state machine of the fourth half-bridge (HV — LV: T7, Tg; LV
— HV: T3, T4). This additional state machine is required, since the switching
action of the fourth half-bridge may occur after the half-cycle in the master state
machine has elapsed. Therefore, the control of the fourth half-bridge needs to
be decoupled from the master state machine [e.g., to generate the waveform
shown in Fig. 6(b)]. The state machine uses the variables HC1_active_flag and
HC2_active_flag to prevent failure modes during unsteady converter operation.

HB;; LOW HB;;_WAIT1

()
N\

HB;; ZERO1

command

Gate, Tj 1 restart delay Gate, T; < 0;
dead time command counter restart dead |dead time
delay delay  clapsed time counter | delay
counter counter counter
elapsed elapsed
HB;; ZERO2 HB;;_ WAIT2 HB;; HIGH
()
command U Si;=0
Gate, T; < 0;  delay restart Gate, T; 1
restart dead  counter command
time counter  elapsed ~ delay

counter

Fig.16.  State machine HB; ; employed to generate the gate signals of a single
half bridge (inclusive command delay and dead time interval generation). The
indices ¢ and j denote the indices of the MOSFETS’ reference designators given
in Fig. 1). The FPGA runs four of these state machines, i.e., HB1 o, HB3 4,
HBs5 6, and HB7 g, in parallel.

the time the half cycle counter reaches the value 77, the master
FSM changes its state to “POS2,” triggers the half-bridge FSM
assigned to T; and T§g, and resets an independent counter used
to control the subsidiary FSM (see Fig. 15). In order to avoid
an erroneous switching sequence, a flag indicating the current
half cycle, HC1_active_flag, is set (see Fig. 14). As soon as the
half-cycle counter reaches the value 75, the half-bridge FSM
assigned to T3 and T} is triggered. The master state machine
starts with the second half-cycle at the instant the half-cycle
counter reaches the value T /2.

The use of the independent subsidiary state machine enables
the time T3 to range from O to 75 /2. With the extension to both
power transfer directions, as shown in Fig. 14 and Fig. 15, the
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Fig. 17. 2 kW automotive DAB converter (273 mm x 90 mm x 53 mm);
rated voltage transfer ratio: V73 = 340V and Vo = 12'V.

proposed architecture allows us to reproduce all required voltage
patterns needed to realize the optimal modulation scheme.

The use of independent state machines for each half bridge
finally allows for the switching signals .S; ; to be delayed in-
dividually in order to compensate for different switching time
delays caused by the semiconductor switches.

B. Experimental Results

The experimental results are obtained from the DAB hard-
ware prototype depicted in Fig. 17. This DAB is realized for an
automotive application and enables bidirectional power transfer
between the HV power train and the LV dc bus (LV battery, LV
ancillary loads) of a fuel cell car [1], [4]. Its voltage and power
ratings are given in Section I and its basic technical data are
listed below.

1) PCB: four layer PCB, 200 pm copper on each layer.

2) LV side:

a) Dc capacitor: 96 x 10 pF/25 V/X5R in parallel,
b) Switches: 8 x IRF2804 in parallel.
3) HV side:
a) Dc capacitor: 6 x 470 nF/630 V in parallel.
b) Switches: SPW47N60CFD (CoolMOS).

4) Transformer core: two planar E58 cores.

5) Transformer turns ratio and DAB converter inductance:

n=19:1,L=26.7 uH.

6) Switching frequency: fg =100 kHz.

The switching frequency is selected in order to obtain a highly
compact converter and n and L are determined with respect to
maximum converter efficiency and for CPM being used [26];
the design procedure, e.g., as presented in [26]-[28], is beyond
the scope of this paper. Moreover, the DAB could be operated
more efficiently with the optimal modulation scheme if differ-
ent values of n and L would be used [26]. However, for the
measurements solely n = 19 and L = 26.7 H have been used
in order to allow for a meaningful comparison.

The efficiency results obtained with this hardware prototype
are used to illustrate the improvements achieved with the op-
timal modulation scheme compared to CPM. The efficiency
measurement includes conduction and switching losses of the
semiconductor switches, copper and core losses of the HF trans-
former and the DAB inductor, and the power needed for the gate
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Fig. 18. Converter efficiencies measured for CPM (A) and for the optimal

modulation scheme detailed in Section III ((J): (a) V7 = 340V, Vo =12V,
(b)y Vi =240V, Vo =11V, (c) V1 =240V, Vo, =16V, (d) V1 =450V,
Vo =11V,and(e) V; = 450V, Vy = 16 V; power is transferred from the HV
port to the LV port; employed DAB converter: n = 19 and L = 26.7 uH; the
efficiency measurement is carried out at an ambient temperature of 74 = 25°C.

drivers and for the digital control platform.” Fig. 18 depicts the
efficiencies measured at different operating voltages V; and V5,
different output power levels P, and for power being transferred
to the LV port; dashed lines mark CPM operation, solid lines
mark the operation with the optimal modulation scheme (all effi-
ciencies have been measured at room temperature, 7y = 25 °C).
The overview of the different operating modes employed
for the optimal modulation scheme (see Fig. 9) reveals that
TCM and OTM are typically employed for V;/(nVs) < 1
or V1/(nV2) > 1 and at low-power levels; CPM is the op-
timal choice at V;/(nVs2) & 1. Thus, considerably increased
converter efficiency is observed in Fig. 18 for Vi /(nV3) < 1
or Vi /(nV3) > 1, e.g., in Fig. 18(c) [Vi/(nV2) = 0.79] or
Fig. 18(d) [Vi/(nV2) = 2.2], respectively. Moreover, the ef-
ficiency increases for most operating voltages at reduced power
levels, i.e., P, < 1.5kW in Fig. 18. However, operation with
CPM may lead to a higher efficiency at certain operating points,
e.g., at P» = 500 W in Fig. 18(b), since the presented optimal
modulation scheme disregards loss components other than con-
duction and copper losses (e.g., switching losses).
The efficiency of the converter drops to values below 85% at
rated power and at two operating voltages:
1) Vi =240V, V, =11V, and P, = 2kW [see Fig. 18(c)]:
at minimum input and output voltages a large phase angle
is required and therefore I; is comparably large. This

"The use of reduced duty cycles D1 < 0.5 and Do < 0.5 facilitates a reduc-
tion of the transformer’s and the inductor’s core losses [22]. Thus, the optimal
modulation scheme achieves a reduction of the transformer’s and the inductor’s
core losses at low power levels when compared to CPM.

could be avoided by reducing L, which, however, causes
an increase of I, for most other operating points.

2) Vi =240V,V, =16V, and P, = 2kW [see Fig. 18(e)]:
there, the LV full bridge generates high switching losses,
which is not considered by the presented modulation
scheme. Possible improvements are discussed in [26].

V. CONCLUSION

This paper presents the general closed-form solutions for the
modulation parameters D;, D, and ¢ of an optimal modulation
scheme, which achieves minimum inductor and transformer rms
currents for a DAB converter. As a consequence, minimal con-
duction and copper losses are achieved. The given closed-form
expressions can be directly used for a given DAB converter. The
presented modulation scheme is thus useful during the first stage
of a systematic design process of the DAB converter, to deter-
mine the current and voltage stresses of the converter’s power
components, and facilitates the design and /or selection of most
suitable power components. In this context a converter model,
e.g., according to [4], [29], needs to be implemented in order to
predict the different component losses and to dimension the heat
sink. In a final step optimal values of n and L (e.g., with respect
to maximum average efficiency) may be determined using the
design procedure presented in [26].

The practical value of this modulation scheme is demon-
strated for a bidirectional, automotive DAB converter with a low
voltage/high current port and a rated power of 2kW: the con-
verter efficiency is measured for the conventional CPM and the
optimal modulation strategy at different operating points. The
efficiency considerably increases for most operating voltages at
reduced output power levels, P < 1.5kW. The achieved im-
provement is most distinct at V; = 450V and V5, = 11 V: there,
the efficiency increases from 78.6% to 90.6% at 1 kW output
power and from 85.9% to 90.7% at 2kW output power. The
optimal modulation scheme is thus most useful for DAB con-
verters which are operated within wide input and output voltage
ranges.

The proposed modulation scheme is optimal with respect
to minimal inductor rms current. Even though, the presented
optimization procedure does not consider the switching prop-
erties of the DAB, it can be shown that ZVS is achieved for
medium and high power levels, [P| > P 1ax. At low power
levels, however, switching operations with zero inductor cur-
rent, i.e., i, = 0, cause increased switching losses on the HV
side [4], [26]. Thus, future investigations may focus on the prop-
erties of this modulation scheme regarding switching losses and
possible improvements with respect to the extension of the ZVS
operating range.
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