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Optimized Modulation and Dynamic Control
of a Three-Phase Dual Active Bridge
Converter With Variable Duty Cycles

Jun Huang *, Zhuogiang Li

Abstract—The three-phase dual active bridge (3p-DAB) con-
verter is a promising topology for high power dc-dc conversion due
to advantages of bidirectional power flow, inherent soft-switching
capability, and reduced filter volume. This paper presents compre-
hensive analysis of the duty cycle control (DCC) for optimizing the
performance of the 3p-DAB. Based on DCC, an optimized modu-
lation strategy is proposed to minimize the conduction losses of the
3p-DAB in the whole load range. The proposed modulation strategy
extends the soft-switching range of the 3p-DAB with large voltage
variations simultaneously. It is established through loss analysis
that the proposed modulation strategy boosts the efficiency of the
3p-DAB, especially at low loads. When the duty cycles change fast
as a result of the abruptly changed transmission power, the trans-
former currents can become unbalanced, leading to the magnetic
bias and oscillations in dc currents. This paper further proposes a
fast transient current control (FTCC) method for the 3p-DAB with
variable duty cycles. The FTCC enables the converter to transfer
from one steady state to another within about one-third switch-
ing period, hence balancing the transformer currents rapidly and
avoiding oscillations in dc currents. Finally, experimental results
verify the outstanding performance of the proposed modulation
strategy and FTCC method.

Index Terms—Duty cycle control (DCC), fast transient current
control (FTCC), optimized modulation strategy, soft switching,
three-phase dual active bridge (3p-DAB).

NOMENCLATURE
Vi, Vs DC port voltage.
I, I, Port current.
C1,Cs DC capacitor.
Tyy(x=1,2,y=1,2...6) Active switch, e.g., power
MOSFET.
D,y (x=1,2,y=1,2...6) Antiparallel diode.

Nio Turns ratio of the transformer.

Manuscript received December 2, 2017; revised April 4, 2018; accepted May
18, 2018. Date of publication May 29, 2018; date of current version February
5, 2019. This work was supported by Nari Group Corporation R&D Program
under Grant 52460817A036. Recommended for publication by Associate Editor
L. Corradini. (Corresponding author: Jun Huang.)

J. Huang and J. Zhu are with Nari Group Corporation (State Grid Elec-
tric Power Research Institute), Nanjing 211000, China (e-mail: hjxjtu@
stu.xjtu.edu.cn; zhujinda@sgepri.sgcc.com.cn).

Z.Li, L. Shi, and Y. Wang are with Xi’an Jiaotong University, Xi’an 710049,
China (e-mail: lizhuogiang20 @stu.xjtu.edu.cn; lingshi @stu.xjtu.edu.cn; david-
wangyue @mail.xjtu.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2842021

, Ling Shi, Yue Wang

, Member, IEEE, and Jinda Zhu

Ly, Ly, L. Series  inductance, L, =
Ly=L.=1L,.

R., Ry, R, Series resistance, R, = R, =
R. = R;.

Uy (2 =1,2,y =a,b,c) AC phase voltage.

AC phase voltage of the V-
side bridge on the V] side.

! ! !
V245 Vaps Ve

Thar Ly e Phase current.

Sy (x=1,2,y =a,b,c) Switching function.

Ts, fs Switching period and fre-
quency, T = 1/ f;.

Ths Half-switching period.

ws Angular frequency, wy; = 27/
Ts.

Dy Duty cycle of the V;-side
bridge.

Dy Duty cycle of the Vs-side
bridge.

Ds Phase-shift ratio between two

active bridges (defined by the
rising edges of driving pulses).
Dy Phase-shift ratio between two
active bridges (defined by the
centers of driving pulses).

d Voltage conversion ratio, d =
NiyVo/ V1.

P, P,, Average transmission power
and normalized transmission
power.

P, Reference power, P, = V}2/
(ws Lg).

Root mean square (rms) phase

current and normalized rms

phase current.

1, Reference current, I, = V;/
(wsLg).

Diia,Diaa,Doin,Doon Intermediate duty cycles.

T Time constant, 7 = L /R;.

Iersa Iersn

I. INTRODUCTION

N RECENT years, the isolated bidirectional dc—dc converter
(IBDC) has attracted more and more attention, which is
widely used in high-power dc applications such as solid-state

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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transformers, medium-voltage dc transmission systems, electric
vehicles, and auxiliary power supplies for railways [1]-[5]. The
three-phase dual active bridge (3p-DAB), a promising topology
of the IBDC, is originally proposed for high-power dc—dc con-
version in [6]. The 3p-DAB consists of two three-phase active
bridges and a high-frequency three-phase transformer with Y/Y
connection. The topology has advantages of electrical isolation,
bidirectional power flow, and inherent soft-switching capability
[7]-19]. It also has lower device stress, lower transformer kVA
rating, and reduced filter volume as a result of smaller ripple cur-
rent in dc capacitors compared with the single-phase topology
[10], [11].

The conventional modulation strategy for the 3p-DAB is the
phase-shift (PS) control, which is widely used due to the simple
operation and inherent zero-voltage switching (ZVS) capabil-
ity without adding any extra passive components. However, the
ZVS operating range is limited when the voltage conversion
ratio is away from unity. The hard-switching (HS) operation oc-
curs under light load conditions, and the efficiency of the con-
verter decreases consequently [6], [12], [13]. In addition, the
conduction losses are not optimized under PS control. There-
fore, PS control is not effective in applications that require large
voltage variations and wide load ranges. The same conclusions
can be found in the single-phase DAB (1p-DAB). In order to
overcome inherent drawbacks of PS control, numerous modula-
tion strategies have been developed for the 1p-DAB. Introducing
the inner PS angle is the most common method that derives the
optimized modulation in 1p-DAB applications [14]-[18]. Nev-
ertheless, it is difficult to realize the adjustable PS angle between
two phase legs due to the 120° PS angle among three phases of
the 3p-DAB. The approaches to improve the efficiency of the
1p-DAB cannot be used in 3p-DAB applications directly. An
enhanced modulation strategy is proposed for the 3p-DAB to
address the problem of poor partial load efficiency in [19]. The
proposed modulation strategy operates two phases in parallel
at low and medium loads where the 3p-DAB is operated as a
1p-DAB that has high efficiencies with the triangular and trape-
zoidal current modes. PS control is still applied at high loads.
However, the converter will lose the benefit of small ripple
output current as a result of the noninterleaved operation. Addi-
tionally, it requires highly synchronized gate triggering circuits
and changes the paralleled phases periodically, which increases
the control complexity.

With the fixed PS angle among three phases, a new operating
mode is introduced for the 3p-DAB in [20], where a constant
duty cycle of 1/3 is employed for each phase leg. This operating
mode fails to improve the converter performance in the whole
load range and even causes low efficiencies for some operating
points. A current-fed 3p-DAB converter as well as its optimized
modulation strategy is proposed in [21]. The same variable duty
cycle is applied for both the primary and the secondary bridges
to maintain ZVS in the whole operating range in this literature.
However, the current-fed 3p-DAB employs three large induc-
tors that reduce the power density of the converter. A similar
switching pattern is discussed in [22] and is defined as the
simultaneous pulsewidth-modulation (SPWM) control. Seven
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different switching modes are introduced with overlapped ZVS
ranges. This literature only analyzes the possible ZVS ranges of
the 3p-DAB under SPWM and provides no solutions for the opti-
mal control parameters. Three triangular and trapezoidal current
modes for the 3p-DAB are introduced and analyzed in [23]. The
proposed modulation strategy extends the soft-switching range
and increases the light-load efficiency of the 3p-DAB. However,
the mode selection and the computation of duty cycles are not
further discussed. In addition, the triangular and trapezoidal
current modes cannot cover the whole load range. It is expected
that introducing the variable duty cycles for the active bridges is
an effective approach to optimize the operation of the 3p-DAB.
Actually, the previous modulation strategies can be considered
as the special cases of this approach. Nevertheless, the operating
principles of the 3p-DAB with variable duty cycles are not well
addressed in the existing literature. Due to multiple degrees of
freedom, it is considerably complex to determine the optimal
control parameters with respect to the efficiency-optimized ob-
jective. There is not an effective procedure that determines the
global optimal control parameters in the whole operating range
at present. Consequently, no practical optimized modulation
strategy is found for the 3p-DAB with variable duty cycles.
The dynamic behavior is another important issue for the op-
timized operation of the 3p-DAB. When the duty cycles (in-
cluding the PS angle) change fast as a result of the abruptly
changed transmission power, the transformer currents (also de-
fined as the phase currents) have transient dc biases and become
unbalanced, leading to the magnetic bias and oscillations in
output currents. A similar transient process can be found in the
1p-DAB. Essentially, the transient dc bias of the transformer
current is caused by the transient nonzero voltage—time product
of the transformer voltage due to alternative duty cycles dur-
ing a switching period. It is concluded for both 1p-DAB and
3p-DAB. In order to minimize the transient time, an asymmet-
ric double-side modulation method is proposed, which enables
the 1p-DAB to transfer from one steady state to another one
smoothly [24]. A transient PS method with the same principle
is developed in [25]. The predictive current control is proposed
to achieve the optimum and robust dynamic response of the 1p-
DAB in [26]. Since the current reference is achieved within one
switching period, the transient dc bias is eliminated simultane-
ously. Nevertheless, an extra current sensor is required, which
increases the cost of the converter. Two instantaneous current
control methods are proposed for the 3p-DAB in [27] and [28].
By means of the intermediate PS angles, the proposed control
methods enable the converter to reach new steady states in one-
third of a switching period and half a switching period. All
of these publications exist on the converter with PS control,
while the dynamic control of the converter with variable duty
cycles is seldom mentioned. In fact, multiple degrees of free-
dom will complicate the dynamic behaviors of the converter,
but also provide more flexible approaches to improve the tran-
sient performance. Therefore, the dynamic behavior as well as
the control method of the 3p-DAB with variable duty cycles
becomes a practical issue that demands further investigations.
The duty cycle control (DCC), which provides three degrees
of freedom including variable duty cycles for active bridges
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Fig. 1. Circuit schematic and equivalent circuit for the 3p-DAB. (a) Circuit
schematic. (b) Equivalent circuit.

and the PS angle, is expected to optimize the operation of the
3p-DAB. This paper presents comprehensive analysis of DCC in
a unified perspective. By applying the multifrequency approxi-
mation method, a precise and universal model is deduced for the
3p-DAB under DCC, which can be used to compute the analytic
expressions of circuit variables regardless of numerous switch-
ing modes. On this basis, an optimized modulation strategy is
proposed to minimize the conduction losses of the 3p-DAB in
the whole load range. The optimal control parameters are ob-
tained by employing an interior-point algorithm. The switching
operation of the converter with the optimized modulation strat-
egy is then analyzed, and it is concluded that the proposed mod-
ulation strategy extends the soft-switching range of the 3p-DAB
simultaneously. Consequently, high efficiency is realized for the
converter. This paper also presents detailed descriptions on
the closed-loop control of the 3p-DAB under DCC. Moreover,
the dynamic behavior of the 3p-DAB with variable duty cycles is
investigated, and a fast transient current control (FTCC) method
is proposed to improve the transient performance. The proposed
control method enables the converter to transfer from one steady
state to another within about one-third switching period, hence
balancing the transformer currents rapidly and avoiding oscilla-
tions in dc currents. Since the discussions about the steady-state
operation and the dynamic control are based on a unified anal-
ysis of DCC, a unified implement standard is developed for the
3p-DAB under DCC in this paper.

II. DuTtY CYCLE CONTROL OF THE 3P-DAB
A. Operating Principles

Fig. 1(a) illustrates the circuit schematic of the 3p-DAB con-
verter. V1 and V5 are the dc voltages of active bridges. I; and I
are the port currents. C; and C5 are the dc capacitors. L, Ly,
and L, are the equivalent series inductances including the leak-
age inductances of the transformer and the external inductors.
R,, Ry, and R, are the equivalent series resistances consisting
of the series resistances of the external inductors and the wind-
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Fig.2. Driving pulses and general operating waveforms for the 3p-DAB under

DCC. (a) Driving pulses. (b) Operating waveforms.

ings of the transformer. Ny, is the primary to secondary turns
ratio of the transformer. O; as well as O denotes the neutral
point. T}, denotes the active switch, and D,,.,, denotes the corre-
sponding antiparallel diode, where z = 1,2 and y = 1,2. .. 6.
iLa» 1y, and iz, are the phase currents in the V;-side active
bridge. Fig. 1(b) presents the equivalent circuit for the 3p-DAB,
where vy, and v}, (= Njsve,,2 = a,b,c) are equivalent ac
phase voltages on the V] side.

In the equivalent circuit, the three-phase active bridge is
equivalent to three step-wave ac voltage sources with Y con-
nection. In practice, the value of the magnetizing inductance
is usually much larger than that of the equivalent series in-
ductance. Thus, the magnetizing inductances can be neglected,
and the transformer is represented by the equivalent series in-
ductances. The equivalent series resistances are also neglected
due to their minimal influences on the steady-state analysis. In
each phase, the phase voltages are connected through the se-
ries inductance. It is obvious that the three-phase topology is
symmetrical. Without loss of generality, phase a is taken, for
example, to analyze the converter in this paper.

The driving pulses for active switches and the general op-
erating waveforms of the 3p-DAB under DCC are presented
in Fig. 2. The three-phase legs of each active bridge are oper-
ated with a PS of 27/3 (or described as 7,/3 where T is the
switching period). A variable duty cycle is employed for each
phase leg. Three-phase legs in one active bridge have the same
duty cycle. The PS between the active bridges is adjustable.
As shown in Fig. 2(a), D; and D, denote the duty cycles for
V; -side and V5 -side bridges, respectively. The width of the driv-
ing pulse is denoted by DT or D>T;. D3 is the PS ratio be-
tween two active bridges, which is defined by the rising edges of
the driving pulses. The PS angle is denoted by D37}, s, where T},
is the half-switching period. The value ranges of three control
parameters are 0 <D; < 1,0 <Dy < 1,and —1 < D3 < 1,
where a positive D3 indicates that the driving pulse for 77 leads
that for 151, and vice versa. The definition ensures that both the
driving pulse and the PS angle have an interval length of 7.
Additionally, another PS ratio Dy is defined, which denotes the
PS ratio between the centers of the driving pulses for the corre-
sponding active switches such as T and 75 . The value of D
is in the range of [—1, 1] as well. From the following analysis,
it can be concluded that D has a special meaning for the oper-
ation of the 3p-DAB. It is evident that the previous approaches
are the special cases of DCC, as illustrated in Fig. 3 [6], [22],
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Fig. 3. Operating waveforms of the 3p-DAB under different modulation
strategies. (a) PS control. (b) SPWM control. (c) Triangular current mode.
(d) Trapezoidal current mode.

[23]. For example, PS control is applied when D; = Dy = 0.5,
and SPWM is applied when 0 < D; = D, < 1.

To facilitate the analysis, the switching function s(#) is in-
troduced for each phase leg. A value of 1 indicates that the
upper switch of the corresponding phase leg is ON and the lower
switch is OFF, whereas 0 means that the upper switch is OFF and
the lower switch is ON. According to the switching sequences
and the definition of s(¢), the phase voltages on the V) side are
derived as

Vl [251a (t) — S1p (t) — Sle (t)}

o () = .
()= HERO s @]
A ORI HURIG

o () = M12V2 2300 () s () 2 )
(= Vi O~ O =m0
o () = 212V 25 () 0 (0 50 0)

where the subscripts of s(¢) denote the corresponding phase leg,
e.g., $14(t) is the switching function for phase a of the V;-side
active bridge. As shown in Fig. 2(b), the phase voltage is in an
asymmetrical six-step mode. However, the volt-seconds over a
complete switching period remain balanced. In order to simplify
the analysis, the values of L,, L, and L. are all equal to L.
From the equivalent circuit, the phase current 77, in phase a is
obtained as

1

m®=M®+EAMMMﬂ%wM>®
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where p is used to denote the time within a period. Furthermore,
the basic electrical quantities of the 3p-DAB can be derived
based on the equivalent circuit. The root mean square (rms)
phase current and the average transmission power of phase a are

given by
1",
Irarms = \/f/o i7, (t)dt, 4)
I

g:ilvwmmwﬁ 5)

Assuming that the corresponding circuit parameters of three
phases are equal, the rms phase current for each phase and the
total transmission power (or defined as the output power) of
three phases are expressed as

Iers = ILarm,s = ILl)rms = ILcrm37 (6)
3 "
a:m:?/qmwmwﬁ- ™)
s JO

B. Generalized Analysis of the 3p-DAB Under DCC

Under PS control, both active bridges of the 3p-DAB are
operated in the six-step mode since the phase voltage and cur-
rent have odd symmetry at every half-switching period [6]. Two
switching modes are distinguished by regarding the different se-
quences of rising and falling slopes of the phase current, which
is expressed by a piecewise function. The switching modes are
analyzed by using the piecewise linear method. However, this
method is not effective for the 3p-DAB under DCC due to
numerous switching modes. To overcome this issue, the mul-
tifrequency approximation is applied to analyze the operation
of the 3p-DAB. A universal steady-state model is developed to
describe the analytical expressions for the high-frequency-link
electrical quantities of the 3p-DAB under DCC. Thus, analysis
of numerous switching modes is avoided. The universal expres-
sion for the switching function is given by

1, ty<t<ty+ DT,
s(t) = (8)
0, 0<t<tyorty+ DT, <t<T,

where ¢ is the initial time of driving pulse for the upper active
switch and D denotes the duty cycle. By substituting the Fourier
series of switching functions into (1) and (2), vy, and v}, are
expressed as

<X 8V sin? (A7) sin (kD; ) cos (kwt — kD)
Ve () = 3k
k=1
9
kwst — kD7
s 2 (kT o s
/ +008N12V281n (T)sm (kDo) Cos< kD >
UQ(J,(t) = 3k
k=1
(10

where the angular frequency w, = 27 /Ty, and the initial time
of driving pulse for 77, is defined as zero time. It is observed
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that Dy is also the PS ratio between v,(;) and U;am, where
V1q(1) and v;am are defined as the fundamental components
of vy, and v}, respectively. By combining (3), (9), and (10),
the expression for the phase current can be derived. Since the
volt-seconds over a complete switching period are balanced, the
average phase current over one switching period should be zero.
On this basis, 77, (0) is calculated. Then, substituting 77,, (0) into
(3), the phase current is obtained as

. +00 .
. iLa sin (kwgt — kDq)
an t) = == A k
o (1) = 7 = 3 A
+ 00 .
sin (kwst — kDim — kD m
-3 k) Sk = )y
k=1
where
8sin? (k7 /3) sin (kD
8dsin? (km/3) sin (kDym

the reference current I, is V;/(wsLs), and the voltage
conversion ratio d is defined as Ny5V5/V;. Furthermore, the
normalized rms phase current and the normalized total aver-
age transmission power are derived as (12) and (13) as shown
at the bottom of this page, where the reference power P, is
V2 /(wsLg). It can be deduced from (13) that the direction of
transmission power is solely determined by the sign of Dy.
Similar to the conventional 3p-DAB operation, a positive D
leads to the power transfer from V) port to V5 port, whereas
a negative Dy leads to the power transfer in the reverse di-
rection. By combining (11)—(13), it can be further concluded
that the forward-power-transfer operation and the correspond-
ing reverse-power-transfer operation share the same duty cycles
but opposite D ;. Hence, analysis of the forward-power-transfer
operation is enough

III. MINIMUM-CONDUCTION-LOSS MODULATION
OF 3P-DAB CONVERTERS

The three degrees of freedom (D, D, and D) have infinite
combinations to transfer the required power with the required
voltage conversion ratio. On the basis of DCC, this section pro-
poses an optimized modulation strategy to minimize the con-
duction losses with the required transmission power and voltage
conversion ratio in the whole load range. To simplify the analy-
sis, the discussion assumes that the power flow is from V; port
to V port (Dy > 0) in a buck mode (d < 1). The other working
cases can be analyzed similarly.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

A. Optimized Modulation Strategy to Minimize the
Conduction Losses in the Whole Load Range

The calculation of conduction losses considers two parts: the
conduction losses in switches and the copper losses in magnetic
elements. The rms currents through the switches and the trans-
former determine the respective conduction losses. It should be
pointed out that the switch consists of the active switch and the
corresponding antiparallel diode. The detailed derivation of the
conduction losses in the 1p-DAB is found in [17]. Accordingly,
a similar derivation can be applied for the 3p-DAB. It can also
be concluded that the conduction and copper losses are directly
proportional to I7,, .. Consequently, the minimum rms phase
current leads to the minimum conduction losses.

Based on the aforementioned analysis, the conduction losses
are considered as the optimized objective that improves the op-
eration of the 3p-DAB herein. The optimization problem can be
described as finding optimal control parameters for minimizing
the rms phase current with the required transmission power and
voltage conversion ratio. Therefore, the numerical optimization
problem with a single objective can be formulated into a con-
strained nonlinear programming model as

Min I} e (X)),
Subject to
P,, (X) -

where X = (D1, Dy, Dy), Irymsn(X) and P,, (X)) are given
by (12) and (13), respectively, P,y is the required trans-
mission power, and B; (X)) are determined by the operational
constraints of three control parameters that

By (X)=—-D;y, By (X)=Dy — 1, B3 (X) =—Do,

B4 (X) ZDQ — 17 B5 (X):—Df, and B()' (X) = Df — 1.

Ponres =0, Bj (X) <0, j=1,2,...6 (14)

In the constrained nonlinear programming model, 17,y (X)
is the single objective function, P,,(X) — Pyprep is the
equality constraint, and B;(X) (j = 1, 2.,...,6) are inequality
constraints. However, it is difficult to derive the closed-form so-
lutions for three control parameters in practice. To overcome this
issue, an interior point algorithm is applied to solve the numer-
ical optimization problem and compute the numerical optimal
control parameters.

Interior point methods (also referred to as barrier methods)
are a certain class of algorithms that solve linear and nonlin-
ear convex optimization problems [29], [30]. In the interior
point method, the logarithmic barrier functions are introduced
to approximately formulate the optimization problem in the
form of an equality constrained problem. Thus, the constrained

<= 32sin’ (&) [sin® (kDy7) + d? sin® (kDym) — 2dsin (kDy ) sin (kD) cos(kD )]

7 o Iers o
Lrmsn — T - E
b k=1

.
— 3
Pon, -

P, X 32dsin' (&) sin (kD) sin (kDo) sin (kD)

12
k42 (12)

(13)

2-5

3.2
P 3k3m
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Fig.4. Simplified flowchart of the optimization algorithm based on an interior
point method.

nonlinear programming model is given by

6
Min F(X,,u) = Irrmsn (X) - ,UzX:ln(J'i7
i=1

Subject to P,,, (X) — Pyyrey =0, =Dy + 01 =0,

D1 —1+0’2:O, —D2+03:0, D2—1+04:0,

—Dj405=0, Dy —1+06=0 (15)

where ;1 > 0 is the barrier parameter, and o; > 0 is the slack
variable. In the interior-point method, the algorithm starts from
an initial point within the feasible domain and obtains a new
interior point for minimizing the objective function along a fea-
sible direction. It should be pointed out that since the nonlinear
programming model only contains equality constraints, the La-
grange multiplier method can be directly applied to solve the
optimization problem. The algorithm then proceeds from the
new interior point and derives the subsequent optimal interior
point by an iterative operation along a feasible direction. After
multiple iterations, a sequence of interior points is obtained, and
the value of the objective function gradually tends to the opti-
mal one. The simplified flowchart of the optimization algorithm
based on an interior point method is illustrated in Fig. 4, where
the superscript k indicates the value in the kth iteration, X~
denotes the optimal solution, ¢ < 1 is the reduction coefficient,
and ¢, as well as & is the tolerance.

By using the optimization algorithm mentioned above, the
global minimum rms phase current with the required transmis-
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sion power and voltage conversion ratio can be derived. Mean-
while, the optimal control parameters are obtained, which are
the optimal interior point after multiple iterations in practice.
Fig. 5 depicts the calculated optimal control parameters, where
d = 0.6 and 0.8 are taken as the example voltage conversion
ratios for the two-dimensional curves. It can be observed that
three optimal control parameters vary with P,,, and d, distin-
guished from the conventional operation with constant duty
cycles. Additionally, the numerical optimization algorithm se-
lects Dy = Dy = 0.5 at high power levels, where PS control,
as a special case of DCC, is applied actually. On the basis, the
minimum-conduction-loss modulation strategy is proposed for
the 3p-DAB, which minimizes the rms phase current as well as
conduction losses in the whole load range. Fig. 6 compares the
calculated rms phase currents of PS control and the optimized
modulation scheme varied with P,,, and d. It is evident that the
proposed modulation strategy leads to lower rms phase current
in most load range, especially with large voltage variations un-
der light load conditions. As a consequence, lower conduction
losses and higher efficiency are achieved for the 3p-DAB with
the optimized modulation strategy.

B. Switching Characteristics of the 3p-DAB With the
Optimized Modulation Strategy

The 3p-DAB converter provides inherent ZVS capability
without adding any extra passive components and is particu-
larly attractive for high-speed switching structures. However,
ZVS operation of the 3p-DAB depends on the voltage conver-
sion ratio and transmission power. Therefore, accurate identifi-
cation of ZVS boundaries for switching modes is essential to
precisely quantify the performance of the 3p-DAB throughout
its entire operating range. ZVS is obtained by ensuring that the
active switch turn-ON only occurs when its antiparallel diode is
conducting. Then, the voltage across active switch is clamped to
zero, and the current commutates to the active switch simulta-
neously. Consequently, the ZVS operation of active switch can
be determined by the current flowing through the switch when
turn-ON occurs. Since the currents flowing through the switches
are corresponding to the phase current, ZVS constraints for all
active switches can be uniformly given by the phase current.
The typical approach to define ZVS boundaries for a 3p-DAB is
to create piecewise time-based current definitions for the phase
current and to solve these expressions in the time domain to iden-
tify whether the ZVS operation is realized. But for the 3p-DAB
under DCC, it is quite difficult to apply this approach because
of numerous switching modes. Based on the harmonic compo-
nent analysis method [13], this paper presents an approach to
determine ZVS boundaries of the 3p-DAB under all operating
conditions.

Because the three-phase topology is symmetrical and three
phases are operated with a PS of T/3, three phases have the
same switching characteristic. Thus, the discussion on switching
characteristics of phase a is enough. As depicted in Fig. 2, the
initial time of the turn-ON signal for 77, is defined as zero
time here. According to the definition of duty cycles, it can be
obtained that the turn-ON signals for active switches in phase a
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(a) Three-dimensional curves. (b) Two-dimensional curves.

(i.e., 114, 151, and T5,) are then activated at t = DT, D31},
and DyT, + D3Ty,,, respectively. The other switch in the same
leg is controlled complementarily. By substituting D for D3,
the initial time of the turn-ON signal for each active switch can
be expressed as

to = 0,77, on,
t1 = DT, T4 on,
DT, DT, DT,
ty = 5 5 + 9 , Ty1 on,
DT D5 T DT,
ty = 12 + 22 + f; ,Thy on. (16)

To ensure ZVS of both bridges, the phase current has to lag
the ac voltage of the input bridge (V) side) while leading the ac
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voltage of the output bridge (V5 side). This yields to the ZVS
constraints of the 3p-DAB, which are as follows:

iLan (tO) T11 on
{ an t T4 on
'L ( 1) 14 a7
YLan (t2) >0, T on
ZbLan (t3> T24 on.

By combining (11), (16), and (17), the ZVS constraints are
further derived as

*Z ) Sin kD17;+kDf7r) 0.

+
ZA(k) sin ( kD17r
k=1

T11 on
+ 00 . +00 .
sin (kD; ) sin (kDym — kD)
A (k) 2L
> a2 S g : >0,
k=1 k=1
T14 on
+00 . +00 .
sin (kDym—kD; ) sin (kDo)
— Ak - +> B(k) - >0,
k=1 k=1
T21 on
+00 .
sin (kDym+kD;) $n klbﬁ)
> Ak 3 ZB <0,
k=1 k=1
T24 on. (18)

By substituting the calculated optimal control parameters into
the ZVS constraints, the ZVS operation of the 3p-DAB with the
optimized modulation strategy is investigated. Together with
(13), the ZVS boundaries in the diagram of the transmission
power with respect to the voltage conversion ratio are deter-
mined. Fig. 7 illustrates the ZVS boundaries of the 3p-DAB
under PS control and the optimized modulation strategy. It is
evident that PS control does not allow the soft-switching op-
eration at low loads when the voltage conversion ratio is away
from unity. As depicted in Fig. 7, the optimized modulation
strategy extends the ZVS range of the 3p-DAB, especially at
large voltage variations. Nevertheless, full ZVS operation is not
effective in the whole load range, while some active switches
realize zero-current switching (ZCS) at low loads.



HUANG et al.: OPTIMIZED MODULATION AND DYNAMIC CONTROL OF A THREE-PHASE DUAL ACTIVE BRIDGE CONVERTER

0.7 0.7
0.6/ Not e 0.6 Not e
05  realized 05 realized .~
| ol 04 "
P(),,OA"’ VA Py [T
03 03 —_—
02 02
0.1 HS 0.1
oL ZVS/ZCS
%6 07 08 09 I 06 07 08 09 1
d d
(a) (b)

Fig. 7. Comparison of the soft-switching ranges with PS control and the op-
timized modulation strategy. (a) PS control. (b) Optimized modulation strategy.

Based on the inspection of numerous calculated optimal con-
trol parameters, it has been found that the triangular current
mode yields the minimum rms phase current at low loads.
Fig. 3(c) illustrates the driving pulses and typical operating
waveforms for phase a of the 3p-DAB with the triangular cur-
rent mode, where the shape of phase current is triangular during
0<t<tyts <t<ts,andts <t < tg, and the phase current
is zero during the subintervals of ¢5 <t < 13, t5 <t < g, and
ts <t <T;. As depicted in Fig. 3(c), 714 and T54 are turned
OFF, while T 1 and T5; are turned ON at zero time. Dj is equal to
zero in this switching mode. It is evident that the active switches
are turned ON/OFF at ZCS as i7,,(0) is equal to zero. At ¢y, T,
is turned OFF and T}, is turned ON. As iy, (t;) > 0, the cur-
rent flows through D, after the commutation ends. Therefore,
T4 is turned ON at ZVS. At to, T5; is turned OFF and 75y is
turned ON. That is, iz, (t2) = 0 ensures ZCS operations for Ty,
and T54. Consequently, the triangular current mode realizes full
soft-switching operation for the 3p-DAB under the light load
conditions.

The duration of the freewheeling time intervals (i.e., [to, t3],
[t5,t6], and [ts, T]) decreases with the increasing output power.
The duration becomes zero at the maximum output power of the
triangular current mode. It can be concluded that the transi-
tion from the ZVS/ZCS operation range to the ZVS operation
range is continuous. Thus, the soft-switching boundaries of the
switching modes used in the optimized modulation strategy are
naturally connected, as shown in Fig. 7. In summary, the pro-
posed minimum-conduction-loss modulation strategy extends
the soft-switching range of the 3p-DAB simultaneously. There-
fore, the proposed modulation strategy is expected to boost the
efficiency of the 3p-DAB, especially at low loads.

C. Closed-Loop Control of the 3p-DAB Under DCC

In order to operate the 3p-DAB converter under DCC in a
closed loop, a typical control strategy is developed, and the
structure schematic is illustrated in Fig. 8. The discussion as-
sumes that the power flow is from V; port to V5 port; hence,
the output voltage V5 is controlled. In the closed loop, a PI
controller regulates the PS ratio D to generate the set output,
and the modulator determines the duty cycles D; and Ds to
improve the performance of the 3p-DAB. The dc voltages and
output current, i.e., Vi, Vs, and I, are measured, while digital
moving average filters are applied to remove noise. The duty
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cycles with respect to the required transmission power P, and
voltage conversion ratio d are calculated according to the opti-
mized modulation strategy. In practice, the desired optimal duty
cycles D and Dj are calculated off-line and prestored in the
memory of a microcontroller. Then, D} and Dj are obtained
on-line by using the method of a lookup table. On this base,
the duty cycle calculation is accomplished with slow control
loops that regulate D; and D to the desired values. The slow
loops are composed of large-inertia links or integration links
with a large time constant, which realize the decoupling of three
control parameters. The FTCC block indicates the fast transient
current control that will be discussed in the next section. Subse-
quently, the driving pulse generator determines when to activate
turn-ON signals of switches according to the duty cycles.
Generally, the conventional PI controller is a linear controller
and a saturation limit is set to restrict the output. As Dy is the
output of the PI controller here, the upper limit of Dy (i.e.,
0.5) is considered as the saturation limit of the PI controller as
usual. However, this setting works well for PS control, while
may react poorly for DCC. According to (13), the curves of the
transmission power with different duty cycles (D, and D5) are
illustrated in Fig. 9(a). It is evident that a constant limit 0.5 can
be set for PS control because P,,, increases monotonically when
D; < 0.5. Nevertheless, the PS ratio Dy, that produces the
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maximum transmission power varies with different duty cycles
and is not equal to 0.5 anymore. When Dy, < Dy < 0.5,
P,,, decreases monotonically. Thus, the constant limit 0.5 is not
appropriate for the PI controlled 3p-DAB with variable duty
cycles. This setting will slow down the dynamic response, and
even cause the converter to fail in achieving the control target.
In order to solve this problem, the saturation limit should be
updated with respect to the duty cycles. Based on (13), the
values of Dy, under different D; and D, can be calculated,
as depicted in Fig. 9(b). By inspecting the numerical results,
the closed-form solutions of D, can be further summarized as
(19) as shown at the bottom of the page.

As shown in Fig. 8, an optimized limiting link based on (19) is
introduced into the closed-loop control blocks. This link ensures
that the current saturation limit is set as Dy, with respect to
the required duty cycles. Consequently, the dynamic response
is guaranteed, and the system is more stable as well.

IV. FAST TRANSIENT CURRENT CONTROL FOR THE 3P-DAB
WITH VARIABLE DUTY CYCLES

When the duty cycles (including the PS ratio) change fast
as a result of the abruptly changed transmission power, the
transformer currents have transient dc biases and become un-
balanced, leading to the magnetic bias and oscillations in output
currents. This section presents a detailed description of the dy-
namic behavior of the 3p-DAB with variable duty cycles. On
this basis, an FTCC method is proposed to improve the transient
performance.

A. Conventional Method

The initial steady states of the control parameters are assumed
tobe (Dy,1,D21,D¢1 ). As a result of the changed transmis-
sion power, the target steady states of the control parameters
are denoted by (D1 2, D3 2, Dy 2 ). In the conventional method,
the target control parameters will be loaded to the register im-
mediately, and the corresponding driving pulses are expected
in the next switching period. The loading time can be any time
in the switching period. Usually, the rising edge or the cen-
ter of the driving pulse is chosen as the loading time, which
helps to generate the loading signal in the digital signal pro-
cessor (DSP). Fig. 10 shows the waveforms of the switching
functions, voltages, and phase currents with the conventional
method. Herein, the calibration of the transverse-axis is given
by the radian 0 (= w;t).

Two cases are studied, where the loading time is the ris-
ing edge of driving pulse for 77, in Fig. 10(a), and that is the
center of driving pulse for 77; in Fig. 10(c). It is evident that
the switching functions change asymmetrically in two cases,
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the conventional method. (a) Switching functions. (b) Operating waveforms.
(c) Switching functions. (d) Operating waveforms.

resulting in the unbalanced phase currents. As depicted in
Fig. 10(a), the pulsewidth of s, is (D11 + Dy 2)7 during a
switching period, while that of sy, and s, is 2D; o7. Conse-
quently, the transient nonzero voltage—time product arises. This
will lead to transient dc biases in the phase currents. A similar
phenomenon can be observed in Fig. 10(c). If so, the nonzero dc
component of the phase current would result in the saturation of
the transformer. However, the dc biases will be eliminated due
to the nonzero resistance. Actually, the envelope of the phase
current waveform would shift down with the time constant until
the average phase current becomes zero. The settling time of the
transient depends on the value of the resistance. On the other
hand, a low resistance is preferred for reducing the conduction
losses, which is against shortening the transient process. There-
fore, an optimized current control method is required to improve
the transient performance of the 3p-DAB under DCC.

B. Operating Principles of FTCC for the 3p-DAB Under DCC

In order to solve the aforementioned issue, an effective ap-
proach is involving two intermediate duty cycles in two differ-
ent phases of the three-phase bridge during one-third switching
period. The intermediate duty cycles are estimated for ensuring

Dy + Do,

Dy,

Dy,

1/2,

(3D1 +3Dy +2) /9,

Dfrn -

Dy + Dy < 1/3,

2Dy — Dy >2/3, Dy < 1/2,

2Dy — Dy >2/3, Dy < 1/2,

Dy + Dy >5/6, Dy <1/2,Dy <1/2,

1/3 < Dy + Dy <5/6, 2Dy — Dy < 2/3, 2D — Dy < 2/3

19)
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Fig. 11.  Waveforms of the switching functions during the transient process
under FTCC. (a) Case I. (b) Case II.

that the current achieves the steady state with (D1 2, D2 9, Dy 2)
in about one-third period, thereby balancing the currents rapidly.
On this basis, the FTCC method is proposed. Fig. 11 illus-
trates the switching functions during the transient process under
FTCC. The intermediate duty cycles D 1o and D; o are ap-
plied in the primary bridge, while the intermediate duty cycles
D5 1a and Dj o are applied in the secondary bridge. 6 de-
notes the transient interval when the control parameters change
from (D11, D2,1,Df1) to (D1,2,D29, Dy ). In order to fa-
cilitate distinction, the range where the control parameters are
(Dy1,D21,Dy 1) is filled with green, the range where the con-
trol parameters are (D 2, Dy 2, Dy ) is filled with blue, the
range where the intermediate duty cycles D; 14 and Dy 1 are
used is filled with red, and the range where the intermediate
duty cycles Dy oa and Dj o are used is filled with orange. As
shown in Fig. 11, two basic cases are distinguished according
to the difference Dy thatis defined as Dy 5 — Dy ;. Detailed
analysis of two cases and operating principles of FTCC are
presented as follows.

Casel: Dyp >0

As depicted in Fig. 11(a), the center of the driving pulse
for T7; is defined as zero time. For the V;-side bridge, the
switching functions are in the steady state with Dy = D; ; be-
fore zero time. Then, the switching functions enter the transient
process at § =0, when D ;1 is loaded for si,, and Dj oa
is loaded for sy;,. At 0 =27/3, Dy 5 is loaded for si4, 515,
and sj., and the transient process ends. The resulting wave-
forms of s1,4, S15, and s;. are illustrated in Fig. 11(a), from
which the values of three switching functions in [0, 27/3] are
easy to get. Table I summarizes the function values and the
corresponding time ranges. For the V5-side bridge, the switch-
ing functions are in the steady state with Dy = D, ; before
0 = Dy m. Then, the switching functions enter the transient
process at ) = Dy m, when Dy 14 is loaded for s9,, D 24 is
loaded for s9;, and meanwhile so;, as well as so,. is shifted with
Dyom At0 = 27/3 + D o7, Do 5 plus Dy o is loaded for s9,,
S2p, and sa., and the transient process ends. Table I summarizes
the function values and the corresponding time ranges of sa,,
Sop, and sy in [Dy 1 m,2w/3 4+ Dy o).

In case I, two intermediate duty cycles Dy o and D; o are
introduced for the V) -side bridge, and the transient process lasts
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for 27/3. For the V;-side bridge, not only are the intermediate
duty cycles Dy 1o and Dsoa introduced, but the target PS
ratio Dy 5 is loaded in the transient process. As a result, the
corresponding transient process lasts for 27/3 + Dya .

Casell: Dip <0

For case II, a similar analysis is made. As depicted in
Fig. 11(b), For the V) -side bridge, the switching functions are
in the steady state with D; = D, ; before zero time. Then,
the switching functions enter the transient process at 6§ = 0,
when Dy ;A is loaded for si,, Di2a is loaded for sq;, and
meanwhile s, as well as s;. is shifted with |Dsa7|. At
0 =2n/3 4+ |Dsam|, D12 plus |Dyam| is loaded for s14, s15,
and sj., and the transient process ends. Table I summarizes
the function values and the corresponding time ranges of sq,,
s1p, and s1. in [ 0,27/3 4+ |Dyam|]. For the Vs-side bridge,
the switching functions are in the steady state with Dy = D5
before 0 = Dy . Then, the switching functions enter the tran-
sient process at = Dy, when Dy 14 is loaded for s9,, and
Dy o is loaded for sg;. At 6 = 27/3 4 Dy 17, Dy 5 is loaded
for so4, Sop, and so., and the transient process ends. The func-
tion values and the corresponding time ranges of so,, Sop, and
Sg¢ in [Dy1m,27w/3 4+ Dy 1] can also be found in Table L.

It is obvious that the operations of two cases are dual. In
case II, not only are the intermediate duty cycles D; ;4 and
D o4 introduced for the V;-side bridge, but the target PS ratio
Dy 5 included in Dya is loaded in the transient process. As
a result, the corresponding transient process lasts for 27/3 +
|Dgam|. For the V-side bridge, two intermediate duty cycles
D5 1A and D, 5 are introduced, and the transient process lasts
for 27/3.

C. Derivation for the Intermediate Duty Cycles

Under FTCC, the phase current is expected to achieve the
new steady state when the transient process ends. On this con-
dition, the intermediate duty cycles can be calculated. For the
sake of economizing space, the circuit analysis of the 3p-DAB
with variable duty cycles in a3 coordinates and the calculation
of the phase currents in the steady state are presented in the
Appendix. The results are used directly here. Since the opera-
tions of two cases are dual as mentioned before, case I is taken
as an example for deriving the intermediate duty cycles. For the
Vi -side bridge, the transient process starts at ¢ = 0 and ends at
0 = 2m/3. During the transient process, D 1 is loaded for sy,
and D 5 is loaded for sy;. By referring to Table I, (A-10), and
(A-11), the current vectors of phases a and b at § = 27/3 are
obtained as

- 27T .o -
i1q <3) =ILpe" k- (®(Diga) —1)+k-ip1a (0),

- 2
1L1b ? =

The value of s;. is O during the transient process; hence,
the current vector is expressed by (A-12). By substituting (20)
and (A-12) into (A-6), the resulting current in subcircuit I (as

eqlej120° : (1 - (7D1,2A)) + K- 7le (0) .
(20)
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TABLE I
FUNCTION VALUES AND CORRESPONDING TIME RANGES OF SWITCHING FUNCTIONS UNDER FTCC

Switching function  Case Time range for “s=1" Time range for “s=0"
I [0.D,,7] (D, 2713]
Sta
11 [0, Dy, 7] (D, 2713+(D, 7]
I (27/3-D,, 7, 27/3] [0,27/3-D,,,7 |
" n (22/3+|pa-Dm 22/3+4|D,a]  [0.22/34|D, A~ D]
I [0, 277/3]
e I [0.22/3+4|D,,]
I [D, 7. D, 7+D, 7 | (D, 7w+ Dyym, 27/3+ D, 7]
= I [Dmiz, D, ,z+D,, Aﬂ:| (Df’liz+D2,l W2/ 3+D“7r]

I (27z 13+ D, ,m=D,,,m, 27/ 3+ Dm/rJ

[ D, 7, 22/3+ D, ,m =D, 7

825

n (2z/3+D,x-D.

T, 2ﬂ/3+D/_Iﬂ:|

2,2A

|:Df’17[, 27 /3+D, w—D. 7[:|

22A

S$2¢

[D,7.27/3+D, 7|

1I

[ Dy, 27/3+D, 7|

illustrated in Fig. 20) at = 27/3 is derived as

- 27T
i1 (3> =Icq1

On the other side, by referring to (A-14) and (A-15), the
steady-state currents in subcircuit I at @ = 0 and 27/3 are given
by

—

iz1 (0)

6'7‘0O c R (Q) (D171A)—1)

A +r-ip1 (0).
+e]120 (1_(1)(_D1,2A)) K ZLl( )

@

Yk (®(Dy )= 1)+ (1—®(=Dyy))
ei120° _ oL 0j0° ’

eql

- 2
i (F)

e g (B (Dyg) — 1)+ e (1 —®(—Dyy))
ei120° _ oL 0f0°

= qul

(22)

By substituting (22) into (21), the intermediate duty cycles
can be calculated with respect to D ; and D; 5. Additionally,
the first-order approximation of the exponential function is used
in the derivation, which is expressed as

2T

Consequently, the expressions of Dj1an and Dj;sa are
obtained as

(/@2 +Kk— 1) D1 +2Dy
K2+ r+1
262Dy 1 + (=K + K+ 1) Dy

K2+ K41 '

Diia

b

Dy 2n (23)

For the V5-side bridge, the transient process starts at § =
Dy 7 and ends at @ = 27/3 4+ Dy om. The transient process
lasts for 27/3 + Dy m. During the transient process, D ja
is loaded for ss,, and D5 o is loaded for sy;,. Accordingly,
the current vectors of three phases at § = 27/3 + Dy o7 are
expressed as

- 2 100
L9 (; + Df_gﬂ) = que-JO kP (—DfA)
(®(D2,1a) — 1)

+K-D(—Dya)- ZLZa (Dgam),
- 27 j120°
11,2h (3 + Df.,??T) - Iﬁq?ejlzo “(1 =@ (=D224))
+ K- ®(=Dysa)-ira (Dyam),

—

- 2m o
11,2¢ (3 + Dfﬁgﬂ') =K -P (—DfA) “ L2 (Dfﬁlﬂ'). 24)

By substituting (24) into (A-6), it can be obtained that

- 271'
L2 ?

quQ

+ Df_27T>

e k- ®(=Dsa) - (P (D21a) — 1)
+€j1200 . (1 — (I) (7D272A))

+K-®(=Dsp)-igs (Dpa7). (25)

At 0 = Dy, the phase current is in the steady state with
Dy = D5 ;. After the transient process, the phase current is
expected to achieve the steady state with Dy = Dy 5 at 0 =
2m/3 + Dy om. By referring to (A-16), the resulting currents in
subcircuit II (as shown in Fig. 20) at = Dy ;7 and 27/3 4
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Dy o7 are given by
;LQ (Df@ﬂ')

e k- (D(Dyy) = 1)+ e/ (1 -@(=Dy,))
eleO0 — K- 6]-00

= leg2

- 2
11,2 (% -+ Df,gﬂ')

0 g (@ (Dan) — 1) + e/ (1 — & (—Dys))
ei120° _ jo . 0j0°

b

eq?2
(26)

By substituting (26) into (25), the intermediate duty cycles
can be calculated with respect to D ; and D ». For simplicity,
the first-order approximation is only used for the exponential
functions with D; and D». As aresult, the expressions of Dy 1
and D5 5 are calculated as

D _ ®(—Dysa)- (K +Kk—1) Dy 42Dy

2,1A q’(—DfA)(K;Q‘f'K:‘i‘l) )

262 - ®(—=Dysa) Doy + (—k* + K+ 1) Do

Dyon = 5 .
K+ Kr+1

27)

As mentioned before, a low R; is preferred for reducing the
conduction losses. Thus, the time constant 7 is large in actual
applications. On the other hand, the switching period 75 of
the converter is small due to a high switching frequency. On
condition that Ty /7 is very small, it can be found that

D Ts
O(—Dyp)=e 3 ~1.

On this basis, the intermediate duty cycles for the V5-side

bridge are approximated by

(k* + K —=1)Dyy +2Ds

Dy ia = o )
26°Dy 1 + (=K* + K+ 1) Doy
Daa = K+ kA1 - ®

By comparing (23) and (28), it is obvious that the expres-
sions of Dy 1o and Ds 2 have the same forms with those of
D1 1a and D o4 . In actual applications, the FTCC block is in-
serted into the forward path of the closed-loop control system,
as shown in Fig. 8. The FTCC block records the input control
parameters, which are compared with the control parameters in
the last period. In case the control parameters are updated, the
FTCC block calculates the intermediate duty cycles, and the
driving pulses are generated according to the operating prin-
ciples of FTCC. The proposed current control method enables
the converter to transfer from one steady state to another within
about one-third switching period.

V. EXPERIMENTAL RESULTS

Experimental results of a 3p-DAB converter are presented in
this section to verify the theoretical analysis. Table II shows the
converter specifications. The primary to secondary turns ratio
of the transformer is 1:1, and the voltage conversion ratio varies
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TABLE II
EXPERIMENTAL PROTOTYPE CHARACTERISTICS

Maximum output power (Pomax) 1100W
Switching frequency (f;) 20kHz
Vi-port dc voltage (V1) 100V
V>-port de voltage (V2) 60V~80V

Transformer turns ratio (V2) 1:1
Equivalent series inductance (L,)  35uH
Equivalent series resistance (R,)  0.2Q

Vi SOV/iv] -, 150V/div]
Y

L

i [5A/div]

A10ps/div]

-—

(a)

via[50V/div]
hY V2[50V/div]
r'e

A N
ird[SA/div]

Ey

[ 10us/div]

-—

(b)

Fig. 12.  Operating waveforms of the 3p-DAB. (a) PS control. (b) Optimized
modulation strategy.

with the voltage of the V5 port. Thus, the aforementioned analy-
sis is verified with varied voltage conversion ratios. Hall-effect
sensors are used in the implementation to measure current wave-
forms and voltage signals. The entire control is implemented by
using a TMS320F28335 DSP from TL

Fig. 12 illustrates the operating waveforms of the 3p-DAB
where V5 is maintained at 60 V and the transmission power is
100 W. The voltage conversion ratio is 0.6 here. At this power
level, the 3p-DAB is operated under the triangular current mode
when the optimized modulation strategy is applied. It is demon-
strated that the rms current decreases from 3.97 A with PS con-
trol to 1.63 A with the optimized modulation strategy. Details of
turn-ON transitions of 751 and 75, are depicted in Fig. 13, where
14 and vy, denote the drain—source and gate—source voltages of
the active switch. The operating conditions are the same as those
in Fig. 12. It is evident that both 75, and 75, suffer HS with PS
control. When the optimized modulation strategy is applied, 75,
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v [50V/div] Ve[20V/div] va[50V/div]
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Fig. 13.  Turn-ON transitions of 751 and T54. (a) T»; with PS control. (b) T%4
with PS control. (¢) 751 with the optimized modulation strategy. (d) 754 with
the optimized modulation strategy.

and Ty, are switched at ZCS. The proposed modulation strategy
extends the soft-switching operating range compared with PS
control. Actually, full soft-switching operation is achieved for
the 3p-DAB at low loads by using the optimized modulation
strategy. Since the conduction losses as well as the switching
losses decrease, the efficiency increases from 90.75% with PS
control to 96.76% with the optimized modulation strategy. The
efficiency of the 3p-DAB is boosted significantly at low loads.

Fig. 14 compares the measured rms currents and efficiencies
of the converter with PS control and the proposed optimized
modulation strategy, where bidirectional power-transfer opera-
tions are investigated. A negative P, indicates that the power
transfers from V5 port to Vi port. The values of V5 are 60 and
80 V. Thus, the corresponding voltage conversion ratios are 0.6
and 0.8. It can be concluded that the optimized modulation strat-
egy has a lower rms current in most of the load range. At high
loads, the optimized modulation evolves into PS control. The
efficiency is also improved with the optimized modulation strat-
egy especially when the converter is operated at low loads with a
voltage conversion ratio far away from unity. The experimental
results coincide with the theoretical analysis.

The performance of the closed-loop control strategy is veri-
fied by the steady state and dynamic response tests. V; is defined
as the input and maintained at 100 V. V4 is the output, which is
regulated by the controller. In practice, the desired optimal duty
cycles are calculated off-line and prestored in the memory of
the microcontroller. Then, the optimal duty cycles with respect
to the required transmission power and the voltage conversion
ratio are obtained on-line by using the method of a lookup ta-
ble. The slow loop block is designed as an integration link with
a large time constant and its bandwidth is 1/10 of the voltage
loop’s bandwidth. Fig. 15 shows the steady-state waveforms of
the phase currents and the output voltage, where four steady-
state operating points with different values of the output voltage
and the transmission power are investigated, i.e., (60 V, 400 W),
(60 'V, 600 W), (80 V, 400 W), and (80 V, 800 W). The measured
output voltages are 59.97, 60.10, 79.80, and 79.70 V, while the
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Fig. 14. Comparison of rms phase currents and efficiencies with PS con-
trol and the optimized modulation strategy (OMS). (a) RMS phase current.
(b) Efficiency.
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Fig. 15.  Steady-state waveforms of the phase currents and the output voltage
with the closed-loop control strategy. (a) Vo = 60V, P, = 400W. (b) Vo =
60V, P, =600W.(c) Vo =80V, P, =400W.(d) Vo =80V, P, = 800W.

relative errors are 0.05%, 0.17%, 0.25%, and 0.37%, respec-
tively. It is evident that the closed-loop control strategy ensures
the converter to output the required voltage accurately. Table II1
lists the optimal duty cycles determined by the controller and
that from the theoretical calculation. The actual optimal control
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TABLE III
CALCULATED AND MEASURED OPTIMAL DUTY CYCLES

Duty cycle D, Duty cycle D,
Output voltage ~ Transmission power
Calculated value ~ Measured value  Relative error  Calculated value ~ Measured value  Relative error
60V 400W 0.2598 0.2550 1.85% 0.3885 0.3849 0.93%
60V 600W 0.4159 0.4213 1.30% 0.4643 0.4632 0.24%
80V 400W 0.3152 0.3093 1.87% 0.3786 0.3740 1.21%
30V 800W 0.4545 0.4493 1.14% 0.4673 0.4641 0.68%

!
: lLa
|

>

Fig. 16.  Dynamic response when the 3p-DAB is operated under DCC.

parameters agree with the theoretical values basically. The opti-
mized modulation strategy is well implemented in the practical
operation. The minor errors are caused by the dead time, the
power losses, and the errors during the look-up process.

The dynamic behavior of the 3p-DAB with the closed-loop
control strategy is tested by applying load steps from 400 to
600 W and back to 400 W. V; is maintained at 100 V, and V%5 is
regulated at 60 V. The resulting waveforms are shown in Fig. 16.
It can be concluded that the dynamic response of the converter
is stable and well damped with the designed closed-loop con-
trol strategy. Fig. 17(a) presents the dynamic response of the
converter with a constant limit 0.5, while Fig. 17(b) shows the
dynamic response of the converter with the proposed optimized
limiting link. The load resistor is 10 €2, and the voltage reference
steps from 60 to 80 V. The measured settling times are 31 and
18 ms. It can be concluded that the proposed optimized limit-
ing link improves the dynamic behavior of the converter under
DCC.

The proposed FTCC method is validated by both the open-
loop and the closed-loop tests. V; is the input and maintained at
100 V. V4 is the output, which is regulated to be 60 V. The trans-
mission power steps between 400 and 600 W. Fig. 18 presents
the phase currents of the converter under the open-loop control.
The conventional method and the FTCC method are investi-
gated. As depicted in Fig. 18(a) and (b), when the conventional
method is applied, it takes the phase currents about 380 us to
achieve the target steady states in the cases of increasing power
and decreasing power. Moreover, significant dc bias and un-
balance can be observed in the phase currents, where the peak
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Fig. 17. Dynamic responses of the converter with the constant limit and the
proposed optimized limiting link. (a) Constant limit 0.5. (b) Optimized limiting
link.

current is up to 13.2 A. Fig. 18(c) and (d) illustrates the transi-
tions of the phase currents in the cases of increasing power and
decreasing power when the FTCC method is applied. It takes the
phase currents about 22 us to achieve the target steady states.
There are also no dc bias and unbalance in the phase currents
during the transient interval.

Fig. 19 presents the phase currents of the converter with the
closed-loop control strategy. As depicted in Fig. 19(a) and (b),
when the conventional method is applied, the settling time of
the transient interval is about 1.3 ms. Significant dc bias and
unbalance can be also observed in the phase currents. When
the FTCC method is applied, the FTCC block is inserted into
the forward path of the closed-loop control system, and the
intermediate duty cycles are calculated. The resulting current
waveforms are shown in Fig. 19(c) and (d). It is evident that
the FTCC method balances the phase currents rapidly, thereby
avoiding oscillations in currents.
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Fig. 18.  Phase currents of the converter under the open-loop control. (a) Conventional method when increasing power. (b) Conventional method when decreasing

power. (¢) FTCC when increasing power. (d) FTCC when decreasing power.
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Fig. 19.  Phase currents of the converter under the closed-loop control. (a) Conventional method when increasing power. (b) Conventional method when decreasing
power. (¢) FTCC when increasing power. (d) FTCC when decreasing power.
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VI. CONCLUSION

Based on DCC, this paper proposes an optimized modulation
strategy to minimize the conduction losses of the 3p-DAB in
the whole load range. Simultaneously, the proposed modulation
strategy extends the soft-switching range of the converter. High
efficiency is achieved for the converter consequently. This paper
develops a novel algorithm based on the interior point method to
derive the global minimum rms current and the optimal control
parameters. This algorithm has great universality and can be
extended to other optimization problems of the 3p-DAB. This
paper also presents detailed descriptions on the closed-loop con-
trol of the 3p-DAB under DCC. An optimized limiting link is
introduced into the closed-loop control blocks, which improves
the dynamic response of the converter with variable duty cy-
cles. Moreover, the FTCC method is proposed to improve the
transient performance. The analytical expressions of the inter-
mediate duty cycles are derived. On this basis, the FTCC block
is inserted into the forward path of the closed-loop control sys-
tem, which enables the converter to transfer from one steady
state to another within about one-third switching period theo-
retically. Therefore, the proposed control method balances the
transformer currents rapidly and avoids possible oscillations in
dc currents. This paper presents a systematic analysis of the op-
timized modulation and dynamic control of the 3p-DAB under
DCC. Accordingly, a unified implement standard is developed
for the 3p-DAB under DCC in this paper.

APPENDIX

The three-phase quantities (u,,up,u.) can be transformed
into one time-dependent space vector u by the amplitude invari-
ant 3-to-2 phase transformation that is expressed as

uc) . (A-1)

The voltages and currents in the transformer of the 3p-DAB
are transformed into a3 coordinates, and the corresponding
space vectors vy, Uy, and iy, are given by

—

1 = VUlq + U1y + V1c

Vg = Va4 + Vap + V2e

i =iLe +iLb+iLe (A-2)

where U1,, U1p, and U7, are the space vectors of phase voltages
on the V; side, ¥, Uoy, and U are the space vectors of phase
voltages on the V5 side, i La»> 'Ly, and i L. are the space vectors
of phase currents on the V; side, and vy, 13, U1, V24, Uap, and
U, are expressed as

. 2 L 2 .
Uia (1) = 3Visa (t) ey (t) = 3Visu (t) e/120

s 2 7240° - 2 50°
Ui (1) = ngc (t) !, Uhe (t) = §sth (t)e

- 2 7120° ~ 2 Jj240°
Uy (t) = §V232h (t) e = s (t) = g‘/ZSQ(: (t) e .

(A-3)
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By neglecting the magnetizing inductances, the equivalent
circuit of the 3p-DAB in o5 coordinates is illustrated in Fig. 20.
In order to simplify the analysis, the values of R, %y, and R, are
all equal to R, herein. It can be concluded that the equivalent
circuit is a first-order circuit, and the differential equation is
derived as

dip, 1

G = (B R - Now).

(A-4)
By solving the first-order differential equation, the current
response is described as

T (1) =11 (00) + [ZL 0) -7z (oo)} et (A-5)
where 77 (00) = (71 — N19¥)/Rs., iz, (0) is the initial current
att =0,and 7 = L, /R, is the time constant.

The equivalent circuit is a linear circuit that consists of two
linear elements and two independent sources. According to the
superposition theorem, the equivalent circuit can be divided
into two subcircuits (i.e., subcircuits I and II), as shown in
Fig. 20. Each subcircuit has only one 1ndependent source (one
Voltage vector). The current vectors satisfy thati; = z L1 — 119,
where 47,1 denotes the current in subcircuit I, and i 12 denotes
the current in subcircuit II. There are three control parameters
when the 3p-DAB is operated under DCC. It can be found
that D; only influences the voltage vector v, while Dy only
influences the voltage vector v>. As for Dy, if the switching
time for one bridge is defined as zero time, Dy only influences
the voltage vector of the other bridge. It can be concluded that
the control parameters are decoupled for the voltage vectors.
Additionally, each subcircuit can be further divided into three
secondary subcircuits on the basis of the superposition theorem
and (A-2), as illustrated in Fig. 20. ZLl and fLQ are divided into
lea, Zle, E‘Lhz, nga, ZLQ(), and ngc accordingly. It is obvious
that

L1 = 1L1a T IL1b T 101c,

ir2 =1ir2a +ir2p + iL2¢- (A-6)

From Fig. 20, the following first-order differential equations
are derived as

digie 1 /. -
5;] = fs (Ula: - RSZL1:E>

d;LZJ: o i
dt L

where the subscript x denotes a, b, or c. The secondary subcir-
cuits are independent of each other as well and can be analyzed
respectively. Then, by combining the operations of subcircuits
according to (A-2), the performance of the whole three-phase
circuit can be investigated.

Steady-state phase currents can be calculated. Without loss of
generality, subcircuit I is discussed, and the center of the driving
pulse for 77, is defined as zero time in the following. Fig. 21
illustrates the switching functions used in subcircuit I, where
the calibration of the transverse-axis is given by the radian.

(N12172;L- - R, ZLQ;(:) (A-7)
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Fig. 21.  Waveforms of the switching functions used in subcircuit I. 111 (O) = leq1 .

In the first one-third period, the value of sy, is 1 in [ 0, Dy 7],
and 0 in (Dym,27/3]. With (A-5) and (A-7), the resulting
currents of phase a at @ = D7 and 27 /3 can be obtained as

ir1a (Dy7) =qu1€joo+(ZL1a (0)—qu1€joo) - ®(D)|p-_p,
(A-8)

- 27 -
e () kT (Dir) - B (D)l (A-9)

3
where I.,1 = 2Vi/(3R,), ®(D)=ePT/27) and k=
e T:/(37) By substituting (A-8) into (A-9), the expression of
i14(2m/3) with respect to i7,1,(0) is derived as
- 271' joo -
1L1a ? :qule ~I€~((I)(D1)*1)+I£'ZL1Q (O)
(A-10)

In addition, the value of sy, is 0 in [ 0,27/3 — D;7], and
1 in 27/3 — D;yw,2n/3], while the value of sq. is 0 in the
first one-third period. After the same derivation, the resulting
currents of phases b and ¢ at # = 27/3 are obtained as

- 2
1L1b <3)

- 27 -
1L1c <3) =K 1L1c (O) .

By substituting (A-10)-(A-12) into (A-6), the current vector
in subcircuit I at § = 27/3 is expressed as

(%) — L [k (@ (Dy) — 1)

Ly (1—®(=Dy))+k-ir1 (0),
(A-11)

(A-12)

3

+ el 1207 (1 — O (—Dl))] + K- ZLI (O) .
(A-13)

eI 120° _ o 0i0°
(A-15)

By applying a similar derivation, the starting current in sub-
circuit I can be calculated, which is given by

"k ((Dy) ~1) + ¢/ (1 - B (=Dy))

ir2 (0) = Lego eI 1200 _ o o0

(A-16)
where 1,0 = 2N12V2 /(3R;).
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