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Transient DC Bias and Universal Dynamic Modulation of Multiactive
Bridge Converters

Shusheng Wei'”, Di Mou

and Kai Li

Abstract—Maultiactive bridge (MAB) converters are attracting
increasing attention due to their advantages of mutual electrical
isolation and bidirectional power flow capability among different
ports. However, the presence of transient dc bias in MAB can
increase the current stress and lead to transformer saturation, thus
affecting the system reliability. This letter establishes a quantitative
and general description of the transient dc bias based on the
instantaneous middle current of the high-frequency transformer
and proposes a general dynamic modulation method to eliminate
the bias, which is robust irrespective of the phase-shift modulation
methods and the power flow directions. Also, it works at both
the normal and startup modes. More importantly, the proposed
method can ensure that the high-frequency transformer current
reaches to new steady state without transient dc bias within one
half cycle. Finally, the MAB experimental prototypes, including a
triple active bridge and a modular MAB with a high-frequency ac
bus, are built to verify the superior performance of the proposed
method.

Index Terms—Dynamic modulation, multiactive bridge (MAB),
single phase shift (SPS), transient dc bias.

I. INTRODUCTION

HE multiactive bridge (MAB) converter, as shown in

Fig. 1, is becoming a hot topic in both academia and
industry in recent years since it could take advantage of the
magnetic coupling and provide multiports to integrate the mul-
tiple dc voltage domains in many applications, such as power
electronic transformer, more electric aircraft or all-electric ship,
and energy router for smart homes [1]-[4]. However, the pres-
ence of transient dc bias in MAB can increase current stress and
lead to transformer saturation, which can affect the reliability of
equipment operation.
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Fig. 1.  Circuit of MAB converter.

Recently, the transient dc bias current due to the abrupt
phase-shift change in the dual active bridge (DAB) and its
variant structure has been studied in some pieces of literature
[5]-[14]. In [6]—[8], based on the conventional single phase-shift
(SPS) modulation scheme, an intermediate angle into the phase
shift is introduced to eliminate the dc bias. In [9] and [10], the
double-side SPS modulation schemes are proposed to mitigate
the transient dc bias current, respectively. In [11] and [12],
current-mode modulation schemes are proposed to realize the
fast response without the transient dc bias, but the current sensor
with high bandwidth is required. In [13] and [14], the valid
control scheme for triple phase-shift modulation schemes is
proposed. The voltage-second balance principle for each half-
bridge is used to derive the elegant method in [13], where the
transient bias of both the winding and the magnetizing currents
is mitigated. However, the scenarios of different power flow
should be considered. The derivation in [ 14] is quite complex by
exhaustive method for several possible pulsewidth modulation
(PWM) patterns. Also, the transient magnetizing current bias
is not considered. In MAB, the power cross-coupling feature
and the increasing number of the control variables make the
transient dc bias much more complex than the traditional DAB
converters, while the related research work is quite scarce. It
is worth mentioning that when the phase-shift plus duty cycle
modulation, which is also called the general phase-shift (GPS)
modulation [4] instead of SPS, is utilized, the complexity is
increased further.
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Fig. 2.  Simplified equivalent model of MAB. (a) Y type. (b) A type.
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Fig. 3. MAB converters. (a) TAB converter. (b) MMAB converter.

To remove the transient dc bias, this letter introduces the
general transient dc bias model for MAB based on the instanta-
neous middle current of the high-frequency transformer, which
is irrespective of the power direction and modulation method.
Then, a universal dynamic modulation method is proposed for
transient dc bias mitigation. The method is independent of the
modulation methods and valid for both the normal and startup
modes without increasing the control frequency. Finally, the
superior performance is verified by the experimental results of
a triple active bridge (TAB) and a common high-frequency ac
bus modular multiactive bridge (MMAB) converter.

II. MAB CONVERTER AND THE TRANSIENT DC BIAS

A. Basic Principle of MAB

The basic principle of MAB is illustrated below with a four-
port MAB converter, where the simplified equivalent Y and
Atype circuits are shown in Fig. 2. In the circuit, L} is the
phase-shift inductance of the branch i referred to the branch 1.
L, is the equivalent magnetizing inductor. v/} is the ac voltage
of the active bridge i referred to the branch 1. L;; in the Atype
circuit, as shown in Fig. 2(b), represents the inductance between
the branch i and j. N; is the transformer turns of the windings i.
The basic relationship is shown as follows:

= (N1/Ni)u;, L= (N1/N;)’L
Lij = LiL} <1/Lm +y 1/(L2>> - (1)
=1

Besides, inFig. 1, S; 1, S; 2, 5;,3, and §; 4 are the four switches
and u; 4 and u; g are the output voltages of the half bridges in the
branchi. V; and P; are the dc voltage and power, respectively. The
transferred power among the different ports is coupled together,
which is completely dependent on the phase-shift angle of each
port.

Among the MAB structures, the typical ones are the TAB, as
shown in Fig. 3(a), and MMAB with a common high-frequency
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Fig. 4. Transient dc bias current in DAB consisting of the branch i and j.

ac bus [15], as shown in Fig. 3(b). For the MMAB converter,
the multiwinding transformer is replaced by the independent
two-winding transformers connected in parallel on the sec-
ondary side [16]-[18]. This structure replaces the common core
in the MAB with a high-frequency ac bus, thus creating an
intermediate energy convergence path among different ports. It
is easy for modularity and scalability, which is beneficial when
the power capacity of the converter is high.

B. Instantaneous Middle Current of the Windings in MAB

Actually, it is difficult to use the instantaneous currents at the
switching point to represent the transient dc current bias as there
are many switching moments due to the switching ON and OFF
actions of other branches in one cycle. Therefore, the middle
current /5,7, which is instantaneous current at the middle line in
a period, is used to define and calculate the transient dc bias
current.

Considering the equivalent virtual DAB converter consisting
of the branch i and j for generality, the voltage and current
waveforms are shown in Fig. 4. I} ;; (n) is the middle current
in the nth cycle. u; and u; are the ac voltages of bridge 7 and j,
and ¢; and ; are the corresponding phase-shift angles. Kj; is
the dc voltage ratio of the branch i and j. d; and d; are the inner
phase-shift duties of branch i and j. The middle current /57,45 at
steady state could be derived as (2), which shows that the middle
current is only related to the phase-shift angles ¢; and ¢;

Intij = Vilej — kijpi) /(2 fsLijkij),
kij = Vi/((Ni/N;j)V;). )

C. Model of the Transient DC Bias Current

The transient dc bias current of the virtual DAB I, ;;is shown
in Fig. 4. The ¢, t,,, and 7. are the start, half, and end moments
of the nth cycle, respectively. Tg is the switching period and fs
is the switching frequency. At the moment #,, the phase-shift
angles and inner phase-shift duties change from ¢;(n — 1), p;(n
— 1), di(n — 1), and dj(n — 1) to p(n), p,(n), dy(n), and d;(n),
respectively. The time #;,, t;p, t;c, and t;4 are the switching
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moments of #; when u; steps up from —V,;t0 0, 0to V;, V, to 0,
and 0 to —V;, respectively. Similarly, ¢;q, #;3, t;c, and t;4 are the
switching moments for ;. The transient dc bias current decays
gradually to O after several cycles, while the middle current 7, 4
reaches the steady-state value /)7 ;;, 5(n) as follows:

kijpi(n))/(2m fsLijkij).  (3)

The middle current in the nth cycle 5 4(n) is calculated as

Intijos(n) = Vi(es(n) —

IM,ij(n) = iL(tS) + Al = —IM7ij(n— 1) + AIp

_ Vilgj(n—1) = kijjpi(n — 1))
= o oLk, + A, 4

where Al is the current ripple during 0 to T's/2 and I(¢) is the
initial current in the nth cycle. Defining the “rising duration” «
and “falling duration” (3 as follows: ; A(n) = t;4—ts, o; p(n) =
tip — ts, Bi, a(n) =t. — t;c, and B; p(n) = t, — t;q. The values
of av;, o(n) and «;, p(n) for the conventional modulation method
are as follows:

() = (1~ di() 12 4 AV TE
Ts
a; g(n) =a;a(n) + dz(n)7 Q)

For brevity, A, canbe calculated by adding up the two ripple
currents due to #; and u; according to the superposition principle
as

Al = AIL,M + AI[”U].

Mg = 75 aialn) + 45 (5~ cun) 5 )
AILv“j = kuviu 'aj’A(n) + k;‘z}z] ' (LZE - aij(n) :
(6)

Combing (3)—(6), the dc bias current for the conventional
modulation method is derived as

Iot,ij(n) = Intij(n) — Iarijs

(n) = Vilpi(n) —p;(n—1) — kij(pi(n) — gi(n —1))]
27 fs Lijkij

(N

Then, for the MAB with N branches, the transient dc bias
current of branch i can be derived by summarizing the current
offsets of the (N — 1) different virtual DABs as (8), where Vj’ is
the dc voltage of branch j referred to the branch 1

N LN
Logri = ;Ioﬂ,ij(n) = I fs ;
(Bleste) D bletr) e 01y

Fig. 5 shows the simulated voltage and current waveforms of a
TAB converter during the transient process. The parameters are
as: transformer turns ratio N1: No: N3 = 1: 1: 1, L1 = Ly = L3 =
160 uH, L,,, =10 mH, rg1 = rgo = rs3 =0.05Q,and Ls; = Lo
= Ly3 =2 uH, where g1, 752, and 743 are the equivalent resistors
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Fig. 6. Transient dc bias current of a TAB converter. (a) Case 1. (b) Case 2.

and L1, Lgo, and L3 are the transformer leakage inductances.
V1 = V2 = V3 =200V andfs = 20 kHz.

The phase-shift angles and inner phase-shift duties change
from ¢; = 0, po = —0.2 7, and 3 = —0.35 7™ to 1 = 0,
w2 = 0.2 7, and 3 = 0.35 7, as shown in Fig. 5(a). The inner
phase-shift duties are as d; = 0, do = 0.05, and d3 = 0.1. The
dc bias currents Iog,1 = 11.1 A and I3 = —10.1 A meet well
with the theoretical values Io,1, 7= 11.3 Aand I, 3, 7= —10.2
A. Fig. 5(b) shows the detailed transient waveforms with two
different sets of the inner phase-shift duties with dy = 0, do
= 0.05, and d3 = 0.1 for the solid line waveforms and d; =
0.4, dy = 0.3, and d3 = 0.2 for the dotted line waveforms. The
middle currents are the same despite of the difference of the
inner phase-shift duties.

Fig. 6 shows the normalized transient dc bias currents of
the three branches in the TAB converter. The bias currents are
relevant to both the initial and target phase-shift angles. Two
cases with different initial phase-shift angels are considered:
case 1 is o1 = 0, w2 = 0, and 3 = 0 and case 2 is p; = 0,
o =—0.4 7, and o3 =04 7.

Assuming ©;(n)€[ —@max> Pmax], Where @max is the maxi-
mum phase-shift angle of all the branches, then the maximum of
the transient dc bias current is written as (9) shown at the bottom
of the next page, which is twice the maximum middle current as
(10) shown at the bottom of the next page.

Therefore, the transient dc bias model of the MAB is es-
tablished by the analysis, and the derivation will be used in
Section III.

III. DYNAMIC MODULATION FOR DC BIAS
CURRENT ELIMINATION

In this section, a dynamic modulation method for transient
dc bias current elimination will be proposed. The proposed
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dynamic modulation scheme is derived based on the two per-
spectives of the volt-second balance principle and instantaneous
middle current bias elimination, respectively. Finally, the digital
implementation of the proposed modulation method and its
application will be presented.

A. Voltage-Second Balance

The equivalent circuit of the MAB considering one voltage
source is shown in Fig. 7(a), which could be further simplified
as Fig. 7(b). It is similar as the subcircuits of the DAB converter
in [7] and [13]. The inductances are as Li, = Lq, Ly, =
LL|| LY . . .|| Ly . Making the voltage-second of each half-bridge
or full-bridge in different branches balanced will be sufficient
conditions for transient dc bias current elimination in both the
windings and magnetizing inductance in MAB.

Taking the branch i as an illustration, as shown in Fig. 8, the
voltage of the half-bridge A u; 4 steps up from O to V; at ¢;, and
steps down from V; to 0 at 7;. and voltage of the right half-bridge
u; g steps down from V; to 0 at #;; and steps up from O to V; at
tiq. A sawtooth wave is utilized as the carrier. S; 1, S; 2, S;,3, and
S;,4 are the gate signals for the four corresponding switches. The
clock frequency of the counter for the carrier wave is fc.
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Considering the voltage-second balance for the half-bridge
A of branch i between #; and 3, as shown in Fig. 8, it can be
obtained as

(Bi,a(n —1) + a; a(n))Vi

+ (TS — ai,A(n) - ﬁLA(TL))(—VZ‘) =0. (11
Then, a;, 4(n) is derived as
@ a(n) = (@ia,s(n—1) +aia,s(n))/2,
5i,A(Tl) = 5i,A,S(”)~ (12)
The steady-state value of ov; 4, (1) and 3; 4, s(n) are written
as
T n
aias(n) = (1 - di(n) 2 4 2 g
4 2w
Ts  wi(n)
1‘ 1+d; Ts. 1
Bias(n) =(1+ ())4 5 Ls (13)
Thus, the rising duration in the nth cycle is derived as
a; a(n) =
| din—1)+di(n)) L n 1 @i(n—1) +¢i(n) Ts.
2 4 27 2
(14)
Similarly, o; p(n) is derived as
a;p(n) =
di(n—1)+d;(n)\ 1 1 pi(n—1)+ pi(n)
1 -+ — Ts.
K N 2 1o 2 s
(15)

B. Instantaneous Middle Current

The aforementioned derivation is based on the voltage-second
balance principle between the same switching operations in two
adjacent cycles. From the perspective of instantaneous winding
current, a similar result can also be obtained. Combining (3) and
(6), the transient dc bias current for the virtual DAB consisting
of the branches i and j could be written as the sum of two terms
Lo, 4,5 and Lo 45, ; after algebraic manipulations as

Lot 55 = Tott,ij,i+oft,ij,5
Lot ij.6

= ;:‘: {O‘i,A(”) + ;. p(n) —

(1 + <P7 n— 1)+‘P7 n)

Lot ij,j

)
- % |:aj,A(n)+Oéj,B( )—L= ( 14 iln=Dte;(n) 1)+¢J<n>)}_
(16)

Ioff,i,max

kijpi)

I =

1 g: Vip; —

27 fs e Li;

- ]. iv: (ij/[@max - ( - Spmax) -
271’f5 o L.:

I]\/[,i,max =

k/’i‘ —¥max T max
H{"fmex — (¢ ”) I ©)
ij

N V-l max+ki' max
1 3 (e 3P ))' (10)

2 L,
mfs 7

J
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Setting the two independent terms /o 45,5 and Logr, 45, ; equal
to 0 will ensure Iog 45 = 0. Considering Iog, ;;,; = 0, we could

obtain
Ts <1 4 ei(n—1)+ 901(”)> . an
2 2T

At steady state, the a; 4, 5(n — 1) and «; 4 s(n) meet the
following:

047;7,4(’/1) + ai73(n):

a;Bs(n—1) —a;as(n—1)
— Tsdi(n —1)/2, — Tsdi(n)/2.
(18)

a;Bs(n) —a;asn)

For the mathematical symmetry, it is reasonable to set the
transient values «; 4(n) and «;, p(n) to meet the following:

To substitute (19) into (17), we could derive «; 4(n) and
oy, p(n) with the same result as (14) and (15),which means that
the derivation results from the perspectives of the voltage-second
balance and the instantaneous current could be unified.

Thus, with the proposed dynamic modulation, the transient
dc bias current of the arbitrary winding i in MAB could be
eliminated to 0. The corresponding middle current reaches the
steady-state value without transient dc bias as follows:

Ingi(n) = Inris(n), Iom,i(n) =0.

It should be mentioned the initial phase-shift angle and inner
phase-shift duty during the start process should be set to zero as

a; p(n) —a; a(n) (19)

(20)

C. Implementation and Application

For the digital implementation of the modulation, a sawtooth
carrier is used to generate the PWM signals, as shown in Fig. 8.
All the half bridges use the same carrier. When the compare
values are equal to the counter value, actions will be triggered
to change the corresponding gate signals. The CMP1, 4(n) and
CMP2, 4 (n) are the corresponding compare registers to generate
the signals of half-bridge A in the nth cycle, the CMP1,;p(n)
and CMP2,5(n) are the corresponding compare registers for
half-bridge B. With the proposed dynamic modulation, the four
compare values in the nth can be calculated as follows:

CMP1;4(n)

— [(1 M)%%w} Ts fo
CMP2i4(n) = [(3 — di(m))} + 42| T fo
CMPlZ»B( )

_ [(1+d(n D+di(n) 1 %

et ein)) gy g
]T fe.

it
CMP2;5(n) = [(3 +di(n))% +
(22)
The four compare values are updated once at the start of each
cycle, as shown in Fig. 8. The switching and update frequency
is fixed, which is the same as the carrier frequency.
Fig. 9 shows the simulated waveforms of an MMAB converter
with four branches, as shown in Fig. 3(b), during the transient
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Fig. 9.
processes.

Simulated waveforms of MMAB during the startup and normal

Dead
time
generatio

Upper
control

0ud; Dynamic
modulatlon
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Fig. 10.  Closed-loop control based on the dynamic modulation method.

process, including startup and normal modes. Four transformers
with the same parameters are used. The system parameters are
as follows: Ni: No = 1: 1, rg;1 = rg0 = 0.05Q, Ly = Lyg =
2 pH, and L, = 12 mH for the transformer. L1 = Ly = L3 =
L4 =160 /JH, V1 = V2 = V3 = V4 =300 V, andfg = 20 kHz.
The converter starts up at 50 us with ¢1 = 0, d; = 0, @y =
—0.1m,dy=0,9p3 =005md3 =0, pg =0.1 7, and dy =
0. The corresponding power is P = 166 W, P, = 1315 W, P3
= —440 W, and P, = —1030 W. Then, the power changes to
Py =790 W, P, =2230 W, P3 = —2030 W, and P4, = —927
W at 150 pus with o1 =0,d; =0, po = —0.2 7, ds = 0.1, 3
=0357ds =0.1, o4 = 0.2 7, and dy = 0.1. At 250 ps, the
power changesto P; = 166 W, P = 1315 W, P3 = —440 W, and
Py, = —1030 W with o1 =0,d; =0, po = —0.1 7, dy = 0,
p3=0.057,d3 =0, pg =0.1m,and dy = 0. During the transient
process, the modulation method switches between SPS and GPS
modulations’ schemes. No transient dc bias exists for both the
startup and normal modes.

Fig. 10 shows the closed-loop control scheme based on the
dynamic modulation method, assuming that the dc voltage of
the port i V; and the dc current of port j /; need to be regulated,
respectively. The dynamic modulation generates the PWM sig-
nals according to the phase angles and inner phase-shift duties,
which are calculated by the upper control strategy, i.e., power
decoupling, current stress, and losses optimization. Thus, the
proposed dynamic modulation method is compatible and com-
plementary with the existing control strategies and optimized
modulations for steady-state performance.

IV. EXPERIMENTAL VALIDATION

A TAB converter and an MMAB converter with the same
parameters as in the simulation in Sections II and III are set
up to verify the proposed dynamic modulation method. The
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Fig. 12.  Experimental waveforms of TAB with the phase-shift angles and
modulation change (from SPS to GPS modulation). (a) With a direct transition.
(b) With the proposed dynamic modulation method.
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Fig. 13.  Experimental waveforms of MMAB with phase-shift angles change
using SPS modulation. (a) With a direct transition. (b) With the proposed
dynamic modulation method.

dynamic modulation is compared with the conventional modula-
tion, which is a direct transition in different transient conditions.
The deadtime 1 us is used in the experiments.

Fig. 11 shows the waveforms of the TAB converter using GPS
modulation scheme. The dc voltages are 100 V. The phase-shift
angles and the inner phase-shift duties change from ¢; = 0,
di = 0.1, 92 = 0.2 7, do = 0.05, 93 = 0.25 7, and d3 = 0.1
to o1 =0,d; =0.05, p2 =0.2 m,ds = 0.1, p3 = 0.35 7, and
ds = 0.1 with the corresponding power changes from P; = 175
W, P, =—-57W,and Ps = —115Wto Py =197 W, Py = —17
W, and P; = —176 W. Both the phase-shift angels and the inner
phase-shift duties change. The transient dc bias currents Iof 1
and ¢ > are mitigated after the dynamic modulation is utilized.

Fig. 12 shows the waveforms of the TAB converter that
switches from the SPS modulation to GPS modulation. The
control parameters change from ¢; = 0, d; = 0, 2 = —0.2
m,dy =0, p3 = =035 71, andds =0to 91 =0,d; =0,
o =02 m, dy = 0.1, p3 = 035 7, and d3 = 0.1 with the
corresponding power changes from P; = —198 W, P, = 18 W,
and P53 =183 Wto Py =198 W, P, = —17 W, and P3 = —177
W. With the proposed method, the transient dc bias currents
are eliminated even when the modulation method changes and
power flow reverses simultaneously.

Fig. 13 shows the waveforms of the MMAB converter using
the SPS modulation. The dc voltages are 100 V. The phase-shift
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Fig. 14. Experimental waveforms of MMAB with phase-shift angles and duty
cycles change using a GPS modulation scheme. (a) With a direct transition. (b)
With the proposed dynamic modulation method.

Fig. 15. Experimental waveforms of TAB during the startup process. (a) With
a direct transition. (b) With the proposed dynamic modulation method.

angles change from 1 = 0, o = —0.2 7, 3 = 0.2 7, and 4
=03571top; =0, 92 =037, 03 =—-037, and g = 0.2
m. The corresponding power changes from P; = 89 W, Py =
254 W, P3 = —104 W, and Py = —230 Wto P = 63 W, Py =
—205 W, P3 =273 W, and P4, = —122 W. The transient dc bias
currents are mitigated for the dynamic modulation method.

Fig. 14 shows the waveforms of the MMAB converter. The
dc voltages are 100 V. For generality, both the phase-shift angle
and the inner phase-shift duty change from ¢; = 0, d; = 0.1,
Yo = 0.2 T, d2 = 005, Y3 = 0.25 T, d3 = 01, Y4 = 0.3 T, and
dy =01t ¢ =0,dp =0.05, 92 = —-03 7, dy =0.1, p3 =
0.35m,d3 =0.1, o4 = 0.2 m, and d4 = 0.1. The corresponding
power changes from P; = 210 W, P, = —9 W, P53 = =70 W,
and Py = —126 Wto Py = 68 W, P, =264 W, P35 = =217 W,
and P4, = —106 W. The transient dc bias currents are eliminated
for the dynamic modulation method.

Fig. 15 shows the waveforms of the TAB converter during
the startup process. The phase-shift angles and the inner phase-
shift duties change from the initial state to 1 = 0, d; = O,
w2 =02 m, dy = 0.05, p3 = 0.3 7, and d3 = 0.1 with the
corresponding powers P; = 190 W, Py = —36 W, and P3 = —150
W. The currents reach the new steady-state values within half
cycle without the transient dc bias with the proposed method.

The above waveforms show that the transformer currents
reach to the new steady state within half cycle 7's/2 with the
proposed dynamic modulation method, which is independent of
the modulations, operation modes, and power flow directions.

V. CONCLUSION

This letter proposes the general transient dc bias current model
for MAB, which is irrespective of the power directions and
modulation methods. The theoretical derivation and simulation
results reveal that the transient dc bias is only related to the
phase-shift angles and independent on the inner phase shift.
On top of that, a universal dynamic modulation method is
proposed for transient dc bias mitigation with the fixed switching
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frequency, which is irrespective of the modulations and valid for
both the normal and startup modes. With the proposed dynamic
modulation method, the superior performance with transient
dc bias mitigation within a half cycle is achieved in various
operation modes and transient conditions, which is validated
by the experimental results of a TAB and MMAB converter,
respectively. The dynamic modulation method, along with the
derivation process, could also be applicable to the DAB and
MMAB converters.
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