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Abstract—Optimal modulation is vital in any converter’s
efficient operation and design. This article deals with optimal
modulation for a Penta-phase-shifted (PPS) Multi-active-bridge
(MAB) converter with one input and two output ports for the
case when the normalized conversion ratio of both output ports is
greater than unity (boost mode), and the average output current
is the same for both output ports. The first condition, normalized
conversion ratio greater than unity, is related to soft switching in
all the switches, which is desirable for high-frequency switched
converters. The second condition is useful for designing DAB
parameters like transformer turns ratio and series inductance
for applications like EV charging with a dominant Constant-
current (CC) charging mode. Closed-form expressions of optimal
modulation parameters of PPS-MAB are derived for the above-
mentioned scenario and compared with the optimal modulation
parameters obtained through numerical search using MATLAB
in the feasible set of all possible modulation parameters. The
derived closed-form expressions are algebraic functions of nor-
malized conversion ratios of two ports and the average output
current, which can be easily implemented in real-time. The
experimental verification of the proposed modulation scheme is
performed on a laboratory-scale prototype.

Index Terms—Dual-active-bridge (DAB), Mutlti-active-bridge
(MAB), Penta-phase-shift (PPS), EV charging, Optimal modula-
tion.

I. INTRODUCTION

The Dual-Active-Bridge (DAB) converter has emerged as

a key isolated DC-DC converter due to its bidirectional

power transfer capability, simple structure, and efficient soft-

switching transitions over a wide operating range—enabling

high power density and efficiency. DAB converters are widely

adopted in various applications, including DC microgrids, off-

board and onboard battery chargers, solid-state transform-

ers [1], single-stage AC–DC converters [2], and three-phase

AC–DC systems [3].

Multi-active-bridge (MAB) converter-based chargers are

gaining popularity for charging multiple vehicles simultane-

ously. One such topology is the Triple-Active-Bridge (TAB)

converter [4], [5], [6], [7], [8] which features a single input and

two output ports using a three-winding transformer. However,

the magnetic coupling between the two output ports in TAB

results in circulating power flow between them.

To overcome this limitation, the Penta-phase-shifted Multi-

active-bridge (PPS-MAB) converter architecture has been pro-

posed. It employs two separate two-winding transformers

between the input and each output port, thereby eliminating the

magnetic coupling between the two output ports and allowing

independent control of power flow without causing circulating

currents between them. The topology of PPS-MAB is shown in

Fig. 1. Ensuring ZVS in all switches over the complete range

of power is challenging while minimizing the conduction

losses in the switches. This article deals with the optimal

modulation of PPS-MAB, which minimizes the conduction

losses while satisfying direction-based ZVS in all switches.

II. GENERAL DISCUSSION ON PPS-MAB

To simplify the analysis of PPS-MAB, all quantities are

reflected on the primary side of both the high-frequency

transformers and divided by corresponding base quantities to

convert them to the corresponding per unit (p.u) quantities.

Assuming both the output ports are identical (n1 = n2 = n
and L1 = L2 = L), the base quantities are defined as (1). The

relationship between actual and per-unit quantities is defined

as (2). With these simplifying assumptions, the equivalent

circuit of PPS-MAB in the p.u domain is shown in Fig. 2.

The PPS modulation scheme has five degrees of freedom .viz

dp, ds1, ds2, δ1, δ2. The input side H-bride produces a quasi-

square wave (vin) having duty dp, similarly H-bridges con-

nected at the output port 1 and 2 produce quasi-square waves

v1out, v
2
out having duties ds1, ds2 respectively. The phase shift

between vin and v1out is represented by δ1. Similarly, δ2 can be

defined. Note that there is no coupling between the two output

ports due to the usage of two separate transformers, so the

power flow to the two ports can be controlled independently

(i.e. δ1, δ2 can be chosen independently).

Vb = Vin, Rb = 2πfsL, Ib =
Vb

Rb
, Pb =

V 2
b

Rb
, θ = 2πfst (1)

min =
vin
Vb

,m1
out =

v1out
nVb

,m2
out =

v2out
nVb

, jL1 =
niL1

Ib
, jL2 =

niL2

Ib
(2)

In p.u analysis, time gets converted to θ as it can be

seen from (1) and inductances (L1 = L2 = L) become

unity. min can have three levels +1, 0,−1. m1
out also can

have levels m1, 0,−m1. Similarly, the possible levels of m2
out

can be represented as m2, 0,−m2, where m1 =
V 1
out

nVin
and
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Fig. 1: PPS-MAB Topology

Fig. 2: Per-unit equivalent circuit of PPS-MAB

Fig. 3: PPS-MAB as a parallel combination of two DAB

converters

m2 =
V 2
out

nVin
. m1,m2 are referred to as normalized conversion

ratios of the two output ports. The average output currents of

two ports (I1out, I
2
out) can be represented as j10 , j

2
0 , respectively

in p.u. j10 is function of dp, ds1, δ1 and j20 is function of

dp, ds2, δ2, respectively as indicated in (3).

j10 =
1

2π

∫ 2π

0

jL1 × sgn(m1
out) dθ = f1(dp, ds1, δ1),

j20 =
1

2π

∫ 2π

0

jL2
× sgn(m2

out) dθ = f2(dp, ds2, δ2), where,

sgn(m1
out) =

⎧⎨
⎩

1,m1
out > 0

0,m1
out = 0

−1,m1
out < 0

sgn(m2
out) =

⎧⎨
⎩

1,m2
out > 0

0,m2
out = 0

−1,m2
out < 0

(3)

In DAB, different voltage patterns will appear across the

series inductor based on the relative pulse position of input and

output side H-bridge output voltages. Each pattern is called a

zone. As discussed in [9], for a given direction of power at

a given normalized conversion ratio (m) and average output

current (jo), there can be five different zones. Out of these five,

direction-based ZVS can be satisfied only in zones 1, 2, and

5, respectively. In the case of PPS-MAB, it can be proved that

for ensuring direction-based ZVS at all the operating points

(m1,m2, j
1
0 , j

2
0), we need to ensure m1,m2 ≥ 1. For the

m ≥ 1 case, DAB operation is restricted to zone 1 and 5

for low (j0 ≤ π
2
(m−1)
m2 ) and high (π2

(m−1)
m2 ≤ j0 ≤ π

4 ) power

conditions, respectively [9]. On a similar line, in PPS-MAB,

we should consider all possible zone 1 and zone 5 conditions

between vin, v
1
out and vin, v

2
out respectively. For example, if

the zone 1 condition prevails between vin, v
1
out and vin, v

2
out,

then such a combination is referred to as zone (1,1). Similarly,

zones (1,5), (5,1), and (5,5) can be defined. Fig. 4a, Fig. 4b,

Fig. 4c, Fig. 4d correspond to the representative waveforms

corresponding to zone (1,1), zone (1,5), zone (5,1), zone (5,5)

respectively.

III. OPTIMAL MODULATION OF PPS-MAB

In this section, the optimal modulation parameters of

PPS-MAB are derived for (m1,m2, j
1
0 , j

2
0) quartet satisfying

m1,m2 > 1 and j10 = j20 = j0. The objective function to be

minimized is j2L1,rms + j2L2,rms while satisfying the equality

constraints of average output currents in two output ports.

Mathematically, the optimization problem can be represented

as :

min. (j2L1,rms + j2L2,rms) (dp, ds1, ds2, δ1, δ2) s.t.

j10 = f1(dp, ds1, δ1), j20 = f2(dp, ds2, δ2)
(4)

Given (m1,m2, j0), one can find out the Optimal modulation

parameters (d∗p, d
∗
s1, d

∗
s2, δ

∗
1 , δ

∗
2) following the steps given in

the flowchart of Fig. 5. The flowchart is applicable for the

case when jm1
cr,1 < jm2

cr,1. The expressions of jm1
cr,1, j

m2
cr,1 are

given below.

jm1
cr,1 =

π

2

(m1 − 1)

m2
1

, jm2
cr,1 =

π

2

(m2 − 1)

m2
2

For the converse case, one can interchange m1 and m2 in

the flowchart of Fig. 5. The optimal modulation parameters

corresponding to strategies 1− 7 of Fig. 5 are given in Table

II.
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(a) (b)

(c) (d)

Fig. 4: Representative waveforms of different zones (a) zone-(1, 1) (b) zone-(1, 5) (c) zone-(5, 1) (d) zone-(5, 5)

Note that direction-based ZVS constraint is already taken

care of by ensuring m1,m2 > 1 condition and operating in

zones (1,1), (1,5), (5,1) and (5,5) only. The optimal modulation

of PPS-MAB is derived based on the concept of master and

slave DABs. PPS-MAB can be considered as two parallel

DABs with a common input side H-bridge, as shown in Fig.

3. The DAB between input and output port 1 is referred to

as DAB-1, and the one between input and output port 2 is

referred to as DAB-2.

From the Optimal modulation of DAB discussed in [9], it

can be concluded that DAB operation shifts between different

zones based on the relative position of the operating point

in the m − j0 plane. For example, for the m > 1 case

at low values of j0, optimal modulation will force DAB

operation in zone-1, and beyond a certain value of j0, the

optimal modulation will force the operating point to move to

zone-5. At what value of j0, the operating point will shift

from zone-1 to zone-5 is decided by a boundary in m − j0
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Fig. 5: Flowchart corresponding to Optimal modulation of PPS-MAB

(a) (b) (c)

Fig. 6: m− jo plane plot of two DAB converters of Fig. 3 (a) Both DABs are in zone-1 (b) DAB-1 operates in zone-1, DAB-2

operates in zone-5 (c) Both DABs operate in zone-5

plane, which is represented by jm>1
0,cr . Note that, jm>1

0,cr is a

function of m and the functional form of jm>1
0,cr is given by

jm>1
0,cr = π

2
(m−1)
m2 [9]. Similarly, for m < 1 case DAB will

operate in zone-2 for j0 < jm<1
0,cr and operating point will

shift to zone-5 for j0 > jm<1
0,cr . The expression of jm<1

0,cr is

given by jm<1
0,cr = π

2m(1−m) [9].

The same concept can be extended to PPS-MAB. In Fig.

6, these two boundaries namely jm<1
0,cr , jm>1

0,cr are indicated

and corresponding operating points of DAB-1 and DAB-2 are

indicated by points a and b. Since our operation is restricted to

m1,m2 > 1 case, the boundary under consideration is jm>1
0,cr .

Moreover, j10 = j20 = j0 ensures that the ordinate of points

a and b are the same, i.e. they lie on the same horizontal

line as indicated in Fig. 6. The boundary between zone-1

and zone-5 for DAB-1 has an ordinate of π
2
(m1−1)

m2
1

indicated

by point c. Similarly, point d has an ordinate of π
2
(m2−1)

m2
2

and it indicates the boundary between zone-1 and zone-5 for

DAB-2. For low power conditions (j0 < min(jm1
0,cr, j

m2
0,cr)),

both DAB-1 and DAB-2 will operate in zone 1, as indicated

by points a, b respectively in the m − j0 plane of Fig. 6a.

The operating point of the corresponding DAB, which is

closer to the zone-1, zone-5 boundary, will decide the duty

of the input side’s H-bridge, and the other DAB will follow

the input side’s H-bridge duty. For example, in the figure

(jm1
0,cr − j0) < (jm2

0,cr − j0). This means that operating point-a

(m1, j0), corresponding to DAB-1, is closer to the boundary

and will act as master. dp, ds1, δ1 will be decided based on it’s

inductor RMS current (jL1,rms) minimized solution of zone-

1 provided in [9]. The operating point-b (m2, j0) of DAB-2

has to satisfy the equality constraint of (j0 = f2(dp, ds2, δ2))
where dp is already decided by DAB-1. So, there is only one

degree of freedom to minimize jL2,rms. For this m1,m2 pair,

if j0 is increased, then DAB-1 will go into zone-5 as shown

in Fig. 6b. Hence, the operation will shift from zone (1,1) to

(5,1); the corresponding operating points of DAB-1 and DAB-

2 are represented by a and b, respectively. If j0 is further

increased, DAB-2 will also go into zone-5, as shown in Fig.

6c. In zone (5,1) and (5,5), DAB-1 will act as master, and

the optimal modulation parameters of zone-5 given in [9] will

decide dp, ds1, δ1. In the zone (5,1) case, DAB-2 has to satisfy

j0 = f2(dp, ds2, δ2) condition corresponding to zone-1 and in

zone (5,5) case, DAB-2 has to satisfy j0 = f2(dp, ds2, δ2)
condition corresponding to zone-5 while minimizing jL2,rms.

The expressions of f1(dp, ds1, δ1) and f2(dp, ds2, δ2) for zone-

1 and zone-5 operations are given in Table I.
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TABLE I: Expressions of average output current

f1(dp, ds1, δ1) f2(dp, ds2, δ2)
zone-1 π

2
δ1ds1

π
2
δ2ds2

zone-5 π
4

(
1− (1− dp)2 − (1− ds1)2 − (1− δ1)2

)
π
4

(
1− (1− dp)2 − (1− ds2)2 − (1− δ2)2

)

(a) (b) (c)

(d) (e) (f)

Fig. 7: Comparison between optimal modulation parameters obtained through MATLAB numerical search and proposed

analytical solution at m1 = 1.25,m2 = 1.75 (a) d∗p vs j0 (b) d∗s1 vs j0 (c) d∗s2 vs j0 (d) δ∗1 vs j0 (e) δ∗2 vs j0 (f) j2L1,rms+j2L2,rms

vs j0

IV. VERIFICATION OF PROPOSED MODULATION SCHEME

A. Verification of PPS modulation scheme using MATLAB

To verify the effectiveness of the proposed optimal modu-

lation scheme, a MATLAB script is written, which performs a

numerical search on the feasible set of modulation parameters

(0 ≤ dp, ds1, ds2, δ1, δ2 ≤ 1) and finds out the set of

optimal modulation parameters, which is compared against the

analytically obtained set of optimal modulation parameters.

The objective function for minimization is j2L1,rms + j2L2,rms.

Fig. 7a- 7e indicate the variation of optimal modulation

parameters .viz d∗p, d
∗
s1, d

∗
s2, δ

∗
1 , δ

∗
2 with j0(0 ≤ j0 ≤ π

4 ) for

m1 = 1.25,m2 = 1.75. Fig. 7f shows the variation of the

objective function (j2L1,rms+j2L2,rms) with j0 for both the sets

optimal modulation parameters obtained through numerical

search by MATLAB and the proposed analytical solution.

It can be seen from the plots that the proposed optimal

modulation parameters match very closely to the optimal

modulation parameters obtained through numerical search, and

the value of the objective function (j2L1,rms + j2L2,rms) also

matches very closely.

B. Experimental results

A laboratory prototype of PPS-MAB, as shown in Fig.

10, is developed to verify the proposed modulation scheme

and corresponding experimental results are presented in this

subsection. The operating points of the converter used for

experimental verification are given in Table 3. The details of

the components used and the parameters of the converter are

given in Table 4. Fig. 11a, 11b and 11c show the experimental

waveforms of PPS-MAB corresponding to operating condi-

tions of the first, second and third row of Table 3, respectively.

V. CONCLUSION

This paper discusses the Optimal modulation of PPS-MAB

for all possible m1,m2, j01, j02 quartet satisfying j01 = j02 =
j0 and m1,m2 > 1. m1,m2 > 1 condition can ensure

direction-based ZVS in all switches for all possible values

of j0(0 ≤ j0 ≤ π
4 ). j01 = j02 condition is important for the

Optimal design of turn’s ratios (n1, n2) and series inductances

(L1, L2) for a multiport DAB-based charger where CC mode

is dominant. The Optimal modulation parameters are derived

for the case mentioned above, and the same is verified through
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TABLE II: Optimal modulation parameters corresponding to different strategies

Strategy Operating zone Optimal modulation parameters

1 (1,1)

ds1 =
√

2j0
π(m1−1)

δ1 = (m1 − 1)ds1
dp = m1ds1

(1− 2m2)d4s2 + 2m2d3s2 + dp(dp − 2)d2s2 −
(

2j0
π

)2
= 0

δ2 = 2j0
πds2

2 (5,1)

dp = 1

(m2
1 + 1)d4s1 − 2(2 +m2

1)d
3
s1 + 4

(
j0
π
(m2

1 + 1) + 1
)
d2s1 − 8j0

π
ds1 +

(
2j0
π

)2
= 0

δ1 = 1−
√

2ds1 − d2s1 − 4j0
π

(1− 2m2)d4s2 + 2m2d3s2 + dp(dp − 2)d2s2 −
(

2j0
π

)2
= 0

δ2 = 2j0
πds2

3 (5,1)

dp = 1
ds1 = 1

δ1 = 1−
√

2ds1 − d2s1 − 4j0
π

(1− 2m2)d4s2 + 2m2d3s2 + dp(dp − 2)d2s2 −
(

2j0
π

)2
= 0

δ2 = 2j0
πds2

4 (5,5)

dp = 1

(m2
1 + 1)d4s1 − 2(2 +m2

1)d
3
s1 + 4

(
j0
π
(m2

1 + 1) + 1
)
d2s1 − 8j0

π
ds1 +

(
2j0
π

)2
= 0

δ1 = 1−
√

2ds1 − d2s1 − 4j0
π

(m2
2 + 1)d4s2 − 2(2 +m2

2)d
3
s2 + 4

(
j0
π
(m2

2 + 1) + 1
)
d2s2 − 8j0

π
ds2 +

(
2j0
π

)2
= 0

δ2 = 1−
√

2ds2 − d2s2 − 4j0
π

5 (5,5)

dp = 1
ds1 = 1

δ1 = 1−
√

2ds1 − d2s1 − 4j0
π

(m2
2 + 1)d4s2 − 2(2 +m2

2)d
3
s2 + 4

(
j0
π
(m2

2 + 1) + 1
)
d2s2 − 8j0

π
ds2 +

(
2j0
π

)2
= 0

δ2 = 1−
√

2ds2 − d2s2 − 4j0
π

6 (5,5)

dp = 1

(m2
1 + 1)d4s1 − 2(2 +m2

1)d
3
s1 + 4

(
j0
π
(m2

1 + 1) + 1
)
d2s1 − 8j0

π
ds1 +

(
2j0
π

)2
= 0

δ1 = 1−
√

2ds1 − d2s1 − 4j0
π

ds2 = 1

δ2 = 1−
√

2ds2 − d2s2 − 4j0
π

7 (5,5)

dp = 1
ds1 = 1

δ1 = 1−
√

2ds1 − d2s1 − 4j0
π

ds2 = 1

δ2 = 1−
√

2ds2 − d2s2 − 4j0
π
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Table 3: Operating points of the converter

Vin V 1
out V 2

out I1out I2out Operating zone

200 250 350 2.1 2.1 (1,1)

200 250 350 3.2 3.2 (5,1)

200 250 350 4.25 4.25 (5,5)

Table 4: Parameters of the converter

n L fs
1 : 1 60μH 50kHz

Input side device Output side device Microcontroller

C3M0025065K SCT3060AL TMS320F28379D

Fig. 10: Experimental Setup

(a) (b) (c)

Fig. 11: Experimental waveforms corresponding to (a) first row of Table 3 (zone-(1,1)) (b) second row of Table 3 (zone-(5,1))

(c) third row of Table 3 (zone-(5,5))

a numerical search performed on the feasible set of modulation

parameters (dp, ds1, ds2, δ1, δ2). Experimental verification of

the proposed modulation scheme is performed on a 5kW
laboratory-scale prototype.
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