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An Asymmetrical Phase-Shift Scheme of
Three-Phase Dual Active Bridge With
Minimum Current Root-Mean-Square

Value Control
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Abstract—The three-phase dual active bridge (3ph-DAB)
converter is a promising topology attracting increasing attention.
However, because it is limited to symmetrical three-phase bridge
control, the conventional single-phase-shift control method (SPS)
remains the most common method for 3ph-DAB converter. The
obvious shortcomings of SPS control include the soft-switching
failure, massive circulating energy, and high root-mean-square
(rms) current value at the light load, particularly with large volt-
age variation-ratio conditions. To overcome these drawbacks, this
article proposes a novel asymmetrical phase shift (APS) control
strategy. Unlike other optimized modulation schemes, this opti-
mized strategy breaks the symmetrical control rules of three-phase
bridges by introducing variable phase-shift angles among three-
phase legs. The novel APS control strategy can substantially reduce
the current’s rms value and extend the soft-switching operation
range due to these additional phase-shift angles. Further, the ana-
lytical solutions for the optimal phase-shift angles are derived by
solving the global optimal condition equations. Analytical solutions,
compared with complex numerical solutions derived by other op-
timized schemes, can be easily adopted in digital implementation
and perform well under changing parameter conditions. Finally,
experimental results verify the outstanding performance of the
proposed modulation strategy.

Index Terms—Analytical solutions, asymmetrical phase shift
(APS) control, optimized modulation strategy, reduction of
current’s root-mean-square (rms) value, soft switching, the global
optimal condition (GOC) equations, three-phase dual active bridge
(3ph-DAB).

1. INTRODUCTION

ITH the advancement of power electronics, the high-
power and frequency isolated bidirectional dc/dc
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converter (IBDC) has become a popular converter in high-
power industrial applications, such as hybrid energy storage
systems, electrical vehicle power systems, data center power
supplies, solid-state transformers, and distributed direct cur-
rent (dc) microgrid [1]-[4], [33], [34]. In the IBDC family,
the single-phase dual active bridge (1ph-DAB) is one of the
well-known topologies proposed in [5]. This converter is widely
used in industrial applications due to its bidirectional power
flowing capability, buck—boost voltage characteristics, inherent
soft-switching operation, and simple control method. The three-
phase dual active bridge converter (3ph-DAB) is the preferred
choice for high-power applications compared with the 1ph-
DAB. 3ph-DAB inherits the advantages of 1ph-DAB and it has
the additional superiorities to transfer higher power with lower
root-mean-square (rms) current, smaller component stress, and
higher power density [6]-[10].

Currently, single-phase-shift (SPS) modulation remains the
most common method used in the 1ph-DAB and 3ph-DAB
converters [1], [8]. This control method applies a simple power
transmission control mechanism. Although SPS control limits
the soft-switching operation range, it provides the high circu-
lating current and high rms inductor current at the light-load
conditions with a large voltage variation ratio. It also causes the
converter to operate in the hard-switching mode and dramati-
cally degrades the converter efficiency [11]. To overcome these
issues, several novel control strategies have been proposed in
the 1ph-DAB, such as extended phase-shift control, dual-phase-
shift control, and triple phase-shift (TPS) control. These control
methods can extend the zero-voltage switching (ZVS) range and
reduce the current’s rms value to enhance the efficiency of the
DAB converter [1], [12].

Limited studies address the 3ph-DAB converter’s poor ef-
ficiency under light loads. van Hoek et al. [13] proposed a
1ph-DAB operating mode to control 3ph-DAB by controlling
two-phase legs to synchronize operation. Even if adopting tri-
angular and trapezoidal modulation under light-load conditions
will reduce the current’s rms value, this method is not an optimal
scheme and cannot cover the converter’s entire power range.
Su and Tang [14] controlled the driving signals of dual active
bridges to operate at a fixed 1/3 duty cycle on both sides to boost
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the efficiency. However, it cannot enhance the efficiency of the
entire power range and its ZVS region is not revealed under this
control method. Li et al. [15] and Huang et al. [16] improved
the method used in the literature [14] by introducing the variable
duty cycle control of the primary and secondary sides to optimize
the current’s rms value and increase efficiency. However, the
duty cycle control makes the current asymmetrical and it cannot
realize all switches ZVS turn-ON [17]. Moreover, these meth-
ods are extremely complex. This restricts the method’s further
practical application. Almost all of the aforementioned control
methods rely on duty cycle control with symmetrical phase-shift
and fail to provide ZVS capability over the entire power range
with all power switches.

As aforementioned, almost all proposed methods of 3ph-DAB
are employed symmetrical phase-shift angle of 1/3 among three-
phase legs. These methods change the duty cycle of three-phase
dual active bridges to improve the converter’s efficiency. How-
ever, the variation of duty cycle will cause the phase current to
be asymmetrical in the positive and negative half-cycles. It will
bring about the consequence that ZVS turn-ON cannot be realized
in both upper and lower power switches, and most methods only
obtain the numerical solutions that are difficult for practical ap-
plication. The 3ph-DAB control with variable phase-shift angles
among three-phase legs has so far been overlooked in the existing
literature. This article proposes a novel asymmetrical phase-shift
(APS) control of 3ph-DAB by adopting variable phase-shift
angles instead of fixed 1/3 phase-shift angles to address the
aforementioned issues and further reduce the conduction and
switching losses. This control method can realize the minimum
inductor current’s rms value and extend the ZVS operation
compared with other proposed control methods. Moreover, the
analytical solutions of this proposed method are derived to be
convenient for practical applications. Experimental results from
a 3ph-DAB hardware prototype validate the excellent perfor-
mances of the proposed method.

The rest of this article is organized as follows. In Section II,
the detailed operation principles of 3ph-DAB are presented.
According to the equivalent circuit of 3ph-DAB, the expressions
of three-phase voltages, currents, and transmission power can
be derived. Based on these principles, the novel APS method is
proposed in Section III. In Section III, the switching sequences
and multifrequency approximation converter model under the
proposed novel APS control are derived in Section III-A to
avoid analyzing complex and numerous switching modes. Then,
according to the minimum conduction loss principle and ZVS
conditions, the optimal strategy acquired using the interior-
point method combined with the Lagrange multiplier method is
presented in Section III-B. Subsequently, the comparison with
the performance of the proposed novel APS method and SPS
control is presented in Section III-C. In Section IV, the result
of optimal phase-shift angles obtained by adopting a numerical
optimization algorithm in the preceding section will be ana-
lyzed. The global optimal condition (GOC) equations are also
proposed to validate the conclusions that the minimum 3ph-DAB
conduction loss mode in the low-level and high-level power
range is the 1ph-DAB and SPS control modes, respectively.
The closed-form analytic expressions of optimal phase-shift
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Fig. 1. Topology schematic and equivalent circuit of 3ph-DAB. (a) Topology
schematic of 3ph-DAB. (b) equivalent circuit of 3ph-DAB.

angles are further derived. The effectiveness of the optimal
strategy is validated using simulations and experiments, which
are presented in Section V. Finally, Section VI concludes this
article.

II. OPERATION PRINCIPLE OF 3ph-DAB

Fig. 1(a) shows the 3ph-DAB topology, and its equivalent
circuitis shownin Fig. 1(b). Fig. 1(a) shows the circuit schematic
of 3ph-DAB converter. V; and V represent the input and output
dc voltages, respectively. C; is the input filter capacitor and Co
is the output filter capacitor to support dc link voltage. T, (x =1
and2;y=1,2,3,4,5, and 6) are the power switches composed
of three-phase active dual bridges in the primary and secondary
sides. D, denotes the corresponding antiparallel diode of power
switch. L,, Ly, and L, are the equivalent three-phase inductors
including transformer leakage inductance and other external
inductors. The three-phase high-frequency transformers with
Y-Y connection forms the link bridge between the Vi-side
(primary side) and V»-side (secondary side). O1 and O denote
the neutral point of the V- and V;-sides. Nj5 is the turn ratio
from V;-side to Vs-side of the three-phase transformers. vy,
v1p, and vy . are the three-phase voltages in the V;-side bridge.
Vaa, Vap, and Vo . are the three-phase voltages in the V,-side
bridge. irq, iy, and iz, are the three-phase currents that pass
through the arm inductors.

Fig. 1(b) shows the equivalent 3ph-DAB circuit derived from
the superposition theorem and Kirchhoff’s Laws. Va4, v '2s,
and v’y are the equivalent phase voltages in the V;-side that
are converted by the Vs-side phase voltages of vo,, vy, and
va.. Three-phase voltages are symmetrical with 1/3 phase-shift
angles in the conventional control method. The three-phase dual
active bridge voltages of V;-side and Vs-side can be regarded
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as multilevel alternating current (ac) voltage sources with Y-
Y connection. In general, magnetic inductance of transformer
in 3ph-DAB converter is extremely large. This implies that
the transformer’s magnetic inductance is commonly neglected.
Thus, the equivalent 3ph-DAB circuit can be presented as the
connection between three-phase inductors and equivalent ac
voltage sources.

For analysis simplification, switching function S, (#) (x = 1
and 2; y = a, b, and ¢) will be introduced into the three-phase
dual active bridges on both sides. x = 1 indicates that this power
switch is located on the V;-side, whereas x = 2 indicates this
power switch is on the Vs-side. Similarly, y = a, b, and c imply
that this power switch is located on the A, B, and C phase legs,
respectively. The value of S,,(¢) is equal to 1, which implies
that the upper power switch of the corresponding side and phase
is ON and the lower power switch is OFF. The reverse is also
true. According to the switching function S, (#), the three-phase
voltages can be expressed as follows:

ora(t) = Y2(281a(0) = Suy(t) = S1e(t))
’ 3
ony(t) = Vi(281(t) — ila(t) — S1e(t)) 0
uyelt) = 15D =500~ 51a(0)
oy — N1aVa(2814(t) — Su(t) — Sie(t))
v Qa(t) = 3
y%“)::NmVé@Sw@y;Sm@)—th@) o
' N12V2(281(t) — S1p(t) — S1a(t))
v Qc(t) = 3 ]

From the equivalent circuit shown in Fig. 1(b), the phase
currents iy, i1, and i1, can also be derived as follows:

ira(t) =irq(0) + % fg (v10(7) — V' au(7))dr
iLb(t) = iLb(O) + %f(f ('Ulb(’r) — U/Qb(T))dT (3)

iM@:nAm+%ﬁ@Mﬂ—UMﬂMT

where 7 denotes the time within a period. Furthermore, the rms
value of three-phase currents and powers can be described as
follows:

1 Ts .
I, = 7. Jo i2 (t)dt
1 s .
I=\/7 02 ()t @)
1 Ts .
I. = 7 Jo 2 (t)dt
1 .7, .
Po= = f{" via(®)iLa(t)dt
1 ,
a:?ﬁﬂﬂmmmt (5)
18
Po= o [ vre(t)ipe(t)dt.
S

For a more general conclusion, the standardization operation
will be performed using the current and power expressions. The
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Fig. 2. Switching sequences and the typical three-phase operation waveforms
under APS control.

based value of current and power are shown as follows:

VlTs
Iy =
2Ly 6)
V2T,
Py= 1=
2L

III. APS CONTROL OF 3ph-DAB

In this section, a novel control method is proposed to minimize
the 3ph-DAB current’s rms value by introducing asymmetrical
three-phase-shift angles. In this proposed control method, phase
A does not lead phase B by 27/3, nor does it lag C by 27/3.
The phase-shift angles among A, B, and C are flexible with any
value. Section III will be divided into three parts: In the first part,
amultifrequency approximation model [18] of 3ph-DAB will be
built under the proposed APS control scheme to avoid analyzing
complex and numerous switching modes. In the second part, to
solve the optimal values of five phase-shift angles in the pro-
posed control scheme, the interior-point method combined with
the Lagrange multiplier algorithm will be employed to obtain
numerical solutions of five phase-shift angles to make 3ph-DAB
attain minimum conductance loss and extend the soft-switching
range. In the final part, a comprehensive comparison of the
proposed APS control scheme and conventional SPS control
method will be presented. The comparison results will reveal
the significant advantages of the proposed control method.

A. Multifrequency Approximation Model of 3ph-DAB Under
APS Control

Fig. 2 illustrates the switching sequences and typical three-
phase operation waveforms under APS control. In the APS
control scheme, the variable phase-shift angles instead of 27/3
(or described as T/3 and T are the switching periods) among
the three-phase legs are adopted. Power switch pairs of each
phase leg operate at complementary mode and duty cycles of
all switches, which are maintained at 0.5. Fig. 2 shows that D,
and D, denote the variable phase-shift angles between phases
B and A and C and A in V;-side, respectively, whereas D3 and
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D, denote the variable phase-shift angles between phases B and
A and C and A in V;-side, respectively. The phase-shift angle
between T71 in Vi-side and To; in V5-side will be defined as
Dj to control the power transfer. The value range of these five
phase-shift angles can be described as 0 < D; <1,0 < D5 <1,
0<D3<1,0<Dy<1,and —0.5 < D5 < 0.5. It is evident
that the conventional SPS control is a special APS control mode
with Dy = 1/3, D, = 2/3, D3 = 1/3, and D4 = 2/3 based on the
aforementioned analysis.

In the proposed APS control, the adjustable phase-shift angles
D1, Do, D3, and D4 will generate an asymmetrical five-level ac
source on both sides. However, the voltage seconds over the
entire switching period are always balanced. This ensures that
the phase currents flowing into the transformer have no dc bias
and will be avoided in the magnetic saturation problem. Under
the APS control, the power switch pairs in each phase leg are
complementary, and the duty cycles of switches are 0.5. This
implies that the three-phase voltages and currents are always
odd symmetrical at half switching period (see Fig. 2). According
to the switching functions, as aforementioned, the three-phase
switching functions on both sides can be illustrated as follows:

T,
2
0, = <t<T,s

o

1L0<t<

Sia(t) =

2|3

T
17D1TS Sté DlTs"’_?

T
OleTs + ? S t S Tq&&o S t S DlT@

T (7a)
0, DT + § <t < To&&0 < t < DyT,

T
17D5Ts <t< D5T‘; + ?

T
{]—aDQTs S t S D2T5+ ?

T
O’DSTS + 7 <t< Ts&&o <t< DSTS

T,
17D3Ts +D5Ts <t< D3Ts + D5Ts + ?

T
0,D3Ts + DsTs + > <t <Ts&&0
<t < D3Ts + DsT;

T
17D4Ts + D5TS <t< D4Ts + D5T+ ?

T
OaD4T9 + D5T9 + ? S t S Ts&&o
<t < DyTs + D5Ts.

(7b)

Because five phase-shift angles are adjustable, the switching
modes of 3ph-DAB are up to 5! = 120 and hard to be analyzed
all. To address this issue, a multifrequency approximation model
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of APS control will be built to simplify the complex analysis
of switching modes. Adopting the Fourier series to expand the
switching functions provides the following expressions:

1 +oo 2 sin(kwt)
Sta(t) = 5 + Zk:m,a.. ok

2
1 +o0 2sin(kwt — 2k D)
Slb(t) = 5 + Zkzl 3.5... km ®
1 +oo 2sin(kwt — 2kD3)
Sie(t) 5 Zk:1,3,5 km

+00 2sin(kwt — 2kDs)
T Zk:1,3,5... km

Z+oo 2sin(kwt — 2k(D3 + Ds))
k=1,3,5 km

©)

By substituting (8) and (9) into (1) and (2), the phase voltages
V1as V1b, and vy, of the V;-side and equivalent voltages v’ ,,
v’ap, and v’y from the Vs-side to V;-side can be expressed as
follows:

Z+:>c . 2sin(kwt — 2k(D4 + Ds5))
k=1,3,5... km

2V1(2sin(kwt) + sin(«@) + sin(f5))

+o0
nalt)= 3 3k
k=1,3,5...
—+00 . . .
2V (—sin(kwt) — 2sin(«a) + sin(f5
o= 3 Dalzsinllt) = 2sin(o)  sin(s)
k=1,3,5...
R 2V (—sin(kwt) + sin(a) — 2sin(5))
vre(t) = 3km
k=1,3,5
, X 24V, (—2sin(e) + sin(x) + sin(4))
Vza(t) = 3km
k=1,3,5
, X 2dV,(sin(e) — 2sin(x) + sin(6))
anlt) = 3k
k=1,3,5
+o0 . . .
2dV(sin(e) + sin(y) — 2sin(d
. in(e) +sinly) = 25n(0)
k=1,3,5.
where

a = 2kw Dy — kwt, 8 = 2kw Dy — kwt
X = 2k7T<D3 + D5) — kwt, 0= 2]€7T(D4 + D5) — kuwt

e =2knDs — kwt,d = Naw Wy = QTLT
Similarly, the three-phase inductor currents can also be ex-
pressed by substituting (10) into (3). Assume that L,, L;, and
L. are all equal to L. This implies that the average current
during one switching period is zero because the voltage second
is balanced in one switching cycle. The parts of i,(0), i5(0),
and i7.(0) can be calculated based on this constraint condition.
By substituting these values into (3), the three-phase currents
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can be expressed as follows:
+00
ira()= > (Aa+Ba)
k=1,3,5...
+00
i)=Y (Ay+By)
k=1,3,5...
o0
i)=Y (Ac+B) (11)
k=1,3,5...
where
A — 2V (=2 cos(kwt) + cos(a) + cos(p))
‘o 3rLok?w
B — 2dV1(2 cos(g) — cos(x) — cos(d))
‘o 3mLsk2w
A — 2V (cos(kwt) — 2 cos(ar) + cos(B))
- 3L k2w
B — 2dV1(— cos(e) + 2 cos(x) — cos(9))
- 3 Lo k2w
A — 2V (cos(kwt) + cos(a) — 2 cos(f))
o 3mLsk2w
B — 2dV1(— cos(g) — cos(x) + 2 cos(d))
c 3mLsk2w '

From (1) and (2), the expressions of three-phase voltages
of Vy-side and V;-side, namely (10), and three-phase currents,
namely (11), have similar patterns of (1) and (2). Then, the united
expressions can be written as follows.

According to (12) and (13), the expressions of phase voltages
(currents) can be composed of three parts: the response of phases
A, B, and C. This indicates that each phase voltage (current) is
related to three-phase variables. Referring to the structures of the
three-phase variables from (12) and (13), as long as the variable
(voltage or current) of phase A is derived, variables of other
phases (B and C) can be determined immediately

V1a(t) = 2A, *?1 - C

Vrelt) = 20, — ?1 - B

Va4 (t) = 28, - ?2 — "
V(1) = 2By — 1;12 —Cy

Vae(t) = 20, — 1;12 — By

ina(l) = 2A; — ?L -Cp

inp(t) = W (13)
ire(t) = W
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where
+o00 . +0o0 .
B 2V sin(kwt) B 2V sin(—a)
A= Z 3km B = Z 3km
k=1,3,5... k=1,3,5...
o f 2V, sin(— )
' 3k
k=1,3,5...
+00 . +oo
2dV sin(—e¢ .
Ay = Z 137(),32 = Z 2dV sin(—y)
k=1,3,5... k=1,3,5...
+o0
Cy = 2dVy sin(—9)
k=1,3,5...
4 — X 22V, cos(kwt) + 2dV cos(e)
L= 3k?nLyw
k=1,3,5
+o0
_9 9 .
B, — Z Vi cos(ag + 2dV7 cos(x)
3k*mLsw
k=1,3,5...
—+00
—2V; cos(B) + 2dVy cos(9)
Cr = .
o k:gs 3k2mLsw

After deriving the three-phase voltages and currents, the nor-
malized total power can be derived from (5) and (6)

Paps = P, + P, + P,

+00 2d
= Y S (sin(2(Dy — Ds)kn)
32
k=1,3,5... Skm

+ sin(2(Dg — D5 )kn)
— 25111(2(1)1 — D3 — D5)]€7T)
+ SiH(Q(DQ — D4 - D5)k’/T)
+ sin(2(D1 — D4 — D5)k771’)
— 2sin(2(Dy — Dy — Ds)kn) + 2sin(2D5sk)
— sin(2(Ds + Ds)km) — sin(2(Dy + Ds)km)).
(14)
Similarly, the rms value of three-phase currents under APS
control can also be derived. For analysis simplification, Pons
represents the square of I ., to assist the analysis in this ar-

ticle. The normalized %, equation can be presented as (15)
following (4) and (6)

Ir2ms = Icgtrms + Ierms + ]szls

+o0 4

- 3

k=1,3,5...

—W(—?)(l + d?) + cos(Dy - 2k)
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+ cos((Dy — Dg) - 2km) + cos(Dy - 2km)

+ 2dcos((Dy — Dy — Ds) - 2kn)

— d(—d(cos(Ds - 2km)

+ cos((Ds — Dy) - 2km) + cos(Dy - 2km))

+ cos((Dy — Ds) - 2km) + cos((Da — Ds) - 2kn)
— 2cos((Dy — D3 — Ds) - 2km)

+ cos((Dy — D3 — Ds) - 2kn)

+ cos((Dy — Dy — Ds) - 2kw) — 2 cos(Ds - 2kn)

+ cos((D3 + Ds) - 2km) + cos((D4 + Ds) - 2km)).
5)

These aforementioned variables, except P, are all odd
symmetrical at half switching period because the power switch
pairs in one phase leg are complementary and the duty cycle of
switches is 0.5. I2 s is the square of /5. Thus, it is even sym-
metrical at half switching period. For analysis simplification, we
only need to analyze the 3ph-DAB operation waveform during
the half switching period under APS control.

B. Minimum Conduction Loss Control of 3ph-DAB Under
APS Control

In the proposed APS control, five degrees of freedom (D1, Do,
D3, D4, and Dj) can provide numerous combinations to transfer
the required power with a certain voltage ratio. In this section,
based on APS control, the optimized modulation strategy will
be proposed to minimize the conduction and switching losses of
3ph-DAB by adjusting phase-shift angles among the three-phase
legs of active dual bridges. The situation that power direction is
from V; to V5 side (P > 0) and voltage ratio less than 1 (d < 1)
will be discussed to simplify the analysis. Other work situations
can provide a similar analysis.

Based on the analysis of literature [11], [16], the conduction
loss is mainly dependent on the s value of 3ph-DAB; the
minimum 72, value means the minimum conduction loss.
In this optimized modulation strategy, we aim to achieve the
minimum conduction loss under required transmission power
and all switches can realize ZVS turn-ON in the entire power
range. Alternatively, I, must achieve a minimum value
under the constraint conditions of the required transmission
power and satisfy ZVS conditions. Therefore, this optimization
problem can be illustrated as a single optimization object with
nonlinear constraint conditions. Based on the aforementioned
analysis, the nonlinear constrained programming model can be
described as follows:

MinI2, ()

Subject to:

Prps(x) — P, = 0,ZVS;(z) < 0,R;j(z) <0
i=1,2,...... 6,7 =1,2,...... 10 (16)
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P, is defined as the required transmission power under the
required voltage ratio d. Paps(x) is the equation of the trans-
mission power under APS control given by (14), and ,,¢(x)
is presented as (15) with x = (D1, D2, D3, Dy, and Ds). Rj(x)
represents the value range of the five phase-shift angles, and can
be rewritten as follows:

Rl(x) = 7D1 §O,R2(x) :Dl —1 SO

Rg(x): —D2 SO,R4(£):D2—1§0

R5($) = —D3 SO,RG(l‘) :D3—1 SO

R7(SC) = 7D4 gO,Rg(IZ’) :D471 SO

Rg(l’) = — D5 —0.5 S O,Rlo(u’(}) = D5 —0.5 S 0. (17)

The final constraint condition is the ZVS range of 3ph-DAB
under APS control. The currents of power switches must flow
through their antiparallel diodes when corresponding switches
are turned ON to ensure ZVS operation. This shows that the
direction of phase current at the moment of switch turning ON
is determined by ZVS operation. In this proposed optimized
modulation scheme, all switches, both V;-side and Vs-side,
are required to achieve ZVS turn-ON to enhance the 3ph-DAB
efficiency. ZVS;(x) implies the constraint functions, which cause
all switches to realize ZVS operation in the entire power range.
Because the phase currents are odd symmetrical functions, all
switches have the ZVS capability as long as the upper or lower
switches can realize ZVS operation in the entire power range
within the half switching cycle. This feature simplifies the anal-
ysis and we only need to sufficiently analyze the ZVS condition
of six switches. In this proposed optimized modulation strategy,
based on the phase current direction, the constraint function
ZVS;(x) can be derived as follows:

ZNVS1(x) = ipq(t1) < 0,711 turns on
ZNSs(x) = ipe(ta) < 0,75y turns on
ZNVS3(x) = ipy(t3) < 0,Th2 turns on
ZNVS4(x) = ipp(ts) < 0,Tss turns on
ZNS5(x) = irc(ts) < 0,713 turns on

ZVSg(x) = ipe(ts) < 0,To turns on (18)

where 11, 1o, 13, I4, t5, and tg denote the turn-ON moments of
the switches 711, T4, T12, Tas, T13, and Tag, respectively. Ac-
cording to the definition of five phase-shift angles and switching
functions, #1, 2, t3, 14, t5, and 7g can be expressed as follows:

t1 =0

ty=Ds Ty + L

ty = Dy - T,

ty=(Ds+Ds) Ty + L {1
ts = Do - T

ts = (D5 + Da) - T\ + %=
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Po0s(x) is the single optimal object function of the nonlinear
constrained programming model, which is described as (16).
Paps-P, is the equality constraint, whereas ZVS,(x) (i = 1, 2,
...,and 6) and R;(x) (j = 1, 2, ..., and 10) are the inequality
constraints. The analytical solutions are difficult to derive be-
cause all functions in the nonlinear constrained programming
model are related to the five control parameters (D1, D2, D3,
Dy, and Ds). To address this issue, the interior-point scheme
and Lagrange multiplier method that are commonly applied in
solving nonlinear programming with constraints are introduced
to deduce numerical solutions of this optimization model and
calculate the numerical values of five control parameters (D1,
Dg, D3, D4, and D5)

The interior-point method is a classic method to solve non-
linear optimization problems [19], [20]. This algorithm has
been widely applied in power electronics and power systems
to solve optimization problems [21]-[23]. The essential idea of
the interior-point algorithm is to build the appropriate penalty
function for changing the nonlinear program with general con-
straints to the nonlinear program with equality constraints. And
then, the Lagrange multiplier method can be applied to solve this
kind of problem. In the interior-point algorithm, a logarithmic
function is usually chosen as a penalty function as follows:

C(x) = —rY_ In(=B;(x)) (20)

where C(x) is the penalty function, B;(x) is the inequality
constraint, including ZVS;(x) and R;(x), and r is the penalty
factor, which will decrease gradually as the number of iterations
increasing and eventually approaches 0. Based on the penalty
function C(x), if the constraint function B,(x) is significantly
smaller than 0, the solutions certainly satisfy ZVS;(x) and R;(x)
inequality constraints, and C(x) will attain an extremely small
value. If B;(x) is less than O but close to O or large than 0, it implies
the solutions are likely to break ZVS;(x) and R;(x) inequality
constraints and C(x) will attain an extremely high value. Adding
this penalty function to the objective function as the new optimal
target will ensure that the solutions satisfy ZVS constraints and
attain the global minimum s value. Further, the nonlinear
optimization program with general constraints in this article
can be simplified to the following optimization program with
equality constraints:

MinF'(z) = Ifms(x) + C(x)
Subject to :

PAps(QZ) - PO =0. (21)

The Lagrange multiplier method can solve this kind of opti-
mization program perfectly, as shown in the literature [19] and
[24]. The Lagrange objection function will be constructed as
follows:

L(LL', )») = F(LL') + )\(PAps(l‘) — Po). (22)
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When the object function F'(x) attains its minimum value, the
following equations will be satisfied :

OL  OF(z)  O(A(Paps(z) — P)) 0
0D, 9D, 0D, N
OL  OF(z)  O(A(Paps(z) — P)) 0
0Dy 0D, D5 n
OL  OF(z)  O(A(Paps(z) — P)) 0
8D3 8D3 6D3 (23)
OL  OF(z)  O(A(Paps(z) — P)) 0
oD, 9Dy dD, B
OL  OF(z)  O(A(Paps(z) — P,)) 0
dDs _ 0Ds 0Ds B
% = (PAps(IL') - PO) =0.

By solving these equations, the I?,,,s(x) value with required
transmission power under the required voltage ratio d, the opti-
mal phase-shift angles (D1, D2, D3, D4, and D) can be obtained.

Following the numerical solution of (23), the relationship
among D1, D, D3, Dy, and D5 with varying transmission power
P, and voltage ratio d is presented in Fig. 3.

C. Comparison and Analysis

From the previous section, five optimal phase-shift angles
are determined. Substituting these phase-shift angles into (14)
and (15), the %, value under the required transferred power
can be obtained by adopting the proposed APS control. Further,
the analysis and comparison of the conventional SPS control
and proposed APS control can be conducted. Fig. 3 illustrates
the five optimal phase-shift angles with transmission power Py,
and voltage ratio d. Fig 3 shows that the five control parameters
(D1, Do, D3, Dy, and Ds) obtained through the optimized
modulation scheme, as aforementioned, exhibit some interesting
features. D1 and Dy and D3 and D4 have a similar form at
the low-level power range. At the medium-level power condi-
tions, the five phase-shift angles are different and asymmetrical,
and they operate at SPS control with D1 = 1/3, Dy = 2/3,
D3 = 1/3, and D4 = 2/3 at the high-level power conditions. For
more intuitive analysis, Fig. 4 shows the numerical solution of
the five phase-shift angles adopting the proposed APS control
with d = 0.6 conditions. It shows that 3ph-DAB operates as
a 1ph-DAB mode with D; = Ds and D3 = D, at light-load
conditions. However, at heavy-load conditions, D and D3 tend
to 1/3, and D, and D, tend to 2/3 (SPS mode). This reveals
that SPS and 1ph-DAB mode control are the special cases of
APS control and they can attain minimum ... value at heavy
and light-load conditions. Fig. 5 demonstrates the comparison
of I2,ms With APS and SPS controls under the entire power and
voltage ratio ranges. The blue surface in Fig. 5 represents P
with SPS control, whereas the red surface represents 0 With
APS control. The APS control can decrease 2,5 significantly at
light and medium-load conditions with a large voltage variations
ratio. At the heavy-load conditions, the APS control gradually
becomes the SPS control. Thus, the I, value will be the
same under these two control schemes. For a more intuitive
analysis, the d = 0.6 conditions are taken as an example, as
shown in Fig. 6. The red dotted line represents the s value
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Fig. 3. Optimal phase-shift angles with the required transmission power and
voltage ratio. (a) D1. (b) D2. (c) D3. (d) D4. (e) Ds.

with APS control in the entire power range. The blue dotted
line represents the I, value with SPS control in the entire
power range. The APS control can achieve a massive reduction
in I, in most load ranges. In summary, the proposed APS
control of 3ph-DAB can achieve a lower P2, value at the most
power range. At the light-load conditions, the proposed control
scheme makes 3ph-DAB operate like 1ph-DAB to significantly
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Fig. 6. Comparison of I?., value with SPS control and the optimized ASP
control with the required transmission power and voltage ratio d = 0.6.

reduce the 2, value. At the medium-load conditions, the
3ph-DAB adopts the proposed APS control with different and
asymmetrical five pahse-shift angles to decrease the I°,,,; value.
At high-load conditions, the proposed control method gradually
converts to the SPS control and achieves the same 12,5 value.

The ZVS capability is also a crucial factor in evaluating
the 3ph-DAB control method. This capability can significantly
decrease the switching loss. The ZVS region with proposed APS
and SPS controls can be determined based on the constraint
function (18). Fig. 7 shows a ZVS region comparison of APS
and SPS controls. APS control can significantly extend the
ZVS turn-ON boundary. Thus, APS control can achieve lower
switching loss than SPS control to further improve the 3ph-DAB
efficiency.



CHEN et al.: ASYMMETRICAL PHASE-SHIFT SCHEME OF THREE-PHASE DUAL ACTIVE BRIDGE

0.8}

0.6
Power Limit

0.4

0.2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pon

@

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pon

(®)

Fig. 7. Comparison of ZVS region with SPS control and the optimized ASP
control with the required transmission power and voltage ratio. (a) ZVS region
with SPS control. (b) ZVS region with optimized ASP control.

IV. DERIVATION OF MINIMUM CONDUCTION LOSS CONTROL
OF 3ph-DAB IN GOC EQUATIONS

Fig. 3 shows that the numerical solutions of the five opti-
mal phase-shift angles with minimum 2, value have been
presented. However, numerical solutions of phase-shift angles
are difficult to be used in real-time microcontrollers. More-
over, the numeric solution table is required for the offline
calculation in advance. This will increase the difficulty of
its practical applications. In addition, the numeric solutions
look-up table should be recalculated when the parameters of
work conditions are changed. To address these drawbacks,
the analytical solutions of the five optimal phase-shift an-
gles will be derived using the GOC equations. These analyt-
ical solutions reveal the simple functional relationship among
the five phase-shift angles and present interesting conclusions
that the optimal mode of 3ph-DAB at low-power level with
minimized P, value is the 1ph-DAB mode, whereas that
at high-power level with minimized I, value is the SPS
control.

To derive the analytical solutions of the five optimal phase-
shift angles with minimum conduction loss under the required
transmission power, the GOC equations should be developed.
For simplification, the analysis presented in the following is
mainly for the condition of voltage ratio d < 1 and power
direction from the V;-side to the V5-side (P > 0).

GOC equations are introduced in [25]. First, according to (14)
and (15), the total differential of the normalized power and Pons
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about phase-shift angles are derived as follows:
APxps = Paps(G + Ad) — Paps(G)
dPaps  OPaps O0Pxps O0Pxps
~ = Ad Ad Ad
iG oD, °" T ap, 22T p, £
OPxps OPxps
Ad Ads
oD, 2T b,
AIQ - Ir2ms(G + Ad) rms(G)
_dl 2 oI oI?
ms __ rms Ad rms Ad
iG oD, " T ap, B
oI2 oI2 oI
S Ad rms Ad rms Ad
oD, 2B T B, 2 T B,
(24)

where G is the solution vector of phase-shift angles, and G =
(Dl, D2, D3, D4, and D5)

Further, the evaluation function (i) has been constructed to
evaluate the performance of each phase-shift angle, and (i) can
function as the intermediate variable of the GOC equations to
obtain a global optimal result

(25)

The evaluation function (i) is defined as the ratio of the par-
tial derivative of the transmission power P pgs to P, with each
control phase-shift angle D;. For the given static-operating point,
Gstatic = (Dlstatin DQstatiCs DSStatin D4static’ and D5static)
with voltage ratio d, we consider the general situation that the
evaluation functions (i) are not equal. Assuming that only the
phase-shift angles, Distatic and Dagtatic, have small perturba-
tions and 0 < ¢(2) < ¢(1), then the inequation can be described
as follows:

8Irm3 aIﬂl’\\
9D, |D1:D1:;tatic 8Dy |D2=Dastatic
¢(1)_%| ()_m| > 0.
0D, 1D1=Distatic 0Dy |1D2=Dastatic 26
)

Formula (26) suggests that the I?,,,,s increment caused by D
is larger than D5 for the given increment of the transmission
power Paps. In the optimal strategy, we aim to achieve the
P.s minimum value at the given transmission power. Thus,
another static point Ggtatict = (D1static — Ad1, Dastatic + Ada,
Dsgiatics Dastatic, and Dsgiatic) Will be constructed to make the
PaAps(Gstatic) = Paps(Gitatic1), where Ady and Ady are the
small perturbations of D; and D, respectively. Based on (24),
the Paps(Gstatic1) and Prms (Gstatic1) can be derived as follows:

Paps(Gstatict) = Paps(Gistatic) — P’“’S Ady + 8PA"S Ady
Igms(Gstaticl) ~ I2 (Gstatic)

— Ola Ady + P Ady.

27
According to PAPS(Gstatic) = PAPS(Gstaticl) and (27)» the
equation can be obtained as follows.

OPxps
0D

_ OPaps

Ads =
0Dy

Ady. (28)
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Further, substituting (28) into (26) and (27), the following
crucial conclusions will be deduced:

IrQInS(GStaticl) Irms(Gstatic> — rms Ad + 8Irms Ad
)

oI12, RIEN

EToN Adl > TDgAdz (29)
3

Ir2ms (Gstaticl ) < I[%Ms (Gstatic) .

These inequations present the conclusion that the P
(Gstatict) s less than the P, (Gatatic) at the same transmis-
sion power condition. It suggests that the static-operating point
Ggtatic1 18 better than Gggaiic and can attain lower conduction
loss. The optimal phase-shift angles can be obtained at the
©(1) = ¢(2) conditions when D; and Dy have minimal per-
turbations by repeating aforementioned process. Similarly, con-
sidering the small perturbations of G, the static-operating point,
Gstaticza = (D1 + Ady, Dy + Ads, D3 + Ad3, Dy + Ady, and
D5+Ad5) = (Dlopt’ D20pt7 D3opt7 D4opta and D5opt) = Gopt’
can provide the minimum /?,,,,; when the following equations
are satisfied.

O, DD AL, DD
_ 0D, 1= "opt _ 0D [P2=P20pt
90(1) - m | - @(2) - % ’
0D, Dl:Dlopt ODo D2:D2opt
Il’?TlS Ir%ns
_ 9D |D3=D3zops 9Dy |D4=Daopt
- (10<3) - BPAPS ’ - 80(4) - aPAPS |
0Ds5 | DP3=D3sopt Dy=Dyopt
C‘-’Il’zl"[‘lg
9Ds5 | Ds=Dsopt
- o0) = 32 (30)

Formulae (30) are the GOC equations. By combining (30)
with transmission power expression[see (14)], the analytical
solutions of these optimal phase-shift angles G,y = (D1opt,
Dogpts D3opt» Daopt> and Dsqp¢) can be derived.

B. Solution of GOC Equation in the 3ph-DAB Converter

According to the GOC equations [see (30)], the analytical
expressions of optimal phase-shift angles Gopt = (D1opt, D2opt
D3opt5 Daopt, and D5yt ) can be determined by solving (30). In
the 3ph-DAB converter, the (1), ¢(2), ¢(3), ¢(4), and ¢(5) can
be derived as Fourier series as follows:

AL, (k) O3, (k)

9D, o Num(le) 9D> o Num(kDg)
oPws(k) — Den(kD;)’ 9Paws(k) — Den(kDy)

oD, oD,

2 2
5. Num(kDy) “5B. _ Num(kDy)
W%DSSM Den(kD3)’ W%DSYC) Den(kDy)
oI12 (K

(9DE3 ) N _Num(kD5) (31)
9Pws(k) — Den(kDs)

0Ds

In (31), the variables of Num(kD;) and Den(kD;) (i =1, 2, 3,

4, and 5) are demonstrated in detail as follows:

Num(kD) = §5 2(sin(A(D1)) + sin(B(D))
— d(sin(C(Dy)) — 2sin(D(Dy)) +sin(E(Dy))))
Den(kD;) = f dkst(COS(C(Dl))
k=135
— 2cos(D(D1)) + cos(E(D1))) (32a)
Nom(i2) = f 2(sin(A(Dy)) ~ 2sin(B(Dy))
— d(sin(C(D2)) + sin(D(D2)) — 2sin(E(Dz))))
Den(kDs) = io dkst(COS(C(Dz))
=135
+ 2cos(D(Dy)) — 2 cos(E(Dy)) (32b)
Num(kD3) = k §5 2(—dsin(A(Ds)) — dsin(B(Ds))
+ 2sin(D(Dy)) — sin(D(D2)) + sin(F(D3)))
Den(kDs) = +Zoo kst( 2cos(D(Dy))
k=135
+ cos(D(D2)) + cos(F(D3))) (32¢)
Num(kDy) = f 2(—dsin(A(D4)) + dsin(B(Ds))

k=1,3,5...

— sin(E(Dy)) + 2sin(E(D3)) + sin(F(Dy)))

Den(kDy) = Z kLw(cos(E(Dy))

k=1,3,5..

— 2cos(E(D3)) + cos(F(Dy))) (32d)

n
Num(kDs) = Y —((2(sin(C(Dy)) + sin(C(Dy))
k=1,3,5

195

— 2sin(D(Dy) — A(Ds)) + sin(D(D3)) + sin(£(Dy))
— 2sin(FE(D2)) + 2sin(A(Ds))

— sin(F(D3)) — sin(F(Dy)))) (32e)

Den(kD5) = Z kLsw(cos(C(Dy)) + cos(C(D2))

k=1,3.5..
— 2cos(D(Dy)) + cos(D(D3)) + cos(E (D))
— 2cos(E(D3)) — 2cos(A(Ds3))

+ cos(F(Ds3)) + cos(F(Dy))) (32f)
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C(D ) = Q(Dw - D5>k777 D(D:L’) = 2(Dw - D3 - DS)]WT

E(D,)=2(D, — Dy — Ds)kmw,F(D,) = 2(D, + Ds)km.
(329)
Obviously, the expression of (i) is extremely complex, and
the GOC equation ¢(1) = ©(2) = ©(3) = p(4) = p(5) is difficult
to solve. The solution expression of the optimal phase-shift angle
Gopt = (Dlopt7 DQopta D30pta D40pta and D50pt) appears to
be difficult to derive. Fortunately, we discover that ¢(1) and
©(2) have similar forms of expressions. Therefore, based on the
similar form between (1) and ¢(2), one of solutions that makes
©(1) = ¢(2) can be derived as follows:

Dy = D3, D3 = Dy
Based on (33), ¢(1) and ¢(2) can be rewritten as
o(1) = ¢(2)
B 2 (sin(2Dykx) — d(sin(2(Dy — Ds)km))
dk(cos(2(Dy — Ds)km) — cos(2(Dy — D3 — D3)km))

+d(SlH(2(D1 — D3 — D5)]€7T)))
dk(cos(2(Dy — Ds)kn) — cos(2(Dy — D3 — Ds)km))
(34

Similarly, ©(3) and ¢ (4) have a similar form of expression. If
we want to make ¢(3) equal to ¢(4), then one of the solutions
is the same as (33). Thus, ¢(3) and (4) can be rewritten as
follows:

e(3) = ¢(4)
2 (sin(2(Dy — D3 — Ds)km) + sin(2(Ds3 + Ds)km)
~ k(—cos(2(Dy — D3 — D3)kT) + cos(2(D3 + Ds)kn))
—d - sin(2Dskm))
k(—cos(2(Dy — D3 — Ds)km) + cos(2(D3 + Ds)kn))
(35)

Based on the previous analysis, if we want to satisfy the GOC
equation (1) = p(2) = p(3) = p(4) = ¢(5), two conditions
must be initially satisfied. First, (1) = ¢(2) and ¢(3) = ¢(4).
These conditions require D1 = D5 and D3 = D, based on
previous analysis. The second condition is that ¢(1) = ¢(3)
= ¢(5). To achieve p(1) = ¢©(3) = ©(5), the expressions (1)
= (3) and ¢(1) = p(5) must be satisfied at D1 = D5 and
Ds = D, conditions, respectively. Interestingly, the 3ph-DAB
performance at D1 = Dy and D3 = D4 means the phase B voltage
is in phase with phase C voltage of the primary and secondary
sides. In this situation, the three-phase bridges of both sides
work at the H-bridge mode and 3ph-DAB can be regarded as the
1ph-DAB, as shown in Fig. 8.

In this mode, the phase-shift angles D; and D3 can be regarded
as inner phase-shift angles of the 1ph-DAB in the primary and
secondary bridge, respectively. The phase-shift angle Dj is the
outer phase-shift angle between the primary and secondary sides
to control the power flow. Further, GOC equation (1) = ¢(2)
= ¢©(3) = ¢ (4) = ¢(5) can be satisfied by adjusting the inner
phase-shift angles D, and D3 and outer phase-shift angle D5.
Alternatively, the optimal target to minimize the I°,,,; value of
3ph-DAB under APS control will be altered to minimize the

(33)
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Fig. 8.  Schematic diagram of 1ph-DAB mode control.

P, value of 1ph-DAB under TPS control. This optimal target
can be easily achieved in 1ph-DAB, and several literature [26],
[27] have been analyzed in detail. Many well-developed methods
can be adopted directly. Thus, a complex optimal target in the
3ph-DAB can be converted to the simple optimal target in the
1ph-DAB. Phase-shift angles expressions can be described in
detail as follows:

D,
== Ds—D 1—
Ps= 7ifos(D5+ = 1)3 4d
Ds =0
D3 =05
D__M&+DQ+DHWHMWGJ+DQ+DQ
o 2d
1—d Ds—D VI—@Z+d-1
if <(ps+=""1)< i
2 4d
Di=05 JT-d+d—1 Ds—D 1
,if+§(D5+‘°’1)§.
D3 =05 4d 2 4

(36)

The GOC expression (1) = ¢(2) = ©(3) = p(4) = p(5)
will always be met if the phase-shift angle expression is substi-
tuted into it. This implies that the aforementioned phase-shift
expression is one of solutions of GOC equation. It reveals that
the 1ph-DAB converter is the special case of the 3ph-DAB, and
the 3ph-DAB’s performance at the 1ph-DAB mode can reduce
the 2,5 value.

Similarly, the other two solutions can be obtained by solving
the GOC equation. All solutions can be written in detail as
follows:

Solution 1
Dy = Dy
Dy = Dy
. D3 — Dy 1-d
< <
D_D1,1f0_<D5—|— 5 >_ 1
2T
Ds =0



14354

Dy = Dy
Dy = D3
D3 =0.5
D _ d(—=1+ D1) + Dy +/D1(d?(=1+ Dy) + Dy)
o 2d
1—d Ds—D Vi—-d*+d-1
it =% < (Dy+ 22 < ha
2 4d
Dy =D,
Ds = D- el _ _
4 S’if 1—-d*+d 1§<D5+D3 l)]_)S
D, =0.5 4d 2
D3 = 0.5
Solution 2
1
Dlzg
2
D2:§ 1
10 <(Ds) < -
4
D3 = -
3
2
D4—§
Solution 3

0.177d + 0.394D; — 0.750dD;

27 7 0.221d +0.439D; — D,
D, _ 0-455(~0.555 — 0.168d + 0.331D; +dDy)

e —0.311 — 0.262d + dD, 37
D, _ 0-559 — 0.820d + 1.591D; — 0.529d Dy

8 T 2447 —1.553d + 2.330D; — dD;
. _ 0:393 — 1.650D; + d(~0.647 + 2.229D;)

> T 20.847 — 1.562D; + d(0.608 + Dy)

All three solutions can satisfy the GOC equation. These solu-
tions reveal three operation modes of 3ph-DAB. The phase-shift
angles D1 and D3 between B and A and C and A phase legs of
primary side are the same as the phase-shift angles Dy and Dy
between B and A and C and A phase legs of secondary side,
respectively, under the condition of solution 1. 3ph-DAB can be
regarded as the 1ph-DAB. This operating mode is known as a
1ph-DAB mode. Phase-shift angles among three-phase legs are
maintained at 120°, and the transmission power is controlled by
the outer phase-shift angle between the primary and secondary
bridges under the condition of solution 2. This operating mode is
known as SPS mode. Phase-shift angles among three-phase legs
are flexible with any value under the condition of solution 3. This
operating mode is the general mode of the proposed APS control,
which is mentioned in Section III. The 1ph-DAB and SPS modes
are the special cases of the APS mode. The transmission power
and %, value can be derived by putting these solutions into
(14) and (15). The relationship between power and P value

1
4
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of three operation modes can be shown as follows:

Mode 1 :
12, = WUV b, @ty
2 g3y (—14d(\/—14+ 25 +d)w
Ir2ms = middleaP € e 3d ) ’ 3d = ]

I2 dn?+d3n2—6P\/m\/d(—6P+dr)

rms 18d
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In (38), Imiddle has a complex form and it will be derived
detailedly in the Appendix.

Fig. 9(a) shows the comparison of the . value under
these three operation modes in the required transmission power
and voltage ratio d. For more intuitive analysis, the d = 0.6
condition is taken as an example [see Fig. 9(b)]. Fig. 9 shows that
APSO1 and APS0601 represent mode 1 control of the required
power with varying voltage ratios d and a certain voltage ratio
d = 0.6, respectively. APS02 and APS0602 represent mode 2
control of the required power with varying voltage ratio d and a
certain voltage ratio d = 0.6, respectively. APS03 and APS0603
represent mode 3 control of required power with varying voltage
ratio d and certain voltage ratio d = 0.6, respectively. Fig. 9(a)
and (b) shows that the optimal transition sequences of operation
modes can be determined to minimize the /2., value, and the
following conclusions can also be drawn:

1) 3ph-DAB operating in the 1ph-DAB mode (mode 1 con-
trol) can attain the minimum 72,5 value under the low-level
transmission power condition.

2) Conventional SPS control of 3ph-DAB (mode 2 control)
can achieve the minimum /2., value under the high-level
transmission power condition.

160.5906 + 8176.8538d — 9138.8730P
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Fig. 9. Comparison of P value with three mode controls. (a) I ms value
with three mode controls at the required transmission power and varying voltage
ratio conditions. (b) I?;ms value with three mode controls at the required
transmission power and voltage ratio d = 0.6 conditions.

3) Operation mode 3 of 3ph-DAB can obtain the mini-
mum /2, value under the middle-level transmission power
condition.

This implies that APS angles can be introduced in the three-
phase bridges to achieve optimal control in the middle-level
transmission power condition. Obviously, the 1ph-DAB and SPS
modes are special cases of the APS mode. Thus, the APS mode
can be regarded as the unified control strategy to minimize the
s value. The 1-ph DAB mode will be used as a special
case of the APS mode under light-load conditions. The SPS
mode will be selected as another special case of the APS mode
under heavy-load conditions. The general mode APS control
with different phase-shift angles among the three-phase legs is
used as the optimal scheme under the medium-load conditions.
Based on the aforementioned control strategy, the I, value
of 3ph-DAB will be significantly reduced and the efficiency of
3ph-DAB will dramatically improve. These conclusions also
verify the numerical solution results that are obtained from
the interior-point scheme with the Lagrange multiplier method
in Section III.

ZV S capability is also a critical factor in evaluating the control
method of 3ph-DAB. The ZVS capability will be determined
by substituting the five-phase-shift angles of the optimal APS
control strategy into the ZVS constraint function (18). It is
gratifying that ZVS capability can be satisfied under the entire
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TABLE I
EXPERIMENTAL PARAMETER OF 3ph-DAB PROTOTYPE

Description Variable Value
Primary DC side voltage Vi 200V
Secondary DC side voltage Vs 120V
Series inductor Ls 20uH
Transformer ratio Ni2 1:1
Switching frequency fs 50kHz

Fig. 10.

3ph-DAB laboratory prototype.

power range by adopting the optimal APS control strategy. The
results are coincident with the numerical solution results.

V. EXPERIMENT RESULTS

Experimental results will be presented in this section to ver-
ify the proposed method’s performance. Table I tabulates the
specifications and experimental parameters of the scaled-down
laboratory prototype. In this 3ph-DAB laboratory platform, the
turns ratio of the primary to the secondary side of the transformer
is 1:1, and the voltage ratio of the secondary to the primary
side voltage is 0.6. The switching frequency f; is 50 kHz. The
three-phase series inductor value is 20 H. The electronic power
load IT8906A, which is produced by ITECH company, is used
as a power load. Fig. 10 shows the photograph of the laboratory
prototype. We define that the modes 1-2 of APS control can
attain the minimum /2,5 value under light load, medium load,
and heavy load, respectively. The power boundary range of light
load, medium load, and heavy load can be calculated according
to (37), (38), and Fig. 9. In this experimental conditions, the
power ranges of light load, medium load, and heavy load can be
calculated as 0 < P, < 0.165,0.165 < P,, < 0.24, and P, >
0.24, respectively.

A. Experimental Results At Low-Level Power Conditions

1) Comparison of Puys Value With APS Control and SPS
Control: Fig. 11 shows the operating waveforms of 3ph-DAB
at the low-level power conditions by adopting the SPS control
and optimal strategy proposed in this article, respectively. In
this test condition, the dc voltage of the primary side V7 is
maintained at 200 V, whereas the dc voltage of the secondary
side V5 is maintained at 120 V. The transformer ratio is 1:1.
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Fig. 11. Operation waveform of 3ph-DAB at low level power conditions.

(a) SPS control. (b) Proposed optimized ASP control.

The transmission power is 636.6 W, and its normalized value
is 0 < Py = 0.1 < 0.165. According to the previous analysis,
the 3ph-DAB works under the light-load range, and mode 1
of APS modulation is the optimal control, which will attain
the minimum £2,,,5 value among three modes control of APS
modulation under the light-load power range. Fig. 11 shows
that the green line represents phase A voltage of the primary
bridge, the orange line represents the phase A voltage of the
secondary bridge, and the red, blue, and dark lines represent the
phase A, B, and C currents, respectively. Fig. 11(a) demonstrates
the 3ph-DAB waveforms under the SPS control. Fig. 11(b)
demonstrates the 3ph-DAB waveforms under the proposed APS
control strategy. Fig. 11(b) shows that the optimal control of
3ph-DAB in the low-power level conditions is the 1ph-DAB
mode. By comparing the SPS control and the proposed optimal
APS control strategy, it is clearly illustrated that the Pos value
decreases from 84.21 A? with the SPS control to 44.88 A? with
the optimal control strategy in this article. This implies that the
massive reduction in /%, value is achieved by adopting the
optimal control strategy and the efficiency of 3ph DAB is boosted
significantly at the low-level power conditions. Interestingly, the
triangle shape current is achieved by employing the 3ph-DAB
converter’s optimal strategy. This current waveform pattern has
also been achieved with the 1ph-DAB optimal TPS control in
several existing literature. This implies that the optimal control
of 1ph-DAB and 3ph-DAB is the same control at the low-power
conditions.

2) ZVS Analysis With APS Control and SPS Control: The
ZVS analysis will be discussed combined with the experimental
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Turn-ON switching transitions of 712 and Ta2 with proposed APS

results of proposed APS control and conventional SPS control
at the low-level power conditions.

Because the phase current of APS control and conven-
tional SPS control is odd symmetrical at half switching cycle
[ira(®) = - iLa(t+Ths), Ths represents half switching period], as
long as all top switches of each phase can realize ZV S capability,
all switches will achieve ZVS turn-ON. It also implies that the
soft-switching characteristics of the top and bottom switches
are consistent. Based on previous principle, the ZVS turn-ON
analysis will be discussed about switches of phase A in the
3ph-DAB with both proposed APS control and SPS control.

Fig. 12 shows the switching transitions of 7'; (top switch of
the phase A leg in primary side) and 7»; (top switch of phase
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A leg in secondary side) with proposed APS control and con-
ventional SPS control, where the Vqs_,p, and V.5 denote the
drain source voltages of 711 and T»1, respectively. i1, represents
the phase A current. #; and 75 denote the turn-ON moment of
Ty1 and T5;. As shown in Fig. 12, the primary switches can
realize ZVS turn-ON with both the proposed APS control and
conventional SPS control because the i1,(#;) is always less than
0. However, i1, (2) changes to the large negative value with SPS
control. it will make secondary side switch T5; operate in hard
switching mode and bring the serious voltage overshoot, which
is demonstrated in Fig. 12(b). As for APS control, Fig. 12(a)
shows that proposed APS modulation can make 77; and 79
realize ZVS turn-ON. It means that phase A switches of both
sides (primary and secondary sides) have the ZVS capability.

Because of the symmetrical control of SPS modulation, the
switching waveforms of other phases are similar. It implies that
secondary side switches cannot realize ZVS turn-ON at the low-
level power conditions for d < 1 with conventional SPS control.

As for APS control, Fig. 12 illustrates the ZVS turn-ON
phenomenon of phase A switches in both primary and secondary
sides with proposed APS modulation. Since the mode 1 of
APS control is adopted in the low power level conditions, the
operation waveform of phase B is the same as the phase C. It
also implies that the soft-switching characteristics of phases B
and C are consistent. Take the switching transition of phase B
as an example. The transition waveforms are shown as Fig. 13.

As the Fig. 13 shown, since the i,(¢1) < 0 and ip(t2) > 0,
switches of phase B in both primary and secondary sides of 3ph-
DAB with APS control can realize ZVS turn-ON. Because the
soft-switching characteristics of phases B and C are consistent,
all switches of 3ph-DAB with APS control can realize the ZVS
turn-ON.

B. Experimental Results At Medium-Level Power Conditions

1) Comparison of Pms Value With APS Control and SPS
Control: Fig. 14 shows the operating waveforms of 3ph-DAB at
the middle-level power conditions by adopting the SPS control
and optimal strategy proposed in this article, respectively. In
this test condition, the dc voltage of the primary side V; is
maintained at 200 V, whereas the dc voltage of the secondary
side V5 is maintained at 120 V. The transformer ratio is 1:1. The
transmission power is 1082.25 W, and its normalized value is
0.165 < P, =0.17 < 0.24. According to the previous analysis,
the 3ph-DAB works under the medium-load range, and mode
3 of APS modulation is the optimal control, which will attain
the minimum 7,,,s value among three modes control of APS
modulation under the medium-load power range. Fig. 14(a)
demonstrates the 3ph-DAB waveforms under the SPS control,
whereas Fig. 14(b) demonstrates the 3ph-DAB waveforms in the
proposed APS control strategy under the medium-level power
conditions. Fig. 14(b) shows that the phase-shift angles among
the three-phase legs are asymmetrical and different in this test
condition. By comparing the results of the SPS control and the
proposed optimal APS control strategy, it is clearly illustrated
that the %, value decreases from 173.51A2 with the SPS
control to 138.91A? with the optimal control strategy in this
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Fig. 14.  Operation waveform of 3ph-DAB at medium-level power conditions.

(a) SPS control. (b) Proposed optimized ASP control.

article. This implies that the massive P value reduction is
achieved by adopting the optimal control strategy and the 3ph-
DAB efficiency is significantly improved at the medium-level
power conditions.

2) ZVS Analysis With APS Control and SPS Control: The
ZVS analysis will be discussed combined with the experimental
results of proposed APS control and conventional SPS control
at the medium level power conditions.

Because the phase current of APS control and conventional
SPS control is odd symmetrical at half switching cycle [i1,(f)
= -i1q(t+T}s), where Ty represents half switching period], as
long as all top switches of each phase can realize ZVS capability,
all switches will achieve ZVS turn-ON. It also implies that the
soft-switching characteristics of the top and bottom switches
are consistent. Based on the abovementioned principle, the ZVS
turn-ON analysis will be discussed about switches of phase B
in the 3ph-DAB with both the proposed APS control and SPS
control.

Fig. 15 shows the switching transitions of 775 (top switch of
the phase B leg in primary side) and T2 (top switch of phase B
leg in secondary side) with proposed APS control and conven-
tional SPS control, where the Vgg.1,, and Vgg.1,s denote the drain
source voltages of T1o and Tso, respectively. i, represents the
phase B current. #; and 75 denote the turn-ON moment of 775 and
T22. As shown in Fig. 15, the primary switches can realize ZVS
turn-ON with both proposed APS control and conventional SPS
control because the i1, (#;) is always less than 0. However, i1, (f2)
tends to have the large negative value with SPS control. It will



14358

Vsb
| Visss (20V/div)
| hn
Lt Adivy T I“l( Vsp
v e N R e
B \ L Ve (100V/div)
| I |
X | g T
B 1 |K T,, turns on 1
T, turns on : I
[ — =S NN SV S—
©
Time(4 v s/div)
(a)
H Vasbs
3 Visss (20V/div) |
T |“'/ - ‘
inn(10A/Mdiv) T o Ve
X 'l l/’,,‘,/,p(IOOV/div);
N i Tptumson i M:,\_‘) e . -
~: \ |4/TZZ turns on
-~
® O r
Time(4 v s/div)

b

Fig. 15.  Turn-ON switching transitions of 7’12 and 722 at medium power level
conditions.(a) Switching waveform of 712 and T2 with proposed APS control.
(b) Switching waveform of 772 and T22 with SPS control.

make secondary side switch T, operate in hard switching mode
and bring the serious voltage overshoot, which is demonstrated
in the Fig. 15(b). As for APS control, Fig. 15(a) shows that the
proposed APS modulation can make 775 and Ts, realize ZVS
turn-ON. It means that phase B switches of both sides (primary
and secondary sides) have the ZVS capability.

Because of the symmetrical control of SPS modulation, the
switching waveforms of other phases are similar. It implies
that secondary side switches cannot realize ZVS turn-ON at the
medium-level power conditions for d < 1 with conventional SPS
control.

As for APS control, other phases switching conditions are
similar as B phase. It concludes that all switches of 3ph-DAB can
obtain ZVS turn-ON by adopting the proposed APS modulation.

C. Experimental Results At High-Level Power Conditions

1) Comparison of 1%, Value With APS Control and SPS
Control: Fig. 16 shows the operating waveform of 3ph-DAB at
the high-level power conditions by adopting the optimal strategy
proposed in this article. In this test condition, the dc voltage
of the primary side V; is maintained at 200 V, whereas the dc
voltage of the secondary side V5 is maintained at 120 V. The
transformer ratio is 1:1. The transmission power is 1655.21W,
and its normalized value is 0.24 < P,, = 0.26. According to
the previous analysis, the 3ph-DAB works under the heavy-load
range, and mode 2 of APS modulation called as SPS control
is the optimal control which will attain the minimum P
value among three modes control of APS modulation under the
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heavy-load power range. It implies that the proposed optimal
APS control strategy tends to be the conventional SPS control
scheme under high-power conditions. SPS control becomes the
optimal control at high-power conditions to achieve the lowest
P s value.

2) ZVS Analysis of SPS Control: At the high-power condi-
tions, APS control changes to the conventional SPS control. The
ZVS analysis will be discussed combined with the experimental
results. Because of the symmetrical control of SPS modulation,
each phase of 3ph-DAB has the same switching characteristics.
The switching characteristics of phase A with SPS control is
presented as follows.

Fig. 17 shows the switching transitions of 777 (top switch
of the phase A leg in primary side) and 72; (top switch of
phase A leg in secondary side) with SPS control at high power
level conditions, since if,(1) is always less than 0 and i7,,(#2) is
always larger than 0. SPS control can make all switches of phase
A legs in both sides realize ZVS turn-ON. Moreover, because
each phase of 3ph-DAB has the same switching characteristics.
All switches of 3ph-DAB can achieve ZVS turn-ON by adopting
SPS control scheme at high power level conditions.

D. Efficiency of 3ph-DAB With APS Control and Other
Modulation Method

Fig. 18 shows the measured efficiency in full-power range of
3ph-DAB laboratory prototype with proposed APS control and
other modulation schemes, such as conventional SPS method
and ADCC duty cycle control method, which is proposed in [28].
The specific parameters of converter are listed in the Table I. The
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Fig. 18. Comparison of efficiency of 3ph-DAB with APS, SPS, and ADCC
control at experimental conditions with d = 0.6.

primary dc-side voltage V; is 200 V, and the secondary dc-side
voltage V, maintains 120 V.

As shown in Fig. 18, the P, represents the transmission
power, and the red line, green line and blue line denote the
efficiency of 3ph-DAB with APS control, ADCC duty cycle
control, and SPS control. It can be concluded that the proposed
APS control scheme can present the highest efficiency in the
most power range. At the high-power conditions, because the
proposed APS modulation and ADCC duty cycle control in [28]
evolve into conventional SPS control scheme, the efficiency of
these three controls are the same. At the light-load conditions,
the efficiency is improved significantly with APS control by
comparing with SPS control. ADCC duty cycle method has
a slightly lower efficiency compared with the APS control.
However, its efficiency improved significantly by comparing
with conventional SPS control. In summary, compared with the
SPS and ADCC modulation scheme, proposed APS modulation
strategy can realize the higher efficiency in the full power range.

E. Comparison of Loss Breakdown With Proposed APS
Method and Other Advanced Modulation Method

The total power losses of 3ph-DAB are mainly considering the
semiconductor losses and transformer losses. The semiconduc-
tors losses can be divided into conduction losses and switching
losses of semiconductors. The transformer losses can be divided
into winding losses and core losses.

The conduction losses of semiconductors can be calculated
by [29], eq. 8, and it is rewritten as follows:

Po— = /TS (#)dt = — /TS (Roson - I3 (£))dt
C—,TS 0 DPe —,TS o DSon D

(39)

where Ip.ms is the rms value of the drain current, and Rpsen
is the ON-state resistor and it can be read from the MOSFET
datasheet.

The switching losses of semiconductors can be calculated by
[29], eq. 6, and it is rewritten as follows:

Py = f-(0.5-01-Vps - Ipon-tr +0.5-02 Vs - Iposr-tf
—|—0.5'CQSS'V])25+QQ'Vq+0'3'er'Vrr)

2
= Rpson IDrms
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where f; is the switching frequency, Q. is the reverse recovery
charge, and V,, is the reverse recovery voltage. The rise time
t, and fall time ¢ of switching transient and output capacitance
Coss can be read from the diagrams or tables in the MOSFET
datasheet. Vps, Ipon, I Do can be obtained from characteristic
equations related to the converter’s operation or from simulation
results. The variables o1, 02, and o3 are equal to 0 or 1 according
to the specific soft-switching conditions (ZVS turn-ON, ZCS
turn-OFF, or hard-switching).

The winding losses of transformer can be calculated for litz
wires with considerations of the skin and proximity effect,
and winding losses can be calculated using effective winding
resistance [30]

Pwinding = Ir2ms p-N- lwdg/n 41
where I, is the rms value of the current, p is the effective
resistivity of litz wire with considering the skin and proximity
effect, lqg is the length of winding per turn, N is the number of
turns, and n represents the number of strands.

The core losses of transformer can be approximately cal-
culated by the improved generalized Steinmetz’s equation
[31], [32]

L[
Pcor =W re = k’L
e T core_T' Ts /() dt

where the V.. 7 represents the effective volume of the core,
T, represents the switching period, AB represents the peak to
peak value of flux density, and k;, o, and 3 are the coefficients
defined by the magnetic core material.

Based on (39)—(42), the total power losses, including the
conduction losses of semiconductors, the switching losses of
semiconductors, the winding losses of transformer, and the
core losses of transformer, can be calculated with d = 0.6
and P, = 0.12 situation. Fig. 19 shows the loss distribution
in this selected situation by using SPS control, ADCC control
in [28], and APS control proposed in this manuscript compara-
tively, where Py ansformer- c represents core losses of transformer,
Piransformer-w represents winding losses of transformer, Pgys

87

B (AB) P~ gt

(42)
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represents the switching losses of switches in secondary side,
Pg., represents the switching losses of switches in primary
side, P.ongs represents the conduction losses of switches in
secondary side, and Pconqp, represents the conduction losses of
switches in primary side. In Fig. 19, it is concluded that both
ADCC control and APS control can reduce transformer losses
and semiconductors losses significantly by compared with SPS
control. Moreover, APS control will achieve lower switching
losses, conduction losses of power switches, and lower winding
losses of transformer. These make APS control obtain slightly
higher efficiency than ADCC control.

VI. CONCLUSION

This article proposes a novel control method of 3ph-DAB,
known as APS control. This proposed APS method, unlike
other control methods proposed in existing literature, controls
the phase-shift angles among three-phase legs rather than duty
cycles to improve the 3ph-DAB performance. The multifre-
quency approximation model under the novel APS control is
developed to avoid numerous switching states analysis based on
this novel control scheme. Further, the optimized modulation
strategy is proposed to minimize the 3ph-DAB conduction loss
and extend the soft-switching range by utilizing the phase-shift
angles among the three-phase legs in the primary and secondary
sides as additional degrees of control freedoms. The optimized
modulation strategy adopts the interior-point method combined
with the Lagrange multiplier method and GOC equation to solve
the numerical and analytical solutions of optimal phase-shift
angles, respectively. By comparing the conventional SPS con-
trol, the proposed APS control achieves a massive reduction in
3ph-DAB conduction and switching losses, particularly at the
large voltage variations ratio conditions. Moreover, it provides
analytical solutions for optimal phase-shift angles to be conve-
nient for digital control implementation. The novel APS control
can be regarded as the unified control method, which includes
the conventional SPS and 1ph-DAB controls. The optimal TPS
control of the 1ph-DAB converter and conventional SPS control
are special cases of APS control under light- and heavy-load
conditions, respectively. The proposed modulation schemes and
implementation methods are verified by experimental results on
a down-scaled 3ph- DAB converter prototype.

APPENDIX

According to the solution 1, which is shown in the
(37) and literature [25], the transferred power and P
expressions under 1ph-DAB mode control at power range
PE[(2—d®)n/3,(—14-d(\/(—141/d?)4d))7/3d] can be listed

According to (43) shown at the top of this page, the I iqdle
can be described as the function that relates to the phase-shift
angle D;. Solving (43), the I;yiqq1e can be written as function
that relates to the transferred power P and voltage ratio d.
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