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Artificial Intelligence-Based Modeling and Control
Strategy for Dual Active Bridge Converter With
Triple Phase Shift Modulation

, Yile Dai, Miao Yu
and Huai Wang
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Abstract—Dual active bridge (DAB) converter, known for its
exceptional performance in bidirectional power transmission, has
emerged as a crucial power conversion unit in energy storage
systems and dc power systems. To improve the efficiency under
wide voltage variations, the triple phase shift (TPS) modulation is
typically used. However, the existing analytical models and control
strategies of DAB with TPS modulation mostly depend on complex
theoretical derivations, neglecting nonideal factors or exhibit heavy
computational burdens. To tackle this issue, an artificial intelli-
gence (Al)-based modeling and control strategy is proposed. First,
a numerical simulation model incorporating the dynamic behavior
of DAB circuit during dead time and parasitic parameters is de-
veloped to efficiently generate the training dataset. Building upon
this, a general AI model of TPS modulation is precisely formulated,
which is concise and applicable to various circuit parameters and
all switching modes. Subsequently, a multilayer heuristic algorithm
is employed to effectively derive optimal steady-state strategies. In
addition, a concise artificial neural network is constructed to fit
the offline control law and generate the optimal strategies online.
Furthermore, an adaptive neural network sliding mode controller
is designed. It integrates the general AI model with nonlinear
sliding mode control theory, while a recurrent neural network com-
pensates for errors adaptively, exhibiting excellent robustness and
transient performance. Finally, comparative experiments demon-
strate the effectiveness and superiority of the proposed approach.

Index Terms—Dual active bridge (DAB), general artificial
intelligence (AI) model, recurrent neural network (RNN), sliding
mode control (SMC), triple phase shift (TPS).

I. INTRODUCTION

UE to the exceptional performance in bidirectional power
transmission, high-frequency current isolation, and wide
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voltage range, the dual active bridge (DAB) dc—dc converter [1]
has found extensive applications in energy storage systems,
dc grids, and renewable energy sector. However, the frequent
fluctuations in operating conditions and external uncertainty
render the safe and efficient operation of DAB converters a
challenging task.

Various modulation techniques [2] are developed to improve
the operating performance of DAB, among which the single
phase shift (SPS) [3] is the most fundamental method. Each
switch with SPS modulation can achieve zero-voltage switching
(ZNVS) [4] when the voltage gain is unity. However, under wide
voltage variations, it faces great challenges, such as difficulties
in achieving ZVS, high ripple currents, and inefficiency. Con-
sequently, triple phase shift (TPS) modulation [5] with three
degrees of freedom has emerged, which enables lower current
stress, wider ZVS range, and higher transmission efficiency.
Nevertheless, this modulation relies on more complex modeling
and control strategies.

Currently, the main modeling theories for DAB convert-
ers with TPS modulation primarily include the linear piece-
wise time-domain model [6] and the harmonic analysis
method [7], [8]. The former relies on complex theoretical deriva-
tions, and fails to yield a unified expression applicable to all
switching modes of DAB with TPS modulation. While the latter
exhibits high-order nonlinearity, which makes it challenging to
embed within the transient controller.

In response to the defects of above modeling theories, the
artificial intelligence (Al)-based modeling approach [9] has
emerged due to its high accuracy. For instance, a time-domain
analytical model based on recurrent neural network (RNN)
has been proposed in [10], which exhibits excellent on-call
prediction capability. In addition, in [11], an Al-based design
with data trimming is proposed to precisely model the current
stress of DAB. Considering parasitic parameters, a nonideality
inclusive frequency domain model (NIFDM) coupled with a
physics-informed neural network is constructed in [12], thus
facilitating accurate estimation of inductor current and converter
losses. Nonetheless, these models exhibit high complexity, mak-
ing them unsuitable for conventional microprocessors and tran-
sient control strategies design. Consequently, there is an urgent
demand to develop a general analytical model for DAB with TPS
modulation, which needs to be concise and without complex
theoretical derivation.
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Apart from the challenges posed by modeling, DAB con-
verters also suffer from steady-state efficiency problems and
transient performance issues. For the optimization of steady-
state efficiency, current stress [13], rms current of the induc-
tor [14], [15], [16], and reactive power [17] are typically selected
as objective functions. The soft switching operation [18] is
usually treated as a constraint. For nonideal DAB converters,
dead time and parasitic capacitance are considered in [19], but it
still uses conventional linear piecewise models while neglecting
the nonlinearity of parasitic parameters, leading to the possibility
of soft switching misjudgment. To achieve optimal steady-state
control online, traditional methods mostly rely on lookup tables.
However, these approaches place higher demands on the speed
and memory size of the microprocessor. Besides, it is diffi-
cult to ensure the optimality of the strategy. Therefore, online
optimizers, such as reinforcement learning (RL) and artificial
neural networks (ANN) [20], have been applied. Despite this,
such steady-state optimizers currently exhibit complex network
structures and long computational time.

On the other hand, in TPS modulation, studies aimed at
enhancing transient performance are relatively few compared
to that for steady-state optimization. Some linear control tech-
niques, such as proportional integral control (PI), feedforward
control [21], and dual-loop fault tolerant control [22], [23], have
been introduced to enhance the dynamic behavior. However, the
performance of linear controllers may degrade due to the inher-
ent nonlinearity in the system. In response, nonlinear control
strategies, such as model predictive control (MPC) [24], [25],
fast boundary control [26], and sliding mode control (SMC) [27],
have been proposed. Nevertheless, they generally require com-
plex theoretical derivations and lack a unified expression tailored
for all switching modes of DAB with TPS modulation. Thus,
most of these advanced control strategies are used in the SPS
modulation, while only a few have been applied in the TPS
modulation. For example, to minimize output voltage tracking
error and improve system operation efficiency simultaneously,
an MPC approach was applied to TPS control in [28]. However,
the accuracy of the model significantly influences the control
performance, and the optimal strategy is difficult to attain.

In recent years, Al has attracted considerable attention in
the control of power electronics. However, its application in
DAB controller has focused predominantly on steady-state
optimization [29], [30], [31]. The Al-based transient control
methods are mostly restricted to simple SPS modulation. For
instance, ANNs were employed in [32] to adaptively adjust
controller parameters, which can achieve excellent transient
performance without the need for current sensors. Similarly,
a deep RL-based controller was proposed in [33] and [34] to
achieve a fast dynamic response with accurate voltage tracking.
In [35] and [36], RNN was used for uncertainties estimation.
Furthermore, in [37], an adaptive weighting factor using ANN
has been integrated into active disturbance rejection controller
method to enhance disturbance rejection ability. However, due
to the nonlinearity of the DAB model with TPS modulation, the
design of Al-based strategies faces significant challenges. The
high complexity and heavy computational burden may hinder
their implementation in practice.

Addressing the limitations of existing modeling and control
methods, this article proposes an Al-based strategy for DAB
with TPS modulation. Through the combination of the numerical
simulation results and the ANN structure, a general Al model
is constructed, which has a concise expression and enjoys high
accuracy. The numerical simulation comprehensively accounts
for the influence of parasitic parameters and effectively captures
the circuit’s dynamic behavior during dead time. Afterward,
an Al-based controller is designed to significantly improve the
system’s transient performance and robustness, while simultane-
ously improving steady-state efficiency. The main contributions
of this study are as follows.

1) A numerical simulation model is established to incorpo-
rate the dynamic behavior of the DAB circuit during dead
time and parasitic parameters, enabling efficient gener-
ation of the training dataset. Furthermore, a general Al
model of DAB with TPS modulation is developed without
extensive theoretical derivations. It is applicable to various
circuit parameters and all switching modes. In addition,
its analytical expression is quite simple, making it easily
integrated into the design of nonlinear controllers.

2) A steady-state optimizer that minimizes rms current and
ensures soft switching operation is designed. During op-
timization, a multilayer heuristic algorithm is employed
to obtain the optimal strategies. By employing ANN to
fit the offline control laws, the optimizer can achieve on-
line optimization while maintaining a low computational
burden.

3) By integrating nonlinear control theory with the adaptive
error compensation term based on RNN, an adaptive neu-
ral network sliding mode controller is designed. This con-
troller demonstrates excellent transient performance and
system robustness compared to others. More importantly,
the proposed method is lightweight and easy to implement
in practice.

The rest of this article is organized as follows. Section II
presents a general description of DAB with TPS modulation.
Section III shows the design process of the general Al model.
Section IV details the controller for improving steady-state
efficiency and transient performance. Section V showcases pa-
rameter design of the Al model and control strategies. Section VI
presents the experimental results. Finally, Section VII concludes
this article.

II. ANALYSIS OF DAB CONVERTER WITH TPS MODULATION
A. Introduction of TPS Modulation in DAB

Fig. 1 shows the DAB topology [38] and the typical operating
waveforms under TPS modulation. C; and C5 are the input
and output capacitors, respectively. Cys5 is the parasitic output
capacitance of the SiC MOSFET. V; and V5 represent the input
and output voltages, respectively. The full bridge H; on the
primary side and H on the secondary side are connected through
an inductor L, and an isolation transformer, the turns ratio
of the transformer is n. Ly represents the transformer leakage
inductance. Lq and R, are the parasitic inductance and parasitic
resistance, respectively. iy, is the inductor current. v,y and v.q
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Fig. 1. TPS modulation of DAB converter. (a) DAB converter topotype.
(b) Operating waveform of DAB with TPS modulation.

represent the voltage across the midpoint of the primary and
secondary bridges, respectively. Therefore, the equivalent ac
output voltage v/, ; of H, on H; side is equal to nv.4. The voltage
gain d can be defined as nVs /V;. Ty is the switching period, and
T}, represents the half period. T refers to the dead time.

In the TPS modulation, there are three degrees of freedom
(D1, D2, and Dj3)to control the power flow and inductor current
in DAB. D; and D5 correspond to the inner phase shift ratios
of H; and Hj, respectively. These inner phase shift ratios are
designed to reduce reactive power and expand the ZVS range. D3
represents the outer phase shift ratio between the output voltage
vgp Oof Hy and the input voltage v.q of Hy. In addition, Dy,
which is defined as (1), represents the phase shift ratio between
the fundamental components of v, and v/,

Dy Dy
D f= D3 + 5 5 (1)

Moreover, the inner phase ratios D and D are within [0,1].
The direction of power flow is determined solely by Dy, thus,
in scenarios involving forward power transmission and buck
mode, Dy > 0. To simplify the analysis, we will focus on the
operation scenario of the forward power transmission and the
buck mode, and the other working conditions can be analyzed
similarly.

B. Dynamic Behavior of the DAB Circuit During Dead Time

In practical applications, particularly at high frequencies,
parasitic elements, such as C,ss, L, and L4, play acrucial role in
shaping the bridge-leg voltage and inductor current of the DAB
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converter. Thus, this section will analyze the dynamic behavior
of the DAB circuit during the dead time while accounting for
parasitic elements.

To ensure ZVS, sufficient energy must be stored in inductor to
fully discharge or charge C,5s within a bridge leg during the dead
time. This requires precise control of the inductor current and
dead time. If the dead time is too short or the current in L, and
Ly, is insufficient, then C, 4, of the switch about to turn ON will
not be fully discharged, resulting in incomplete ZVS (iZVS) or
even hard switching. Conversely, an excessively long dead time
will increase losses and may result in iZVS due to reresonance
caused by the reversed current. Therefore, the conduction states
of the switches can be broadly categorized into four types, as
depictedin Fig. 2, including ZVS, iZVS due to short dead time or
insufficient current, iZVS due to long dead time and reresonance,
and hard switching.

Taking the ZVS process of S; as an example, the dynamic
behavior of the DAB circuit during the dead time [ts2, ts2 + Ty]
is analyzed as follows.

1) Stage 1—Before S3 Turns OFF: Here, S7 and S3 are
turned ON, keeping the voltage across the switches at zero.
The impact of C,ss and L, is negligible, so the equivalent
circuit, as shown in Fig. 3(a), can be obtained. Thus, the dy-
namic equation of the inductor current before dead time is as
follows:

) = Ugp(t) — Nea(t) —

Reqip(t). 2)

2) Stage 2—During the Resonance Between Inductance
and C,ss: Once Ss is turned OFF, the inductance and par-
asitic capacitance constitute a resonant circuit. During reso-
nance, the inductor current is split into 7o and 4oy, Which
charge the C,ss of S3 and discharge the C,4, of Sy, respec-
tively, until the voltage across S, drops to zero, as shown
in Fig. 3(b). The sum of v,, and the voltage across Ly as-
sociated with the conducting switch like S; is defined as
vap. Accordingly, the following circuit state equations can be
derived:

in(t) = —iog (L) + ion(t)

dei%i(t) = vaB(t) — vost ()

Lg%erl — Vi — 04 5(t) — von(t)
Coss (vort (1)) 2ot — (1)
Coss (Uon(t)) dv%,t(t) = 7;on (t)

(Ls + Lk + Ld) dzgit(f) = 'UAB(t) - nvcd(t) - ReqiL(t)
3)
where i, and i,y represent the currents flowing through C5
of S5 and Sy, respectively. vog and v,y are the drain—source
voltages of the two switches.
Using the first-order Euler approximation, the state space
variables mentioned above can be transformed into the following
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Dynamic behavior of the DAB circuit within [0,7;]. (a) ZVS. (b) iZVS under short dead time. (c) iZVS under long dead time. (d) Hard switching.
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circuit within [ts2 + Toss, ts2 + T4]. (d) Equivalent circuit when reresonance occurs.

difference equations:

Z‘of‘f [k + ].] = ioff [k} + %; ((]. - le)‘/l—LsQ’UAB [k])
— - vofr [K]

Voff [k + 1] =  Uoff [k] + mioﬁ‘ [k]

Von [k + 1] = Von [k’] + mion [

VAB [k + 1] = —ts1ts2V1 + Ls2Von [k + ]-]

453 (7, [K] — o [k — 1)

LT
X (vap [k] — nveq [k] — Reqir [K])

Ton [k‘ + 1] = loff [k‘ + 1] — Lgol], [k‘ + 1]

“)

where ¢, represents the numerical simulation period. During the
ZVS process before S; — Sy turn ON, [151, Ls2] is equal to [0,-1],
[0,1], [1,1], and [1,-1], respectively.

Such difference equations simplify the intricate task of solv-
ing differential equation systems into a straightforward sequen-
tial summation process, laying a solid foundation for the subse-
quent numerical modeling of the DAB circuit.

3) Stage 3—When the Antiparallel Diode Begins to Conduct:
Once the drain—source voltage of S, discharges to 0 V, its an-
tiparallel diode begins to conduct. Subsequently, v, is clamped
to zero, rendering the parasitic capacitance C, 4, of Sy negligible,
as depicted in Fig. 3(c)

iof‘f [k + 1] = ioff [k] + %; ((1 - le)‘/l — Lls2VAB [k])
— £ ot [K]
Vott [k + 1] = vort [K] + o5y ot K]
vap [k +1] = —t1e0Vi + 2254 (ign [K] — ion [k — 1])
inlk+ 1= ip [k + 2ot
X (vap [k] = nvea [k] — Reqir, [k])
Gon [k +1] = o [k + 1] — tsoir [k +1].

Stage 2 before Q4 turn on

J % for
) J 0, T vuf/t ] 0

Stage 2 before (0> turn on

%ia//l
+

ni,— R.,/n*

3 @ []n,
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2 QJ Vv,

(@)

Fig. 4. Equivalent circuit of Ho at stage 2. (a) Equivalent circuit within
[tq2,tq2 + Toss). (b) Equivalent circuit within [t43, %43 + Toss].

4) Stage 4—When Sy Turns ON With Complete ZVS: At the
end of the dead time, the drain—source voltage of S4 remains
clamped to zero by the antiparallel diode, thereby ensuring
complete ZVS.

For the reresonance phenomenon in Fig. 3(d), the circuit’s
dynamic equation remains consistent with (4) of stage 3.

Fig. 4 shows the equivalent circuit of DAB converter within
[tq2: tg2 + Toss| and [tys,tqs + Toss|. Analogous to (4), the
difference equations for stage 2 during the switching transitions
of Hs can be derived. T, represents the resonance duration

bot [k + 1] = dom [k] + £5 (1 — tq1)V2 — tq2vep [K])
—%;'Uoff [k]
Voft [k + 1] = Voff [k] + mioﬂC [k]
Von [k + 1] = Uon [k] + mion [k
vep k+1] = —tq1tg2Va + tg2von [k + 1] + Lq;#
X (ion [k] — %on [k - 1])
ir[k+1] = iL[k]—Fm
X (vap [k] — nvep [k] — Reqir [K])
ion [k + 1] = o [k + 1] + negoir [k + 1]
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where, during the ZVS process before (Q; — Q4 turn ON,
[tq1, tg2] is equal to [0,-1], [0,1], [1,1], and [1,-1], respectively.
Similarly, vep = veq + v1,, Where vy, is the voltage across
the parasitic inductance associated with the conducting switch
(such as Q1 during [tg2, tg2 + Thss]).

In summary, the dynamic behavior of the DAB converter
during any switching transition can be readily derived from (2),
(4), and (6).

C. General ZVS Constraints Considering Parasitic
Parameters and Dead Time

Existing studies on ZVS constraints predominantly address
energy limitations, with minimal consideration of the nonlinear
effects of parasitic parameters and dead-time constraints. While
Park et al. [19] incorporated dead-time constraints, its linear
approximation of the switch’s drain—source voltage v,, under-
mines the accuracy of the derived ZVS conditions. Therefore,
this section will derive general ZVS constraints by considering
the nonlinearities of parasitic parameters and state variables, as
well as the constraints imposed by dead time.

1) Energy Constraints: To achieve complete ZVS during
dead time, the energy stored in the inductor must be sufficient to
discharge v,y to zero. For the ZVS process prior to S4 turn-ON,
the energy Qr, = (Ls + Lk)Ifg /2 stored in the inductor must
meet the following constraint:

Toss Toss Toss
- / Vidondt+ / Neqip dt+ / i% Reqdt
0 0 0

Toss Toss 1
+/ Uoffioﬂdt+/ Uoniondt < 5 (LS + Lk?) ISQ(J (7)
0 0 ’

where —I,, denotes the initial value of 77, at the beginning of
the dead time.

Based on the characteristics of the capacitor, the total energy
absorbed by the C,ss of Sy and S5 can be expressed as

Toss Toss
/ Vostlog dt + / Vonlondt
0 0

Vi 0
= / Uoffcoss (/Uoff) dvoff + / UonCoss (Uon) dvon
0

Vi

= 0. ®)

The energy absorbed by the parasitic resistance satisfies the
following:

1

3 (Ls+ Ly) Ifg.
Moreover, combined with (4), the following equation can be
derived:

Toss Toss
— / Vitondt + / NUeqtr,dt
0 0

0 0

=— | V1dvuonCoss (Von) + / NVeddVon Coss (Von)
V1 Vl

Toss
/ i Reqdt < I2,ReqToss < = ©)
0

Vi
- / nvcddvoff Ooss (UOH)
0
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= (Vl — QTL'UCd) Qoss (Vl) .

Thus, the soft-switching constraint for the inductor current I,

is given as
\/ 2

2) Dead-Time Constraints: Although sufficient energy is
stored in the inductor, it may still fail to completely discharge
the voltage v,,, during the short dead time, resulting in iZVS.
Therefore, the dead-time constraint must also be considered
when analyzing ZVS conditions. To facilitate the modeling of
the ZVS process, a linear charge-equivalent capacitance Cg cq
can be introduced, which exhibits the same amount of stored
charge as the nonlinear capacitance [39] at a given drain—source
voltage Vpg

(10)

(Vl - 27’L’Ucd) Qoss (Vl)
Ls + Lk}

< Iy (11)

Qoss (VDS) o fOVDS Coss( )dv
CQ.eq (Vbs) = = Vos :

Vbs
Thus, C,ss of the same bridge can be considered the same.
Combining with (4), it can be derived that 7o, = —io.s and
ton = —0.5es00 . Subsequently, state variables iqy, i1, and voy
of H, bridge during ZVS process satisfy

12)

_ —lea 2
{'Uon — QCQ,eq(Vl)ZL
Lo 1
'L = T ¥Ly+15Lq

By extracting the constant coefficients from (13), the equation
can be transformed into the following standard form:

13)

(LSQUon - L31L32V1 - nvcd) .

Von = Ns1?
: n Ns1?L (14)
1L = —MNs2Von + Ms27s3
where 751, 1752, and 743 are constants corresponding to S7 — Sy
— —ls2
1151 = 30 ca (V1)
Ns2 = Lo, tist, (15)

Ns3 = L31V1 + Ls2NVcq.

Given 751152 > 0,1if ngo > 0, then the time-domain expressions
of v, and 77, can be obtained

'Uon(t) = (V1 )COS (1/7]517752t)
—1 sg - Sln (\/ 77&17792t) + 1s3 (16)
ir(t) = (ns3 — V1) L2 sin (/717521 )

—Igcos (\/Ns171s21)

where I, should be positive to satisfy the energy constraint
when 14 < 0.

To facilitate the analysis of the monotonicity of v, (), (16)
can be rewritten as

Von(t) = /17 + 1§ cos (, /Ms17]s2t — arc tan (

%))
(72 2
ir(t) = 7”(1;17;&") cos (, /Ms17]s2t + arc tan (%))
where 11 = Vi — 153 and 1o = —Lg\/7s1 /752
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TABLE I
GENERAL ZVS CONSTRAINTS BY CONSIDERING PARASITIC PARAMETERS AND DEAD TIME

Condition Conclusion Energy Constraint /g Dead Time Constraint I Constraint to Avoid Re-renonance I
S1 turn ON vs 2(— V1 —2nv.9)Qoss (V; (Vi+nv.q) cosnsy —nuv,
(S5 turn OFF) Isgr < —IZ7° | Ips1 = \/ (¥ Ln:Jr'dL)k (1) Irgr = ns—— Zinns+ = 4 Irs1 = — (nveq + V1) ns— tanns+
So turn ON }
(S wm OFF)| [se2 > Iit* Ips1 Iral Il
Sy turn ON [2(Vi—2nv.4)Qoss (V; c s+tVi—nv,
(S‘j turn OFF) ISg4 < IZUS IES4 = t ZZJRL? ) ITS4 = Ms— = dcossyi]nt]ﬁr S ITSl = TMedls— tan s+
S3 turn ON
Isgz > 1Z0° Igsa Irsa TRsa
(S4 turn OFF) 59 s4 s s S
Q2 turn ON 2204, —11V2) Qoss (V2) (V2—vap/n) cosng 4 +vap/n ab
(@1 wm OFF)| Tas2 < —135" | Ipg2 =/ =73 p 5= | I1g2 = na- Cr Irgr = (U8% — Va) mg— tanngs
turn ON
(821 turn OFF) Iggr > 133" Ipq2 Irg2 Irgo
Q3 turn ON _ /2(2v4p+nV2)Qoss (V2) _ —(vap/n) cos gy +Vatugy/n _ g
(Qa tun OFF)| Tas3 < —13° | Ipgs = "5 AT | I1es = a- St Irq3 = “3tmq— tanng
Q4 turn ON
(Q3 turn OFF)| Taga > 1g3° IEgs Irgs Irgs

Note: IZV® = max {0, Iy, IT«, IR+ } Ns— = \/

_ ] 2C0g.eq(V2)
Ng— = LotLp+1. 5n2Ldy77q+

LotLpt+l5Ly s+ =

2CQ,eq(V1)

1
\/QCQ,eq(VI)(LerLk#»l,SLd)

2
n
\/QCQ)Cq(Vg)(Ls+Lk+l.5n2Ld)

To prevent iZVS caused by reresonance, iy, (t) must be less
than zero at ¢t = t45 + Ty. Accordingly, the corresponding con-
straint is derived as

2 V1 — N 3
T < \/Ms1Ms2 1y + arc tan Ns2 V1 — T3 < —ﬂ.
2 7751 7159 2

Therefore, the constraint of I, to avoid iZVS caused by
reresonance can be expressed as

(18)

(ns3 — V1) [12 T 2 tan (yigsims2La) < (19)
From (18), the following inequality is derived:
1
0 < /Ns1ms2Tq + arc tan (T ) < 7. (20)
1

That is to say that v,,, (t) across the parasitic capacitance C\s
decreases monotonically during the dead time, provided that I,
satisfies the energy constraint (11) and the constraint (20) to
avoid reresonance. To achieve ZVS, 7;, must discharge v,y to
zero before the end of the dead time

12 (Vi = mss) cos (a2 Ta) + 153 _ o
7Ns1 sin (\/Ns177s274) o

During the dead time, before 2 and Q3 turn ON, the dynamic
equations of ¢z, and v,, are given as

Uon = nqliL (22)
Z.L = —T1q2Von + Nq2Mq3

where 141,742, and 7743 are constants corresponding to (01 —

Q.

_ TLqu
lal = 530G cq (V)

_ ’rLng
Ng2 = T FLot1.5n2L4 (23)
Ng3 = Lq2M + qu‘/2~

For 742 > 0 during the dead time before ()2 and ()3 turn
ON, the time-domain expressions of v,, and ¢y, as well as the
dead-time constraints, closely resemble those during the dead

] "1(’+¢: L,V '—Vm(t)
iyt + ) «é ‘—é‘_*_ Topy (1) V.
= oyt + ) /L, P/C gy
’ ‘ Vot + 9, — Vorr (t)
ip| @ @0 : .
e : Vea- Constant ‘/"/C'A“‘T—‘T by (Z) P 0,
O i WG = O
(14 w,)—gr) e ; s
" i [Z Durmg Dead Time
* "o, (Take ZVS process of Hi as an example)
Table II Vans Vet = (5)(6) - %
Equivalent Circuit
_I_ ll : Physical Laws
Hg 2| ot i s D) =i () + 2= (v () — nva(t
pe {J lc. v Lt p)=i, Lm( an(£) = nve(£)
T : h T ° nero=rno+&eo-io
Store for a cycle
17, e ¥
. R x .
I O] : HAG lp,):—» Performance Analysis
Vs (1) ?«L—* <P .,- ' Tms ZVS
= ! [ RMSof ir
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L& ¢ il
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lo(t)-@ c @-(o, )i CEENTH AV,
O J v Increase in V2

Fig.5. Block diagram of numerical modeling based on physical laws of DAB.
time before .S4 and \S; turn ON. Based on the above analysis, the
general ZVS constraints can be derived, as depicted in Table I,
including the energy constraint, dead-time constraint, and the
constraint to prevent iZVS caused by reresonance.

III. AI-BASED MODELING OF DAB WITH TPS MODULATION
A. Numerical Modeling for DAB With TPS Modulation

Building AI model or intelligent control strategies re-
quires a large training dataset. However, the data acquisition
speed through traditional simulation software, such as MAT-
LAB/Simulink, is very slow. Thus, this article proposes a numer-
ical modeling method, which can rapidly acquire a large amount
of data. The specific framework of the numerical simulation
process is illustrated in Fig. 5.

Based on the equivalent circuit of DAB, as shown in Fig. 5, the
dynamic equations of 7, output voltage V5, and transmission
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TABLE II
TIME SERIES VALUES OF vgp (), veq(t) AND ZVS CONSTRAINS FOR 47, WITHIN ONE CYCLE

Time series values of v, General ZVS constrains
wst/2 Vap (t) wst/2 17, (t)
[D¢a, 1 — D1] 0 1—-Ds < —IZ¢
[Dig+1— Dy, 1] Vi 1 > I5p®
[Dya + 1,2 — D1] 0 1— D+ D3 > I
[Dtg +2— D1,2] Vi (1—=D1+ D2+ Dg)or(—1 — D1+ Dy + D3) | <—123°
Time series values of v.q
I.— D1+ D3 <0,—D1+ D2+ D3 >0 II.— D1+ D3 >0,—1— D1+ Ds+ D3 <0
Wst/2 'Ucd(t) wst/Q Ucd(t)
[0, —D1 + D2 + D3] Va2 [0, —D1 + D3] 0
[D¢g — D1+ D2 + D3,1 — Dy + D3] 0 [Dig — D1+ D3, —D1 + D2 + D3] -V
[Dtg+1— D1+ D3,1— D1+ D2 + D3] Vo [Dtg — D1+ D2 + D3, 1 — D1 + D3] 0
[Dig +1— D1+ D2 + D3,2 — D1 + D3] 0 [Dig +1— D1+ D3, 1 — D1+ D3 + D] Va
[Dtg +2 — D1 + D3, 2] —Va [Dig+1— D1+ D3+ D3, 2] 0
IIl1.—D1 + Do+ D3 <0 IV.—1—Dy+ D2+ D3 >0
wst/2 Ucd(t) wst/2 vea(t)
[0,1— D1 + D3] 0 [0,—D1 + D2+ D3 — 1] Va
[Dig +1— D1+ D3, 1 — D1+ D2 + D3] Vo [Dig — D1+ D2 + D3 — 1, —D1 + D3] 0
[Dtq+1— D1+ D2+ D3,2 — D1 + D3] 0 [D¢q — D1+ D3, —D1 + D2 + D3] =V
[Dig+2— D1+ D3,2—D1+ D2+ D3] | =V [Dig — D1+ D2+ D3,1 — Dy + D3] 0
[Dtd+2—D1+D2+D3,2] 0 [Dtd+1—D1+D3,2] Vo
current i can be expressed as 5 g: 1 bf% D
. . © T T
ir (t+ @) = in(t) + £ (vap(t) — nvea(t)) 5]
. _ nir(t)vea(t)
12 (t) = Va(t) (24) v
‘/2 (t + Sot) = ‘/Q(t) + %; (12 (t) _ Zo(t)) Hidden Layer
where the equivalent capacitance Leq = Ly + Ly,. [wa) Loss Function:
. . . Output lay MSE
From (24), to obtain the real-time values of iy (¢t + ¢;), the HPHTIET @)- Optimizer:
numerical values of vq, and v/, within the time interval [0, 7] ReLy | Adam

are needed. According to the switching sequences of two full
bridges, v, has only one type within a switching cycle. In
contrast, v’,; presents four different waveform types, as shown
in Fig. 1. Table II lists the numerical values of v, (t) and
veq(t) within [0, Ts], together with the constraints to achieve
soft switching, ws = Ty and Dy = 2T /Ts. Outside the dead
time, vqp(t) and vq(¢) are directly obtained from Table IT, while
during the dead time, their dynamic values are governed by (2),
(4), and (6). Consequently, the dynamic waveform of iy, (¢) can
be efficiently derived using this numerical modeling approach.
This facilitates the rapid assessment of the rms of inductor
current %r.ms, transmission power P, and the soft switching
conditions of each switch.

The proposed numerical modeling approach eliminates com-
plex theoretical derivations and low-order harmonic approxi-
mations, while greatly reducing the computational burden com-
pared to other AI models, such as [10]. Consequently, this
approach can provide substantial data for training the AI model
and enable efficient evaluation of the modulation strategy for
steady-state optimization.

B. General AI Model Using Feedforward Neural Network
(FNN)

To tackle the absence of a lightweight and unified model for
DAB with TPS modulation, a general AI model suitable for all
switching modes and wide circuit parameters is first developed.
This model can provide the theoretical foundation for the latter
transient control strategies.

¥ - To optimize the
Output O weights and biases

Fig. 6. Network diagram of the general Al model.

From (24), the output voltage V5 [k + 1] can be expressed as

T,
Cs

where T, is the control cycle, equivalent transmission current
I,[k] is the average value of iy over one switching cycle, I =
P/V5, and k is the control instant.

Itis apparent that if a general and simple relationship between
Iy and {D1, Dy, Dy} is established, a rapid and accurate regula-
tion of V5 can be achieved. This can be done through adjustment
of the dynamic phase shift ratio.

Taking into account the exceptional fitting performance and
the concise expression of ANN, a general Al model of I,
presented in Fig. 6, is constructed. It is a three-layer FNN. In ad-
dition, the training dataset for the network comprises numerous
numerical simulation results and a small amount of sampling
data from the DAB prototype. In the following, D; is taken as
the dynamic control variable to demonstrate the design process
of the general AI model.

To simplify the subsequent design of the dynamic phase shift
ratio D; during transient control, the hidden layer is configured
with only one neuron. The input features are limited to contain
merely first order of D;. The activation functions for the hidden

Valk +1] = Va[k] + == (I2[k] — io[k]) (25)
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Fig. 7.

layer and output layer are selected as tanh and rectified linear
unit (ReLLU), respectively. The expression of tanh is shown as
follows:
2
tanh(z) = ———= —
( ) 1+ e—2x
Insufficient neurons in the hidden layer may inevitably lead
to a low model accuracy. Consequently, several improvement
measures have been implemented. For instance, 5 is converted
to I2,, as shown in the following:

nVi
I2n - 12/ <27TLeqf5> .

This modification can eliminate the impact of the operat-
ing conditions and circuit parameters on [o. Furthermore, the
original input {D1, D2, D} is expanded to eight dimensions,
represented as {Di, DDy, D1Dy, Dy, Dy, D3, DJ%, DyDy}.
These features are selected through an importance analysis using
random forest.

Combining the connection weights w;; and the bias parame-
ters b; of each neuron, we can derive the analytical expression
of IQn(Dl, DQ, Df) as

(26)

27)

~ . oy
1271 - 1+€k1b1+k2

+ ao (28)
where I, and {D17 Dy, D ¢} are the normalized values.
kAzl, ko, a1, and ap are the coefficients of the FNN model for
15, of the DAB, which are described as

ki = —2(11)11 + ’U}12D2 + wlgf)f)

k2 = —2(’[014D2 + w15ﬁf -+ 11)16D22
+w17l§f2 + w18ﬁ2ﬁf +01) (29)

a1 = 2’11}21

g = —wop + bo.

Diagram of the proposed Al-based modeling and control of DAB converter.

From the analytical expression in (28), it can be inferred that
the normalized dynamic phase shiftratio D1, I5,,,and { D2, Dy}
satisfy the following nonlinear relationship:

. 1 - k
Dy = —1In(on/(Ion — a) — 1) = 2.
k1 k1

(30)

Similarly, when Dy serves as the dynamic control variable, we
just need to replace D; with Dy in the aforementioned model.

IV. AI-BASED CONTROL METHOD FOR DAB

Fig. 7 shows the details of the Al-based scheme. In order
to achieve enhancement of steady-state efficiency and transient
performance, the Al-based controller consists of two parts. In the
first part, Dy and D are defined as static modulation ratios for
light load, while D; and D5 are for heavy load, both generated
by an ANN fitting the optimal steady-state modulation laws.
In another part, by using the general AI model and optimal
static ratios, a transient controller based on SMC and RNN is
constructed to generate the dynamic modulation ratio.

A. Steady-State Optimization for Minimum RMS Current With
Soft Switching Operation

In the context of DAB with TPS modulation, i, and soft
switching conditions are often regarded as crucial performance
indicators. Since D cannot achieve low power transmission at
low voltage gain or with extended dead time, D; is chosen as
the transient control variable under light load, while D, and D
are set as static phase shift ratios. As the load increases and
D approaches saturation, Dy is then selected as the transient
control variable under heavy load, with D; and D- set as static
phase shift ratios. When formulating static phase ratios, the
optimization objectives are to minimize ¢rys. The constraint
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Diagram of steady-state optimization for optimal static phase shift

is to ensure the soft switching operation, as shown in Table II,
thereby achieving optimal steady-state efficiency. Then, a multi-
layer heuristic algorithm is designed to obtain the global optimal
solution offline. Finally, in order to achieve online optimization,
an ANN is trained to fit the offline control laws of the optimizer.
The details of steady-state optimization are illustrated in Fig. 8.

To alleviate the computation burden, complex constraints,
such as soft switching operation and power transmission, are
incorporated into the objective function through the appliance
of penalty functions [40]

min Obj=iLms + pas + B(P — P*)? 31
where ¢, represents the total number of switches that do not
achieve ZVS, while p and /3 denote the ZVS and power penalty,
respectively.

Subsequently, a multilayer heuristic algorithm is designed.
It has excellent global search capabilities and rapid conver-
gence rates. This algorithm consists of nine layers. The third
and fourth layers implement genetic algorithm (GA), while
the other layers utilize particle swarm optimization (PSO) al-
gorithm. The optimal solutions obtained from the preceding
layers are set as initial solutions for lower level algorithms. This
approach ultimately generates the optimal modulation strategy
{D7, D3, D} } for the specified conditions { P, d*, kcoss, kra}-
kcoss and kpg represent the normalized parasitic capacitance

and dead time, respectively. P denotes the normalized power,
P: = P/(nV1Va/(27 fsLeq)), similar to (27).
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The flowchart of the multilayer heuristic algorithm is
shown in Fig. 8. Initially, the specific operating conditions
{P},d*, kcoss, kTa} are given. The preliminary modulation
strategy {D1;, D2;, Dy;} is generated by the first PSO algo-
rithm. This strategy is then substituted into the numerical model
in Fig. 5. Such numerical simulation enables rapid assessment
of the strategy performance by obtaining iry,s, P, and soft
switching conditions. Then, the optimal individual strategy Ppes
and global strategy gues; are updated. The velocity v; and strategy
D, are recalibrated according to the adjustment function. This
iterative process continues until the convergence criteria are met.

Afterward, by traversing different operating conditions, an
extensive dataset { P, d*, kcoss, kra, D}, D3, D}} of optimal
modulation strategies can be obtained. Then, they are input into
an ANN to fit the offline laws. The network is an FNN of three
layers, with its weights and biases optimized by Adam. The
trained neural network controller can generate the static phase
shift ratios online for optimal steady-state efficiency in practice.

B. Transient Controller Based on Adaptive Neural Network
SMC

Due to the excellent dynamic performance and robustness,
SMC is widely employed in transient control strategies for
nonlinear systems. Hence, this article utilizes SMC to establish
a foundational framework for the transient controller under TPS
modulation. Apart from this, RNN is employed as an adaptive
error compensation term to enhance its ability to resist system
uncertainties.

During the design of the transient controller, the goal is to
track the output voltage V5. The output voltage tracking error,
indicated as e,.., can be expressed as

err = Vo — Vo (32)
Thus, the sliding surface s is designed as
S = K1€ppr + Ko / e, rdt (33)

where x; and ko are the proportional coefficients of the state
variables on the sliding surface. Then, considering (24), the
derivative of the sliding surface $ can be obtained as
K1 . K1
"G
To prevent the chattering phenomenon when using the sgn
function, the proposed SMC employs an exponential control
law and replaces the original sgn function with the activation
function tanh. Consequently, the control law for the sliding
surface $ is designed as

$= —51 tanh (538) — 528

§ =K1 Vs + Koerp + L. (34)

(35)

where 01, 02, and J3 are the parameters used to adjust the
convergence rates.

In practice, the data-driven circuit model may not be com-
pletely accurate. Besides, there are numerous uncertainties asso-
ciated with the circuit parameters and state variables. Therefore,
relying solely on the aforementioned transient control strategy
may lead to steady-state error of V5 or poor system robustness.
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The existing disturbance observers and other error compensa-
tion methods always rely on integral elements, which contain a
time-sequenced summation of the error. Coincidentally, RNN
has the ability to memory information from previous inputs
and exhibits nonlinearity, which provides a novel approach for
designing error compensation in nonlinear systems. Therefore,
this article develops an adaptive error compensation term based
on RNN, which can address the issue of slow convergence
speed near the equilibrium state of traditional SMC. Thus, the
steady-state error can be quickly eliminated.

Among the commonly used RNN, the gate recurrent unit
(GRU) involves only a few linear transformations and nonlinear
activation functions, making it more computationally efficient
and simpler to implement. It consists mainly of two gating mech-
anisms: the update gate z; and the reset gate r, as illustrated in
Fig. 9(a).

Based on the structure of the GRU network, an adaptive
compensation term for tracking error is designed in Fig. 9(b).
err|k] is set as input. The new network does not include reset
gate ;. Thus, the mutual coupling effects between the previous
state V' [k — 1] and the current input e, [k] are omitted. In the
error compensation method, the combination of the previous
state 0V [k — 1] and the current state V' [k] differs from the time
series prediction tasks. Consequently, in the newly established
network, the weight of the previous state 6V [k — 1] is set to 1,
not 1 — z[k]. Similarly to GRU, the influence of the current state
5V [k] on the output state 5V [k] is governed by z[k].

To improve the convergence rate of e,,. near the equilibrium
state, two activation functions are designed between e,..[k] and

z[k]. The previous one employs an absolute activation function,
while the second utilizes the exponential linear unit (ELU)
activation function, which is given as

O(e* — 1),

)

x <0

23>0 (36)

ELU(z) = {
where 6 is a coefficient of the ELU. In addition, a positive bias
b, is introduced afterward to ensure z[k] is positive. Meanwhile,
the connection weight 17, is set to a negative value. This method
allows the compensation to increase as the error decreases.

Given that a nonlinear term has already been incorporated
into the update gate z[k|, Purelin is selected as the activation
function between e,.,.[k] and 5V [k]. Therefore, the adaptive error
compensation term §V [k] can be expressed as

Z Wherr

where k, represents the moment when the output voltage error
falls below the threshold eV,,;,. W, and W}, are the connection
weights within network between z;, h: and [hi_1, ], respec-
tively.

By combining (28), (34), and (35), we can obtain the reference
value of equivalent transmission current I3[k 4 1]

eew ‘PTT'[IL]

0+b,) 37

01 tanh(d3s) + d28
K1

(Vo' [k] = V5 [k] -

Lk +1] = Ca + Co Vi [K]

+ HQCQ

SV[k]) +io[k] (38)
R1

where V;[k] is the reference output voltage. V' [k] denotes the
derivative of V. Considering the cost factors of the current
sensor, we do not utilize the load current ¢,, in practical control,
and V7 [k] is replaced by a constant value Vi. Moreover, the
controller has integrated an RNN-based error compensation
term, which effectively mitigates the tracking error caused by
the exclusion of i, and V; in the final control. Then, I3[k + 1]
excluding i, can be represented as I5 [k + 1]

01 tanh(d3s) + d2s
K1

(Vo' [k =

Next, by integrating /3, of (39) into (30), the normalized
optimal dynamic ratio D7 for the controller can be derived as

~ 1 2 sHe
Difk+1] = o (al/( ”T{V ‘*IQS[kH]aQ) 1)
1

ko

ki
Similarly, when Dy serves as the dynamic control variable, we
justneed to replace Dy with D in the aforementioned equation.
Therefore, by combining §V° with SMC, the proposed control
method can improve both transient performance and robustness
of the system. Furthermore, in practice, only the output voltage
V5 needs to be measured, eliminating the need for i, and V;.

I3[k +1] = Cy + Co Vi [k]

+ Ko Co
K1

Volk] = 0VI[K]).  (39)

(40)
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TABLE III
PARAMETERS OF DAB CONVERTER

Value

50 uH

Turns ratio n 5/3

Leakage Inductance L 4 puH
Pri. 500 turns

Sec. 300 turns

Litz wire 0.1 mm*600 strands
Core EC90.PC40

Parameters
Inductance Lg

Transformer

Output capacitance Ca 410 pF

Switching frequency fs 100, 200 kHz

Switches SiC MOSFET NTH4L040N120SC1

Input voltage Vi 200 — 400 V

Output voltage V2 50—200 V

Transmission power P 0—600 W

Dead time 200 ns
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Fig. 10. Model accuracy. (a) Accuracy of inductor current ¢, using different
analytical models. (b) Accuracy of general Al model.

Finally, the previously mentioned static and dynamic ratios
are implemented in the microcontroller, as shown in Fig. 7. This
controller can generate optimal modulation strategies online,
resulting in excellent steady-state efficiency and transient per-
formance.

V. PARAMETER DESIGN OF THE PROPOSED Al MODEL AND
CONTROLLER

A. Parameters of the General AI Model

To validate the precision of the numerical modeling approach
and the general Al model, comprehensive experiments were
conducted. The DAB parameters are listed in Table III.

Fig. 10(a) shows the comparison of different models. By
accounting for high-order harmonics, the harmonic model (HM)
in [19] closely matches the piecewise linear model in [14].
NIFDM denotes the nonideality inclusive frequency domain
model in [12]. The numerical model proposed in this article was
found to almost precisely match the actual simulation results
obtained in MATLAB/Simulink. It is more accurate than the
traditional harmonic analysis theory, along with lower compu-
tation burden and derivation complexity. The data acquisition
speed of this method is more than 100 times faster than that of
MATLAB/Simulink.

The parameter optimization methods for the general Al model
and the ANN, as shown in Fig. 8, are identical. A large training
dataset is initially constructed using numerical simulations and
algorithmic optimization. The optimization process employs
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the mean squared error as the loss function and utilizes the
Adam optimizer to adjust the network parameters. Notably, this
process is completed within a matter of minutes. In addition,
from Fig. 10(b), R? of the proposed general Al model is up to
0.99. Once D, is employed as the dynamic modulation variable,
the connection weights between the eight input neurons and the
single neuron in the hidden layer are 0.56, 0.59, —0.14, 1.22,
3.89,-0.94, -3.87, and 0.21, respectively, with the bias by being
-2.08. Apart from this, ws; is 1.04, and the bias b5 is 0.078. This
lightweight model is not only applicable to all switching modes,
but can also simplify the design of nonlinear controllers.

In the proposed DAB prototype, the parasitic inductance Lq4
and resistance .4 are minimal, with L, configured as 20 nH and
Req set to 0.3 €. However, the equivalent parasitic capacitance
CQ,cq of the MOSFET may reach up to 500 pF, with the dead
time set at 200 ns. Consequently, the accuracy of the general Al
model will decrease at high operating frequencies. To address
this issue, a new Al model will be trained for 200 kHz under
specific system parameters, while maintaining the same model
structure as before.

B. Optimal Phase Shift Ratios of Steady State

Fig. 11(a) and (b) shows the optimal steady-state strategy of
Dj and D% only considering ZVS constraint /. These optimal
ratios exhibit a positive correlation with V5" and P*. Testing
reveals that for small parasitic capacitance (kcoss < 0.2) and
moderate switching frequencies (fs < 100 kHz), an ANN with
more than five hidden-layer neurons can accurately map the
steady-state optimization strategy across most operating condi-
tions.

The phase shift values comparison with existing TPS mod-
ulation schemes in [14] and [19] has already been presented
in Fig. 11(c) and (d). Owing to the high operating frequency
of the DAB converter and the large parasitic capacitance Cs
of the MOSFET in this work, the proposed modulation strategy
shows significant differences from the traditional modulation
methods. Therefore, when the parasitic capacitance and oper-
ating frequency are relatively high, the ANN should be trained
with specific system parameters to ensure optimal modulation
strategy.

Due to the outstanding global search capability and simple
structure, heuristic algorithms are widely favored in solving
nonconvex optimization problems. Fig. 11(e) demonstrates the
performance comparison of simulated annealing algorithm, GA,
PSO, and the proposed algorithm, when V; = 255 V and
Vo = 100 V. The execution time of the algorithms in sce-
nario when P = 500 W is also listed in the figure. It can
be found that the proposed algorithm not only exhibits excel-
lent global search capabilities but also needs less execution
time.

C. Parameters of Transient Controller

Determining control parameters is often a tough task. In this
article, PSO algorithm is used to quickly optimize the control
parameters through numerical simulation.
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ZVS constraint Iz, when Vi =255V, Vo = 100 V, and fs = 100 kHz. (c)
Optimal phase shift ratio of Dy considering the dynamic behavior of the circuit
during the dead-time, when V; = 250 V, Vo = 140 V, and fs = 100 kHz. (d)
Optimal phase shift ratio of D2 considering the dynamic behavior of the circuit
during the dead-time, when V; = 250 V, V5 = 100 V, and fs = 100 kHz. (e)
Performance comparison of different heuristic algorithms.

Before optimization, a numerical model was constructed mir-
roring the circuit and control system, as described in Fig. 7.
The objective Loss(@) is to minimize the tracking error of
the output voltage |V — V3| under various transient condi-
tions. The control parameters {1, k2, 01, d2, I3, 1} of SMC and
{W,,6,b,, W), } of RNN are treated as variables to be optimized,
donated as @. Then, we employ PSO to solve the nonconvex
problem

Loss(©) = 3" 3" Vil Valk)l D)

where N, is the time sequence of one scenario, and there are
Np2 scenarios in total. The initial value of k is set to n,,, , to pay
more attention to the performance near the steady state. Vel;
represents the update velocity of the particle.

Through this approach, preliminary parameters of the pro-
posed controller can be rapidly acquired without any theoretical

TABLE IV
PARAMETERS OF PROPOSED TRANSIENT CONTROLLER

Parameter of SMC ~ Value Parameter of 0V Value
k1(D1) 100 kHz 1.7 Whr(D1) 100 kHz  291.5
k1(Dy) 100 kHz 1.7 Wi(Dy) 100 kHz  607.3
k1(D1) 200 kHz 0.85 Wh(D1) 200 kHz ~ 291.5
k1(Dy) 200 kHz 1.3 Wh(Dy) 200 kHz  874.5
K2 0.07 0 3
01 8e3 b, 3
02 160 W, -0.024
03 le6 eVinin 5

Power Analyzer

’

Oscilloscope

Fig. 12.

Experimental platform of DAB converter.

derivation. Finally, we implement these parameters into the pro-
totype. The initial control parameters through PSO optimization
have already demonstrated good performance in practice. The
final optimal control parameters can be obtained by fine-tuning,
as shown in Table I'V.

VI. EXPERIMENTAL VERIFICATION

This section presents detailed experimental results concerning
the model accuracy, steady state and transient performance of
the proposed strategy. Apart from this, the tests of its robustness
and computational burden are also conducted. A DAB converter
prototype has been constructed to validate the effectiveness
of the control algorithm. Its primary parameters are shown in
Table III. Besides, the microprocessor is DSP-TMS320F28335.
The control frequency is set to 10 kHz. Fig. 12 illustrates the
framework of the experimental platform.

A. Experimental Results of Model Accuracy

The dataset for the proposed Al model is primarily derived
from numerical simulation models, making the accuracy of the
model critical to the precision of both steady-state and transient
control strategies. Therefore, the accuracy of i 1., v4p, vé 4 P,and
i1ms derived from the proposed model will be evaluated.

Fig. 13 shows the accuracy of inductor current i1, v4p, and vi d
under different models. It is observed that the HM in [19] does
not account for nonideal factors, such as parasitic parameters
and dead-time effects, leading to significant deviations between
the simulated and experimental i;, waveforms. Consequently,
using ¢z, derived from the HM to assess the ZVS condition lacks
accuracy. In contrast, the proposed numerical model accurately
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Fig. 13.  Accuracy of inductor current i, v4p, and v'cd under different models. (a) V3 =250V, Vo = 140V, fs = 200 kHz, D1 = 0.97, D3 = 1, and D3 =
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Fig. 14. Accuracy of transmission power P and 41,y under different models. (a) Accuracy of P, when V3 = 250 V, Vo = 120 V, and fs = 100 kHz.
(b) Accuracy of P, when V; =250V, Vo = 100V, and fs = 100 kHz. (¢) Accuracy of P, when V; =250V, Vo = 180V, and fs = 200 kHz. (d) Accuracy of

i ms» When V13 =250V, Vo =120V, and fs = 100 kHz. (e) Accuracy of i 1,ms, When V3 =250V, Vo =100 V, and fs = 200 kHz. (f) Accuracy of  1,;ms, when
Vi =250V, Vo =180V or 120V, and fs = 200 kHz.

captures the dynamic behavior of the circuit, particularly during  The proposed numerical model demonstrates high predictive
the dead time. Because the NIFDM in [12] employs some accuracy for P and iy, under two operating frequencies.
approximations for DAB circuit, leading to deviations from the The predictive accuracy of the NIFDM model improves as P
experimental waveforms at certain nodes. increases. Although the predictive accuracy of the HM exceeds

Meanwhile, the precision of transmission power P and i1ms  90% at 100 kHz, it declines rapidly at 200 kHz, especially when
under different models is also tested, as depicted in Fig. 14. d=1.2.
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Fig. 15. Optimization process of transient control parameters.

B. Experimental Results of Steady State

The modulation strategy in this article is derived from a
unified analysis of TPS. Thus, the proposed modulation will be
described as unified triple phase shift modulation (UTPS) [41]
in the following text.

To evaluate the steady-state performance of the proposed con-
trol strategy under different operating conditions, four scenarios
are designed: Condition A, V7, =250V, V5, =140V, d = 0.93,
and f; = 100 kHz; Condition B, V; =250V, Vo =100V, d =
0.67, and f; = 100 kHz; Condition C, V; =250V, Vo, =140V,
d =0.93, and f; = 200 kHz; Condition D, V; =250V, V, =
100V, d = 0.67, and fs = 200 kHz

To verify the effectiveness of the proposed strategy, TPS
modulation strategies targeting 7 r,.;m;s Optimization, as described
in [14], [15], and [19], are adopted for comparison. In addition,
three transient control methods are also set up for comparison:
PI control under UTPS modulation (UTPS-PI), MPC under
UTPS modulation (UTPS-MPC), and RNN control under UTPS
modulation (UTPS-RNN). To balance steady-state efficiency
and transient performance, the proportional coefficient and the
integral coefficient of PI control are selected as 0.08 and 5 after
fine-tuning in the prototype, respectively. Apart from this, the
transient modulation strategy for UTPS-MPC is formulated with
the same control objective as the proposed method. Using the
general Al model and convex theory, the optimal dynamic phase
shift ratio of UTPS-MPC can be obtained. The parameter op-
timization method for UTPS-RNN is consistent with proposed
controller, as shown in Fig. 15.

Figs. 16—18 illustrate the soft switching performance of pro-
posed strategy and TPS modulation schemes in [14], [15],
and [19]. Atrelatively high frequencies, traditional methods will
fail to ensure ZVS, and excessively increasing the dead time to
extend the ZVS range may degrade the efficiency of the DAB
converter under heavy loads. Therefore, the modulation strategy
need to balance ¢ 1., and the number of switches achieving ZVS
with minimal dead time. It is observed that all switches in the
proposed strategy achieve ZVS in Fig. 16, with a minor increase
in irms. Under Condition C in Fig. 17, only two switches
in other TPS modulation schemes achieve ZVS, whereas the

proposed method enables six switches to achieve ZVS, with
nearly identical ¢ 7,ys.

Efficiency is another key indicator when evaluating the perfor-
mance of a controller. Fig. 19 displays the efficiency and 1y
curves of steady state. When calculating the efficiency of the
steady-state optimization strategies of TPS in [19], the transient
control strategy is kept the same as the method proposed in this
article. From Fig. 19(a) and (b), it can be observed that under
Condition A, the efficiency under proposed method exceeds
other modulations in the whole load range. As illustrated in
Fig. 11, this is attributed to the ability of the proposed method
to more effectively identify the modulation strategy that min-
imizes ir;,s While maximizing the number of switches that
satisfy the ZVS constraint. Specifically, the efficiency of the
proposed method reaches 98.4% when P =450 W. Furthermore,
acomparison of efficiency curves reveals that SPS strategy based
on the proposed transient control method (abbreviated as AIC)
achieves higher operational efficiency than PI control, whereas
MPC and RNN exhibit poor performance under Condition A.

From Fig. 19(b) and (e), the efficiency gap between the pro-
posed UTPS control and other steady-state strategies becomes
more pronounced at a voltage gain of 0.67. Hence, it can be
concluded that, under various operating conditions, the proposed
control strategy exhibits superior operating efficiency compared
to other methods, especially when the converter is operated at
low loads with a voltage gain far away from unity.

Fig. 19(c) and (f) illustrates the efficiency and ;s curves at
200 kHz. The proposed strategy still achieves lower i, and
higher efficiency. At 200 kHz, a longer dead time hinders DAB
operation under light load conditions; thus, the dead time is fixed
at 200 ns in this experiment. This limitation prevents the SPS
strategy from achieving ZVS for all switches under heavy-load
conditions with d = 0.93, leading to reduced efficiency.

C. Experimental Results of Transient Performance

Transient performance tests are conducted using both resistive
and constant power loads. UTPS-PI, UPTS-MPC, and UTPS-
RNN control strategies are investigated.

Fig. 20 shows the transient response of DAB with the increase
and decrease of the load power, V; =200 V, V5 = 150 V, and
fs =100kHz. t,1 indicates the moment when the load resistance
changes from 55.6 to 100 Q. ¢,.o represents the opposite change.
In this scenario, the output voltage overshoot of the proposed
control strategy is 1.6 V as the load decreases. The settling time is
only 13.6 ms, with nearly no undershoot when the load increases.
In contrast, under UTPS-PI control, the dynamic overshoot and
settling time is greater. Although the UTPS-MPC strategy does
not exhibit any dynamic overshoot, its output voltage tracking
error is 4.1 V. Meanwhile, the UTPS-RNN method demon-
strates a 2 V overshoot and a 1.7 V steady-state error. Com-
pared to other model-free controllers, model-based controllers
typically exhibit better dynamic performance and reduced
ripple.

Furthermore, the transient response of changing V; and V5 is
tested, as shown in Fig. 21. Here, DAB feeds a constant power
load (CPL), Vi = 150 V, fs = 100 kHz, and P = 100 W. In
this scenario, t.; marks the moment when the soft start is over
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and the device enters a constant current mode; t.o is the end
of current limitation; at ¢.3, V5 changes from 100 to 60 V; it
switches back at ¢.4; and the input voltage V; steps up from 150
to 220 V at t.5.

From Fig. 21, the proposed control strategy maintains ex-
cellent transient performance under complex disturbances. It
almost has no overshoot or output voltage tracking error. In
contrast, the PI control shows great dynamic overshoots and
long settling time. The voltage overshoot even reaches 24.1 V
after soft start. Meanwhile, the MPC still presents a slight
output voltage tracking error, while the RNN demonstrates small
overshoot.

With the aim of evaluating the impact of evolving the adaptive
error compensation term 0V on transient performance, Fig. 22
illustrates the transient response of DAB feeding CPL, with and
without the compensation term when V3 =250V, f, = 100 kHz,
and V5, = 100 V. The power of CPL alternates between 100 and
300 W.

(b)

(©)

Soft switching performance under Condition D, V; =250V, Vo =100V, fs = 200 kHz, and P = 320 W. (a) Proposed. (b) TPS in [19]. (c) TPS in [14]

From Fig. 22, it can be found that when the load is suddenly
increased, the SMC strategy without 6V exhibits an output
voltage tracking error of 1.2 V. In contrast, after adding 6V,
the error is eliminated, and the dynamic overshoot is nearly
zero. This shows that the addition of 0V can accelerate the
convergence speed of the output voltage near the equilibrium
state while minimizing dynamic overshoot.

In summary, the proposed strategy exhibits faster convergence
and lower voltage overshoot than the PI controller. In addition,
it enhances transient response compared to conventional SMC
and RNN controllers, while achieving higher tracking accuracy
than MPC.

D. Robustness and Computational Burden

To further validate the robustness of the control strategy, the
impact of circuit parameter mismatches (L4, C5) on the control
performance has also been tested.
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Table V presents the transient response of the output volt-
age under various disturbances. The tests in Table V re-
veal that circuit parameter mismatches have a very small
effect on the overshoot and tracking error of the output

voltage.

Apart from these, performance under control parameter
mismatch is also assessed. In response to changes within +30%
of k1 and ko in the SMC, the steady-state efficiency exhibits
fluctuations of approximately +0.5%, and the convergence
speed around the equilibrium point will be slightly affected.

(©)

()

DAB transient performance under load switching of resistor bank. (a) Proposed. (b) UTPS-PI. (¢c) UTPS-MPC. (d) UTPS-RNN.

Other parameters, when varied within 4+ 30%, exhibit a
relatively minor impact on the steady-state efficiency and
transient performance of the system.

Considering the computational capabilities of conven-

tional microprocessors, a test was conducted to evaluate the

computational burden of the proposed control strategy. The
execution time of the general Al model within microprocessor
is less than 6 s when using the DSP-TMS320F28335 with 150
MHz core frequency. Since the Al method used in the control
strategy is lightweight, the timings for the transient controller are
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Fig. 21.  Transient performance of DAB converter feeding CPL. (a) Proposed. (b) UTPS-PI. (c) UTPS-MPC. (d) UTPS-RNN.

TABLE V
TRANSIENT PERFORMANCE AND EXECUTION TIME OF DIFFERENT CONTROL STRATEGIES FOR DAB CONVERTER WITH TPS MODULATION

Method ~ Execution Time  Frequency Scenarios Overshoot  Settling Time  Steady-state Erro
R:1000 = 5560,V =200V, =150V 0V 0 ms 0V
R:100Q = 166.7Q,13 =200V, =110V 0V 0 ms 03V
Vi:150V =220V, VF =100V, P=100W 0V 0 ms 02V
Vi 60V =100V,V4 =150 V,P =100 W 06V 25.6 ms ov
100 kHz  ip: 1.8A = 1.0A, V4 =150V, V' =100V 0V 0 ms oV
P:100W = 300 W, V3 =250V, V7 =100V 0V 61.8 ms ov
Proposed 12.8 ps —30% Legq
P:100W = 300W, Vi =250V, vy =100v OV 654 ms 03V
—30% Cs
P:100W = 300W, Vi =250V, vy =100v OV 67.1 ms 03V
+30% Leq
P:100W = 300W, V3 =250V, V5 =100V °V 39.2 ms ov
R:166.72 = 100, V; =200V, Vo =150V 0V 0 ms 0V
200 kHg 116672 =1009,V1 =200V, Vo =110V 0V 0 ms 03V
Vi 150V =220 V,V; =100 V,P =100W 03V 3.4 ms 05V
Vy:60V=100V,Vi =150 V,P =100W 07V 46.2 ms 0oV
R : 1000 = 166.7Q, V1 =200V, V2 =110V 38V 542 ms 0V
V150V = 220V, VF =100V, P =100W 23V 24.4 ms Y
Pl 08 s 00 KHz 'y 6oV = 100V, V4 = 150V, P= 100W 127V 73.4 ms 0v
io:1.8A = 1.0A, V1 =150V, V; =100V 32V 30.2 ms oV
R:100 = 166,76,V =200V,V5 =110V 0V 0 ms FWRY
Vi:150V = 220V, VF =100V, P=100W 0V 0 ms 42V
MPC 174 ps 100kHz s 60 v = 100V, 1 =150 V,P = 100W 0V 0 ms 47V
io:1.8A=1.0A,V1 =150 V,V; =100V 0V 0 ms 47V
R:10002 = 166.7¢, Vi =200V, Vo =110V 18V T4 ms I0AY
Vi 150V =220 V,V; =100V, P =100W 13V 5.0 ms 02V
RNN 336 ps 100KHz -y 60 v = 100 V. Vs =150 V,P =100 W 13V 35.0 ms 0v
io:1.8A=1.0A,V; =150 V,V;, =100V 0V 0 ms oV

less than 13 ps. Table V summarizes the transient performance
and execution time of various control strategies applied to the
DAB converter with TPS modulation. The experimental results
indicate that the proposed Al-based control strategy achieves
superior dynamic performance while maintaining a low compu-
tational burden.

Table VI presents an overview of some key features of
the proposed control strategy and other existing transient
control methods, including theoretical derivation complexity,
transient performance, robustness, and implementation costs. In
conclusion, the proposed method outperforms other controllers
in many aspects.
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TABLE VI
COMPARISON OF DAB TRANSIENT CONTROL STRATEGIES

Method Theoretical complexity — Transient performance  Steady-state error ~ Robustness ~ Computational complexity =~ Number of sensors
Proposed Medium + 4+ ++ Nearly zero + 4+ ++ Medium 1
UTPS-PI Low ++ Nearly zero ++ Low 1
UTPS-SMC Medium +++ Small +++ Medium 2
UTPS-RNN Medium +++ Small * Medium-High 1
Normal MPC High +++ Small ++ Medium 2
TPS-MPC [28] High + + ++ Nearly zero * Medium 3
SPS-DRL [33] Medium +++ Small * High 2
Note: +=Poor; +-+=Average; + + +=Good; + + ++=Excellent; *=Unknown.
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Fig. 22. Improvement of system transient performance due to the adaptive
error compensation 6V based on RNN when feeding CPL. (a) with JV.
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VII. CONCLUSION

This article proposes an Al-based modeling and control
strategy for DAB converter with TPS modulation. Such ap-
proach can achieve an enhancement of steady-state and transient
performance simultaneously. The establishment of the general
Al model simplifies the design of nonlinear control strategies
with TPS modulation. Furthermore, due to the integration of
SMC theory with the adaptive error compensation term based
on RNN, the proposed control strategy demonstrates excellent
transient performance and robustness against disturbances, in-
cluding load variations, input voltage fluctuations, changes in
reference output voltage, and parameter mismatches. Experi-
mental results validate the superior steady-state and transient
performance of the proposed strategy. Comparisons with other
control methods further demonstrate their advantages in terms
of theoretical complexity, efficiency, transient performance, and
implementation costs. Therefore, the research presented holds
significant promise for applications in dc converter control. It
offers valuable guidance in constructing models of nonlinear
elements and designing robust control strategies.
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