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Abstract

A triple phase shift (TPS) modulation strategy is proposed for a three-port active bridge
(TAB) converter in shipboard zonal DC systems. Unlike traditional multi-port convert-
ers, the TAB realizes voltage conversion and bidirectional power conversion under TPS
modulation. It exhibits superior performance in reducing control complexity, enhancing
fault-tolerant capability, and extending the zero-voltage switching (ZVS) region under
normal and fault operation modes. To further enhance its conversion efficiency, a deep
reinforcement learning optimization approach based on the deep deterministic policy gra-
dient (DDPG) algorithm is introduced to adaptively optimize TPS control parameters and
minimize the overall power losses of the converter. To verify the proposed TPS modulation
and DDPG-based optimization strategy for the TAB converter topology, a corresponding
hardware prototype is built and experimentally tested under different operating conditions.
Experimental results demonstrate that the TAB architecture with DDPG optimization effec-
tively reduces current stress and power loss, boosting the converter’s maximum efficiency
t0 96.9% under normal mode and a 3% efficiency gain after fault isolation.

Keywords: triple-phase-shift modulation strategy; three-port active bridge converter; deep
deterministic policy gradient; fault-tolerant control; efficiency optimization

1. Introduction

Driven by the rapid evolution of power electronics technology, the efficient coupling of
distributed energy resources and ship DC energy storage systems [1-3] becomes a strategic
frontier for the development of smart microgrids. Unlike traditional AC frameworks, DC
systems substantially reduce conversion losses by eliminating redundant DC/AC stages,
thereby optimizing overall energy efficiency along the power path.

According to IEEE Std. 1709 [4] shipboard DC power distribution systems mainly
employ three classic topologies: radial, ring, and zonal. The radial topology is simple
and suitable for vessels with modest reliability requirements. The ring topology, though
theoretically appealing, is rarely used in marine applications due to its limited reliability
and flexibility [5,6]. In contrast, the zonal structure, as depicted in Figure 1 forms a zonal
network through longitudinal port and starboard DC buses along the ship, enabling a
dual-sided redundant power supply. When one side fails, critical loads can still be powered
from the healthy opposite-side bus, significantly enhancing system survivability and power
continuity. However, this structure necessitates a large number of DC-DC converters.

Electronics 2026, 15, 1563

https:/ /doi.org/10.3390/ electronics15081563


https://crossmark.crossref.org/dialog?doi=10.3390/electronics15081563&domain=pdf&date_stamp=2026-04-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0009-0001-7341-9422
https://orcid.org/0000-0002-7947-5230
https://orcid.org/0000-0003-1660-9454
https://doi.org/10.3390/electronics15081563

Electronics 2026, 15, 1563

2 of 24

Therefore, multi-port fault-tolerant converters can reduce volume, cost, and losses while
improving system reliability [6].
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Figure 1. The zonal architecture for a shipboard DC power distribution system.

The dual active bridge (DAB) converter plays a significant role in DC power systems
supporting emerging energy applications, including photovoltaic generation and shipboard
energy storage. Given the prevalent use of multiple DC-DC converters in DC systems,
adopting a multi-port architecture to integrate these functions provides an effective means
of significantly decreasing system volume and cost. Multi-port converters have received
extensive research attention in applications such as shipboard power systems, satellite
platforms, and electric vehicles. Both reliability and high efficiency are critical design
requirements in these fields [7-11].

Based on circuit topology, existing multi-port converters can be classified into non-
isolated [11] and isolated [12,13]. For example, non-isolated multi-port converters feature a
simple topology and reduce volume. However, their efficiency and operating voltage range
are generally limited. Most existing multi-port converters focus on improving efficiency
and reducing cost [14,15]. However, such integrated designs often compromise system
reliability. As demonstrated in Figure 2, representative isolated multi-port converters
include the series-DAB and parallel-DAB.
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Figure 2. The representative isolated multi-port converters. (a) Series-DAB topology, (b) parallel-
DARB topology.

Existing research on multi-port DAB converter control and modulation [16] primarily
focuses on optimizing control algorithms for conventional multi-port DAB systems to
reduce losses in power switches and magnetic components.
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As the conventional modulation scheme for DAB converters, single phase shift (SPS)
offers buck-boost capability, reduced filter requirements, and fast dynamic response [17].
However, it suffers from a limited ZVS region, elevated current stress, and increased
circulating power, which significantly degrades overall performance. To address these
limitations, extensive research focuses on advanced modulation strategies such as extended
phase shift (EPS), dual phase shift (DPS), and triple phase shift (TPS) [18-21]. In practice,
SPS, EPS, and DPS are specific operating cases of TPS. TPS employs three independent con-
trol variables, providing greater flexibility than the other modulation strategies. However,
under heavy load conditions, TPS operation gradually shifts toward DPS or EPS modes,
resulting in increased power loss and reduced conversion efficiency [19,20].

To further explore optimal solutions, various advanced iterative algorithms are pro-
posed, including genetic algorithms (GA) [22] and the Newton—-Raphson (NR) method [23],
which are commonly used iterative techniques. However, these iterative approaches in-
volve high logical complexity and high computational costs. Particle swarm optimization
is adopted to minimize reactive power and expand the ZVS region [24]. Compared with
genetic algorithms and Newton’s method, particle swarm optimization offers faster conver-
gence, fewer tuning parameters, and lower computational costs. In recent years, artificial in-
telligence techniques significantly reshaped traditional control methodologies. For instance,
reinforcement learning is widely applied to solve optimal control problems [25]. Among
them, deep Q-network (DQN) is a representative approach that combines Q-learning with
deep neural networks. However, DQN [26,27] is primarily designed for discrete action
spaces and is therefore not well suited for control problems involving continuous variables,
such as phase shift modulation in power converters. As a result, the control implementation
often depends on a lookup table generated from the trained reinforcement learning policy.
Yet, when the training covers a wide operating range, the lookup table grows excessively
large, imposing high computational and memory requirements.

To address this drawback, an RL-ANN hybrid approach has been proposed in [28],
which employs an artificial neural network as a fast surrogate model to generate real-time
control actions during online operation, thereby substantially cutting down on memory
requirements. However, this RL-ANN framework still requires two separate training
processes, resulting in high computational costs and prolonged training times.

To tackle these challenges, deep reinforcement learning (DRL) techniques are applied
to address cognitive decision-making problems in complex systems [29,30]. Among repre-
sentative DRL algorithms, the DDPG method uses neural networks to approximate both the
policy and the Q-function, enabling efficient and stable control in continuous action spaces,
effectively overcoming the limitations of conventional reinforcement learning approaches [31].
Consequently, the trained agent serves as a fast surrogate predictor that directly generates
appropriate control decisions in real time. As a model-free DRL approach based on actor—critic
architecture, DDPG employs a parameterized policy that is directly optimized via policy
gradient methods to update the parameters of deep neural networks [32].

In summary, the DDPG algorithm is well suited for the control of multi-port DAB
converters [33-35]. It naturally handles continuous control variables and captures nonlinear
system dynamics through neural network approximation. In addition, ZVS constraints
can be incorporated into the optimization objective via reward design, enabling desired
switching performance. The data-driven nature also reduces reliance on accurate system
models and improves robustness.

As summarized in Table 1, DDPG is compared with conventional optimization and
reinforcement learning methods in terms of control flexibility, nonlinear capability, and
real-time performance. Compared with GA, PSO, NR, and DQN, the proposed method
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provides superior capability in continuous control and nonlinear handling, making it more

suitable for the optimization of multi-port converters.

Table 1. Comparison of the DDPG algorithm with other algorithms.

Algorithms Action Space Continuous Variable = Nonlinear Handling = Model Dependency ZVS Constraints
GA [21] Continuous Good Moderate High difficult
PSO [24] Continuous Good Moderate High difficult
NR [22] Continuous Good Weak High difficult

DON [25,26] Discrete Poor Moderate Low Good

RL-ANN [27] Continuous Moderate Strong Low Good
DDPG [32-34] Continuous Good Strong Low Good

The structure of this paper is organized as follows. The circuit working mode analysis
of the TAB converter, TPS modulation method under normal and fault operation modes,
stability analysis, and modeling are described in Section 2. A detailed loss analysis is
presented in Section 3. The modulation method optimized using the DDPG algorithm
is analyzed in Section 4, and the current stress and various power losses as functions of
output power are evaluated and compared among the traditional parallel, series, and TAB
topologies, as well as the DDPG-optimized topology. Experimental results obtained from
a prototype employing the proposed topology are presented in Section 5. Finally, the
conclusions of this paper are provided in Section 6.

2. TAB Converter Circuit Topology and Modulation Strategy
2.1. TAB Converter Circuit Topology

The circuit structure of a series DC-DC converter is depicted in Figure 3. The TAB
converter includes three symmetrical H-bridges, two high-frequency isolation transformers
T,;, and a single series inductor L, for auxiliary power transfer.

sc—»dotted terminal|

Figure 3. Circuit topology of the proposed TAB converter.

The primary side consists of two H-bridges (HB;, I = 1~2), each of which is equipped
with four MOSFET switches (S;1~S;4, I = 1~2). Moreover, the output H-bridge (HB,)
incorporates four switches (Sp1~So4). All switches use MOSFETs, with parasitic capacitances
denoted as C;j1~Cjs (HB;) and Cy1~Cos (HB,), respectively. On the DC side, the filter
capacitors Cj, and C, are connected in parallel with the input-side H-bridge (HB;) and the
output-side H-bridge (HB,), respectively. Furthermore, the turns ratio of T,; is 1:n, and
the corresponding voltage conversion ratio for each battery pack is m; = U,/nlU;, with a
total voltage conversion ratio of m = U,/Uj + Up, where m > 1 and m < 1 denote boost and
buck scenarios, respectively. U, is the output voltage and U, is the input voltage of the i-th
battery pack.

2.2. TPS Modulation Strategy

The TAB converter is designed to achieve power balancing and voltage conversion
among battery packs, as well as to regulate the output-side power, under both normal
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and fault conditions. The corresponding converter modulation waveform is illustrated
in Figure 4. On the primary side, the H-bridge switches 5;1(S;3) and S;»(S;s) operate
complementarily, with a constant 50% duty cycle. On the secondary side, the switches
operate with a constant duty cycle, d, = 0.5.
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Figure 4. TPS modulation waveform of the TAB converter.

As a result, the diagonal switches within each pack are not activated simultaneously,
creating an internal phase shift cycle d; (0 < d; < 0.5). If a short-circuit fault occurs in
battery pack 2, for fast isolation, Sp1 and Sy3 are set to 1, Sy and Sy are set to 0, and the
internal phase shift period d; is adjusted to 0. The global phase shift angle y (-90° < v < 90°)
between the primary and secondary sides is used to determine the direction and magnitude
of power conversion throughout the system.

In this paper, only the forward power conversion mode (0° <y < 90°) is considered.
Prior to the derivation of the power expressions, the following assumptions are adopted
to simplify the analysis: (i) the switches are assumed to operate under ideal conditions,
neglecting switching transients and dead-time effects; (ii) the leakage inductance current is
approximated as piecewise linear within each switching interval; (iii) parasitic resistances
and magnetic losses are neglected; (iv) the converter is assumed to operate under steady-
state conditions with constant input voltages and switching frequency.

From the modulation waveform diagram of the TAB converter, it is evident that the
converter operates in six distinct states during half a switching cycle (¢; to t7). Based on the
volt-second balance principle and Kirchhoff’s voltage law, the inductor current iy, over the
interval from #; to t; can be expressed as follows (1):

B i () (1)
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Interval 1 [t;—t]: During this time, on the primary side, switches S1; and S14 in HB;
are turned on, and Sy4 in HB; is turned on. On the secondary side, switches Sy, and S,3 are
turned on. At this stage, the inductor current is negative.

nU,,l + U,

Ir (t2 —t1) +ir(t) )

iLr(tZ) =

Interval 2 [ty—t3]: During this time, on the primary side, switches S11 and Sq4 in HB;
are turned on, and switches Sp; and Sy4 in HB, are turned on. On the secondary side,
switches Sy, and Sy3 are turned on. During the dead time, switch Sy, is turned off, and its
parasitic capacitance is charged, while the parasitic capacitance of switch Sy is charged,
until the drain-source voltage of switch Sy; is zero, thus achieving ZVS of switch Sy;. At
this stage, the inductor current increases linearly.

”upl + nupz + U,

L (t3 —t2) 3)

iLr(t3> = iLr(tZ) +

Interval 3 [t3—t4]: During this time, on the primary side, switches S1; and S14 in HB; are
turned on and switches Sy1 and Sy4 in HB; are turned on. On the secondary side, switches S,q
and Sy are turned on. During the dead time, switches S,; and S,3 are turned off, and their
parasitic capacitances are charged. At the same time, the parasitic capacitances of switches
So1 and Sy4 are charged until the drain-source voltage of switches S,1 and S,4 are zero, thus
achieving ZVS of switches S,1 and Sy4. At this stage, the inductor current is positive.

nupl + Tlupz - U,
L,

iLr(ts) = (ts —t3) +iL(t3) 4)

Interval 4 [t4—t5]: During this time, on the primary side, switches S1; and S14 in HBg
are turned on and switches Sp; and Sp3 in HB, are turned on. On the secondary side,
switches S,1 and Sy4 are turned on. During the dead time, switch Spq4 is turned off, and its
parasitic capacitance is charged. At the same time, the parasitic capacitance of switch Sy3 is
charged until the drain-source voltage of switch Sy3 is zero, thus achieving ZVS of switch
Sp3. At this stage, the inductor current is positive.

nUpl —Uu,

L (ts —tg) +ir,(ts) 5)

i (ts) =

Interval 5 [ts—ts]: During this time, on the primary side, switches S1; and S14 in HB;

are turned on and switches Sy and Sp3 in HB; are turned on. On the secondary side,
switches Sy1 and Sy4 are turned on. At this stage, the inductor current is positive.

o (te —t5) + i1, (t5) (6)

iLr(té) =

Interval 6 [tg—t7]: During this time, on the primary side, switches S1; and S13 in HB;

are turned on, and switches Sp; and Sp3 in HB, are turned on. On the secondary side,

switches Sy1 and Sy4 are turned on. During the dead time, switch Sy4 is turned off, and its

parasitic capacitance is charged. At the same time, the parasitic capacitance of switch Si3

is charged until the drain-source voltage of switch 513 is zero, thereby achieving ZVS of
switch Si3. At this stage, the inductor current is positive.

i, (ty7) = —LUo (t7 —te) +ir,(te) 7)

r
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When a short-circuit occurs in the second battery pack, as shown in Figure 5, the
faulty battery pack can be quickly isolated by simultaneously opening switches S»1 and Sy3
(521/523 =1, S22/ Sp4 = 0), as shown in Figure 4, thereby ensuring reliable system operation.
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Figure 5. Equivalent circuit diagram of Bat2 under short-circuit failure.

Based on the modulation waveform diagram of the TAB converter, the TAB converter
operates in six states during half a switching cycle (t;—t7). Without loss of generality, the
operation states of HBj—HB, are given in Figure 6. Each primary side full bridge (HB;) and
secondary side full bridge (HB,) is regarded as a dual active bridge.

For ease of analysis, in Formula (8), the output current of the TAB converter, the
total output power, and the output power of each battery pack are normalized using the
standard reference values Loy, Ponorm, and P; ;,,1,, respectively.

u u? U, U;
Lnorm = 4](72/ Puorm = ?Loy’ inorm — 4]0(Lrl (8)

Without loss of generality, we consider the scenario where m > 1. By combining
Equations (2)—(8), the inductor current iy, ,or, at t1~t7 is given as:

iLrnorm(t1) = anl + (727?1) +4d, — zl

(E2ndy) Wz + 52 oy +2d2—1——
(=2ndp) anz _|_( 2111d1)+1 27—1—2611—2(12
(=2ndy)

Z'Lr,morm t2

Z‘Lr,morm t3

(t2)
(t3)
i1 morm(t4) = 2nd1) NIE AR @)
i1y morm (t5) = (2'” 22nd1) ( = 2nd1) +1
iLr,morm(té) _ (mel (2nd1) 4d +
iLrorm (t7) = 2] 4 (Z”dl) —2dy +2dy — _n

By integrating the inductor current over half a switching cycle (t;~t7), the average
output DC current Iy40¢ can be derived from (10).

I 27 iyt 10
0—avg = T/tl ILy (10)
According to the average inductor current in half a switching cycle in Formula (10),

the total output power P, of TAB after TPS modulation is the product of the average output
current I, 5pe and the output voltage U,, as shown in Formula (11). The output power of a
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single battery pack is P;, which is the product of the average output current Iy.4,¢ and the
battery pack voltage U;, as shown in Formula (12).

2 (b7
Py =U, - Iofzwg = T/t irydt (11)
1
2 [t
Pi= U lo—avg = f/t i dt (12)
1

(ts—ts) (te—t7)
(b)

Figure 6. Circuit diagrams of different operating modes during t;—ty. (a) Circuit diagram of HB;-HB,,
(b) circuit diagram of HB,-HB,.

Thus, the output power of each battery pack and the total output power of the TAB
converter can be expressed by Equations (13) and (14).
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P, 4nd?  2nd; | 4dndyy  2n9?
Pm,i,norm Pi,norm - m; + m; + T, B 7'[277’11 (13)
p, &[ 4nd® ond:  dndiy 2092
b _ _ B ; i _ 14
o,norm Puorm P m; + m; + T 7'[277’11 ( )

1

2.3. ZVS Constraints

To achieve ZVS for all power switches 5;1~S;4 and S,1~So4, the parasitic capacitance
of each switch must be fully discharged before turning on. Therefore, the inductor L, must
have sufficient energy to resonate with the parasitic capacitance and the series inductor
L,. Subsequently, the anti-parallel diodes of the power switches are naturally turned on,
bringing the voltage between the drain and source close to zero. Therefore, if the power
switches are turned on at this point, ZVS is achieved.

To ensure ZVS, the energy stored in the leakage inductor L, at the switching instant
must be sufficient to complete the commutation of the bridge arm. To be specific, this
energy must exceed the energy required to simultaneously charge the output capacitance
of one power switch and discharge the output capacitance of the other switch within the
same bridge arm. Satisfying this condition allows the drain-source voltage of the incoming
switch to fall to zero before the gate signal is applied, thereby eliminating turn-on losses.
Accordingly, the following inequality must be satisfied:

%LrizL, > %Cin—puruzi—DS + %Con—paruzo—DS (15)

In these expressions, Cjy_yqr and Cout-par represent the parasitic capacitances of the primary
side and secondary side switches, respectively, while U; ps and U,.ps denote the drain-to-
source voltages. For simplified analysis, ZVS is approximated by ensuring that a current flows
from source to drain before turn-on. Under this approximation, the boundary condition for
ZVS is defined as ips < 0, where ipg represents the current flowing through the drain and
source of the MOSFET. Accordingly, based on the waveforms shown in Figure 4, the ZVS
constraints for switches S;1-S;4 and S,1-So4 can be summarized as follows:

iLr,norm(tZ) S 0/ iLr,norm(t?,) 2 0 (16)

It is vital to note that critical ZVS turn-on is achieved at the boundary condition
where the current defined in (14) becomes exactly zero. Although this operating point may
introduce minor turn-on losses due to incomplete discharge of the parasitic capacitance
before gate activation, it provides the advantage of enabling zero current turn-off for the
complementary switch within the same bridge arm.

2.4. Stability Modeling and Analysis

In order to rigorously analyze the dynamic behavior of TAB converters under three-
phase modulation, based on the power flow characteristics according to Equation (14), and
to derive a small-signal model, each variable is decomposed into a steady-state value plus
a small disturbance:

Y=%+%
P:Po‘f'pi 17)
Ui:Ui0+Hi

where 7,, Uj,, and P, are the global phase shift angle, battery pack voltage, and output
power in steady state, respectively. 4, U;, and P; are the corresponding perturbations.
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Applying first-order Taylor expansion around the equilibrium point:
- 0P
Po,norm = —= ¥ (18)
Iy

By linearizing the power expression around the equilibrium point, the small-signal
power variation can be expressed in compact form as:

P =K% (19)
where the power gain coefficient K, is:
N
ny., U
Ky = = 20
1= §FL (20)

This result indicates that, near the operating point, the TAB converter exhibits a
linear proportional relationship between global phase shift perturbation and output power
variation. The magnitude of this gain is determined by voltage level, leakage inductance,
and switching frequency.

The dynamic response of the output voltage can be described by the relationship
between the capacitor current and voltage. Based on Kirchhoff’s current law and Kirchhoff’s
voltage law, the dynamic response expression of the output voltage to the modulation
signal can be obtained:

aa, 2, U, % U,
-0 0 g =20 21
© dt U, R, by TR, 1)

By applying the Laplace transform to the dynamic Equations obtained above, the
open-loop transfer function can be solved:

2
nUoRo( - 2%) YU
i=1
SfLr(RoCoS + 1)

Based on the Bode plot shown in Figure 7, the control performance under normal
operating conditions was evaluated.

Gp(s) = (22)

100 =

Open-loop
——— Compensated Loop
|—=— Model Measured

50

0

Magnitude (dB)

_50 : ]
10° 10! 10% 10° 10* 10°

Phase (dag)

10° 10' 10° 10° 10* 10°
Frequency (Hz)

Figure 7. Stability analysis of TAB converter under three-phase modulation using bode plot.

The open-loop function is shown in Equation (22). After closed-loop PI compensation,
the low-frequency gain increases, effectively reducing the steady-state error. The cutoff
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frequency is approximately 270 Hz, achieving a good balance between dynamic response
speed and high-frequency noise attenuation. Furthermore, the phase margin is designed to
be 48°, indicating that the system possesses sufficient stability and damping characteristics.

In addition, the measured frequency response agrees well with the analytical model,
verifying the accuracy of the second-order model. These results confirm that the proposed
control design can achieve the required stability and dynamic performance.

3. Losses Distribution

The primary goal of this study is to enhance the efficiency of the TAB converter, neces-
sitating a rigorous quantification of individual loss components. Total power dissipation is
primarily categorized into semiconductor losses, magnetic component losses, and residual
losses. Magnetic losses encompass conduction losses and excitation losses in the trans-
former T,; and the inductor L,. In addition, semiconductor losses include conduction losses,
switching transition losses, and gate drive power consumption. Residual losses are mainly
due to temperature-dependent variations in the conduction resistance of MOSFET modules.
A detailed breakdown of power loss analysis is provided in the following sections.

3.1. Losses Model of Power Switches

(1) Switching Losses: In general, the evaluation of switching losses depends on the
operating conditions of power semiconductors, namely soft switching or hard switching.
Accordingly, total switching loss comprises turn-on and turn-off losses. Specifically, the
expressions for the turn-on loss and turn-off loss of MOSFETs are as follows:

1 1
Pon = fS <2Vdslon(tri + tffon) + 2Cd5V§S) (23)

1
Poff:fs(zvdsloff<trv+tfoff)) (24)

where P,, denotes the turn-on losses, P, f indicates the turn-off losses, f; represents the
switching frequency, V;; denotes the drain-source voltage, Cys represents the parasitic
capacitance, I,; denotes the turn-on current, and Ioﬁ is the turn-off current. Moreover, tf on
denotes the turn-on delay time, ,; represents the current rise time, #; o signifies the turn-off
delay time, and ¢, denotes the voltage fall time of the MOSFET, respectively. Therefore,
the total switching loss is as follows:

Ptotul_sw = Pon + Poff (25)

Specifically, switching losses are negligible under soft switching conditions, with turn-on
losses effectively eliminated under ZVS and turn-off losses under zero current switching.

(2) Conduction Losses: The conduction losses in power semiconductors are primarily
determined by the circulating RMS current and the device’s on-state resistance (R s (on))-
Specifically, it is critical to account for the temperature dependency of on-state resistance,
which typically increases with junction temperature (T}), thereby affecting overall efficiency
at high power levels.

Peon = Izrms : Rds(on) (T]) (26)

Given that each power switch operates with a 50% duty cycle, it conducts for exactly
half of the switching period. Specifically, the total loss corresponds to the sum of power
dissipation across the on-state resistance of all active semiconductor devices in both primary
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and secondary bridges. Accordingly, the cumulative conduction losses Piy;; o Of all
switches admit an analytical expression as follows:

. 2 . 2
Protal_con = 8Ras_in (%:/gns ) +4Rgs out (7’11\L[r2rms> (27)
where Ry, ;,, represents the on-resistance of the power switches (S;1~S;4) and Rys o+ denotes
the on-resistance of the power switches (Sy1~So4)-

(3) Gate Drive Losses: The power dissipation in the gate drive circuitry stems from the
repeated charging and discharging of the MOSFET’s internal gate capacitance during each
switching cycle. This loss mainly depends on the total gate charge Q¢ required for device
state transitions and the magnitude of the applied gate source voltage V. Accordingly,
the gate driver loss can be calculated as follows:

Pgate = Qg ) Vgs 'fs (28)

where Vg, represents the gate driver voltage and Qg denotes the gate charge capacitance in
the MOSFET, respectively.

For the TAB converter with 12 power switches, the total gate drive power consumption
(Ptotal_gate) is proportional to the switching frequency and can be analytically expressed as:

Ptotal_gate = 8Qg—in : Vgs—in : fs + 4Qg—0ut : Vgs—out 'fs (29)

where Vs ;,, denotes the gate driver voltage and Q, ;, represents the gate charge capacitance
of the power switches S;1~Sy4. Similarly, Vs oyt denotes the gate driver voltage and Qg out
signifies the gate charge capacitance of the power switches S,1~5o4.

Thus, the losses of the total power switches are as follows:

P total_sw_loss — b total_sw g total_con T Protal _gate (30)

3.2. Power Losses Model in Magnetic Components

The total power dissipation in magnetic components, including the high-frequency
transformer T,; and resonant inductor L,, comprises winding losses and excitation losses.
Under the assumption of constant winding resistance and neglecting frequency-dependent
skin and proximity effects, copper losses Pcopper of these magnetic components are analyti-
cally defined based on Joule heating as follows:

Pcopper = Izmjms R (31)

To simplify the electromagnetic analysis of the magnetic cores, the induction wave-
forms in T,; and L, are assumed to be dominated by their fundamental sinusoidal compo-
nents. Consequently, the classical Steinmetz Equation serves to estimate the core power
dissipation, P, which admits the following analytical expression (32):

Pcore:k'féx'Bﬁ'Ve (32)

where k, «, and p are empirical Steinmetz coefficients that describe the hysteresis and eddy
current characteristics of a specific core material. These parameters are typically obtained
from manufacturer loss curves or datasheets. B is the peak magnetic flux density within the
core and depends on the applied voltage excitation and the effective cross-sectional area of
the core. V, is the effective magnetic volume of the core and reflects the total volume of
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material subjected to magnetic flux. Accordingly, the power loss of the transformer T,; can
be expressed as follows:

PTrJoss = I%kjms : (RTrz;p + n2 : RTrifs) + kTriFs’X_mB%Tiyi (33)

where Ry , denotes the winding resistor of T; on the primary side and Ry;; s denotes the
total winding resistance of the transformer T,; on the secondary side.

2U;

Bri~
nzNTri_pATri

(34)
where Nr;; , denotes the number of winding turns of each transformer on the primary side,
and Ar,; represents the effective magnetic cross-sectional area of each transformer.

The losses of the series inductor L, can be calculated as:

~Ly pPrr
= I%kjms ’ RL’LP + kLst‘X Bff (35)

LrJoss

where Ry, , denotes the winding resistor of L,. The B;, can be estimated as:

A Veff,uOiermax
By, Pt e
Lr

(36)
where p.¢ denotes the effective relative permeability of the magnetic core and accounts for
the presence of a physical air gap introduced to prevent magnetic saturation; yy represents
the permeability of free space; i, 4 signifies the peak instantaneous current flowing
through the resonant inductor L,, which is utilized to determine the maximum magnetic
flux density; and 1, refers to the effective magnetic circuit length of the iron core utilized
for the series inductor L, respectively.
Finally, the major power losses can be calculated as:

P all_loss — P total_sw + P, total_con +P total_gate +P Tr_loss +P Lr_loss (37)
The efficiency of the TAB converter can be calculated as:

Po

=_—_° (38)
Po + Pall 10ss

n

4. Algorithm Optimization of TAB Converter Under TPS Modulation

In this section, the DDPG algorithm is applied to enhance the conversion efficiency of
the TAB converter under ZVS constraints. The optimization focuses on identifying suitable
phase shift ratios di, dp, and 7 to minimize total power losses.

4.1. DDPG Algorithm

During the optimization control phase of the TAB converter, the main goal is to select
an optimal control action that enables operation with minimum power dissipation based
on real-time state variables Uj, U and P,. From a theoretical standpoint, this efficiency
optimization problem can be formulated as a Markov decision process.

DDPG, an advanced DRL framework, is employed to derive an optimal control
strategy by solving this markov decision process. In the DDPG algorithm, the policy
function maps the state vector st equal to s;= [U;, Uy, Pyl T to the corresponding optimal
action vector o= [dq, d», v] T.
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Meanwhile, the critic network evaluates each state action pair to approximate the cor-
responding action-value function Q of s and «. The operational workflow of the proposed
DDPG-based control methodology is depicted in Figure 8.

e

165,050

( Gaussian Policy gradient Loss function  +——

Gk l;admIg“ IV J lpdmlgi’ IV 2
e

a, = Hy(s,)

Action space @t :
Critic
06S,.,10%) i
S,y 107

l Soft update 0" [

Target Actor Target Critic

i

0d; 0.5

0<d;<0.5

0y s90°

State Space S, :
(U,U,P)

e

6<USIBO)
U,=100(v)
0<P,<216(W)

Figure 8. Algorithm diagram for optimizing the efficiency of the DDPG TAB converter under three
phase shift modulation.

In the DDPG framework, the actor function a; = p(s¢|0*) defines the deterministic
policy parameterized by 6# and directly maps the state s; to a specific control action a;.
Concurrently, the critic function Q%9 (s, a;|6") approximates the action-value function
with parameters 62. Based on the Bellman Equation, the action-value function QQQ(st, ar)
represents the expected cumulative return and admits the following formulation.

Qs ar) = Es,. ok {T(Str ar) + ')’QGQ(SHI/VG(SHl))} (39)

In this formulation, Q%Q(s;, g (s¢) represents the expected cumulative return obtained
by selecting the optimal action in state S; under the given policy 7. To ensure accurate
value estimation, the critic network is updated through minimization of a loss function L%Q
that represents the mean squared Bellman error.

The loss function admits the following mathematical expression:

L(0%) =E, [(Q(st,at 169) —yt)]z (40)

where jj denotes the target policy introduced to stabilize the learning process, while y;
represents the target value produced by the target critic and target actor networks. It is
important to note that y; is inherently dependent on the parameters 69 of the target critic
network. The target action-value y; can be expressed as follows:

yr =r(se,ar) +74Q' (St+1,1/9(5t+1‘9”/) 9Q/> (41)

Moreover, the parameters of the actor network are updated using the deterministic
policy gradient Vy#]. The policy gradient can be analytically derived using the chain rule
as follows:

Vou] = Ey;[VG”Q(S/a|9Q)|s:s,,a:;¢9(s[|9ﬂ)] = Eyg[VﬂQ(Sfa‘GQ)|s:s,,u:yg(s[) ’ VG”VH(SW}[)‘SZSJ (42)

During the update process of the action-value function Q(s, a;|62), the target value
yt changes continuously, which may undermine the convergence of the critic network. To
mitigate this instability, target networks are introduced. Instead of directly copying the
primary network weights, a soft update strategy is adopted.

Specifically, a target critic network Q (s, a |9Q') and a target actor network are main-
tained, where the target parameters track the primary network weights through a smooth-

https:/ /doi.org/10.3390/ electronics15081563


https://doi.org/10.3390/electronics15081563

Electronics 2026, 15, 1563

15 of 24

ing factor. The gradual transfer of these smoothed weights from the primary networks to
the target networks, as illustrated in Figure 8, can be mathematically expressed as follows.

09 — 1609 + (1 —1)6<

/ / 43
" «— 0t + (1 —1)6" 43)

soft update._g o1 {

where o denotes the soft-update rate, determining the tracking speed of the target networks.
Assigning a small value to this parameter constrains the update speed of the target values
yr and significantly improves the stability and convergence of the training process. This
mechanism suppresses oscillatory behavior commonly associated with frequent parameter
updates in DRL.

In the DDPG algorithm, an exploration strategy supports effective exploration
within the continuous action domain. To enhance exploration capability, Gaussian noise
Npug(s¢|6+",0) is added to the deterministic action policy y, thereby forming a new ex-
ploratory policy 3/’

This process can be mathematically expressed as follows:

po(st) = pe (St‘(’f) +N(Ve (St’Gf),O’) (44)

where Nyig(s¢|0:, o) is sampled from the noise process and injected into the practical environ-
ment during action execution. The parameter ¢ remains constant during the initial stage and
gradually decreases at a fixed rate once the replay memory reaches its maximum capacity.

To obtain the minimum operating loss modulation strategy for TAB converters using
the DDPG algorithm, the objective function f(x) is defined as follows:

f(x) = [Pallfloss} = min [Ptotal_sw + Ptotal_con + Ptotal_gate + PTr_loss + PLr_loss] (45)

4.2. Reward Function for Minimizing the Power Losses

The total power dissipation of the TAB converter is denoted as P joss, as defined
in Equation (29). Additionally, the optimization problem includes a nonlinear equality
constraint P, equal to P,;, where P,, denotes the target output power and P, represents the
actual output power measured during the training process. To guide the operating point
toward the desired power level, a penalty function ¢ (dy, da, ) is introduced to quantify
the deviation between the actual and target output power.

@ (d1, da,v) = (Por — Po)2 (46)

The minimum value of zero for ¢ (d1, da, 7y) is achieved when P,, = P,. Thus, the
reward function F (dy, dp, 7v) should consist of a fitness function P}, and a penalty function
@ (d1, da, 7v), which is given by:

F(dlz d2/ 'Y) = —[(U ’ Ploss(dlr d2/ 'Y) +a- (P(dlf d2/ '7)] (47)

where w and o denote the penalty coefficients. The value of « is set to 150 to amplify the
impact of the power tracking error within the penalty function. Furthermore, to achieve
ZVS, the coefficient w is dynamically assigned: w = 1.5 when all power switches S;1 to S;4
and S,1 to S,4 satisfy the soft switching condition defined in Equation (14). Otherwise, w =
15 to penalize the loss of ZVS. The reward function is constructed so that its value increases
as power losses and power tracking errors decrease. As a result, the objective of minimum
power loss and zero power deviation under ZVS constraints is reformulated as a reward
maximization problem F (dy, dp, 7).
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4.3. Training of the DDPG Algorithm

During each episode, the states (U3, Uy, P,) are randomly sampled from the ranges
specified in Table 2. In summary, the DDPG framework takes the TAB converter operat-
ing states (U7, Uy, P,) as inputs, processes them through an actor—critic neural network
under a reward-driven optimization mechanism during offline training, and outputs an
optimized control policy that maps system states to the optimal TPS control parameters.
Accordingly, the appropriate selection of critical hyperparameters significantly influences
training performance. In this study, both the actor and critic networks employ a symmetric
architecture, each comprising two hidden layers with 256 and 128 neurons, respectively.
Hyperparameter optimization is carried out using the grid search method, with the training
process spanning 10,000 episodes.

Table 2. Parameters of different converters under testing.

Parameters Value
Input voltage in traditional parallel topology (U;_pasater) 48V
Input voltage in traditional series topology (U; series) 48V
Input voltage of battery pack in TAB topology (U; 145) 48V
Transformer turns ratio of parallel topology (1) 1:2
Transformer turns ratio of series topology (1) 11
Transformer turns of TAB topology (1) 1:1
Output voltage (U,) 100 V
Rated power (P,) 216 W
Capacitor (C,) 220 uF
Switching frequency (fs) 20 kHz
Leakage inductance (L,) 45 uH

For the proposed DDPG-based optimization framework for the TAB converter, the
input system states are defined as s; = [U, Uy, P,]%, and the optimal action vector to be
optimized is at = [d1, d2, y]T. The detailed training process of the DDPG algorithm is
presented step-by-step as follows:

Step 1: Randomly initialize the actor network 6, critic network 69 and softly initialize
their target networks.

Step 2: For each training episode, observe the initial system state s;.

Step 3: In each training step, select action ay = i(s¢|0") + n; by adding exploration noise ;
to the actor network output.

Step 4: Execute o, obtain the reward r¢ and next state s;, 7, then store the experience tuple
(8¢, at, 11, 5¢47) into the replay buffer.

Step 5: Sample a mini-batch of experience data and compute the target value.

Step 6: Update the critic network by minimizing the loss function shown in Equation (39).
Step 7: Update the actor network using the deterministic policy gradient in Equation (41).
Step 8: Soft update the target networks as shown in Equation (40) and repeat until convergence.

Copper losses are calculated based on the winding resistance of the magnetic compo-
nents. In this paper, the selected switching frequency (20 kHz) has a relatively small impact
on the winding resistance. Therefore, the additional resistance introduced by these effects
is negligible and has a minimal impact on the overall loss analysis. The main goal of the
DDPG learning algorithm is to obtain the optimal control strategy with minimal power
loss throughout the entire operating range. The key parameters are summarized in Table 3.
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Table 3. Key parameters of the DDPG algorithm.

Parameters Value
Actor network learning rate (6#) 0.0003
Critic network learning rate (69) 0.003
Soft update rate (t) 0.005
Penalty coefficient («) 150
Penalty coefficient (w) w =1.5(ZVS), w = 15 (None-ZVS)
Discount factor (7y;) 0.98
Noise parameters (o) 0.01
Memory pool size 50,000
Number of episodes 10,000
20

Step size of each episode
Reward stability

Fluctuation <1 %

4.4. DDPG Algorithm Optimization Results

To ensure a fair and consistent comparison, all configurations utilize switches from
Infineon and Microchip Technology. The voltage and current ratings of the selected MOS-
FETs, as detailed in Table 4, are set to 1.5 to 2 times their rated operating values to provide

sufficient safety margins.

Table 4. Specifications of the converter circuit components.

Item Figure 2a Figure 2b TPS
ems Architecture Architecture Architecture
Input BSZ440N15NS3G BSC070N10NS5 BSC070N'10NS5
Switches
Output
. BSZ440N15NS3G BSC320N20NS3G BSC320N20NS3G
Switches
Inpl.lt B41858C9227M000 B41858C9227M000 B41858C9227M000
Capacitors
Output B41858C9227M000  B43504A2477M000  B43504A2477MO000
Capacitors
Transformer (core) B66375G0000X187
74435581000

Inductor (core)

Through Table 5, a comprehensive comparative analysis is conducted on these three
configurations from dimensions such as fault tolerance, ZVS performance, and the number

of key components with control complexity.

Table 5. Structural comparison of representative multi-port converters.

Parameters Series-EPS Parallel-SPS TAB-TPS
Fault-tolerant X X Vv

ZVS Partial ZVS Partial ZVS Full ZVS
DOF 4 2 3
Capacitors 4 4 3
Switches 16 16 12
Transformers 2 2 2
Inductors 2 2 1

In a series configuration, two transformers with a turn ratio of 1:1 are required. Using

extended phase shift modulation to control the power of each individual port and overall
power transmission requires four degrees of freedom. In parallel configuration, two
transformers are required with a turn ratio of 1:2. Using single phase shift modulation to
independently adjust the power of each port requires two degrees of freedom (DOF), but
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the output voltage range is limited in parallel configuration. If a port fails, the parallel
topology without fault isolation capability will affect power output.

A comparative analysis is conducted among traditional series architecture (Figure 2a),
parallel architecture (Figure 2b), TAB (Figure 3), and TAB topologies optimized using the
DDPG algorithm, focusing on current stress, switching losses, and magnetic component losses.

Figure 9 illustrates the comparison of current stress values and different power losses
with Py when U; paraer = 48 V, U series = 48 V, U;_tap = 48 V, and P, changes from 0 W
to 216 W. Specifically, Figure 9a depicts the changing trend of the current stress ILsess,
while Figure 9b,c depict the curves for power switch loss and magnetic component loss,
respectively. Figure 9d presents the curves of all power losses Py jo55. As indicated in
Figure 9a, the DDPG-optimized TAB converter exhibits the smallest current stress, whereas
the traditional parallel topology experiences the largest current stress. Given that the
traditional parallel and series topologies utilize more switches and transformers, their
total losses, as depicted in Figure 9d, are also the highest. After DDPG optimization for
efficiency, the TAB converter achieves the lowest losses and the highest efficiency.
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Figure 9. Curves showing the variation of current stress and different types of power losses with
Po. (a) Current stress, (b) power switching losses, (c¢) magnetic component losses, and (d) all power
losses. (ui_pamllel =48V, ui_series =48V, ui_TAB =48 V)-

Under fault-tolerant mode, the evolution of current stress and power losses relative to
varying output power is illustrated in Figure 10. For this analysis, P, is increased from 0 W
to 200 W while the transformer Tr; 74p turns ratio is fixed at 1:2. Specifically, Figure 10a
illustrates the changing trend of current stress Lsyess, while Figure 10b,c show the curves for
power switching loss and magnetic component loss, respectively. Figure 10d demonstrates
the curves for all power losses P j555- As illustrated in Figure 10a,d, the DDPG-optimized
TAB converter achieves smaller current stress and total losses.
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Figure 10. Current stress and power loss of TAB converter in fault-tolerant mode and TAB converter
optimized by DDPG. (a) Current stress, (b) power switching losses, (c) magnetic component losses,
and (d) all power losses.

Specifically, Figure 10a,d present the comparison of current stress and total power loss
between the TAB converter with and without DDPG optimization under normal mode. At
the 200 W operating point, the proposed method reduces the current stress by 11.2% under
normal operation and 12.1% under fault-tolerant operation. In addition, the efficiency is im-
proved by 2.9% and 3.9%, respectively. These results clearly demonstrate the effectiveness
of the proposed DDPG-based method in improving TAB converter performance.

5. Experimental Verifications

To ensure fault tolerance, the prototype remains in TAB topology. The primary side of
the experimental setup is equipped with three battery packs and corresponding transform-
ers. In normal mode, the third battery pack does not provide power; in fault-tolerant mode,
the third pack provides power. This allows for comparison of the TAB converter’s system
efficiency and ZVS region in both normal and fault-tolerant modes. All nominal values
and operating ranges of the experimental prototype are detailed in Table 6. The controller
models employed are TMS320F28377 and GW1IN-UV4PG256C6/15. Figure 11 displays a
photograph of the experimental platform, which verifies the feasibility and performance
characteristics of the TAB converter in both normal and fault-tolerant modes.

[~ Primary side
Barttery Jull bridege
Pack 13 |SES HB-HB;

8377 conirol
board

3 AC [ransformers
Series leakage
mductance

Figure 11. A photograph of the hardware setup.
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Table 6. Circuit experimental parameters.

Parameters Value
Input voltage of battery packi=1 (U) 48V
Input voltage of battery pack i = 2 (U) 48V
Input voltage of battery pack i = 3 (U3) 48V

Transformer turns ratio (n) 1:1

Output voltage (U,) 100 V

Rated power (P,) 216 W

Capacitor (C,) 110 uF

Switching frequency (fs) 20 kHz
Leakage inductance (L,) 45 uH

5.1. Normal Mode

The power change of the battery pack under the normal mode of the converter is
tested, as shown in Figure 12. The input power of the bat2 increases at time ¢. The internal
phase shift ratio (d2) of the transformer primary side voltage U, is increased. Consequently,
the leakage inductor current i;, and the output DC current I, also rise.

Tekironix
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Figure 12. The waveform of bat2 power change in normal mode.

5.2. Switch from Normal Mode to Fault-Tolerant Mode

To assess fault-tolerant capability, the waveform transition from normal to fault-
tolerant mode is illustrated in Figure 13. When a short-circuit fault occurs in bat2, bat2 is
isolated at time ¢. After isolation, the transformer primary side voltage U, drops to OV.
The leakage inductor current iy, declines.
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Figure 13. The waveform of normal mode switching to fault-tolerant mode.
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5.3. Fault-Tolerant Mode

To verify the fault-tolerant operational capability, the power change of the battery pack
under fault-tolerant mode is indicated in Figure 14. The input power of the batl increases
at time t. The internal phase shift ratio (d;) of the transformer primary side voltage Uy
increases. Consequently, the leakage inductor current iy, also increases.

File Edit utility Help £ W + Tektronix
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[cz ] T Pl |
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Figure 14. The waveform of batl power change under fault mode.

5.4. ZVS and Converter Efficiency

Under normal mode and fault-tolerant mode, taking switch S1; as an example, the
ZVS performance of the converter is tested as shown in Figure 15.
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Figure 15. ZVS of switch S17. (a) Normal mode, (b) fault mode.

Figure 16 illustrates the efficiency curves of the system under normal mode and fault-
tolerant operating mode. In normal mode, the system achieves a broader ZVS region,
allowing operation closer to its optimal point and resulting in higher efficiency compared to
the fault-tolerant mode. Under normal operating conditions, DDPG optimization increases
the maximum efficiency to 96.9%, representing an improvement of approximately 3.9%
compared to the unoptimized TAB converter. Under fault-tolerant conditions, the maxi-
mum efficiency is improved by about 4.96%. Table 7 shows a comparison of the efficiency
of TPS and DDPG-TPS under different power points and operating conditions.

In summary, the inductor current waveforms under different operating conditions are
compared with simulation and experimental results, and good agreement in waveform
shape is observed. To provide quantitative validation, the peak current values are also eval-
uated, where under normal operation a peak current of 6.2 A is measured experimentally
and 6.43 A is predicted by the analytical model, resulting in a deviation of 3.5%. Under
fault-tolerant operation, the measured peak current is 7.15 A and the predicted value is
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7.43 A, corresponding to a deviation of 3.8%, thereby demonstrating good accuracy and
physical consistency of the proposed analytical model.
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Figure 16. Measured the converter efficiency. (a) Under normal mode, (b) under fault mode.

Table 7. Efficiency at different power points under different operating conditions.

Mode and Strategy 40 (W) 80 (W) 120 (W) 160 (W) 200 (W)
TPS in normal mode 93% 92.9% 92.35% 91.56% 91.31%
DDPG-TPS in normal mode 96.9% 95.8% 95.2% 94.44% 94.28%
TPS in fault mode 91.4% 91.31% 90.67% 89.78% 89.25%
DDPG-TPS in fault mode 96.36% 95.2% 94.65% 93.8% 93.18%

6. Conclusions

This paper proposes a TAB converter under three-phase shift modulation and uses
deep deterministic policy gradient technology to minimize power loss, thereby improving
overall operating efficiency. The main contributions include: (i) the proposed TAB converter
under TPS modulation can achieve voltage conversion and bidirectional power transmis-
sion; (ii) in the event of short-circuit faults, it isolates the faulty port without requiring
additional hardware and ensures uninterrupted power delivery to the load through an
effective modulation strategy; (iii) within the power range of 0-200 W, the proposed DDPG
method improves the conversion efficiency by approximately 2.85-3.97% under normal
mode and by 3.89-4.96% under fault-tolerant mode, compared with the conventional TPS
strategy; and iv) experimental validation confirms the achievement of soft switching, the
improvement in conversion efficiency based on DDPG, and robust cooperative operation
with fault-tolerant capabilities, thereby ensuring reliable power conversion and continuous
utilization of renewable energy in shipboard DC system applications.

In this paper, although the proposed DDPG-based optimization method demonstrates
improved performance, several practical considerations should be noted: (i) the training
process requires considerable computational resources; however, it is performed offline,
and the trained policy can be efficiently implemented in real time. (ii) The performance may
be affected by parameter variations, and significant deviations from the training conditions
could lead to degradation. (iii) The validation is conducted on a low-power prototype,
and extension to higher-power systems may introduce additional challenges. These issues
will be further investigated in future work to improve the robustness and scalability of the
proposed method.
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