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Abstract—This article presents a model predictive self-healing
control (MPSC) scheme for battery system interfaced dual active
bridge (DAB) converter in navy ship power system (NSPS) with
pulsed power loads (PPLs). The voltage and frequency of NSPS
are vulnerable to PPLs energization. A properly controlled battery
system with fast dynamic response can mitigate this vulnerability.
Model predictive control (MPC) is a potential solution for the
battery system interfaced DAB converter to achieve fast dynamic
response and mitigate disturbances imposed to the NSPS by PPLs.
However, conventional MPC framework suffers from current pre-
diction error due to the pulsating AC-link inductor’s voltage profile
in DAB converter. This article proposes a self-healing control loop
that utilizes the feasible range of power transfer in conjunction with
the AC-link inductor’s voltage profile. The proposed method can
validate and autonomously correct the predicted current and phase
shift in DAB converter interfaced a battery system. The proposed
control scheme on DAB converter prevents voltage and frequency
collapse in a hybrid AC/DC NSPS particularly during the PPL
energization. The system stability is studied based on Lyapunov
stability analysis. The theoretical concepts are validated by several
case studies implemented on a hardware-in-the-loop (HIL) testbed
of a NSPS. The case studies demonstrate voltage and frequency
regulation of the NSPS with fast dynamic response during PPLs
energization. The proposed MPSC performance is compared with
proportional-integral (PI) based control for DAB in NSPS with
PPLs.

Index Terms—Navy ship power system, pulsed power loads,
MPC, dual active bridge converter.

I. INTRODUCTION

NAVY Ship Power System (NSPS) commonly consists of
loads with different behaviors. These loads can be catego-

rized such as ship propulsion system, pulsed power loads (PPLs),
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etc. Some of NSPS’ loads do not have significant fluctuating
patterns, which are considered steady-state loads. However,
others require large amount of energy in a very short duration
that are known as PPLs. The common PPLs in NSPS are:
electromagnetic guns, electromagnetic aircraft launch systems,
free electron lasers, radar, and sonar [1]. Thus, due to existence
of PPLs, the transient stability of NSPS should be considered
when designing the control schemes of NSPS [2]–[4]. Due to
the inherent slow dynamic response of synchronous generator in
NSPS, considerable voltage and frequency deviations occur due
to PPLs energization. If not properly addressed, this undesired
voltage and frequency deviations can cause collapse of the
voltage sensitive loads or even the whole NSPS.

Energy storage systems (ESS) such as battery banks and
super-capacitors are typically used in NSPS for mitigating the
voltage and frequency fluctuations due to PPLs [5]–[7]. Dual
active bridge (DAB) converter is known as a proper power
electronics interface for ESS in response to fast transient loads
such as PPLs [8]. Due to periodic sudden changes of PPLs
which requires frequent charging and discharging of ESSs, a
high efficiency power conversion unit, such as DAB converter,
is recommended [9]. Although the DAB converter features can
be leveraged for ESS to realize fast restoration of voltage and
frequency in NSPS, but the drawback of this converter is its
control complexity [10].

Several control schemes have been proposed in literature
for DAB converter. A voltage control with power balancing
mechanism is proposed in [11] for solid state transformer (SST)
based on parallel DAB modules. The proposed PI based control
scheme regulates DC-Bus voltage and determines the proper
phase shift. In [12], power transfer in resonant DAB converter is
enabled by regulating the phase shift and resonant tank currents
in this system. In order to make the control process easier, the
authors have used a dq framework to convert all ac state variables
to dc states with slow dynamics. Hence, for controlling phase
shift and tank currents, three PI controllers are used. It is worth
mentioning that the DAB converter highly nonlinear plant for
a PI controller results in slow dynamic response which may
fail in response to fast transient loads such as PPLs [13]. The
transient response of a single-side modulation and symmetric
double-side modulation of a DAB converter are studied in [14];
a modified asymmetric double-side modulation is then proposed
for improving the dynamic response. In [15], a curved switching
surface has been presented for control of DAB converter for
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TABLE I
EXISTING DAB CONVERTER CONTROL APPROACHES

improving dynamic response to sudden load changes. Further-
more, the authors of [16], have provided a method for enhancing
the transient response of DAB converters to sudden load dis-
turbances by utilizing harmonic modeling strategy. However,
the downside of these PI-based control methods are tuning
effort and the assumptions that the controller gain will remain
valid for different operation points as the equilibrium point
changes. These available controllers along with their features
and drawbacks are summarized in Table. I.

Model Predictive control (MPC) is one of the attractive con-
trol approaches in power electronics applications that has been
widely used in industry and academia [17]. This is due to MPC
fast dynamical response and ability in solving multi-objective
constraints optimization problems with substantially less effort
in gain tuning or re-tuning process compared to linear controllers
[18]–[22]. Moreover, for the DAB converter, very few MPC
frameworks have been reported in the literature due to challenges
associated with design of MPC for DAB converter. In fact, unlike
MPC of other power electronics application, conventional MPC
framework is not applicable for DAB converter and requires
modification in the algorithm. For instance, [23] introduces a
predictive control approach that eliminates transient dc offset
currents that have been superimposed on the high frequency
transformer currents in one switching cycle. This protects the
high frequency transformer from reaching saturation. However,
this approach is based on increasing the control bandwidth
which is a challenging requirement for application of MPC on
DAB converter for PPLs. Authors in [24] have introduced a
moving discretized-control-set MPC approach for DAB con-
verters. The purpose of this control approach is to regulate
load voltage of the DC microgrid and minimize the DAB

converter high frequency transformer peak current. However,
the MPC model is based on simplified DAB averaged model
that is subjected to inaccuracies given DAB converter’s high
nonlinearity. Therefore, up to the best knowledge of the authors,
the limited existing MPC frameworks are not best fit for the
DAB converter in applications such as PPLs and this is due
to DAB topology and its non-linear behavior specially when an
accurate prediction of AC link inductor current is required. Thus,
the main contribution of this paper is to address the challenges
associated with design of MPC framework for DAB in NSPS
in response to voltage and frequency deviations due to PPL
energization.

This work proposes a novel model predictive self-healing
control (MPSC) for DAB converter in NSPS with PPLs. The
proposed controller takes advantage of the full model of the DAB
converter as oppose to using the average model to regulate the
DC-Bus voltage and frequency of the NSPS. The proposed con-
trol scheme predicts the AC-link inductor current for one-step
ahead in horizon of time. There are periodic pulsations in high
frequency AC-link inductor’s voltage which extremely decrease
current prediction accuracy; therefore, two validation modules
are developed in this control scheme for correcting the AC-link
inductor current. The inductor voltage is monitored by the first
validation module and the power transfer is checked to be in the
feasible range by the second validation module. The proposed
control framework is developed based on root-finding algorithm.
The proposed MPSC for DAB converter does not require signif-
icant tuning effort compared to conventional PI-based control.
The self-healing feature of the MPSC enhances the dynamic
performance of controller particularly for extreme PPLs. The
fast-dynamic feature of the proposed MPSC ensures the NSPS
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Fig. 1. The considered navy ship power system.

voltage and frequency stability and maximizes its resiliency in
response to extreme PPLs.

The remainder of this paper is organized as follows:
Section II provides an overview of considered NSPS. In this
section, root-cause of voltage and frequency deviations in NSPS,
control process by automatic voltage regulator (AVR) and load
frequency control (LFC) in generation unit are discussed. Also,
an overview of the proposed MPSC for ESS based DAB is
provided. Self-healing mechanism, optimal switching selection
mechanism of the proposed controller and stability analysis are
detailed in Section III. Section IV provides the case studies and
results discussion. Finally, this paper is concluded in Section V.

II. NAVY SHIP POWER SYSTEM: AN OVERVIEW

In conventional ship power systems, the system is based
on radial architecture and the loads are supplied by separate
generators. As an example of a well-known ship which has
this power system architecture is SS Canberra. The propulsion
systems are supplied by generators with around 32MW capacity
while for services loads, the scale of generator can reach to
around 1MW [25]–[27]. Also, some ships use integrated power
system (IPS) architecture for their propulsion and services loads;
as an example, Queen Elizabeth II has IPS architecture in
its power system. The distribution part is operated at 10kV.
However, for supplying some services loads, this voltage level is
decreased by a step down transformer. Some cruise ships, ferries
and vessels follow the IPS architecture with different voltage
level in distribution part for increasing the efficiency [25]–[32].
AC zonal electric distribution is another architecture that has
been proposed for improving the reliability and efficiency of
the ship power system and is known as modern power system
for ships [33]–[35]. Also, a DC zonal electric distribution has
been considered by Electric Ship Research and Development
Consortium (ESRDC) [29], [35]. These two recent types of
power system separate the whole system to different zone with
independent power supplies. In this work, we have followed this
approach to form an AC and DC-Buses representing a hybrid
zone of a common navy ship power system. Fig. 1, shows the

TABLE II
SYNCHRONOUS GENERATOR SPECIFICATIONS

considered hybrid AC/DC NSPS in this paper. The major ele-
ments include: synchronous generator unit, ESS interfaced DAB
converter, AC loads, DC loads, PPLs, single and three-phase
transformers, etc. A synchronous generator supplies the system
loads in steady state. Thus, due to slow dynamic response of
the main generation unit, any significant change in the system
loads such as PPLs energizing, causes a frequency and voltage
deviation and consequently lead to instability in the system.
The synchronous generator is controlled by two controllers:
automatic voltage regulator (AVR) and load frequency control
(LFC). A three-phase transformer steps up voltage for support-
ing medium-voltage loads in NSPS; these loads are energized
independently in the system as shown in Fig. 1. A single-phase
transformer energizes the AC-Bus to supply single-phase loads
and DC-Bus through a DC/AC converter forming a hybrid NSPS.
The ESS interfaced DAB converter is connected to the DC-Bus
of the NSPS supplying the PPLs.

A. Root-Cause of Voltage and Frequency Deviation in NSPS

The considered synchronous generator specifications are pro-
vided in Table. II. The three-phase synchronous generator has
been modelled in the dq rotor reference frame and stator wind-
ings are connected in wye to an internal neutral point [36].
The two control loops of the synchronous generators regulate
the output terminal voltage and the frequency. Based on the
synchronous generator fundamentals, if for any reasons, the
output-power changes suddenly, the whole system frequency
will be affected. The root-cause of this issue can be observed by



HOSSEINZADEHTAHER et al.: SELF-HEALING PREDICTIVE CONTROL OF BATTERY SYSTEM IN NAVAL POWER SYSTEM 1059

Fig. 2. Structure of the proposed control scheme for dual active bridge converter in navy ship power system.

the swing equation. The rotor motion equation is given by,

θm = ωst+ δm, (1)

where θm is defined as the angular position of the rotor with
respect to a stationary axis, ωs is the synchronous speed and δm
is the angular position with respect to the synchronously rotating
reference frame. Thus, the swing equation is given by,

Pm− Pe = ωmJ
d

dt

(
d

dt
(ωs t+ δm)

)
(2)

where Pm, Pe and ωm are the mechanical power, electrical
power and angular velocity of the rotor, respectively. It should
be noted that ωmJ is defined as the inertia constant of machine at
synchronous speed of ωs. The angular momentum of the rotor at
synchronous speed is calculated as Jws

2. Where J is the inertia
coefficient and ws is the synchronous speed. The inertia constant
in this work is 13117.88 kg.m2/sec which indicates that the
synchronous machines has considerable inertia. Based on (2),
the system frequency is vulnerable to sudden changes in power
demand due PPLs. The rate of frequency change highly depends
on inertia constant of the machine. In this paper, a three-phase
PLL is used to obtain the instantaneous frequency; and this
value is compared with a desired value and regulated via a PI
controller. Furthermore, the generator output voltage is sensitive
to load disturbances. By triggering the PPLs, the frequency of the
system decreases. In fact, the frequency of the system is related to
rotor speed. When the rotor speed decreases, the internal voltage
of synchronous generator changes. The induced internal voltage
of the generator in a given stator is defined as kø2πf, where k is
a constant related to the structure of the machine, ø is the flux,
and f is the frequency. For increasing the internal voltage, the
AVR should increase the flux by increasing the field current.
However, after a certain value of the field current, the relation of
the flux and the field current will not be linear. Therefore, if the
load changes suddenly and the frequency drops considerably, the

output voltage of synchronous machine will be affected by this
event. Thus, commonly the generator field voltage is controlled
via AVR.

B. Proposed Control Scheme Principle for ESS Based DAB

This section provides a brief overview of the proposed MPSC,
the detail control formulation is provided in Section III. The
block diagram of the proposed MPSC scheme for DAB con-
verter is depicted in Fig. 2. A DAB converter consists of two
H-bridges connected through a high-frequency transformer. The
main control goal for DAB converter is to impose a phase shift
between the high frequency transformer terminal voltages to
permit bidirectional power flow.

The MPSC process is initiated by the AC-link inductor current
prediction and it ends by an accurate estimation of desired
phase shift to obtain the optimum switching signal. The initial
estimation of the phase shift is carried out by a PI controller when
required power by ESS is calculated for regulating DC-Bus volt-
age. The distinctive features of the proposed controller are the
two validation modules to heal prediction errors and maximize
the accuracy of the phase shift estimation. The first validation
module, evaluates the inductor current prediction by monitoring
the AC-link inductor voltage for potential prediction errors. If the
first validation module detects that the current prediction is not
valid, then a corrective action and consequently second valida-
tion module are triggered. The second validation module notion
is built on the synergy between the power transfer capability
of DAB and the value of the phase shift. The corrective action
to heal the predicted current occurs between first and second
validation modules, once the healing is processed, the resultant
predicted current will be sent to second validation module. This
process is repeated in an iterative manner to compensate the
current prediction and consequently estimate an accurate phase
shift.
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Fig. 3. Typical voltage waveform of dual active bridge converter’s AC-link
inductor.

The validated predicted AC-link inductor current is used
to estimate the phase shift for one step ahead in horizon of
time ϕ(k+1). The phase shift optimum value is obtained by
comparing ϕ(k) and ϕ(k+1) with respect to ϕ̂refvalue which
is determined by minimization of the Euclidean norm. This
optimal phase shift is used to realize the switching signals.
The detailed theoretical analysis and mathematical formulation
of this self-healing process for the proposed control scheme is
provided in the next section.

III. MODEL PREDICTIVE SELF-HEALING CONTROL

A. Self-Healing Mechanism

As mentioned in the previous section, the self-healing mech-
anism consists of two validation modules. In the first module,
inductor voltage is monitored for detecting the potential error
in the predicted AC-link inductor current. Fig. 3 depicts the
AC-link voltage in one period with an arbitrary phase shift. The
output of this module is defined as binary valid and not-valid sec-
tions based on the AC-link inductor voltage profile. Considering
the relation between AC-link inductor voltage and current and
using Euler approximation method, the current of the AC-link
inductor for one-step ahead is given by,

iL(k + 1) =
vL(k)

fsLAC
+ iL(k), (3)

where fs is sampling frequency, vL(k) and iL(k) are the AC-link
inductor voltage and current respectively. In order to detect valid
and not-valid sections, the AC-link inductor LAC minimum and
maximum voltages are given by,

vLmax
= vAB + n1

n2
vCD

vLmin
= −vAB − n1

n2
vCD.

(4)

If none of the voltages in (4) are detected, it means there
is no prediction error and this validation block sends a binary
digit “1”; hence, the controller goes ahead to select the optimum
switching. However, if one of the voltages in (4) is detected,
it means that there is an error in prediction process and the
output of this block will be a binary digit “0” and the second
validation module triggers the corrective action mechanism for
mitigating the prediction error. The corrective action is based on

an incremental adjustment and is given by,

iL,new(k + 1) =
vL(k)

LACfs
+ β × iL,old(k + 1) + iL(k) (5)

where β is decreased in each iteration incrementally. This
process is repeated until the power transfer capability module
verifies the predicted current.

The DAB converter’s power transfer ability is the basis of the
second validation module. A brief overview of power transfer
fundamental of DAB is provided in order to clarify the necessity
of this validation module. The power transfer fundamental of
DAB is similar to power transfer in power system given by,

pr =
vsvr
x

sin(δ), (6)

where vs and vr are sending and receiving-end voltages, and δ is
the difference of the angle of Bus voltages. This equation shows
that current direction and magnitude are controlled by adjusting
the voltage angle (δ). The concept is used to develop power
transfer in DAB converter; though, there are some differences
between power transfer in power system and DAB converter.
The DAB converter operates at high frequency while the power
system operates at a relatively low frequency, i.e. line frequency.
Another difference is the square shape voltage of the primary
and secondary side of the transformer in DAB converter. Fur-
thermore, the AC-link inductor of the DAB converter can be
regarded as the line inductance of (6).

Using (6) in per-unit system and applying aforementioned
differences on DAB converter power transferring principle, the
DAB converter’s AC-link inductor current is as (7),

iL =
vCD

x
ϕ
(
1− ϕ

π

)
(7)

Thus, the power transfer in DAB converter is given by,

po =

⎧⎨
⎩
(

n1vABvCD

n2x

)(
ϕ− ϕ2

π

)
∀ϕ ∈ [0, π

2

]
(

n1vABvCD

n2x

)(
ϕ+ ϕ2

π

)
∀ϕ ∈ [−π

2 , 0
] (8)

where (vAB) and (vCD) are DAB terminal voltages and ϕ is
the phase shift between these voltages. One unique aspect of
the proposed control scheme is the validation module which is
independent to the DAB converter voltage magnitude and the
AC-link inductors value – resulting in a dynamic power transfer
capability for the MPSC realization. This is tackled by defining
a new variable ξ which normalizes the power transfer equation
in (8) by

ξ =
n2po x

n1vAB vCD
, (9)

thus, the normalized power transfer is given by,

ξ =

⎧⎨
⎩
(
ϕ− ϕ2

π

)
∀ϕ ∈ [0, π

2

]
(
ϕ+ ϕ2

π

)
∀ϕ ∈ [−π

2 , 0
] (10)

Equation (10) shows that there are two regions of operation
for power transferring in DAB converter. When 0≤ϕ≤ π/2, the
power is transferred from DC-Bus to ESS; otherwise, the power
direction is reversed and flows from ESS to DC-Bus. Equation
(10) is the mathematical explanation of power transfer capability
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Fig. 4. Dual active bridge converter power transfer capability.

module which is used in self-healing loop and is depicted in
Fig. 4.

The output of corrective action process is validated via the
determined feasible operation range of DAB converter – power
transfer capability. The phase shift between the high frequency
transformer terminal voltages of DAB converter is determined
by,

ϕ(k) =
π

2

(
1−

√
y (k)

)
(11)

where,

y(k) =

(
1− 8 p(k)n2 LAC fsw

n1 vAB vCD

)
(12)

where n1 and n2 are the transformer turns ratio. Hence, the
criterion for power transfer capability module is formulated
using (8), (11), and (12). The criteria function is given by,

ft(k) =

(
8 p(k)n2 LAC fsw

n1 vAB vCD

)
(13)

The satisfactory range of ft(k) can be determined by solving
(11) for its feasible range of −π/2 ≤ ϕ ≤ π/2. This results in
the valid range for ft(k),

−3 ≤ ft(k) ≤ 1. (14)

The power transfer validation module uses (14) as a criterion
to validate the corrective action process output for charging pro-
cess. The derivation of these equations is provided in Appendix
section.

B. Optimal Switching Selection Mechanism

The formulation of the MPSC cost function and optimization
procedure is provided in this section. The absolute value of
instantaneous AC-link inductor current can be accurately es-
timated by its RMS value which is given by,

IRMS =

2

√
i0 im (2D − 1) +

(i0 + im )2

3
(1−D) +

(im − i0)
2

3
D

(15)

where i0, im are the initial and maximum values of the inductor
current, respectively. By considering D= 0.5 for DAB converter,

equation (15) is simplified as,

IRMS =

√
4

6
[(i20 + 2i0im + i2m) + (i2m − 2i0im + i20)]

(16)
Equation (16) can be further simplified given the fact that i0

is negligible compared to im,

IRMS ∼= 1.15 |im| (17)

By observing the instantaneous AC-link inductor current, it
can be seen that the current is almost constant with negligible
slope, where the change in current ΔILAC is given by,

|ΔILAC | =
∣∣∣∣ 1−D

2fs LAC

(
vAB −

(
n1

n2

)
vCD

)∣∣∣∣ (18)

Thus, the RMS value of AC-link inductor current can be
accurately estimated by instantaneous current. In other words,
during one switching cycle, the majority of the time, |im| is very
close to the absolute value of the instantaneous AC-link inductor
current. The phase shift can be estimated based on its relation
with RMS value of the AC-link inductor current,

|ϕ|3 + π3

4
|ϕ|2 +

(
6π3IL

2RMS fs
2 L2AC

vABvCD

−π3

8

(
vCD + vAB

vAB

))
= 0 (19)

Furthermore, as it is shown in (15)–(18), IRMS can be
substituted by AC-link inductor current instantaneous value in
(19). The first potential phase shift ϕ(k) can be determined by
solving (19) using the instantaneous AC-link inductor current.
The second potential phase shift ϕ(k+1) can be determined by
solving (19) using the predicted AC-link inductor current given
by (3) or (5). The validation modules in the previous section
verify the feasibility of the resultant phase shift ϕ(k+1). The
estimated reference phase shift ϕ̂ref is determined by regulating
the DC-Bus voltage via a PI controller as shown in Fig. 2.

The instantaneous phase shift ϕ(k), the predicted phase shift
ϕ(k+1), and the estimated reference phase shift ϕ̂refare used
in the Euclidean norm calculation framework for optimization
process and determination of the switching signals. This process
is depicted in Fig. 5. The optimal switching states that minimize
the feasible phase shift ϕ(k) and ϕ(k+1) Euclidean norms with
the estimated phase shift reference ϕ̂ref are determined by the
proposed cost function. The phase shift vectors based on defined
three unity vectors in each sampling time (k) are given by,

î =
ϕ(k)

|ϕ(k)| , ĵ =
ϕ(k + 1)

|ϕ(k + 1)| , k̂ =
ϕ̂ref

|ϕ̂ref | (20)

	ϕk = ϕ(k)	i+ ϕ (k + 1) 	j , 	̂ϕref = ϕ̂ref
	k

θ(k) = tan−1

(
ϕ (k + 1)

ϕ (k)

)
(21)

	mk is representing a new vector which is used in the final cost
function (g) and it is given by,

|	mk| = min{|	ϕk| |sin(θ(k)| , |	ϕk| cos(θ(k))} (22)
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Fig. 5. Graphical representation of the proposed MPSC cost function (g)
optimization via Euclidean norm approach.

The direction of 	mk will be aligned with ĵ if the first compo-
nent of (22) has the minimum value; otherwise, 	mkdirection is
aligned with î. Thus, the proposed MPSC cost function (g) for
optimization can be formulated as,

|g (k + 1)| =
√
|	mk|2 +

∣∣∣ 	̂ϕref

∣∣∣2 (23)

where (23) obtains the next sampling time (k+1) optimum phase
shift value. The resultant optimal phase shift by (23) is used
to generate the switching signals. The switching signals are
generated by the two functions given in (24),

Y 1 = sin (2πfsw k)

Y 2 = sin (2πfsw k + |g(k + 1)|) (24)

In more details, the gate signals with the appropriated optimal
phase shift are generated by comparing the two function Y1

and Y2 with zero. A unique feature of the proposed MPSC is
the autonomous determination of the optimal phase shift and
accurate estimation of the initial phase shift to be tracked using
a root-finding mechanism, this feature enhances the dynamic
response of the controller and mitigates the steady state tracking
error.

C. Stability Analysis

Stability of the system is investigated by means of the Lya-
punov stability analysis. The next-state converter output phase
shiftϕ(k + 1) for optimal tracking is represented by,

ϕ (k + 1) = ϕopt (k + 1) + e (k + 1) (25)

where, ϕ(k + 1)is the phase shift which is applied on the trans-
former terminal voltages and ϕopt(k + 1)is the phase shift that
will produce zero error in DC-Bus voltage in the following
time step. e(k + 1)is defined as the phase shift quantization

error. In this case, the magnitude of e(k + 1)is less than or
equal to l, where l ϵ R+. It is guaranteed that l is certain to
exist and hysteresis bounds with length ϕ(k + 1)is bounded.
ϕ(k + 1)remains bounded and this is due to the self-healing
mechanism that has been proposed in this work.

‖e (k + 1)‖ ≤ l , l ∈ R+. (26)

The error in DC-Bus voltage is given by,

VDC_ error = VDC(k + 1)− VDC_ref (k + 1)

VDC_ error(k + 1) = xL

[
vL(k)

fsLAC
+ iL(k)

]
+

n1

n2
vcd

− VDC_ref (k + 1) (27)

The objective of the control is to reduce tracking error asymp-
totically to zero or to a small error tolerance. The Lyapunov
function L(k) is defined as:

L(VDC_ error) =
1

2
[VDC_ error]

2 (28)

Based on Lyapunov theorem for system stability, the time
derivative of the Lyapunov function ΔL(VDC_ error)should be
negative for the convergence of VDC_ error to zero. The time
derivative of the Lyapunov function is defined as:

ΔL(VDC_ error) = L(VDC_ error(k + 1))

− L(VDC_ error(k)) (29)

For finding the relation between the next step of AC-link
inductor current and the phase shift, AC-link inductor voltage
is calculated in term of phase shift based on the DAB converter
fundamental and is given by,

vL(k) =
n1 vCD

2n2π

(
ϕ(k)− ϕ2(k)

π

)
− LAC 2πfs iL(k)

2π
(30)

Therefore, the next step of AC-link inductor current is calcu-
lated by,

vL(k)

fsLAC
+ iL(k) =

n1 vCD

n2 LAC 2πfs

(
ϕ(k)− ϕ2(k)

π

)
(31)

Using (27-31), the time derivative of the Lyapunov function
is given by:

ΔL(VDC_ error) =
1

2

[
xL

[
vL(k)
fsLAC

+ iL(k)
]
+

n1

n2
vCD(k + 1)− VDC_ref (k + 1)

]2

− 1

2
[VDC_ error(k)]

2 (32)

considering n1

n2
vCD = α, equation (32) is simplified by,

ΔL(VDC_ error) =
1

2

[
αϕ(k + 1)− αϕ2(k+1)

π − n1

n2
vcd

−VDC_ref (k + 1)

]2

− 1

2
[VDC_ error(k)]

2 (33)
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For converging VDC_ error to zero, it is necessary to find a
proper phase shift which satisfy ΔL(VDC_ error) ≤ 0. Rear-
ranging this inequality results in,

αϕ(k + 1)− αϕ2(k+1)
π − n1

n2
vCD − VDC_ref (k + 1)

≤ VDC_ error(k)
(34)

Using (27), this equation is simplified by,

ϕ2(k + 1)− π ϕ(k + 1) +
π (α+ VDC(k + 1))

α
≥ 0 (35)

By solving this inequality and considering the DAB phase
shift limitation and (25), the phase shift which ensures a negative
time derivative of ΔL(VDC_ error) is defined as ϕ(k + 1)and
is given by,

ϕopt (k + 1) + l =
π ±

√
π2 − 4π

α (α+ VDC(k + 1))

2

ϕopt (k + 1) ≥ π

2
−
√

π2

4
− π

α
(α+ VDC(k + 1))− l

ϕ (k + 1) =
π

2
−
√

π2

4
− π

α
(α+ VDC(k + 1)) (36)

The system should meet the following Lyapunov criteria:

L(VDC_ error(k))≥c1 |VDC_ error(k)|ϑ ∀VDC_ error(k) ∈ Υ

L(VDC_ error(k))≥c2 |VDC_ error(k)|ϑ ∀VDC_ error(k) ∈ Γ

L(VDC_ error(k + 1))− L(VDC_ error(k))

≤ −c3 |VDC_ error(k)|ϑ + c4c1 , c2 , c3, c4 ∈ R+,

ϑ ≥ 1 , Υ ∈ R , Γ ⊂ Υ (37)

Substituting calculatedϕ(k + 1)into (33) and assuming
ϕ(k + 1) = ϕ,

ΔL(VDC_ error)=
1

2

[
α (ϕopt (k+1) + l)− α (ϕopt(k+1)+l)2

π−n1

n2
vCD − VDC_ref (k + 1)

]2

− 1

2
[VDC_ error(k)]

2

ΔL(VDC_ error) =
1

2

[
αϕ− α

π ϕ2 − α− VDC_ref (k + 1)
+αl − α

π (2ϕl)− α
π l2

]2

− 1

2
[VDC_ error(k)]

2 (38)

Based on (36), (38), the bounded form of ΔL(VDC_ error)is
given by,

ΔL(k) ≤ 1

2

[
α− α

π
l − 2ϕα

π

]2
l2 − 1

2
[VDC_ error(k)]

2

(39)
Furthermore, the DC-Bus voltage converges to a condensed

equation which is given by,

Ω =

{
‖VDC_ error(k)‖2 ≤

(
α− α

π
l − 2ϕα

π

)
l

}
(40)

Fig. 6. OPAL-RT platform HIL setup of NSPS.

TABLE III
DAB CONVERTER SPECIFICATIONS

Finally, from (37),

c1 = c2 = 1; c3 = 0.5 , c4 = 0.5

(
π

αl (π − l − 2ϕ)

)2

l2

(41)
Thus, controlled parameter is within a bounded region, and

therefore satisfy Lyapunov’s stability criterion.

IV. CASE STUDIES AND DISCUSSION

Several case studies are carried out in OPAL-RT HIL environ-
ment for the NSPS of Fig. 1; the HIL setup is shown in Fig. 6.
System specifications for DAB converter has been provided in
Table III. The conducted case studies validate the controller
performance to the PPLs energization in the NSPS. The overall
goal is to maximize the NSPS resiliency by regulating voltage
and frequency of the system via the MPSC of DAB converter
interfaced ESS. A comparison with conventional PI controller
is also provided demonstrating the superiority of the proposed
MPSC scheme.

Fig. 7 depicts the DAB converter high frequency transformer’s
voltage and current waveforms in steady state. Precisely, the
high frequency transformer terminal voltages are 50 kHz square
wave. Furthermore, a phase shift is observable between the
high frequency transformer terminal voltages (see Fig. 7). This
phase shift enables the bidirectional power flow capability of the
DAB converter. Moreover, Fig. 8 shows the DAB converter high
frequency transformer currents in one switching period. PPL has
a periodic pattern of a square wave with amplitude of 6 kW, 1 kHz
frequency and duty cycle of 40%. It is worthy to mention that
when the PPL is triggered, the amplitude of the instantaneous
demand is 6 kW (i.e. 0.59 pu) and the average PPL is 2.4 kW
(i.e. 0.23 pu). Note that, the PPL is triggered at instant 12s and
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Fig. 7. AC-link transformer’s high frequency current and voltage waveforms
using MPSC.

Fig. 8. One cycle ac-link transformer’s primary and secondary side current
using MPSC.

adds 6 kW to the base load (3 kW) of the system. The base for pu
calculations is the nominal apparent power of the synchronous
generator. Considering just a single phase of the entire system,
the base load has the value of 0.88 pu and the average PPL load
which is imposed on the system is about 0.7 pu; thus, when
PPLs are triggered, the system faces with serious frequency and
voltage challenges; this scenario accurately replicates the model
of a critical condition for a system in real-time which is handled
by the proposed MPSC scheme. The considered PPL profile is
illustrated in Fig. 9a and 9b.

Fig. 10 shows the NSPS DC-Bus voltage when a conventional
PI controller is used to control the DAB converters in response
to the PPL energization. As it is seen, the DC-Bus voltage is
collapsed within 0.2s after energization of the PPL. Fig. 12
shows that the system frequency deviates and then collapses
by about 15 Hz when the PPL is triggered. This case study
demonstrates that due to slow dynamic response of the DAB
based PI-controller, the voltage and frequency of the system
collapses and causes loss of loads etc. Although, DAB based
PI-controller may have relatively acceptable dynamic response
for arbitrary load patterns without pulsating behavior, but its
dynamic response is not fast enough to regulate the voltage and
frequency of the system in response to PPL energization. This
eventually results in voltage and frequency collapse after couple
of PPL cycles as it is shown in Figs. 10 and 12.

Fig. 9. a) Pulsed power load pattern, triggered at instant 12s. 9(b) Pulsed power
load pattern in per unit considering synchronous generator apparent power as
base power, triggered at instant 12s.

Fig. 10. DC- Bus voltage dynamic using PI controller: the bus voltage col-
lapses after energization of PPL.

Fig. 11. DC- Bus voltage dynamic using MPSC: the bus voltage restored after
energization of PPL.

The proposed controller performance in response to PPL
energization is analyzed in Fig. 11and Fig. 13. The AC-Bus
frequency dynamic when using the proposed MPSC is shown
in Fig. 13. As it is demonstrated, once the PPL is triggered for
energization, there is a deviation in frequency at instant 12s, but
the DAB based MPSC restores the system frequency with around
3.5 seconds. Ship classification societies have put restrictions
on the frequency deviations from the nominal value in both
steady-state and transient conditions [30]. These rules allow a
±5% deviations from the nominal frequency at steady state. For
transient conditions the standard allows ± 10% deviations for a
duration of 5 sec and less. Table IV provides standard require-
ments and metrics for NSPS frequency and voltage regulation.
The results are quantified, compared, and listed in Table V.
Results show that the proposed MPSC scheme restores the
frequency deviation of around 4 Hz, due to the activation of the
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Fig. 12. AC- Bus frequency dynamic using PI controller: the bus frequency
collapses after energization of PPL.

Fig. 13. AC- Bus frequency dynamic using MPSC: the bus frequency restored
after energization of PPL.

TABLE IV
SHIP STANDARDS ALLOWABLE FREQUENCY AND VOLTAGE DEVIATIONS [30]

TABLE V
PI AND PROPOSED MPSC FREQUENCY AND VOLTAGE DEVIATION COMPARISON

PPL, in less than 3.5 seconds which is satisfactory according
to the specification defined by the standard for ships. On the
other hand, the conventional PI-based controller fails to restore
the frequency and voltage to their nominal steady state values.
It worth mentioning that, the PPL of 6 kW is a considerable
sudden load added to the NSPS Buses.

The impact of PPL energization on the system AC-Bus
voltage, derived by synchronous generator, is studied. Fig. 14
demonstrates the generator output voltage dynamic response
where the DAB based PI controller is implemented in NSPS.
As it is shown, generator and ESS cannot restore the AC-Bus
voltage due to PPL pattern in NSPS. In fact, the AVR tries to
regulate the generator output voltage; however, due to consid-
erable unbalance between demand and supply and frequency
collapse, the generator output voltage cannot follow the de-
sired voltage and the AC-Bus is collapsed; thus, the voltage
is not sinusoidal anymore which cause triggering of protection

Fig. 14. Generator output voltage dynamic using PI: the generator voltage and
consequently AC-Bus voltage collapses after energization of PPL.

Fig. 15. Zoomed-in Generator output voltage dynamic using PI: the generator
voltage and consequently AC-Bus voltage collapses after energization of PPL.

Fig. 16. Generator output voltage dynamic using MPSC: the generator voltage
and consequently AC-Bus voltage are regulated and stable after energization of
PPL.

relays and eventually results in system shutdown. Fig. 15 is the
zoomed-in format of Fig. 14. As it is seen voltage collapse after
the PPL is activated. In comparison, the generator output voltage
when DAB based MPSC is implemented is shown in Fig. 16.
In this case, the generator voltage and consequently the AC-Bus
voltage is well-regulated and stable even after energizing PPLs.
It is worthy to mention that because DAB based MPSC scheme
supports system frequency by compensating the sudden demand
in the system, LFC is able to restore the sudden drop in system
frequency; therefore, generator output power can increase based
on its inherent dynamic response. Also, the AVR adjusts the
exciter voltage for supporting any voltage transient during PPLs
energization. Fig. 17 is the zoomed-in version of Fig. 16, as it
is shown voltage remains stable and sinusoidal after the PPL is
activated.

The demand-supply balancing mechanism by the proposed
controller is studied next. Fig. 18 shows the dynamic behavior
of the total power supplied by generator and ESS as well as their
individual power generation when using DAB based MPSC. As
it is shown, the overall system resiliency is enhanced by the
fast-dynamic response of the DAB based MPSC. The NSPS
base load is 3 kW and the PPL is 6 kW with duty cycle of 0.4.
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Fig. 17. Zoomed-in Generator output voltage dynamic using MPSC: the
generator voltage and consequently AC-Bus voltage are regulated and stable
after energization of PPL.

Fig. 18. Active power dynamic of synchronous generator, DAB based MPSC
and the total generation.

Fig. 19. Active power dynamic of synchronous generator, DAB based MPSC
zoomed-in around instant 12s.

Therefore, before PPL energization, the ESS and synchronous
generator should supply the 3kW demand. By energizing the
PPL, the average PPL increases to around 5.4 kW considering
PPL duty cycle in steady state. Moreover, Fig. 19 shows the
dynamic responses of the proposed controller and synchronous
generator in response to sudden load change. As it is shown,
the synchronous generator needs about 2s to regulate its output
power to compensate increased demand, while the gap between
demand and supply is compensated in less than 0.1s by fast
dynamic response of ESS interfaced with DAB based MPSC.

V. CONCLUSION

This paper addresses the challenges associated with design
of MPC framework for DAB in NSPS in response to voltage
and frequency deviations due to PPL energization. A model
predictive self-healing control scheme is proposed for a DAB
converter that is interfacing ESS to the DC-Bus in a hybrid
AC/DC NSPS with PPL. The proposed controller is able to keep
the NSPS voltage and frequency regulated and stable particularly
when a considerable PPL is energized – enhancing the system
resiliency to PPL energization. The proposed MPSC tackles

the challenges and drawbacks associated with MPC framework
for DAB converters while leveraging its inherent fast dynamic
response to address the voltage and frequency deviation in
NSPS with PPL. The proposed controller main characteristics
are the two validation modules to mitigate the possible error
in the predicted AC-link inductor current of DAB converter.
This unique aspect of the proposed approach enables robust
implementation of predictive control for DAB converter with
inherent pulsating AC-link inductor voltage at high frequency.
A cost function is developed to determine the possible switching
states that minimizes the Euclidean norm of the possible phase
shift with respect to the estimated phase shift reference. It is
proved that the implemented estimating block in the proposed
controller have high accuracy. Several case studies are conducted
in HIL environment to evaluate the functionality of the proposed
DAB based MPSC in NSPS and validate its ability to enhance
the system resiliency by restoration of voltage and frequency
when PPL is energized. The provided case studies demonstrate
the superiority of the proposed MPSC compared to PI based
controller for ESS interfaced DAB converter in NSPS.

APPENDIX

This appendix firstly provides a detail analysis for necessity
of a self-healing mechanism for conventional MPC for DAB
converter. The imposed voltage on AC-link inductor is given by,

vL(k) = vAB − n1

n2
(vCD) (42)

Based on the phase shift applied to the transformer terminal
voltages, two short time slots in every switching cycle are formed
(Fig. 7), when vAB has positive value and vCD has negative
value, the imposed voltage on AC-link inductor is given by,

vLmax
= vAB +

n1

n2
vCD (43)

when vAB has negative value and vCD has positive value; the
imposed voltage on the inductor is calculated by,

vLmin
= −vAB − n1

n2
vCD (44)

While the imposed voltage on the AC-link inductor is zero
approximately rest of the time. When a pulsation in current
occurs, the predicted phase shift can have invalid value. For
clarifying this issue, it is proved that why these pulsations cause
the phase shift to be invalid. The phase shift for charging process
is given by,

ϕ(k)=
π

2

(
1−

√(
1− 8 p(k)n2 LAC fsw

n1 vAB vCD

))
(45)

In order to have a valid value for phase shift, the basic
constraint for this equation is given by,

1− 8 p(k)n2 LAC fsw

n1 vAB vCD
≥ 0 (46)

Considering the primary winding of high frequency trans-
former as high voltage side, the following equation is valid
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always. This is given by,

vAB +
n1

n2
vCD ≥ vAB + vCD (47)

Satisfying the equality constraint, the next step of maximum
predicted AC-link inductor current is given by,

iLmax
(k + 1) =

vAB + vCD

fsLAC
+ iL(k) (48)

Hence, the amount of power that is transferred through DAB
converter is calculated by,

p(k + 1) =
vAB

2 + vABvCD

fsLAC
+ vABiL(k) (49)

Checking this equation by the constraint in (46) results in,

vAB
2 + vABvCD

fsLAC
+ vABiL(k) ≤ n1 vAB vCD

8n2 LAC fsw
(50)

After simplifying the inequality and considering k† =
fs/8 fsw, equation (50) is rewritten by,

vAB + vCD(1− k†) + fsLACiL(k) ≤ 0 (51)

According to fig. 7, there are instants that results in positive
values for all terms in (51) and violates the inequality. Hence,
it is proved that the phase shift will not have a valid value and
the conventional MPC algorithm fails to proceed. Considering
the inequality in (47), the condition for satisfying (46) become
worse and this is due to the increase in the inductor current.

Furthermore, this appendix provides the detailed derivation of
the equations (11)-(14). Equation (52) represents the restrictions
in the phase shift values for determining the power transfer in
DAB converter,

po =

⎧⎨
⎩

(
n1vABvCD

n2x

)(
ϕ− ϕ2

π

)
∀ϕ ∈ [0, π

2

]
(

n1vABvCD

n2x

)(
ϕ+ ϕ2

π

)
∀ϕ ∈ [−π

2 , 0
] (52)

Now, by determining ϕ in term of power transfer,

ϕ =
π ±√π2 − 4π po n2 xn1 vAB vCD

2
(53)

valid range of phase shift in charging process is analyzed. It
means that wheneverξ as the normalized power is zero, the
phase shift should be zero too; also, when the normalize power
is π

4 , the phase shift should reach to π
2 which is the maximum

accepted phase shift. For discharging interval, the same process
is repeated. However, in order to find a unique criterion for this
problem and decreasing computational process in the core of
self-healing module, the feature of an odd function has been
used; it is stated that the function f(x) is odd if,

f(x) + f(−x) = 0 (54)

this equation is valid if the domain of the function is symmetrical.
Also, f (0) = 0, if and only if x = 0 is in the domain of this
function. Checking the power transferring function, it is realized
that,

ϕ =

⎧⎨
⎩

π−
√

π2−4π
po n2 x

n1 vAB vCD

2
∀ξ ∈ [0, π

4

]
−π+

√
π2+4π

po n2 x
n1 vAB vCD

2
∀ξ ∈ [−π

4 , 0
] (55)

By rearranging this function, it is explained as,

ϕ=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

π
2 −
√

π2

4

(
1−

8po n2 LAC πfsw
n1 vAB vCD

π

)
∀ξ ∈ [0, π

4

]
−π
2 +

√
π2

4

(
1+

8po n2 LAC πfsw
n1 vAB vCD

π

)
∀ξ∈ [−π

4 , 0
]

(56)
In a simplified form, this equation is given by

ϕ =

⎧⎨
⎩

π
2

(
1−

√
1− 8po n2 LAC fsw

n1 vAB vCD

)
∀ξ ∈ [0, π

4

]
−π
2

(
1−

√
1 + 8po n2 LAC fsw

n1 vAB vCD

)
∀ξ ∈ [−π

4 , 0
]

(57)
Considering ft(k) = 8po n2 LAC fsw

n1 vAB vCD
and the fact that −π/2

≤ ϕ ≤ π/2, the optimal range forft(k) in both charging and
discharging process are given by,

−π

2
≤ π

2

(
1−

√
1− 8 po n2 LAC fsw

n1 vAB vCD

)
≤ π

2

−π

2
≤ −π

2

(
1−

√
1 +

8 po n2 LAC fsw

n1 vAB vCD

)
≤ π

2
(58)

By rearranging the first inequality, −3 ≤ ft(k) ≤ 1; and for
the second one, rearranging the inequality results in −1 ≤
ft(k) ≤ 3; In the self-healing process, the algorithm checks the
constraints based on the power transferring direction, features of
the odd function, and the overlapped region of two inequalities.
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