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Fig. 8. CC-MPC (N = 20, with UC SOC penalty) performance at sea state 4.

Fig. 9. UC-Only (N = 20, with UC SOC penalty) performance at sea state 4.
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Fig. 11. Pareto fronts of UC-Only, CC-MPC, and PF-MPC at sea state

6 (N = 20).

studies are performed in Sections V-B and V-C. The first study
for the balanced torque case, namely, the worst case scenario
presented earlier, is defined as “Case 1.” The second case study,
where the rotational speed is regulated by a PI controller, is
defined as “Case I1.”

B. Case I: Performance Tradeoff Analysis

In this case study, UC-Only, PF-MPC, and CC-MPC are eval-
uated at different sea states. The Pareto fronts of these three
solutions, which represent the best achievable performance for
the system with HESS and only UCs, are shown in Figs. 10 and
11 with the predictive horizon N = 20. The results indicate that
the CC-MPC has substantial advantages over the PF-MPC and

to guarantee the battery working within the constraints. The
performance might be degraded, however, so it is suggested to
recharge the HESS before the battery reaches its constraints.

The key observations are summarized in the following
remarks.

Remark 5.1: The Pareto fronts give insights into the effec-
tiveness of HESS with MPC and the tradeoff between the track-
ing RMS error and the HESS losses. As shown in Figs. 10 and
11, the CC-MPC strategy has substantial advantages on tracking
error mitigation, compared with the energy storage system with
only UCs. Furthermore, the CC-MPC strategy is able to reduce
the tracking RMS error without significant increase in losses at
both sea states 4 and 6, compared with the PF-MPC strategy.

Remark 5.2: A proper control strategy is the critical enabler
for capitalizing the benefits of HESS. As can be seen from
Figs. 10 and 11, UC only can do as well as (and even better
than) the HESS if PF-MPC is used. Without proper coordination,
HESS does not have convincing performance advantage.

Remark 5.3: Under CC, the battery will properly charge the
UC to keep it working at an efficient range to achieve a desired
tracking performance with high efficiency, as shown in Fig. 12
(b). In contrast, without the coordination, the UC cannot assist
the battery to reduce the losses, and the battery cannot prop-
erly charge the UC when needed, leading to the shortened self-
sustained operation time and degraded performance, as shown
in Fig. 12(a). The large variation of the SOC of UC is observed
in Fig. 12(b), compared with that in Fig. 12(a), because the UC
in the CC-MPC must deal with both high- and low-frequency
fluctuations, but the UC in the PF-MPC only addresses high-
frequency fluctuations. Therefore, the UC in the CC-MPC is
used more efficiently than that in the PF-MPC. Furthermore,
the high-frequency fluctuations in the PE-MPC are not reduced
to the level achieved by CC-MPC, as shown in Fig. 12(b) be-
cause of the penalty of the UC SOC in (30). Without this penalty,
the SOC of UC in PF-MPC will decrease fast, and the tracking
performance will deteriorate. Moreover, only when the UC is
operating at high current levels will the batteries in the CC-MPC
strategy start to work to assist in reducing the power tracking er-
ror and minimizing the losses, as shown in Fig. 12(d). However,
with PF, the battery and UC can be working at cross purposes;
namely, when one is charging the other may be discharging.
This causes additional losses and degrades power tracking per-
formance, as shown in Fig. 12(c). Consequently, the overall
energy consumed in the PF-MPC, as shown in Fig. 12(a), is
much more than that in the CC-MPC shown in Fig. 12(b).

Remark 5.4: Extending the predictive horizon will gener-
ally improve performance, at the cost of increased computa-
tional complexity. To make the proposed solution feasible for
real-time implementation, a short predictive horizon is used.
A sensitivity analysis of the predictive horizon for CC-MPC
is performed to gain insights into the tradeoff between these
design attributes. As shown in Figs. 13 and 14, the performance
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Fig. 12. PF-MPC and CC-MPC performance at sea state 4. (a)

(d) CC-MPC HESS current (zoom in).
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Fig. 13.  Sensitivity analysis of predictive horizon for CC-MPC at sea state 4.

isrelatively insensitive to the predictive horizon for this problem.
Using a relatively short predictive horizon (N = 5-20), one can
achieve similar performance achieved by the offline block MPC
solution (N = 100). It is worth noting that the receding hori-
zon MPC (N = 10-20) can achieve better performance than the
block MPC (/N = 100) at sea state 4, as shown in Fig. 13, due
to the closed-loop control with feedback in the receding horizon
MPC. Given that the required computational time depends on
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Fig. 14.  Sensitivity analysis of predictive horizon for CC-MPC at sea state 6.

not only the algorithm, but also the computation hardware, this
study does not directly prove real-time feasibility. Neverthe-
less, by establishing the evidence that a long prediction horizon
is not needed for this problem, it provides strong support that
an MPC-based solution can be practical. Moreover, this sen-
sitivity analysis provides insight that helps designers manage
the tradeoff between performance and control complexity. As
an example, the CC-MPC (N = 20) has been implemented on
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regulated by a PI controller. The PI controller for the speed reg-
ulation is developed and tuned based on the algorithm given in
[6, Appendix B.1]: Kp = (1/a)(Is/Twm) and K; = Kp/T;,
where @ = 3 is a constant related to the damping ratio,
I, = 4800kg - m? is the total propeller rotational inertia, Ty, =
0.011 s is the lumped time constant of the motor and the shaft
speed sensor filter, and 7; = 0.1 s is the PID controller integral
time constant. Since the high-frequency fluctuations are signifi-
cantly filtered in Case II, the batteries, instead of UCs, are used
as the single type of energy storage. The number of battery
modules is set at 18, as shown in Table V. This “battery only”
configuration is defined as “B-Only” in this case study.

The Pareto fronts of Cases I and II are shown in Figs. 15 and
16. The key observations are summarized in Remark 5.6.

Remark 5.6: As shown in Figs. 15 and 16, the performance
of PF-MPC in Case II is even worse than that in Case I.
The reason for this can be explained as follows: The high-
frequency power fluctuation in Case II is around 40% of that
in Case I, due to the lowpass filter effect of the inertia and
the speed controller in Case II. However, the low-frequency
power fluctuations are almost the same, which means the losses

of batteries Z,iV:TO (Powerpatery-1oss (K)) are almost the same un-
der the PF-MPC strategy. Because the losses of batteries are
dominant among the total losses ZgiO(Powerbanew_loss(k) +
Poweryc.oss(k)), the performance metric

Loss %

o ZQ:T() (Powerbattery—loss(k') + PowerUC—loss(k))
- N
Zk:To |PDemand(k)|

gets worse as the total command power decreases. On the other
hand, the performance of CC-MPC in Case II is better than that
in Case I at both sea states 4 and 6, as UCs with CC-MPC not
only cancel out the high-frequency fluctuations, but also help in
dealing with the low-frequency fluctuations, as shown in Fig. 17.
As can be seen, the output currents of batteries and UCs are both
reduced, as shown in Fig. 17, compared to Fig. 12(d), which
indicates that the total HESS losses are significantly reduced
and the battery life is extended. Compared to B-Only in Figs. 15
and 16, CC-MPC outperforms B-Only at both sea states 4 and

x 100%
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6. This result provides the insight that even though the high-
frequency fluctuations are significantly filtered, with a proper
strategy, UC is still essential to improve performance in terms
of minimizing tracking error and losses. In summary, Case II
also demonstrates the effectiveness of the proposed strategy
CC-MPC under more realistic conditions.

VI. CONCLUSION

This paper proposes a new solution to address the effects
of power fluctuations in an electric ship propulsion system:
an HESS that enables internal energy cycling and coordinated
energy management. To capture the underlying dynamic behav-
ior of ship propulsion systems, a propeller and ship dynamic
model is developed to support the exploration of HESS so-
lutions. According to the frequency characteristics of power
fluctuations, CC and PF control strategies are investigated. The
MPC is formulated based on the MOP to minimize the tracking
rms error and HESS losses. The single type of energy storage is
also studied to provide a benchmark in characterizing the per-
formance of HESS. For the energy management of HESS, two
MPC-based strategies, CC-MPC and PF-MPC, are designed
and evaluated. The comparison results indicate that the CC-
MPC strategy outperforms the PF-MPC strategy in terms of
power tracking, HESS efficiency, and self-sustained operation
time. The sensitivity analysis of the predictive horizon for the
CC shows the feasibility of the MPC-based strategies for real-
time applications. In summary, CC is preferred to mitigate the
shipboard load power fluctuation with HESS, given its superior
performance and ability in trading off between achieving power
tracking and reducing energy losses.

This study establishes a foundation for future work in pushing
this technology forward. We will focus on developing reliable
power prediction models for both regular and irregular waves,
enhancing performance and robustness of the solution, and val-
idating real-time implementation. Meanwhile, a life-cycle cost
analysis of the HESS for shipboard power is also of interest
and importance, and will be performed. It is also worth not-
ing that there are other multifrequency load fluctuation applica-
tions, such as pulse power loads (load periods in microseconds),
drilling rigs with heave compensators (load periods in seconds),
thrusters in irregular sea (load periods in tens of seconds) and
so on, when a coordinated HESS could provide advantages.
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