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ABSTRACT. There are a lot of electronic pulse loads in warship DC micro-grid, which
makes the DC bus voltage fluctuate greatly and reduces the power supply quality of the
equipment. In order to solve this problem, the hybrid energy storage system is used into
the warship DC micro-grid in this paper. Based on the established warship DC micro-
grid mathematical model, a model predictive control method based on finite control set
(FCS-MPC) is designed for the power converters of micro-grid, and the power tracking
control of each energy storage unit is realized. In the proposed FCS-MPC, the least square
method is used to optimize the cost function. Simulation results in Matlab/Simulink show
that the proposed control method has good effectiveness and advantages in stabilizing DC
bus wvoltage, reducing regulation time and accelerating load response speed.

Keywords: Hybrid energy storage system, Warship DC micro-grid, Model predictive
control, Finite control set, The least squares

1. Imtroduction. There are usually various loads in war-ship DC distribution network.
In addition to the propeller for navigation and the service load for normal operation
of equipment, there are also high dynamic pulse loads that require a lot of power in a
short time, such as electromagnetic ejection system, electronic laser weapons and radar
[1,2]. The sudden acceleration and deceleration of warship and the use of electromagnetic
weapons bring about a load change rate that far exceeds the climbing power of the gen-
erator. It will be difficult for the generator to quickly output sufficient power, which will
inevitably lead to the imbalance between power generation and power consumption in
the DC distribution network, resulting in DC bus voltage fluctuation, voltage distortion
and frequency oscillation of generator output. More seriously, it will threaten the stable
operation of the whole system. In order to solve this problem, energy storage devices are
often used into DC distribution network to compensate power difference, stabilize DC bus
voltage and improve power quality [3,4]. The generator and energy storage devices in the
warship DC micro-grid are connected to the DC bus through their respective converters.
Therefore, designing an efficient control strategy for these power converters so that the
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generator and energy storage system can output the reference power accurately is essential
for improving the stability of the warship’s DC bus voltage [5,6].

At present, many researchers have done a lot of research work on the control problems
of these power converters. In [7] a dynamic evolution controller is designed for DC/DC
converters, which enables super capacitors to quickly output electrical energy to compen-
sate for the lack of dynamic response of fuel cells. In [8] a model predictive controller is
designed, which ensures that the DC-DC converter has lower cross regulation in continu-
ous conduction mode and improves the fast response of the reference voltage. For voltage
source rectifier (VSR) converter, currently widely used technologies include feedback lin-
earization [9], sliding mode variable structure control [10], direct power control [12], and
passive control [13], etc.

Rodriguez et al. first proposed the control idea of FCS-MPC in the converter, applied
it to the current predictive control of three-phase voltage source inverter, and achieved
good results [14]. In [15], the basic principle of FCS-MPC is systematically described, and
FCS-MPC is compared with traditional PI control to reflect its excellent characteristics
compared with the traditional control. At the same time, corresponding objective per-
formance functions are proposed for different converter topologies, showing the flexibility
and universality of FCS-MPC application.

Predictive control is divided into continuous control set model predictive control (CCS-
MPC) and finite control set model predictive control (FCS-MPC) according to different
optimization methods and action modes. CCS-MPC is developed from the classical MPC.
By analyzing the system state value and system state model at the current time, and an-
alyzing and calculating all continuously rotating space voltage vectors on the complex
plane, the required target output voltage is obtained. FCS-MPC selects the optimal pre-
dictive value after traversing and selecting limited control variables. CCS-MPC is different
from FCS-MPC, and its control variables have more computation. Although the control
accuracy is more accurate, there is a problem of large prediction error when the system
is disturbed. FCS-MPC, which considers the objective optimization and switch state
decision-making process as a whole, has the advantages of wide application range and
simple application, so it has become a research hotspot of predictive control method. At
present, there is little research on FCS-MPC in ship DC microgrid predictive control, so
whether it can be introduced into ship system?

In view of this, this paper uses the hybrid energy storage system into the warship
micro-grid system to make up for the insufficient output of the generator. Then, the finite
control set model predictive control (MPC) is applied to the control of power converters
in warship DC micro-grid system. The current is predicted, the cost function is designed
combined with the load demand, and the least square method is used to solve it, so as to
obtain the optimal switch combination state, which finally acts on the power converter
and responds to the load demand quickly.

The rest of the article is divided into the following sections. In Section 2, the model
of ship system is established. Section 3 illustrates the problem of ship energy allocation
while Section 4 describes the controller design in detail. In Section 5, simulation results
and analysis are given. Section 6 gives some conclusions.

2. Warship DC Micro-Grid with Hybrid Energy Storage System. In order to
reduce the negative impact of pulse load mutation on the voltage of warship DC bus, the
hybrid energy storage system composed of super capacitor and battery is used into the
micro-grid system, in which the generator is connected to the DC bus through VSR, and
the energy storage unit is connected to the bus through DC-DC converter. The basic
structure of warship DC micro-grid is shown in Figure 1.
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FI1GURE 1. The basic topology of the warship’s DC micro-grid
As shown in Figure 1, i, ij, i) are the three-phase current output by the generator.
Uye and i1pc are the DC bus voltage and current respectively. U, Us., %, and iz are the
voltage and current of the battery and super capacitor respectively. i; and iy are the
current output of the battery and super capacitor through the DC-DC converter. iy, 72
and ir3 are load currents of three different types of loads. C' is the capacitance between
DC bus. R and L are the equivalent resistance and inductance of the generator. R; and L,
are the equivalent resistance and inductance of the battery. Ry and Ls are the equivalent
resistance and inductance of the super capacitor.

2.1. Mathematical model of VSR. VSR is a device that converts AC power output by
a synchronous generator into DC power. In order to simplify the design of the controller,
it is assumed that the switch tube in the converter is ideal and has no power loss.

The model is transformed into the two-phase rotating d-g coordinate system through
coordinate transformation, and the following results can be obtained:

Ldid/dt = Ed — R'éd + wLiq — mdUdC (1)
Ldi,/dt = E, — Ri, + wLig — myUy,

where Ey, E,, 14, 14 are respectively the voltage and current of the generator in the coor-
dinate system d-g, and mg4, m, are the switching functions in the d-q coordinate system. w
is the synchronous frequency, and R, L are the equivalent resistance and inductance in
the circuit.

2.2. The working mathematical model of the battery. As the energy storage unit
in the DC micro-grid, the battery is a device that can be discharged cyclically. Because
the battery voltage is different from the DC bus voltage level, a bidirectional DC-DC
converter is required to complete the task of voltage conversion and energy transmission.
There are two working modes as follows.

When the battery is discharged, energy is transferred to the DC bus through the con-
verter. Since the battery terminal voltage is lower than the DC bus voltage, the converter
works in boost mode. At this time, S5 is turned off and S; is chopped.

i >0,
il = (1 — ml)z'b, (2)
d’ib/dt = —(Rl/Ll)ib + (1/L1)Ub — ((1 — ml)/Ll)Udc
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where 7 is the current reference value of the battery, ¢, is the working current of the
battery, U, is the working voltage of the battery, m; is the switching function of the
switch tube S7, the value is 0 or 1, and #; is the output current of bidirectional DC-DCI.
When the battery is charging, the converter should work in step-down mode, at this time
S is closed and Sy is chopped.

ZZ < 0,
1 = Maly, (3)
dib/dt = —(Rl/Ll)'ib + (1/L1)Ub — (mg/Ll)Udc

where my is the switching function of the switch tube S5, and the value is 0 or 1. In
summary, the mathematical model of battery operation can be obtained:

11 = Mi2lyp,
1 —myi, >0,
mig = . 4
{ m2z§ <0 ( )

dlb/dt = —(Rl/Ll)’ib + (1/L1)Ub — (mlg/Ll)Udc

In the formula, ms is the switching function of the battery, and the value is 0 or 1.

2.3. The working mathematical model of super capacitor. Both super capacitor
and storage battery are voltage source devices. Compared with battery, super capacitor
has high power density and fast charging and discharging speed, so it is very suitable for
high power pulse load. The energy transmission between it and DC micro-grid is also
completed by DC-DC converter, so its working mathematical model is similar to that of
battery, as shown below:

lg = M3alsc,
1 —mgii, >0,
M3y = ) )
{ m4z:c <0 ( )

d’isc/dt = —(RQ/LQ)’iSC + (1/L2)Usc — m34/L2UdC

where Uy, is the terminal voltage of the super capacitor, i, is the working current of the
super capacitor, ¥, is the reference current of the super capacitor, mg and my, are the
switching functions of S5 and S, respectively, and their values are 0 or 1, and i, is the
output current of bidirectional DC-DC2. In the formula, ms, is the switching function of
the super capacitor, and the value is 0 or 1.

2.4. The overall mathematical model of power converters. According to Kirch-
hoff’s current law, the voltage U,. across the bus capacitor and the load current i; have
the following relationship:

dUge/dt = (ipc + iy + iy — ip)/C (6)

where iy, is the load current. According to the law of power conservation, there is an equal
relation warship between the active power of the AC measurement and the DC side of
the VSR:

. 3 . .
Uicipc = §(Edzd + Eyig) (7)

When the generator terminal voltage is stable, E, = 0, substituting (7) into (6), we
can get

dUdc/dt = ((3Edid)/(2Udc) + mlg’éb + m34z'sc — ZL)/C (8)
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The overall mathematical model of the power converter can be obtained from the above
equation:
( d’id/dt = 51Ed — 52id + W'iq — 51mdUdc
dlq/dt = (SlEq - 52’qu - wid - 51qudc
d’ib/dt = 53Ub - 54ib - 53m12Udc (9)
dzsc/dt = 55Usc - 567;30 - 65m34Udc
(| dUqc/dt = 67((3Eq4iq)/(2Uac) + maaiy + Maalse — ir)
where 51 = 1/L, 52 = R/L, (53 = 1/L1, 54 = Rl/Ll, (55 = 1/L2, 56 = RQ/LQ, (57 = 1/C
These parameters are determined by the resistance and capacitance of each converter in
the DC micro-grid.

2.5. Mathematical model of warship propeller load. The loads in the warship sys-
tem are roughly divided into the following three categories according to their purposes:
thruster loads P, pulsed power loads P, and service loads P;. Propeller drives propellers
to rotate in the water and interact with the water to generate the power of the war-
ship’s navigation, which accounts for the largest proportion. In still water navigation, the
relation warship between propeller power and speed is shown as Equation (10).

P, = 2msig(n)kypn® D® (10)

where sig(x) is the sign function, k; is the coefficient of resistance torque, p is the density
of seawater, n is the speed of propeller, and D is the diameter of propeller.

Pulse-type loads are generated by the use of electromagnetic weapons, and have the
characteristics of short duration and rapid rate change. Service-type loads are the basis
for maintaining the normal operation of warships. They usually supply electricity for daily
use and electronic products without major fluctuations.

3. Design of the Power Distribution Strategy in the Warship DC Micro-Grid.
In the sea navigation, in case of emergency, the warship needs to stop or accelerate or
decelerate. At this time, the propeller needs to act quickly, which will produce a large
fluctuation of propulsion load. In addition, the use of high-energy equipment such as
electromagnetic weapons will bring pulse load. This rapidly changing load requires rapid
response, but the climbing power of the generator is limited, and the regulation capacity
is not enough to maintain the balance between power generation and power consumption,
resulting in the fluctuation of bus voltage.

In order to solve this contradiction, the hybrid storage unit composed of battery and
super capacitor is introduced into the warship DC micro network to make up for the
insufficient output of generator. The battery has high energy density and low power
density, which bears the low frequency components in the differential power. The super
capacitor has high power density, high charging and discharging speed, and it bears the
high frequency component in the differential power. The specific energy management
strategies in the warship DC micro network system are as follows.

Firstly, the change rate AP} (t) of the load demand Pj(t) relative to the output of the
generator P,(t — T;) at the previous sampling time is calculated:

APy (t) = (P(t) — Py(t — T0)) /T, (11)

According to the value of load change rate APgL (t), the following two cases are delimited.

Casel: AP[(t) < P.g4, when the load demand change rate does not exceed the gen-
erator’s climbing power, the load power is borne by the generator at this time, and the
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power commands of each unit as follows:
Py(t) = Pp(t), B(t) =0, Pe(t) =0 (12)

Case2: APgL (t) > P.4, when the change rate of load demand exceeds the climbing
power of the generator, the hybrid energy storage system assumes the differential power
Pr(t), where the power instruction of the battery is the low-frequency component P (t)
of the differential power passing through the first-order low-pass filter. The high frequency
component P (t) is borne by the super capacitor.

Pr(t) = Py(t — T,) + sig (APX(t)) Py T,
{ Pr(t) = P;(t) — P;(t) = PY(t) + PM(t)

where P/(t) = P(t) = 0P!(t) + (1 — 9)PY(t — To), PM(t) = Pi(t) = P:(t) — P(b),
¥ = T/(T + Ts), 7 is the time constant of the first order low pass filter, and Ty is the
sampling time.

The mathematical model of the warship’s DC micro-grid takes current and voltage as
the state quantity, so it is necessary to convert the reference power instruction of the
battery and the super capacitor into reference current instruction:

/ sc) ZZ = f)b*/U'l;’< (14>

(13)

4. Controller Design.

4.1. FCS-MPC strategy. The principle of warship DC micro-grid finite control set cur-
rent collection model predictive controller proposed in this paper is shown in Figure 2.
The load power demand P is decomposed into high-frequency power and low-frequency
power after passing through the power distribution unit. The high-frequency part corre-
sponds to the super capacitor power demand P, and the low-frequency part corresponds
to the battery power demand P;. They are divided by their respective voltages Us., U, to
obtain their reference current i, 7;. The reference currents of the generator in two-phase
rotating d-q coordinate system are ij, ;. The current sampling values at the current time

are % i¥ ik, z'k respectively. After the prediction model, the current values at the next

time are predlcted to be i1 gitt gkt i1 respectively. According to the reference
current value and the sampling predicted current value, the cost function J can be de-
signed, and then transformed into the least square problem for solution, so as to obtain
the optimal switch S; combination, so as to control the operation of the converter.

The three-phase two-level inverter for the generator has 8 voltage vectors, which are
respectively composed of 6 non-zero vectors Ui[0,0, 1], Us[0,1,0], Us[0,1,1], U4[1,0,0],
Us[1,0,1], Us[1,1,0] and two zero vectors Uy[0,0,0], U7[1,1,1]. Eight current prediction
values can be obtained by eight switch combinations, of which the current prediction val-
ues obtained by two zero vectors are the same, and finally seven current prediction values
are obtained. For super capacitor and battery, there are three voltage vectors, Us[0, 0],
Uy |0, 1], Uyo[1, 0]. Through the above different current prediction values and relevant con-
straints, the output switching state and the total number of switching states at the next
time can be obtained. Finally, 63 switching states can be obtained. According to Euler’s
equation, we can get the differential form of the current:

dia(t)/dt ~ (i (Z+1)_Zd( i)/ At
dig(t) /dt = (iq(tir1) — iq(ti))/ Al
dip(t)/dt ~ (ip(tisr) — in(ti)) /At

dise(t)/dt = (ise(tiv1) = ise(ti))/ At

(15)
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FIGURE 2. Schematic diagram of FCS-MPC controller

Therefore, the current value of the k£ + 1 period can be obtained from the k period:

ig(k+1) 7 ig(k) uq(k)
iP(k+1) iP (k) ugy (k)
g =Ak)| I B(k F(k 16
ey | A gy | TEW e | TR 09
#(k+1) (k) use(k)
where
1-T6 Tuw(k) 0 0
| “Tw(k) 1-T5 0 0
Alk) = 0 0 1—Té, 0 (17)
|0 0 0 1-Td
T6, O 0 0
B 0 T6& O 0
B(k) = 0 0 Té O (18)
| 0 0 0 Tos
[ —lemdUdc(k)
—T51m Udc(k)
F(k) = e 19
( ) —T53m12Udc(k;) ( )
| —T'6sm34Uge(k)
Equation (16) can be expressed as
z(k+1) = A(k)x(k) + BU(k) + F(k) (20)

4.2. FCS-MPC strategy based on least square method. Assuming that the gener-
ator output power remains unchanged in the prediction range, the vector form of current
prediction values in rolling time domain can be obtained [17]:

w(l+1) = A7 (k)x(k) + [ATFBA U (k)+ [AFF(k) + -+ A°F]  (21)

where [ = k,... , k+ N — 1 is the number of prediction steps, which can be obtained by
writing it as the equation of state:

Y (k) = X (k) = Ta(k) + YU (k) + 11 (22)
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where
BA 0 ... 0
ABA BA ... 0
T pr—
AN-IBA AN-2BA ... BA

T =[4,4%. .. AN"
N—1 T
M= |FAF+F,. .Y AF
7=0

U/(k) = Wl) U27 U3a U47 U57 Uﬁa UZ) y87 U9a U107 Ulla U12a U137 Ul%a )

o(k)T v(k+1)T

Urn—6,Urn—s, Urn—4, Urn—3, Urn—2, Urn_1, U71\L]T
U(k—l—]‘V,—I)T
1 1
1 —— —= 0 0 0
) 2 2
cos(@e(l)  sin(6.(1) 0 0 i3
A | Tsn0e®) cos(oe®) 0 0| 2 | 0 5 = 000
- 0 0 1 0] 3 3 3
0 0 0 1 00 03 3 g
0 0 0 0 0 5
The cost function can be written as
in(l+1) iw(l+1) 117
_ i;;(l +1) B ig(l+1) 9
JI+1) i+ 1) in(l+1) + A ||Av(D)])5 + f
it (l+1) ise(l41) 11I,

| w O

Substituting (21)-(27) into (28), the cost function can be rewritten as follows:

J = |[Ta(k) + YU (k) — QK)|l; + M| SU (k) = Evo(k —1)|3

where

I 0 ... 0 I
-1 I 0 0
S=| 0 -1 ... 0| E=1|0
0 O 1 0

The cost function can be rewritten as
J = &(k) + 2(2(k)) U (k) + U(k) ' QU (k)
where
§(k) = |Tzaq(k) = QR)II5 + A Bo(k = D)3
=(k) = ((Pzay(k) = Q)T = A(Bv(k —1))"S)"
Q="' +5TS

(23)

(24)

(25)

(27)

(28)
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After rearrangement, the cost function can be expressed in the form of least squares as
follows:

J = (Uk)+Q'E(k) Q (Uk) + Q'E(k)) + (k) (36)

where c¢(k) is a constant term, which changes only when the sampling time changes.
Matrix () satisfies the properties of symmetry and positive definite, so there is a reversible
lower triangular matrix H satisfying

H'H =Q (37)
Let Uune(k) = —HQ'Z(k), and the final switch selection can be transformed into a
least squares problem:

Uopt (k) = al"g(n”)lin IHU (k) = Uune(R)5 (38)
U(k

5. Simulation. In order to verify the effectiveness and superiority of the finite set based
model predictive controller and power allocation strategy proposed in this paper in the
warship DC micro-grid, the control effect of the algorithm is verified by simulation ex-
periments in this section. Firstly, the warship DC micro-grid system is built in Mat-
lab/Simulink environment. The basic parameters of energy supply unit and power con-
verter are shown in Table 1. The equivalent resistance and inductance of the generator can
be calculated according to the output voltage, current and power factor. The equivalent
resistance and inductance of the battery and super capacitor can be calculated from the
measured internal resistance data and the measured charge-discharge data. Some other
parameters are selected from the empirical data in the existing research.

TABLE 1. Warship DC micro-grid system parameters

Parameter =~ Numerical value Parameter Numerical value
Resistance R 5 mf) Propeller diameter D 40 cm
Inductance L 30 mH Seawater density p 1018 kg/m?
Resistance R, 20 mS? Resistance torque coefficient k; 0.01
Inductance L, 5 mH Generator capacity, voltage 1 MW, 380 V
Resistance Rs 20 mS? Maximum climbing power P, 240 kW /min
Inductance Lo 5 mH Super capacitor capacitance, voltage 500 F, 500 V
Capacitance C' 25 mH Battery capacity, voltage 800 Ah, 500 V

The load power demand curve is shown in Figure 3. According to the power distribution
strategy in Section 3, the load on the DC bus is distributed to the generator, battery and
super capacitor, in which the system sampling time 7, = 10 us and the time constant of
the first-order low-pass filter 7 = 1 ps. The distribution results are shown in Figure 4.

Finally, the designed controller is substituted into the control system, and the PWM
control power converter action is obtained. Set the rated voltage of DC bus of warship
micro-grid Uj, = 800 V, the simulation is carried out around the goal of stabilizing the
DC bus voltage and controlling the output reference power of the power converter.

The control effect of the finite control set model predictive controller is shown in Figure
5 and Figure 6. It can be seen that in the stage of ¢ < 2 min, the service load gradually
increases to about 100 kW; in the stage of 2 < ¢ < 5 min, the propeller starts and
accelerates gradually, and the load on the bus increases gradually, but it does not exceed
the regulation capacity of the generator, and the hybrid energy storage system does not
need to participate in the regulation of output; during the period of 5 <t < 10 min, the
sudden change of propeller speed makes the load on the bus fluctuate greatly. Due to
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0 5 10 15 20
t/min

F1GURE 3. Load power demand curve

FIGURE 4. Reference power curve of each unit

the limitation of generator climbing power, the output will be insufficient, and a hybrid
energy storage system is required to make up for the differential power; at the stage of
10 < t < 15 min, the electromagnetic weapon is put into use, which brings pulse load
to the bus. At this time, the super capacitor is charged and discharged rapidly, and the
battery cooperates to meet the load demand. In the whole simulation stage, the DC
micro-grid system can respond quickly to the load, and the power fluctuation is only
within 0.3 kW when reaching the steady state.

Figure 5 shows the output power tracking of the battery. It can be seen that the
battery can track the reference power quickly and accurately in the whole process. When
t < 5min, the battery does not need to output power, and the steady-state tracking error
is only 0.2 kW. Then it participates in the system load regulation, in which the power

P /KW

4 6 8 10 12 14
t/min

FIGURE 5. Battery output power tracking curve



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.18, NO.2, 2022 547

command P changes slowly, but the adjustment time of the battery is longer than that
of the super capacitor, and the actual output power is around 0.3 kW above and below
the reference power.

Figure 6 shows the output power tracking curve of the super capacitor. The super
capacitor bears the high-frequency part of the differential power and P, changes more
suddenly than the battery, especially in the stage when the electromagnetic weapon is put
into use, but the super capacitor can also perfectly track the command, output sufficient

power, and keep the steady-state error within 0.2 kW.

200 - R
=
<, 0——n——
. 3
N N ( :
SC
200+ | pSC i
0 5 10 15 20

t/min
FI1GURE 6. SC output power tracking curve

Figure 7 shows the DC bus voltage. As the figure shown, when a pulse load is added to
the load, the DC bus voltage can be stabilized between 796 V and 801 V. The reference
value of DC bus voltage is 800 V, and its fluctuation can be maintained within 5 V. From
here we can see that FCS-MPC has a good control effect on the DC bus voltage of warship
micro-grid.

850 i T T T T ]
28 800 ibudtmbnloobintyidsmistinibosssiinarotionyinincinsiamnaiihyndbsiommionnbiilpi
D
750 a
12 12,5 . 13 135
t/min

FicUure 7. DC bus voltage

In [18], Zhang and Yang made a detailed comparison of FCS-MPC based on traversal
method, sector division method and least square method. Ergodic method usually needs
to traverse all switch combinations when determining the switch state at the next time, so
the amount of calculation is large, which affects the effect of real-time control. Therefore,
a sector division method can be applied to reducing the number of switch combinations
that the algorithm needs to traverse on the selection switch by finding the sector where
the desired voltage vector is located. The sector partition method reduces the amount
of calculation of finite control set model predictive control. However, under the same
experimental conditions, the control effect is worse than the traditional ergodic method.
Using a control strategy based on least square method can facilitate the selection of the
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best switching state. The simulation results show that under the same test conditions,
the control effect of the least square method is better than that of the sector method.

6. Conclusions. Due to the sudden change of load, it is difficult for the generator to
respond quickly to the restriction of collecting and climbing power, which will easily lead
to power imbalance between the power generation side and power consumption side of the
warship, resulting in the fluctuation of DC bus voltage. In order to solve this problem, a
hybrid energy storage device is introduced into the warship DC micro-grid to make up for
the insufficient output of the generator. In this paper, a model predictive control strategy
based on finite control set is designed. Firstly, the mathematical model of warship DC
micro-grid is established, then the load power is reasonably distributed, and finally the
controller is applied to the power converter. It can be seen from the simulation results
that the DC bus voltage can be stable near the rated value and is less affected by load
fluctuation, whether sudden load addition, load rejection or the use of electromagnetic
weapons.

The later work will focus on the research of more efficient power distribution control
strategy, and improve the model predictive controller based on finite control set to obtain
better control results.
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