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Abstract. The DC-DC converter represents a crucial component in the renewable energy sources. The stability and dynamic
capability enhancement of the DC/DC converter have emerged as a significant research topic in the current era. Model
predictive control (MPC) is particularly prevalent due to its high dynamic response speed, simplicity of the controller design,
and capacity for multi-objective optimization. However, the traditional finite control set model predictive control (FCS-MPC)
method is suffer to variable switching frequency and vast computing. To improve the dynamic performance of the converter, a
novel nonlinear control strategy named fixed switching frequency MPC and passivity-based control (PBC), named FSF-
PBMPC, is proposed, which could achieve fixed switching frequency and enhance the system's dynamic response speed.
Firstly, the Euler-Lagrange (EL) model of the boost converter is established. Secondly, the relationship between duty cycle and
MPC is established. Ultimately, the output voltage of PBC is incorporated into the cost function of the FCS-MPC. The
characteristics of PBC power shaping and damping injection can enhance the system's immunity to interference, improve the
system's dynamic response speed, and thus reinforce the system's stability. Then, depending on MATLAB, the simulation
results proved that the proposed strategy has the same effect as we expected.
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1. INTRODUCTION

The growing interest in distributed generation technology has

been .dI'IVCII by the emergence of energy sca.rc1ty and energy ( x““ pome |
security concerns. As the increasing integration of renewable o8 ¥

DC Bus

energy sources, such as photovoltaic and wind power | bomc |—> DCload
generation, connected to distributed power generation systems,

the randomness and volatility of the renewable sources, ‘ 1 AOPC

including enhancing dynamic performance, steady state ESmll [

characteristics, and full load range characteristics of the — | DOAC [ ACload
converter [1-2]. The DC-DC converter plays an important role I I l—{ DC/DC l—l

as an interface for distributed power generation into the grid,
as shown in Fig.1. Fig.l illustrates the configuration of a
classical DC microgrid, comprising photovoltaic power
generation module, battery module, DC and AC loads. The Fig.1 Schematic diagram of DC microgrid
DC bus voltage level, serves as the power processing unit for ~ The nonlinear characteristics of the distributed power
new energy generation in the microgrid through a converter. generation system, as previously highlighted, present
challenges to the traditional linear controllers [3]. The
response speed of the control method and the stability of the
*o-mail: Zhangyajing@bistu cdu.cn controlled variables are particularly important for the system.
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a variety of control methods to address the difficulty of
regulating the output voltage to a stable value [4-5]. To better
characterize the nonlinear characteristics of systems and
improve their dynamic performance, nonlinear control has
received widespread attention [6-9]. For example, sliding
mode control [10-11], fuzzy control [12], internal model
control [13], feedback linearization control [14]. Among the
aforementioned control strategies, the traditional sliding mode
control exhibits high robustness [15]. However, the design of
the control signal is more intricate. The utilization of fuzzy
control demonstrates improved regulation of the converter
with enhanced nonlinear characteristics, as evidenced in the
literature [16]. However, the limitation of the fuzzy rule
design makes the method require re-designing of the rules
under varying operating conditions, resulting in an increased
number of fuzzy rules and subsequent computational
complexity. Literature [17] devised an IDA-PBC with
complementary PI controllers, which eradicates the steady-
state error through the implementation of complementary PI
controllers. This method offers a rapid dynamic response
speed, robust immunity to interference, and high stability.
However, its response speed to external disturbances is
relatively slow. In response, literature [18] has proposed a PI-
PBC method and utilized a parameter estimation-based
observer to estimate the converter inductor current. In recent
years, MPC has gained prominence as a prominent control
strategy in the electrical field [19], which has advantages in
dynamic response speed, immunity and implementation. MPC
could be categorized into two distinct groups, including FCS-
MPC and continuous control set model predictive control
(CCS-MPC) [20-21]. Initially, the FCS-MPC controller has
been widely employed in converters because of its simple
design, ability to achieve multi-objective optimization, and
fast dynamic response [22-25]. However, the traditional FCS-
MPC strategy produces variable switching frequency during
the control process, which will result in the saturation of
boundaries in the inductor circuit ripple, and present a
challenge in the design of the filter. Furthermore, fluctuations
in the switching frequency may also result in increased energy
consumption and a reduction in system efficiency. To tackle
this problem, a solution for achieving the fixed switching
frequency is raised in [26]. The fixed switching frequency
MPC is employed in literature [27], which achieves the
control of the fixed switching frequency by adjusting the
inductor current ripple variation in the cost function.
Nevertheless, the switching frequency continues to fluctuate
due to alterations in system parameters.

To address the aforementioned issues, a nonlinear control
method that integrates passive theory and fixed switching
frequency MPC named FSF-PBMPC is proposed in this paper.
Firstly, the Euler-Lagrange model of the Boost converter is
established. Secondly, MPC exports the duty cycle signal.
Finally, the PBC output voltage is incorporated into the cost
function of the FCS-MPC with fixed switching frequency. The
system's dynamic response speed is enhanced by eliminating
the necessity for additional control loops, while its immunity
to external parameter changes is also improved. This paper
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uses the Boost converter as a model, and the simulation results
verify the validity of the method.

This paper’s organizations are shown as follows. In section II,
the mathematical model of the Boost converter is presented. In
section III, the model of the FSF-PBMPC is proposed, it
introduces PBC output voltage to the MPC with a fixed
switching frequency. In section IV, the simulation results are
analyzed. Finally, the conclusions of this strategy are analyzed
in section V.

2. MATHEMATICAL MODEL OF THE BOOST

CONVERTER
iw L VD iy
Y'Y Y\ (|
L=l
+ SJE<— +
U T C=— R[]up

Fig.2. The Boost converter with resistive load

The Boost converter can be shown as an example to expand
the modeling analysis of the proposed strategy, for the reason
that it represents the typical converter. As in Fig. 2, the
topology of a Boost converter is represented, where L is the
inductor inductance, C is the capacitor, R represents the load,
S represents the main switch, VD is the diode. Here, i, is the
inductor current, ui, is the input voltage, and u, is the output
voltage.

Based on the theory of Kirchhoff, we can get the state-space
model of the Boost converter in the continuous-time domain
which is the Eq. (1).

dlin

L
dt

=u, —(1-5)u,
1
Cdup (1—s)-i u, )
P = (l—g)i -2
dt " R

3. IMPLEMENTATION OF THR PROPOSED FSF-PBMPC
CONTROLLER

3.1. PBC Based Nonlinear Design of the Boost
Converter.

Before applying the nonlinear control strategy to the central

converter, the PBC model of the system should be given first.

Initially, the Eq. (1) could be expressed as

A% LBt Re=U ©)
dt

0 0 1-s 00

Where A= , = , R= 11,

C s—=1 0 0 —

R

in T . T dx dx !
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The desired

* * « 7 K3
is x :[xl sz :[zin
the inductor's desired current and desired output voltage,

respectively. The PBC ultimately results in the state variable
x reaching a value of x". The state vector error is set

state space expression

« 7 .o *
upJ , where i, and u, represent

ase=x-x .
Usually, the EL model based on the PBC theory could be
expressed as

*

4% s Re=U— (4L 1 Bx 1 RY) 3)
dr dr

de . ’
Where m denotes the derivative of the error, o represents
t

the derivative of x*, and the error function of the system is
1,
He(x)=5e Ae “4)

In order to let the error energy storage function converge to
zero with the greatest possible speed, it is necessary to inject
damping into the system. The injected damping can be
expressed as Rp.

iy

R.e= (R, +R)e )

R >0 R, >0
= 1 Ip 2p .
Where, R, o L | s
Ry,
By substituting e = x — x into Eq. (2) and the damping matrix
is added to both sides of the equation, the error model of the
Euler-Lagrange (EL) could be expressed as [28].

A%+Re+Rpe = U—(A£+Bx+Rx*)+Rpe
dt dt (6)
Further, the controller of PBC could be denoted as follow
U=A%+Bx+Rx—Rpe 7)

3.2. Fixed Switching Frequency MPC Based Nonlinear
Design of the Boost Converter.

If the sampling frequency in Eq. (1) is sufficiently high,

using the Euler discretization method to discretize it, leading

to the following equation

u, (m)
2 ]

u4m+u=ugm+%ﬁawﬂa—n—

i (m+1)=i (m)+ £u —Eu (m)(1 —s)
in in e T ®
According to the Eq. (8), the iin and u, at the moment m+1
can be predicted, m represents the current moment.
Meanwhile, the discrete sampling time is 7.

The objective of MPC is typically to ensure that the
converter provides a stable output voltage to the load. The
most direct method for controlling the output voltage is to
employ the cost function, which is followed by the direct
inductor current MPC, and based on the aforementioned cost
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function. Subsequently, the cost function for MPC is
constructed.

N
Jy =D (i (m)—i, (m+ 1))’
. ©)
Ty =Yy (m) = (m + 1))’
k=1
Then, this paper proposes a further enhancement by re-
modifying the differential equation of the .. It is achieved

by ensuring that the input power is tantamount to the output
power, which is obtained as

= (10)

Where, i, is the system’s output current, and then substitute
it to the Eq. (8), Eq. (11) is obtained as

%@HD=%®+%mmmbﬂ—5g%

T T ———
iin (m + 1) = iin (m) + Isuin _f iin (m)uinR (] —S)

an

Substituting the up(m+1), éin(m+1) calculated in Eq. (11) into
the Eq. (9) to obtain the cost function for single-step
optimization MPC is expressed as

7= o) =2 o R, + 1,7 i)

L
(I-s) 1 e
Gl (T, )

(12)

Hu, (m)+

iin (m)]-; -

In order to get the control signal, this paper establishes a
direct correlation between the duty cycle and the MPC.

o A, (m+D)=ip)” + (u,(m+1)—u))’]

— =0(13
Os Os (13)

By the tenets of Eq. (13), the Eq. (4) is obtained

G )= i O R+ 10, =1, i, (e, KT,
D=

Y T = (e, R 14
Gy (n) L 1, ()T, =1, (T, =) ., ()T
~ S ()T =i (), RT

In this scenario, the cost function will attain its minimal value
upon the adoption of the optimally derived variable D.

3.3. The proposed FSF-PBMPC nonlinear design for the
Boost converter.

To further accelerate the system's response speed and reduce

the computational complexity of MPC, this paper aims to

combine the PBC and the fixed switching frequency MPC,

named fixed switching frequency MPC based on passivity-

3
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based control. The model based on the proposed control
strategy could be expanded as

di; .
u, :Ld_:+(l —s)up —Rlp(lin —i.)
. (15)

du 1. 1 ;
L _(s=Di +—u ———u_—u

dr

0=C

Equation (15) represents the PBC equation. Furthermore,

in'and u,” are the reference values of the iin. and up,

o *

dlin — 0 dup
dt Code

respectively. Thus, =0. Therefore, the

electrical subsystem can be described as:

i, (m) = Ri[a — sy, (m) -1y ()] + £, (m)
L (16)
u, (m) = Ry [(s~ )i, (m) +%u; (m)]+1(m)

From this, it can be concluded that

"R Ri R(, —i,
up(m):%Jr# (17)

p ur’

Substituting of Eq. (17) into Eq. (14), then the final control
expression is

(G )= i, O RT, 0, T, 1) i (o, T

1. 1.
_Flin (m)’ 7;2 _Elin (m)uinRTsz (18)

D

) (u, (m)+ %iin (m)T, - %un (m)T, - u:)%iin (m)T,
1.

S T i (o, RT

Figure 3 illustrates the control block of the proposed control
strategy for the Boost converter.

Calculation

Eq.(16) o1 (K)
PBC vnlta%e Eq.(17)
. i (k| FSF-
Hin T n g PBMPC | PWM  Boost
PI ii“ k converter

b I N

Fig.3. The control block of the proposed control strategy

3.4. Stability analysis of the proposed method

Since it is difficult to obtain the analytical form of the
control loop transfer function for MPC, it leads to the
difficulty of the traditional stability analysis methods. In
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light of the fact that the Lyapunov function does not
necessitate the availability of a transfer function, this paper
employs it as a foundation for the proof of stability of the
proposed control method.

The positive Lyapunov functions is denoted as

C=05i —i (m)|? (19)

As shown in Eq. (19), this function is the Euclidean distance
between the desired inductor current and the actual current.
In this context, the Lyapunov function is represented by the
symbol C.

Equation (19) is derived as follows:

di, (0"
dt

With the model of the Boost converter, the Eq. (20) can be
modified as

C= (i;l — i, (m)) (20)

. u —(-su,
C:_%.(,}n —i, (m)) 21
Substituting Eq. (17) into Eq. (21), the following result is

obtained:

A R (G —i (m
uin _ (l _S) umlTR + 1p (lm *lm( ))
C=- = i)
L in in (22)
di, ()" .
——— (i, — i, (m
dt ( mn m ( ))

di’ (k)" . .

Where, AL =0. When s = 0, the Eq. (22) is a negative

definite, indicating that the system is stable. When s = 1, the
Eq. (22) is shown as

uu, —R (@ —i, (m *
Sty TR T oy @)
u L

P

Substituting Eq. (16) into Eq. (23), Eq. (24) is obtained:
2

* in

u. u

)
C=———"=" 24)
u,L
Thus, it is established that the value is in fact negative, which
consequently ensures the stability of the system.
To ensure that the system is stable, the injection damping R,

is selected as 5.

3.5. Selection of passive controller parameters

The passive controller injection damping Rip variable is
proportional to the stored energy of the inductor, whereas the
Rop variable depends on the stored energy of the capacitor. In
order to ascertain the injection damping values, the inductor
series resistance R and the capacitor series resistance R» are
employed in the following equivalent circuit state-space
equations.

The state space equation of the equivalent circuit is shown as

4
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*=_p | | x+|L|uirl 2%
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C CR, CR
At this point the characteristic equation of Eq. (25) is
R
s2+(]+1+ —)s + a=by D) (1+ —) =0 (26)
L CR, CR CL CL R, R

In order to relate R; and R» in the equivalent circuit to the
damping injections Ri, and R, Eq. (4) is simplified. It
follows that:

Ae=-Re (27)
Simplifying through it gives as follows
= 1 {x‘ "L} (28)
0 X=X

CR,,
By associating Eq. (25) with Eq. (28), Eq. (29) can be get

M + Rlplm lp in

1

—(1-Du,
i

mn (29)
1 .
R——a( —Z) —p(l Dyi,, ——

At steady state uin-iinR1p= (1-D)up , iin= iin*,we can get

Rl_Rlp

30
1, (30)
R

Substituting Eq. (30) into Eq. (26) yields the equation
characterizing the virtual equivalent circuit

2+(RL oy 02D

L= 31
CR CL Gl

CLR

At this point, the damping ratio ¢ and Rip of the system are
respectively

Rler 1
L CR

(1-D)
CL  CLR

R :(252—1)L+\/(2§2L—LJ +4(1—D)§2L
P CR CR c

The output voltage response of the closed-loop system under
the action of the unit step signal is shown in Fig. 4 for

(32)
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damping ratios of 0.1, 0.5, 1, 1.5, and 2, respectively. It can
be observed that when the damping ratio falls between 0 and
1, indicating an under damped state, the transient response of
the system exhibits a sinusoidal oscillation curve with an
amplitude that decays exponentially. In the case of (=1 or {>
1, the system is in the critical damping or over damping state,
the transient response of the system presents a monotonically
rising exponential curve, with no oscillation occurring. This
indicates that the passive system is more stable. At this
juncture, the value of Ri, should satisfy

L LI’ 4(1-D)L
Rlp2—+\/ >+
CR \C’R C

Combining the L and C parameters, Rip, =
this paper.

(33)

5 is chosen in

0 0.02 004 006 008 0.1 012 0.4
t(s)

Fig. 4. Unit step response curve of the system

4. SIMULATION RESULTS

This paper employs the Boost converter as a case study for
the verification of simulation results. Firstly, the fixed-
switching frequency MPC is contrasted and analyzed with
the non-fixed-switching frequency MPC. It is demonstrated
that the interference immunity of the MPC is enhanced after
fixing the switching frequency. Secondly, the simulation
results are conducted for five cases, including inductance and
capacitance change, sudden change of desired voltage, load,
and input voltage. The simulation results demonstrate the
efficacy of the proposed methodology. The parameters,
which are employed in simulation presented in Tablel. The
calculation process of the proposed FSF-PBMPC is shown as
Table 2.
TABLE 1. System simulation parameters

Parameter name Symbol Value Unit
DC Input Voltage Uin 50 \%
edpCoum |y 0 |y
Inductors L 1.5 mH
Capacitors C 1500 uF
Injection Damping Rip 5 Q
Switching Frequency f 20 kHz

5
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Load Resistance R 50 Q
Proportionality Kp 0.8
Integral Adjustment K; 160
Sampling Time Ts 60 us

TABLE 2. System simulation parameters

Algorithm 1:FSF-PBMPC Algorithm

function FSF-PBMPC

1. Measure u;, , i,

2. Collecting values of i
3. Setting the value of u,"
2. Calculate Eq. (17)

3. Calculate Eq. (18)

end

end function

Update D

According to the parameter values given in Table 1, we
compare and analyze the proposed control method with
fixed-switching frequency MPC in the Boost converter based
on simulation results under varying input voltage, desired
voltage, and load disturbance. Table 2 illustrates the
calculation process of the implementation of the algorithm.

4.1. Comparative analysis of non-fixed-switching
frequency MPC and fixed-switching frequency MPC.

E liﬂﬂ —‘ —‘ J 7
;); L

o 10005 — — i
Ego 100 ‘ J l l B—— WS
5‘-;-99.9 ;\:;‘;HHF_Vif

)

42 | = r 1
£3 oy e Ly
£ 4
St _

0 186.1 186.2 186.3 186.4

t[ms]

Fig.5. Non-fixed-switching frequency MPC

-

Switch Position

—

Output
voltage/V

Output
current/A

238.42

238.41
t[ms]

Fig.6. Fixed-switching frequency MPC

Figure 5 depicts the simulation results about the
conventional MPC without fixed switching frequency. The
variability of the controller can be observed. The controller's
effect cannot be realized accurately, as indicated by the
output voltage and output current ripple plots, it will result in
a nonuniform about i, and up.

Figure 6 displays the simulation results of the fixed
switching frequency MPC, demonstrating the achieved
outcomes of the fixed switching frequency MPC. The
controller's effectiveness is accurately demonstrated by the
output voltage’s ripple diagrams and output current’s ripple
diagrams, resulting in a uniform inductor current and output
voltage.

The results demonstrate that the stability of the system of the
fixed-switching frequency MPC is enhanced. The
controller's effectiveness is accurately demonstrated by the
output voltage’s ripple diagrams and output current’s ripple
diagrams.

4.2. Simulation of inductance and capacitance change.
The simulated waveform of the of the up and i, of the Boost
converter when the inductance and capacitance are
performed as shown in Fig.7 and Fig.8.

Figure 7 shows the simulation results for the output voltage
and output current as the inductance parameter is changed.
To evaluate the effectiveness of the proposed control method
a graph of the control for the FSF-PBMPC was generated
where the inductance parameter of the circuit was increased
from its original value of 1mH to 2mH. After increasing the
inductance, it was observed that the voltage and current
fluctuations were minimal, as was the ripple fluctuation
amplitude. Thus, the effect of the inductance parameter on
the circuit was found to be insignificant, thus verifying the
robustness of the method with respect to this parameter.

£l

%100 002
53
S 100 /
B
£ 99.98 ‘
S
<
< 2003 L FSE-PBMPC  ___ amh
£ 2,001 A NMAANVIAANAANYIMAAANAAAAAAAN
=
< 1.999
=
oy
= L
S
0.227 0.2274 0.2278 0.2282

t[s]

Fig.7. FSF-PBMPC Inductance increase comparison simulation
results

Figure 8 illustrates the simulation result graph of the output
voltage and output current after increasing the capacitance
parameter. the capacitance parameter of the circuit is
increased from 1500 pF to 2000 pF. Furthermore, an
increase in capacitance resulted in a reduction in voltage and
current fluctuations, as well as a decrease in ripple
fluctuation amplitude. The impact on the circuit was also
found to be minimal. Consequently, the robustness of this

6
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method was verified in terms of the capacitance parameter.
The impact on the circuit is minimal, thus verifying the
robustness of the method in terms of capacitance parameters.

g 100.004
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~
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) 0.227 0.2274 0.2278 0.2282
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Fig.8. FSF-PBMPC capacitance increase comparison simulation
results

4.3. Simulation of desired voltage change.

The simulated waveform of the of the u, and i, of the Boost
converter when the desired voltage changes is performed as
shown in Fig. 9. We compare the stabilization and response
speed of these two control strategies under varying desired
voltage conditions.

Figure 9 illustrates the waveforms of the u, and i, when the
desired output voltage is altered. The initial voltage is set to
50V, the initial up" is set to 70V, and the up" is set to 100V at
0.3s. The addition of PBC accelerates the system’s dynamic
response, and the overshoot of the system is reduced.

gy,
2 .
& 100
i
]
-
<
£ 80 |
=
°c ——— Fixed-switching frequency MPC
— FSF-PBMPC

60 T |
< T
3 22 A TTY |
) [ . |
E 7 ;
51 /1 |
g 18 10,0035 !
[ | ) 1 1
= 16 i
= PR |
o iy t=0.02s I

14 # ' '

' L L
0 0.19 0.2 0.21 0.22 0.23 024

t[s]

Fig.9. Comparison of desired voltage change simulation of fixed-
frequency MPC and proposed control

4.4. Simulation of load disturbance change.

In Fig. 10, the waveforms of the u, and i, of the system when
the load is varied. The initial voltage is 50V, and the u," is
100V. The initial load is set to 50Q2, and a 50Q resistor is
connected in parallel at both ends of the load at 0.3s. The
total resistance is 25Q. As illustrated in the graph, the
dynamic response of the proposed control is more rapid, and
there is no overshooting in the process.
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Fig.10. Comparison of load disturbance change simulation of fixed-
frequency MPC and proposed control

4.5. Simulation of input voltage change.

As shown in Fig. 11, it illustrates the waveforms of the u,
and i, when the uin is varied. At begin, ui is 50V, and the up"
is 100V. At 0.3s, uip, is varied from 50V to 60V. As
illustrated in the figure, the overshoot is reduced and the
dynamic response is accelerated for the proposed control.

60
Z s
2 56
S 54
Z 52
=
£ 50 [ I I | I I | I

T —= T T T T T

% 101 =  Fixed- switching frequency
g0 0.4V MPC
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=
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Fig.11. Comparison of input voltage change simulation of fixed-
switching frequency MPC and proposed control

The simulation verification is conducted under five scenarios:
inductance and capacitance change, sudden changes in the
desired voltage, load, and the input voltage. The results
indicate that the stability of the fixed switching frequency
MPC is enhanced by the addition of PBC, while the dynamic
response speed of the system is accelerated.

5. CONCLUSIONS

In this paper, a nonlinear control strategy named FSF-
PBMPC is proposed, which is based on the FCS-MPC
method and passive-based control theory. Firstly, the
switching signals generated by the traditional model
prediction are converted to the optimal duty cycle, thereby
generating a fixed switching frequency. Secondly, passivity -
based control is incorporated into the MPC framework to
enhance the stability of the system and accelerate the
system’s response speed. The efficacy of the proposed
method is validated through simulation based on MATLAB,
leading to the following conclusions.

7
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(1) The system’s stability is improved under the proposed
FSF-PBMPC control strategy with a fixed switching
frequency. It is observed that the uniform inductor current
and output voltage control effect is realized

(2) Compared with the fixed-frequency MPC, the proposed
FSF-PBMPC method enhances the system's anti-interference
capability and improves the response speed by incorporating
passive-based control. Furthermore, the proposed control
strategy has faster dynamic response speed and no overshoot
when the simulation conditions are varied.

(3) The proposed control strategy is capable of adapting to
changes in operating conditions.
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