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and Frede Blaabjerg, Fellow, IEEE

Abstract—Model predictive control (MPC) is one of the promis-
ing candidates for power converters with improved stability and
faster response. Overshoot, a crucial transient precursor, is a
custom design requirement based on the converters’ applications
having variant time-domain specifications that are subject to their
safety and reliability. Apart from the generally accepted weight
design process for improved settling time, when considering an
MPC-controlled system, a theoretical framework to adjust the
overshoot requirements has been overlooked so far. To bridge this
gap, this paper proposes a new method that integrates a flexible
output voltage overshoot design method into MPC-controlled
dc/dc boost converters, thereby formally ensuring that the con-
troller always complies with the time-domain specifications under
dynamic disturbances. Firstly, this paper provides the MPC
controller’s model by deriving the optimal duty cycle value, which
is then used to derive the closed-loop transfer functions. Next, the
cut-off frequency is obtained based on the transfer functions. The
weighting factor ratio of the MPC, which is a tunable parameter
is then adjusted to ensure an adequate system’s cut-off frequency.
Finally, the effectiveness and ruggedness of the proposed method
are validated under experimental conditions, allowing flexibility
to extend its use for different power converter applications.

Index Terms—Model predictive control; dynamic performance;
overshoot design; cut-off frequency; weighting factors.

I. INTRODUCTION

OWADAYS, global ambitions of energy efficiency and
Ncarbon neutrality have put forward new design chal-
lenges in future power grids [1], [2]. In response, developments
in electric vehicles (EVs), and renewable energy generation
technologies have scaled up. To manage the power in such

This work was partly supported by the China Scholarship Council (CSC),
partly by the Baltic-Nordic Energy Research programme via Next-uGrid
project, and partly by the REliable Power Electronic-Based Power System
(REPEPS) project, Denmark. Minrui Leng gratefully acknowledges the fi-
nancial support from the National Natural Science Foundation of China
under Grant 62303334 and the Youth Fund of Sichuan Province under
Grant 23NSFSC3809. Sergio Vazquez gratefully acknowledges the finan-
cial support provided by the project PID2020-115561RB-C31 funded by
MCIN/AEI/10.13039/501100011033 and the project TED2021-130613B-100
funded by MCIN/AEI/10.13039/501100011033 and by the “European Union
NextGenerationEU/PRTR”.

Y. Li, S. Sahoo, S. Ou and F. Blabbjerg are with the AAU Energy, Aalborg
University, Aalborg, Denmark. (e-mail: yuanli, sssa, so, fbl@energy.aau.dk)

M. Leng is with the College of Electrical Engineering, Sichuan University,
Chengdu, China. (e-mail: mrleng pece@163.com)

S. Vazquez is with the Laboratory of Engineering for Energy and Environ-
mental Sustainability, Universidad de Sevilla, 41092 Sevilla, Spain (e-mail:
sergi@us.es).

Tomislav Dragicevi¢ is with the Department of Electrical Engineer-
ing, Technical University of Denmark, Copenhagen, Denmark. (e-mail:
tomdr@elektro.dtu.dk)

systems (EV charging stations, photovoltaic generation, etc.)
more efficiently, the DC microgrid has gained a lot of aca-
demic and industrial attention [3]-[6]. A typical structure of
a DC microgrid involves several dc/dc converters connected
via different topologies to a DC bus, with each converter
supporting different output voltage levels for various loads
[6]. To ensure a stable and smooth operation of the microgrid
systems, control techniques play a crucial role. Model pre-
dictive control (MPC) is one of the promising candidates to
tackle the control problems of such systems, offering benefits
such as improved stability, ease of implementation, explicit
consideration of constraints, and other benefits [7]-[9].

Stability and dynamic performance are two vital per-
formance indicators of power converters’ operation. When
looking into the stability performance, some of the typical
stability issues such as instability of the system caused by
the converters which act as the constant power loads have
already been studied thoroughly in many previous works [10]-
[12]. Considering the dynamic process, the works in [13]-
[16] propose several MPC-based algorithms to improve the
performance. More specifically, the authors in [13] propose a
virtual power control and MPC combined algorithm to ensure
an excellent dynamic response for isolated dc/dc converters.
A double-loop control framework is proposed in [14] for
microgrids. The inner loop with double vector MPC is utilized
to track the output voltage derived from the outer loop, and
this control strategy improves the control accuracy as well
as the dynamic response. In [15], the solution to enhance
the dynamic performance is to incorporate an additional item
into the cost function. This additional item is composed of
the output current, the output voltage reference as well as
a weighting factor that balances the relative importance of
the two items. However, a trade-off should be considered
between dynamic performance and steady-state error. In [16],
ANN-assisted MPC is proposed, which also selects weighting
factors to enhance the dynamic response. The basic idea
behind using ANN is to compare the response time with
different combinations of weighting factors and then determine
the optimal strategy. Although the said MPC-based control
methods could enhance the dynamic performance, they cannot
guarantee that the overshoot will be limited to a specific value,
which affects their safety and reliability.

Dynamic overshoots exceeding the pre-specified limits may
have an impact on the performance and the lifetime of
equipment connected to the dc microgrids and the converters
themselves [17]. Additionally, an overshoot in the output volt-



age may lead to electromagnetic interference (EMI) problems,
where the high-frequency components of the overshoot within
every switching period can radiate and interfere with other
electronic devices and circuits, leading to malfunction and
performance degradation. Furthermore, if the system is not
quickly damped, stability and transient response may also
degrade, resulting in oscillations that can further negatively
affect the overall performance. In practical applications, the
overshoot of converters is always limited within the safety
specifications. For instance, the design specification of a 12 V
output dc/dc boost converter limits the output overshoot below
0.6 V when the load current changes with 1.5 A under specific
circuit parameters [18]. In a battery charging specification for a
USB application, the maximum overshoot of the charging port
is 6 V, and the maximum undershoot voltage of the same port
is 4.1 V with a 5 V rated output voltage [19]. Considering an
EV charging station, the output voltage overshoot should not
exceed 10% of the rated output voltage in a DS/EN 61851-23
standard [20]. Additionally, the DS/EN 16603-20-20 standard
specifies the allowable operational current in the electrical
design and interface requirements for a power supply [21].
Moreover, the voltage deviation of pulse generators, according
to ISO 7637 standard, is also illustrated with different levels
from 5% - 10% based on different load conditions [22].
Therefore, when designing a system, it is necessary to consider
overshoot and incorporate it into the control loop design
process.

The design of an overshoot in a system can be analyzed
both with the time domain and frequency domain [17]. In the
time domain, a concept of state overshoot for the systems is
proposed based on the overshoot definition and norm. Then,
the value of the overshoot can be expressed as the absolute
value of the circuit variables [17], [23]. However, this approach
may not fully express the overshoot based on the sum of the
absolute value of each variable due to the inherent dependency
between each variable. In the frequency domain, the Bode
diagram is often used to qualitatively design overshoots in
dc/dc converters [24]. By deriving the cut-off frequency, the
overshoot can easily be determined [18]. However, these
methodologies primarily focus on PI-controlled systems, with
a little discussion of extension into MPC-controlled systems.
Therefore, the main objective of this paper is to achieve a
specifically constrained overshoot/undershoot for the MPC-
controlled system by carefully designing the parameters in
the controller. Notably, the study focuses on the continuous
control set (CCS)-MPC (referred to as MPC for simplicity in
the text) controlled system. This algorithm is chosen for its
capability to generate a fixed switching frequency, effectively
mitigating issues such as high acoustic noises, operation mode
uncertainty, aggressive ripples, and so on [9].

With a particular focus on flexibility induced into MPC to
assist the transient design compliance, the key contributions
of this paper are as follows:

1) This paper proposes a novel overshoot design method for
MPC-controlled converters. The approach involves developing
a small signal model to establish the relationship between
the time domain specification and the system. Based on the
system’s cut-off frequency, the controller’s parameter is deter-

mined to meet the desired overshoot specification effectively.

2) It introduces a new way for a flexible adjustment of the
proposed method to satisfy the overshoot specifications. By
conducting frequency domain analysis, the proposed method
allows for achieving different overshoot requirements simply
by modifying the ratio of weighting factors in the MPC con-
troller. This efficient adjustment capability enables effective
control of overshoot under different operating conditions.

The rest of the paper is organized as follows. Section II
illustrates the basic model of the boost converter. Section III
proposes the overshoot design method of the MPC-controlled
system. Experiments are provided in Section IV. Section V
concludes the paper and discusses several promising future
directions.

II. BASIC PRINCIPLE OF MPC CONTROLLED DC/DC
BOOST CONVERTER
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Fig. 2. Framework of the overshoot design method for MPC controlled
converters.

Fig. 1 depicts a typical DC microgrid system with various
types of loads. As previously mentioned, each load type has
its unique overshoot requirement. Therefore, the objective is
to design the MPC controller for each converter to meet
their respective overshoot criteria, as illustrated in Fig. 2. The
process entails the following steps: Firstly, the parameters of
each system and the design requirement (overshoot/undershoot
under certain current changes) are determined. Next, the
design method calculates the control parameters for each MPC
controller. Finally, the MPC controller generates a switching



signal to regulate the converter. In this study, the voltage level
in [18] is used as a demonstration.

Fig. 3 shows a single-line diagram of the considered system,
which consists of an input LC filter and a boost converter.
The inclusion of the input LC filter in the system serves mul-
tiple purposes. It helps attenuate high-frequency components,
thereby ensuring a cleaner and more stable input voltage to the
boost converter [25]. This is especially crucial in DC micro-
grids where sensitive loads or other power electronics devices
may be connected to the same power source. Furthermore,
due to the boost converter’s constant power load behavior, it
is essential to avoid oscillation between the front-end system
and the boost converter system. To achieve better control over
the input voltage and prevent undesired interactions, an LC
filter is equivalent to replacing the front-end converter [26].
V, is the input voltage, V;,, denotes the input voltage of the
boost converter, i, is the current across the inductor L ¢ and i,
is the inductor current of the boost converter, V,, represents the
output voltage, i, is the output current and R is the load. Due
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Fig. 3. DC/DC boost converter with the input LC filter.

to the following boost converter behaving as a constant power
load, whose incremental impedance is negative, it tends to
destabilize the system to which it is connected. That means the
input port V;, may oscillate without any control. Therefore,
the goal of the controller is to ensure stable voltages at both the
input and output ports. In this paper, the difference equations
are established using a single prediction horizon instead of
long prediction horizons to reduce the computational burden.
It should be noted that the inductor current is the control
objective of the MPC-controlled boost converter to avoid non-
minimum phase behavior [27],[28]. Therefore, in this paper,
V,n and i, are selected as the control objectives. Based on
the operating principle in continuous conduction mode, the
following equations can be derived:

dig, 1 1—-d
E - Z‘/in - TVO (1)
dVin 1. 1

dt - Cf Zzn(k) Of L (2)
where, d is the duty cycle sampled at the kth instant.
Assuming that the sampling frequency is relatively high, the
state variables can be transformed into a discrete-time equa-
tion with the classical forward Euler approximation method.
The difference equations containing two objectives (inductor
current iy, and input port voltage V;,) are provided as:

Vi (k) — Vo(k) dVo(k)
L L

ZL(k‘—Fl):’LL(k’)-i- T + T, ()

TABLE I
OPEN LOOP TRANSFER FUNCTIONS OF THE BOOST CONVERTER.
Open loop transfer functions Values
. . T
Input current-to-inductor current Gj;; I;0;:771
R(—=D)

Input voltage-to-output voltage Gyg Ls(CRs1 )1 R(1-D)

RV,(1—D)— 1295 Ls

Duty ratio-to-output voltage G, g4

Ls(CRs+1)+R(1—D)
Input voltage-to-inductor current Gjg Chstl

Ls(CRs+1)+R(1—D?2)

V,(CRs12)

Duty ratio-to-inductor current G;4 Ts(CRs+1)+R(1-D7)

iin(k) —ip(k)

Cy

Vin (k) — V,(k) — dV, (k)
B LC;

T
4)

T

where, T denotes the switching cycle. The cost function can
be derived as:

J=XM(ip(k+1) —i})? + X(Vin(k+1) = Vi) (9)

where, \; and A, are the weighting factors, i} denotes the
inductor current reference and V), represents the reference of
the input voltage of the boost converter. In order to minimize
the cost function, the derivative of the cost function to the duty
cycle should satisfy:

0J

In this case, the optimal duty cycle value can be obtained
according to the chain rule:

(Vin (k) + L T - Vi)
d= &
)\1 T32 Vo(k)
(++~5)
N €3 IC
AL Vin (k V,(k N
) )\—;(u(k)+ ( )L ( )Ts —1r)
>\1 Ts2 Vo(k)
()\*2 + C*JQC) i T

(N
This optimal value of the duty cycle is modulated to generate a
switching signal for the boost converter. To clarify whether the
cost function J equals its minimum value when adopting the
optimal variable d, the second derivative is utilized as follows:

82‘] Vo2(k)T52 VOQ(k) 2

The control variable d is in the specified range (0, 1). Referring
to equation (8), it is evident that the second-order derivative
of the cost function to d is positive. Consequently, the cost
function attains its minimum value by adopting the derived
optimal value for d. By interconnecting the control loop
and power stage loop using (7), the theoretical basis for the
modeling process can be established in the subsequent step.



TABLE 11
SYSTEM PARAMETERS OF THE DC/DC B0OOST CONVERTER.

Parameters Symbols Values
Input voltage Vy 10V
Output voltage Vo 12V
LC Inductance Ly 0.8 mH
LC' Capacitor Cy 15 uF
Inductance L 1.5 mH
Capacitor c 2000 uF
Switching cycle Ts 100 ps
Output current %o 0.5A-2A
Output voltage reference \% 12V
Inductor current reference i7, Viio(k)/Vy
Input voltage reference v 10V

III. OVERSHOOT DESIGN OF THE MPC CONTROLLED
CONVERTER

A. Modeling of the MPC Controlled Converter

To ensure a safe operation of a system, it is important to
carefully consider the overshoot of the output voltage when the
load changes. Overshoot can be predicted using the crossover
frequency of the closed-loop system, which can reveal the
system’s adaptive ability during the dynamic process. In this
study, the cut-off frequency is employed as an alternative to
the crossover frequency. This choice is made because the cut-
off frequency f. signifies that the loop gain is below the
unit value, thereby indicating an inadequate attenuation of
disturbances [29]. Additionally, the cut-off frequency provides
information about the system’s bandwidth, thereby aiding in
subsequent design considerations [30].

Its relationship can be presented as [18]:

AT
AV, = °
Ve 2r f.C

€))

where, AV, is the output voltage overshoot, Al, denotes
the output current variation and f. is the cut-off frequency.
Although predicting the overshoot can be complicated by the
nonlinear behavior of the MPC-based systems, it provides a
clear expression for the optimal duty cycle value based on the
sampled value and system parameters in (7). By introducing a
small perturbation and neglecting higher-order perturbations, a
small-signal equation can be obtained to analyze the system’s
response to changes in the load. This can help to predict and
manage the overshoot in a more efficient and reliable manner.

By introducing the small-signal perturbation, (7) can be re-
written as:

D+d=

IL_;;L_ Vin"'{}in_vo_'&oTs

L
T,
Cy )

Iin + 'zin -

M T8y Vo £ 0
Ny C3LC
)\ o ‘/in"_’{}in_‘/o_@o * oy
§u¢+u+ 7 T, — It —i%)
- Ao, T2V, + 0,
(EJFCTJ%) T
Vin + 05

N TPV, 40

(71_|_762) O+Uo

Ay C¥LC

(

T,

(10)

Based on (10) and replacing the %z with the expression of

0%, neglecting high-order perturbations, the following equation
can be obtained:

dA:Fm(Fgﬁin +Fz£zn +FL%L + (Fv +Fo)'{)o

. . (11D
+ Fmrefvin + erefvo)

where, F,, =1, F; = k;Tf/C]%,

F, = k(1 —1/(LC{)T?)T,s/Cy — M\ Ts/(A2L),

Fr = —kT7/C% = X1/ Xs,

F, = k(1= D)T2/(LC?) + M Ts/(AoL),

F, = k/l);k/v;nR’ eref = kAl/)\Q’

Finref = kTs/(Cf‘/;‘/;nR)’

k=1/(Vo(k) 2= (M /A2 + T2C})).

We define that G;; represents the input current-to-inductor
current transfer function, G,, denotes the input voltage-to-
output voltage transfer function, G, is the duty ratio-to-output
voltage transfer function, G;, stands for the input voltage-
to-inductor current transfer function, and the duty ratio-to-
inductor current transfer function is represented as G;q4. The
expressions of these open loop transfer functions are provided
in Table I. Using (11), the model of the MPC-controlled boost
converter is shown in Fig. 4.

Control loop h

D Power stage

(@ (b)

Fig. 4. Small signal diagram of the MPC controlled boost converter. (a)
Control loop small signal diagram. (b) Power stage small signal diagram.

Typically, the cut-off frequency is obtained from the closed-
loop transfer function. Therefore, it needs to derive the transfer
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Fig. 7. Calculation of the minimum output voltage overshoot. (a) Dynamic
response process. (b) Variables value updating process.

function of the output voltage reference to the output voltage,
as it forms a part of the control loop, as shown in Fig. 4.
Setting the input perturbation ¥;,, %m and 9}, to zero, the
closed-loop output voltage reference o to output voltage 7,
transfer function G,, can be obtained as:

Gmn _ Fm Gvderef
1- (FU+F0)Gvd_FLGid

(12)

Based on (12), selecting the weighting as A\;=0.5, A\s=1, the
cut-off frequency f. can be obtained using:

2010g; Gurioop(s = fc) = —3dB (13)

Here, G ,ri00p denotes the control loop of the G,,,.. However,
in practical and industrial environments, the cut-off frequency
will vary with different system parameters, especially the
inductance, and capacitor. In this study, to simplify the control
and analysis, a fixed inductor value and a fixed capacitor
value are considered, which are listed in Table II. It is also
worth noting that the load resistance can also have an impact
on the cut-off frequency. Typically, during the design phase,
the rated load is used as a basis for this parameter, which
can be obtained from specifications or through measurements
[31], [32]. Furthermore, the maximum overshoot limitation is
set as 1.5 V. Based on this assumption, it can be calculated
that f. =~ 50 Hz. Therefore, to ensure that the system meets
the design specification, which stipulates that the voltage
overshoot should be below 1.5 V when the load current
changes by 1.5 A, it needs to determine the minimum cut-
off frequency fep,-

To reach the design compliance, the minimum cut-off fre-
quency can be calculated as follows:

1.5

— ~ 80 H
27 x 1.5 x 2000 x 10-6 g

fem

(14)

It can be observed that the required minimum cut-off
frequency fi,, is higher than the calculated value of f,.
This means that the system as currently designed will not
meet the overshoot design requirement, which will exceed the
maximum allowable voltage overshoot. Therefore, the system
needs to adjust its parameters to increase the cut-off frequency.

B. Design of the cut-off frequency

In practical applications, some parameters of a system may
be fixed and can be difficult to modify. However, adjusting
the parameters in the control loop is possible, which can have
a significant impact on the system’s behavior. In (12), it can
be seen that the transfer function G,, can be modified by
adjusting the weighting factors. Since the cost function only
involves two weighting factors, the ratio of these factors can
be employed to alter A;. By setting Ao to unity and varying
A1, the weighting factor ratio W,. = A1/A2 can be modified.
Fig. 5 and Fig. 6 demonstrate the relationship between the
weighting factor ratio and cut-off frequency, indicating that
an increase in the weighting factor ratio results in a higher
cut-off frequency.
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Hence, a minimum weighting factor ratio W,,, can be
determined as:

A
2010810 Gorioop(s = fem, T; =W,m)=-3dB (15

The derived value of W,.,,, is approximately 0.7, implying that
if the weighting factor ratio exceeds 0.7, the cut-off frequency
f. will exceed 80 Hz. Reflecting on the time domain, it means
that the output voltage overshoot resulting from load changes
of 1.5 A can be effectively limited to under 1.5 V.

Although increasing the weighting factor ratio can result
in a higher cut-off frequency, there exist limitations to the
control system’s ability to reduce the overshoot even further.
This is primarily due to the fact that the duty cycle of the
system is always constrained within a certain range, such
as the interval d € [0.1,0.9] in this study. Consequently,
the minimum achievable overshoot can be determined by
analyzing the dynamic process of the system.

The system’s performance during load changes is shown
in Fig. 7. It can be observed that the overshoot reaches its
peak value when the inductor current i arrives at its new
steady-state value. The dynamic process can be described as
follows: at the instant when the load changes, the output
current changes, which is defined as i,;,. Next, the inductor
current decreases with the limited minimum duty cycle of 0.1
in one switching cycle, and this is defined as ir,;,. Then,
the capacitor current i.,, decreases, and the overshoot of the
output voltage within one switching cycle can be derived based
on capacitor current Ic,,. Finally, the output voltage becomes
the updated output voltage v,,, and the output current is
updated as i,y,. The above iterations are repeated until the
inductor iy, current reaches its new equilibrium value ir;pe.
The iteration process and related equations are expressed with

a flowchart, as shown in Fig. 8. In the studied system, the
minimum overshoot can be calculated as 0.9 V.

Based on this, the overall design process is complete, as
shown in Fig. 8. Firstly, the parameters and overshoot design
specification AV, are received. The next step is to obtain the
minimum AV,,,, based on the minimum overshoot calculation
process in Fig. 7. If AV, is smaller than AV,,,,, the system
needs to re-design the parameters. If AV, is larger than AV,,,,,
then the closed-loop transfer function is derived, and the
minimum weighing factor ratio W,.,, can be obtained. Finally,
the weighting factor ratio W,. is selected to be larger than W .,;,
and updated in the MPC controller. In summary from Fig.8, the
proposed method initiates by establishing a clear relationship
between the parameters of the MPC controller and the system’s
output overshoot. This approach offers effective and flexible
design capabilities for the overshoot structurally, allowing the
system to achieve specific target values. Furthermore, owing
to the absence of supplementary constraints and conditions
during the design process, this method exhibits versatility and
applicability across diverse systems.

C. Validation of the Proposed Overshoot Design Method

To support the above-mentioned analysis, Fig. 9 shows
the simulations utilizing the parameters in Table II with
different weighting factor ratios. As observed in the figure,
when adopting a weighting factor ratio of W, = 0.6, the
overshoot of the output voltage is 1.7 V. Based on the
analysis of the relationship between cut-off frequency and
weighting factors ratio in Fig. 6, the overshoot should be
AV, = 1.5/(27 * 70 x 2000 x 107%) = 1.7 V. As seen in the
figure, when adopting a weighting factor ratio of W, = 0.7,
the overshoot of the output voltage is 1.6 V. Based on the
analysis of the relationship between cut-off frequency and



—W,=0.6 |
— _Wr=0-7 —W,=1
S J
N —W,=12 —W,=2
‘] 1 .5 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Fig. 9. Output voltage using different weighting factors ratio W, during
dynamic process with the parameters in Table II.

weighting factors ratio in Fig. 6, the overshoot should be
AV, = 1.5/(27%80%2000%107%) = 1.5 V. When adopting the
weighting factor ratio of W,. = 1, the overshoot of the output
voltage is 1.1 V. From the bode plot analysis, the overshoot
should be AV, = 1.5/(27 * 110 * 2000 * 107%) = 1.2 V.
Next, when adopting the weighting factor ratio of W, = 1.2,
the overshoot is 0.95 V. From the bode plots analysis, the
overshoot should be AV, = 1.5/(27 % 120 %2000+ 10~6) = 1
V. Finally, due to the limitations of the adjusting ability, when
adopting the weighting factor ratio of W, = 2, the output
overshoot equals to that when adopting W, = 1.2.

From the simulation results in Fig. 9, it can be concluded
that the proposed method can be utilized to design the output
voltage overshoot. Adjusting the weighting factor ratio can
modify the system’s behavior to meet specific design require-
ments. Additionally, it is essential to consider the control
system’s adjusting ability limitations and the dynamic process
characteristics.

IV. EXPERIMENTAL RESULTS

To validate the analysis, a dc/dc boost converter system has
been built in the lab. The DC source used in the experiment
is a Delta Elektronika SM 600-10 DC power supply. The
MPC algorithm is implemented using the dSPACE DS1202
board. Additionally, a PWM Generation is used to generate
a 10 kHz sawtooth for generating the desired PWM. The
experimental prototype consists of an LC filter followed by
the boost converter, as shown in Fig. 10. Table II provides the
system’s parameters and the control parameters used in the
experiments.

A. Case Study 1: Input voltage stability validation with MPC
algorithm

A comparative evaluation was conducted to demonstrate
the necessity of controlling the input port voltage V;,, in the
system. In the first test, the MPC algorithm only controlled the
inductor current of the LC' filter connected boost converter.
As predicted, the converter which behaves as a CPL, led to
oscillations in the system, as shown in Fig. 11(a).

In the second test, the MPC algorithm was used, which
also controls the input voltage. As a result, the input voltage
was stabilized, as shown in Fig. 11(b). These results clearly
demonstrate that controlling both the input voltage and the
inductor current is essential for achieving a stable performance
in the studied system.

(D) dSPACE
@) Inductance
(3) LEM box
(@ Converter (5) PWM (6) DC source (7) Electronic load
Control desk (9) Oscilloscope @0 LC filter

Fig. 10. Experimental setup for DC/DC converter.
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Fig. 11. Input voltage V;,, and inductor current 77, of the boost converter.(a)
Without controlling the input voltage. (b) With controlling the input voltage.

B. Case Study 2: Output voltage overshoot with different
weighting factor ratios

This case study validates the proposed method when the
load changes using different weighting factor ratios. As dis-
cussed in Section III, when the weighting factor ratio W, is
larger than 0.7, the overshoot can be limited to 1.5 V.

Time: (20 ms/div Time: (20 ms/div)

iv: (1 A/div iv: (T/A/d
2V
21V
— N
—»‘Lo\/@’step f <— Load step
(a) (b)

Fig. 12. Output voltage overshoot and undershoot AV, and the inductor
current 77, of the boost converter with open loop. (a) Overshoot of the output
voltage when the load current steps down to 0.5 A. (b) Undershoot of the
output voltage when the load current steps up to 2 A .

Firstly, the open loop dynamic process is presented in Fig.
12. As seen, the overshoot and the undershoot during the load
step are approximately 2.1 V and 2 V respectively.

Fig. 13 shows the waveforms of the system with a weighting
factor ratio W, = 0.6. Compared with the open loop, the
overshoot is reduced to 1.7 V. Fig. 14 provides the waveforms



of the condition that W, = 0.7, where the output overshoot
equals 1.6 V approximately. From the analysis and simulation
results in Section III, the overshoot derived is 1.6 V in this
case. Fig. 15 provides the waveforms of the condition that
W, = 0.8, where the output overshoot equals to 1.5 V
approximately. And the result is approximately corresponding
to the analysis in Section IIl. To obtain a smaller overshoot,
W.. is further increased in Fig. 16 which equals 1. As seen, the
overshoot is decreased to 1.2 V. Finally, when W,. is increased
significantly to 2 in Fig. 17, the overshoot is decreased to 1
V. Because of the duty cycle limitation, the overshoot cannot
be further decreased.
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Fig. 13. Output voltage overshoot and undershoot AV, and the inductor
current 77, of the boost converter with W, = 0.6. (a) Overshoot of the
output voltage when the load current steps down to 0.5 A. (b) Undershoot of
the output voltage when the load current steps up to 2 A.
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Fig. 14. Output voltage overshoot and undershoot AV, and the inductor
current 77, of the boost converter with W, = 0.7. (a) Overshoot of the
output voltage when the load current steps down to 0.5 A. (b) Undershoot of
the output voltage when the load current steps up to 2 A.

Time: (20 ms/div) Time: (20 ms/div)

12V
15V ) v
] NURSFS R 5 S "
- Ll:gad step B |4 Load step
@ (b)

Fig. 15. Output voltage overshoot and undershoot AV, and the inductor
current 77, of the boost converter with W, = 0.8. (a) Overshoot of the
output voltage when the load current steps down to 0.5 A. (b) Undershoot of
the output voltage when the load current steps up to 2 A.
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Fig. 16. Output voltage overshoot and undershoot AV, and the inductor
current ¢y, of the boost converter with W, = 1. (a) Overshoot of the output
voltage when the load current steps down to 0.5 A. (b) Undershoot of the
output voltage when the load current steps up to 2 A.

Time: (20 ms/div Time: (20 ms/div)

i: (LA/div) i (1:A/di
I N 1 0.8V
v : | Y
[t et S p— :
*M step ;L— Load step
(a) o)

Fig. 17. Output voltage overshoot and undershoot AV, and the inductor
current ¢z, of the boost converter with W, = 2. (a) Overshoot of the output
voltage when the load current steps down to 0.5 A. (b) Undershoot of the
output voltage when the load current steps up to 2 A.
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Fig. 18. Output voltage overshoot and undershoot AV, and the inductor
current ¢, of the boost converter with W, = 2. (a) Overshoot of the output
voltage when the load current steps down to 0.6 A. (b) Undershoot of the
output voltage when the load current steps up to 1.5 A.

Time: (20 ms/div) Time: (20 ms/div)

ii: (1 A/div) i (1 A/
- I 09V
I 12V . ‘
— {
. .tcﬁd step i |<— Load step

(a) (b)

Fig. 19. Output voltage overshoot and undershoot AV, and the inductor
current ¢z, of the boost converter with W, = 2 and the input voltage V;,, =
9 V. (a) Overshoot of the output voltage when the load current steps down.
(b) Undershoot of the output voltage when the load current steps up.



C. Case Study 3: Output voltage overshoot (undershoot) with
different load changes and input voltages

In real applications, the input voltage and load may vary, and
it is important to ensure that the system performs well under
all different conditions. The first case considers load changes
from 0.6 A to 1.5 A. The second case considers when the
input voltage is 9 V, the load changes from 0.5 to 2 A.

Fig. 18 shows the results for load changes from 0.6 A to 1.5
A and 1.5 A to 0.6 A with the weighting factor ratio W, = 2.
As seen, the overshoot and undershoot remain below 1.5 V,
with values of approximately 0.5 V, respectively.

Fig. 19 presents the results for an input voltage of 9 V with
load changes from 0.5 A to 2 A and a weighting factor ratio of
W, = 2. As seen, the overshoot is 1.2 V, which also satisfies
the overshoot requirement.

In practice, the load characteristics may not always be
purely resistance. To demonstrate the applicability of the
proposed method in the studied system with different load
characteristics, a validation test involving a constant power
load (CPL) is conducted as shown in Fig. 20. The power of
the CPL is set to 12 W, and the output voltage undergoes a
step change from 12 V to 20 V and leads to a 0.4 A load
current variation. To meet the specified overshoot requirement
of 1.5V, a weighting factor W,. = 1 is selected.

Upon analysis, it is evident that during dynamic processes
caused by the changing output reference, the overshoot (un-
dershoot) is approximately 1.1 V, effectively controlled well
within the desired 1.5 V threshold. This successful outcome
demonstrates the efficacy of the proposed method in maintain-
ing stable and accurate control of the system under varying
load conditions.

Time: (20 ms/div)

Time: (20 ms/div)

i (1 A/d) io: (1 A/div)
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Load step i“ v
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Fig. 20. Output voltage overshoot and undershoot AV}, and the output current
i, of the boost converter with W,. = 1 and the load power is 12 W. (a)
Overshoot of the output voltage when the load current steps down to 0.6 A.
(b) Undershoot of the output voltage when the load current steps up to 1 A.

In summary, the results validate that the proposed design
method is capable of satisfying the dynamic overshoot re-
quirement under various operating conditions. Specifically, the
system exhibits good performance when the load changes, as
well as when the input voltage varies to 9 V. In all cases where
W, exceeds 0.7, the overshoot remains consistently below 1.5
V, with values ranging from approximately 1 V to 1.5 V, which
are in strict compliance with the design requirement.

V. CONCLUSION

In conclusion, this paper presents a novel overshoot design
method for the MPC controller and validates it with a boost

converter system. Based on the proposed method, a minimum
weighting factor ratio can be derived for the MPC controller
to satisfy the overshoot specification.

The experimental results demonstrate the effectiveness of
the proposed design method with a boost converter system by
limiting the overshoot during the load current changes with 1.5
A. It proves that as long as the weighting factor ratio W, is
greater than the minimum weighting factor ratio W,.,,, = 0.7,
the overshoot is less than 1.5 V. Using a larger weighting
factor ratio W,., the overshoot can be further reduced within
its adjusting ability. Moreover, the flexible adjustment of the
overshoot is realized by simply changing the weighting factor
ratio to meet different overshoot design requirements.

Compared to other methods for enhancing the dynamic per-
formance of MPC-controlled systems, the proposed method is
intrinsic, does not require any training, and provides flexibility
for overshoot regulation, making it applicable to a wide range
of MPC-controlled converters.
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