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Abstract: Finite Control Set Model Predictive Control (FCS-MPC) has the ability to achieve multi-objective
optimization, but there are still many challenges. The key to realizing multi-objective optimization
in FCS-MPC lies in the design of the cost function. However, the different dimensions of penalty
terms in the cost function often lead to difficulties in designing weighting coefficients. Incorrect
weighting coefficients may result in truncation errors in calculations of DSPs and FPGAs, thereby
affecting the algorithm’s control performance. Therefore, this article focuses on a system driving an
induction motor with a three-level Neutral Point Clamped (NPC) inverter, and selects stator current
and switching frequency as penalty terms in the cost function. An improved method is proposed to
unify the dimensions of both penalty terms in the cost function. By unifying the dimensions of the
penalty terms, a simple design of weighting coefficients can be achieved. Subsequently, to balance the
inverter’s switching frequency and the dynamic response performance of the motor, a composite cost
function is further proposed. Finally, the rationality of the proposed method is validated through
simulation and experimental platforms.

Keywords: finite control set model predictive control; FCS-MPC; cost function design; dimensionally
unified

1. Introduction

Finite Control Set Model Predictive Control (FCS-MPC) has gained widespread appli-
cation in the fields of power electronics and power transmission, owing to its advantages in
time-domain control, multi-objective optimization, and nonlinear processing [1-3]. Notably,
the three-level Neutral Point Clamped (NPC) inverter finds extensive application in vari-
able frequency speed control systems for medium-voltage high-power motors, attributed
to its advantages including multiple output levels, low voltage withstand of switching
devices during off states, and high efficiency [4]. Consequently, FCS-MPC based on NPC
topology presents a novel approach for achieving high-performance control of induction
motors [5], gradually emerging as a research trend in recent years.

Presently, research on FCS-MPC predominantly centers on two fronts: Model Pre-
dictive Torque Control (MPTC) and Model Predictive Current Control (MPCC). MPTC
capitalizes on the principles of FCS-MPC while integrating the direct torque control (DTC)
methodology. In MPTC, each sampling cycle involves leveraging the discrete mathematical
model of the motor to forecast torque and magnetic flux. Through iterative optimization
of the objective function, the optimal switch state is selected to achieve high-performance
control of the motor [6,7]. In the context of motor speed regulation utilizing MPCC, the
stator current serves as the direct optimization objective. Online optimization of the inverter
switch state is performed based on predictive values and the predefined objective function,
enabling direct output. Relative to MPTC, this approach minimizes current harmonics and
demonstrates broad applicability across power converters and motor drives [8,9].

FCS-MPC stands as a distinct branch within the realm of MPC, distinguished by its
ability to meticulously explore all switch states of the inverter and select the optimal switch
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state output based on a defined cost function, thereby offering rapid response dynamics
and facilitating multi-objective optimization [10-12]. Although FCS-MPC has the ability to
achieve multi-objective optimization, it still faces many challenges, such as designing the
cost function and selecting weight coefficients [13]. Unreasonable cost function design may
not achieve multi-objective optimization and instead lead to system control errors.

Taking the implementation of MPCC cost function design as an example, it usually
only includes the current penalty term. In theory, adding a switching frequency penalty
term to the cost function could optimize the switching frequency, but in reality, it is not that
straightforward. The current and switching frequency terms in the cost function need to
be quantified by weighting coefficients to penalize their significance. However, due to the
different dimensional properties of penalty terms, introducing an appropriate parameter
as a weighting coefficient becomes difficult. The dimensional inconsistency between the
switching frequency and current prevents the direct selection of weighting coefficients.
For example, the current error may only be in the mA level, while the number of switch
actions may be a natural number greater than 0. Adding these two directly, due to their
different orders of magnitude, the decisive factor will only be the switch frequency limit
term. During the implementation of the controller, truncation errors in calculations of
chips such as DSPs and FPGAs may lead to a decrease in control performance if weighting
coefficients are improperly chosen, posing a risk of vector selection errors. In order to
quantify the significance of penalty terms in the cost function, a model predictive control
scheme with variable weighting coefficients is proposed in [14], where switching frequency
serves as an additional term in the cost function, effectively reducing the switching losses
of the matrix converter. In [15,16], a novel method for representing switching frequency is
proposed. Unlike traditional methods, it uses the error between voltage vectors instead of
the number of switch actions to limit the switching frequency, achieving favorable control
effects. This also provides new ideas for designing a unified dimensional value function.
In addition, the switching frequency and the common-mode voltage are selected as the
control target [17]. Their control is converted into the limitation of the current ripple so that
the control parameters have a clear physical meaning. However, for multi-objective FCS-
MPC program designs, weighting coefficients are typically obtained through numerous
experiments and continuous adjustments [18,19].

In the aforementioned literature, the weighting coefficients are derived from engi-
neering experience [20]. Currently, there is limited mathematical derivation regarding the
selection of weighting coefficients. Therefore, the design and optimization of weighting
coefficients for cost functions with multiple constraints become challenging tasks. Overall,
the selection and optimization of weighting coefficients for multi-constraint cost functions
pose a significant challenge in the field.

Addressing the aforementioned issues, this paper presents a solution for the challeng-
ing task of designing weighting coefficients in the cost function of MPCC in the context of
an NPC topology induction motor drive system, combined with the principles of FCS-MPC.
A method is proposed to constrain the weighting coefficients of the switching frequency
term in the cost function. Stator current and switching frequency are selected as penalty
terms in the cost function, and their dimensional consistency is unified. This approach
significantly reduces the difficulty of tuning the weighting coefficients for constraining
the switching frequency term. Furthermore, considering the operating characteristics of
induction motors under various conditions, a composite cost function is proposed, inte-
grating the steady-state performance advantages of MPCC and the dynamic performance
advantages of MPTC, thereby enhancing the dynamic response performance of model
predictive current control. The remaining contents of this paper are as follows: Section 2
introduces the traditional model predictive current control method based on NPC three-
level inverters. Section 3 presents the proposed cost function design method, deriving the
dimensional consistency of current and switching frequency terms in the cost function, and
then designing a composite cost function for different operating conditions of the motor.
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Section 4 validates the proposed method through simulation and experimentation. Finally,
Section 5 concludes the paper.

2. Predictive Mode of a NPC Three-Level Inverter with Induction Motor Load
2.1. Mathematical Model of a NPC Three-Level Inverter

In Figure 1, V4. represents the DC-link voltage, while C; and C;, denote the DC bus
capacitors. Dy, (where x = a, b, c and y = 1, 2) signifies the clamping diodes and Sy,
(where x =a, b, cand y =1, 2, 3, 4) denotes the power switches, which are IGBTs in this
case. IM stands for the three-phase induction motor. Assuming all switches are ideal
components and neglecting the forward conduction voltage drop of the switches, there
are three operating states of each phase leg of the NPC inverter, taking the phase-a leg as
an example:

(1) State P: Switches S;1 and S;p conduct simultaneously, while switches S;3 and Sy4 are
both off. In this state, Vo = V4./2.

(2) State O: Switches S;; and S;3 conduct simultaneously, while switches S;1 and S;4 are
both off. In this state, V,, = 0.

(38) State N: Switches S;3 and S;4 conduct simultaneously, while switches S;; and S;; are
both off. In this state, Vo = —V4./2.

[=

(1

mln

I

Figure 1. Topology of NPC inverter with IM.

In the normal operation of the NPC three-level inverter, defining the switch state
variables S;, Sp, and S, to respectively represent the switch states of the phase-a, b, and c
legs, the neutral point voltage of each phase can be expressed as (1):

V.
Vyo = %Sx (x=a,b,c) (1)
where the switch function Sy is defined as (2):

1 //P”(ler SxZ/ Sx3/ Sx4) = (1/ 11010)
SX = 0 ”O”(lel Sx2/ Sx3/ Sx4) == (O/ 1/ ]-/ 0) (2)
—1 “N"(Sx1, Sx2, Sx3, Sxa) = (0,0,1,1)

and the inverter output voltage vector vs. can be derived as (3):

2
vy = g(vao + avy, + azvco) 3)

where a = ¢/27/3 = —1/2 + j V/3/2, and there are 27 switch states, leading to 19 distinct
voltage vectors, as illustrated in Figure 2.
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Figure 2. All possible switching states and voltage vectors in three-level inverters.

Establishing the vector model of the induction motor, the stator current of the induction
motor is represented on the complex plane as i, with its components on the « and j axes
denoted as is and isg respectively. The voltage complex vector equation can be expressed
as (4), and the flux complex vector equation is represented by (5):

. dy,

{us e 4)
#y, = Ryip + 2
Y, = Lsis + Lmiy (5)
$, = Lyis + Lyi,

Equations (4) and (5) depict us and u, as the stator and rotor voltage complex vectors,
is and iy as the stator and rotor current complex vectors, ¥s and ¥ as the stator and rotor
flux complex vectors, and Rs and R, as the stator and rotor resistances, while L, Ly, and L,
represent the stator inductance, rotor inductance, and leakage inductance, respectively.

2.2. Traditional Model Predictive Current Control

The structural diagram for MPCC is illustrated in Figure 3. Its outer loop comprises a
PI controller, while the inner loop incorporates a discrete predictive model for an induction
motor. Voltage vector outputs are selected based on cost functions to track the desired
current most effectively.

Speed loop Current loop
| | | D
——h(—{ PI . . HH
P I - te I I I Switch
I . tat
G I | > Cost function 1 — @
I | I | Inverter
0 . x 7'}
|| iy R |
oc wh | P
| Iy calculate dg | | ¥ s | .
I v O L I I < % fa -
_— i
| o, calculate o /s | | Predictive model I A
| I |
e e e e e — oe—— — — e e — — :_ — — —

Figure 3. Traditional MPCC control structure diagram.
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The forward Euler formula can be represented by Equation (6):
dx _ x(k+1)—x(k)

dt T (©)

In Equation (6), T represents the control period. Applying the forward Euler method
for discretization, Equations (7) and (8) yield the stator flux prediction equation at time
k + 1 and the stator current prediction equation, respectively:

PF (k + 1) = (k) + Ts[Va(k) — Ryis (k)] (7)

S : S kr .
D) =14 D)+ o (5 k) p vk ) ®

where 17, = ‘%‘, Ry = R + k%R,, k, = LL—T, T = 1%, T = 1%, and vs. (k + 1) represents the

three-phase voltage values of an NPC three-phase inverter output, which are dependent
on the inverter’s switching state. Based on the current sampled values is (k) at the current
time instant, the electrical angular velocity (), and all 27 possible output voltage vectors
of the inverter at time k + 1, 27 potential stator current prediction values for the next time
instant can be derived.

After obtaining the predicted value of the stator current at time k + 1, it is necessary to
establish a model to predict the cost function of current control as (9):
it (k+1) — s (k+1)

sai

{ming =
s.t. us(k) € {ug,uy, -+, uzz}

The cost function contains only one tracking term for current, allowing for the direct
determination of the deviation between the predicted current and the specified current.

(k1) = i3, (k+ 1) +

©)

2.3. Traditional Design Methods for Switching Frequency Weighting Coefficients

While ensuring a certain level of control performance, minimizing the switching
frequency of the inverter can reduce the losses of power semiconductor devices. This can
be achieved by constraining the number of switches in the inverter. As such, n is defined as
the number of switching transitions of the inverter’s switch state from S(k — 1) to S(k), as
shown in Equation (10):

n=) |Sx(k) = Sx(k=1)| (x=a,b,c) (10)

From Figure 1, it is evident that the switching states of each bridge leg in the three-
phase inverter can be represented as S = (S;, Sp, S¢). Based on Equation (10), the cost
function with the constraint on switching frequency can be obtained:

sui

{min gn =
s.t. us(k) € {uo,uq,--- ,u27}

Dk +1) = % (k+ 1) +

P T X
1Sﬁi(k+1) 1Sﬁ(k+1) +Ay-n (11)

where A, represents the weighting coefficient of the switching frequency term in the
cost function (11).

When considering the inverter’s switching frequency, a model predictive control
scheme is typically designed to optimize the switching losses. However, the dimensions
of the penalty terms for current and switching frequency in the cost function are differ-
ent, making it challenging to design appropriate weighting coefficients. Currently, there
is limited theoretical analysis of the weighting coefficients for switching frequency in
research. Therefore, the following section elaborates on the design approach for the weight-
ing coefficients of the switching frequency, providing a theoretical basis for optimizing
switching losses.
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%(su +aS;, +a%S.) =

3. Proposed Improved Cost Function Design Method
3.1. Proposed Method for Weighting Coefficient Design with Unified Dimensions

Based on the current prediction from Equation (8), the relationship between the voltage
vector and the predicted current vector can be derived:

Vilk+1) =

S S To RO’

ATy - T L0y By, <k>+1(krkrfﬂ)1”’” (12

Subsequently, based on (3) and (12), the relationship between the inverter switching
states and the predicted currents can be established as Equation (13):

+Tp T+ T Ts 1 [k, .
L) - 2 0 D + - (£ - ki) w0 )

Tr

Due to the high sampling frequency of the MPCC strategy, within the same sampling
interval, it is assumed that is (k) and ¥, (k) are constant. The relationship between the
inverter switching count and the predicted currents can thus be expressed by Equation (14):

3 ,+T

A A 2AS.) =
(AS; +aAS, +a“AS.) = Ve T

( (k+1)—z (k+1)) (14)

where
it (k+1) € {ily (k1) (k+ 1), il (k+1) }

and i (k + 1) represents the optimal vector chosen at the preceding time instant.
Then, applying the inverse Clarke transformation to Equation (14) derives (15):

T
S| = > AT A (kv 1) (15)

[ASH:| Aifu(k +1)
T Ve T
ASc ‘ AP (k +1)

Based on Equations (10) and (15), the expression for the switching frequency of three-
phase inverters can be obtained:

3 T0'+T
Vdc

‘Alsa (k+1)| + |ail, (k+1)| + [aike(k+ 1)) (16)

Therefore, the expression for the weighting coefficient A, of the constrained switching
frequency term is given by Equation (17):
T Vi

Ay = - 17
i (17)

then, we define £ as the new weighting coefficient:
C=Ay-n (18)

Finally, the cost function with weighting coefficient dimension unification, accounting
for the switching frequency term, is expressed as Equation (19):

ming = (1 — &) (|iZ,; (k+1) — 5 (k+ 1) + |5, (k+1) = izg(k+1)|) +e-¢ 19)
s.t. us(k) € {ug,uy, -+ ,ugr}, e €[0,1]
Here, ¢ is a newly introduced weighting coefficient variable used to adjust the balance
between the current tracking and the switching frequency constraints in the objective
function. When ¢ is set to 0, it indicates no limitation on the switching frequency. As
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¢ increases, the contribution of the switching frequency constraint in the objective function
gradually rises.

Accordingly, € can be designed based on requirements such as current harmonic
content, maximum switching frequency allowable by the inverter power semiconductor
devices, and system heat dissipation. While ¢ still needs to be carefully chosen, Equation (17)
provides a better representation of the proportion between current and switching frequency
compared to the traditional objective function (11), as both terms are now dimensionally
unified. In practical controller implementations, due to truncation errors inherent in
DSPs, FPGAs, and similar chips, Equation (17) expands the range of deployable chips
for this algorithm and reduces the risk of vector selection errors that may arise from
truncation errors.

3.2. Proposed Composite Cost Function for Model Predictive Control

As the motor requires excellent torque and speed tracking performance during the
startup phase, and emphasizes current tracking performance more in steady-state operation,
the control proposed in this paper for the MPC algorithm with composite cost functions
meets these requirements. The structural diagram is depicted in Figure 4, and the expression
for the composite cost function is given by Equation (20):

| g1, Aw < n% x w*
8= 9, Aw > 1% x w*

i’ (k+1)—i;ﬁx(k+1)’+

sai

g1 =(1—¢)( P+ 1) =i+ D) +ec 20

2
82 = A [P (k+1) = w*[* + Ay < |[9f (ke +1)] = 2|+

where Aw represents the speed deviation, w* denotes the desired speed, w stands for the
actual speed, Ay, and Ay are weighting coefficients, h, represents the penalty term for
torque overshoot, and n represents the index of the switch state.

Speed loop Proposed MPC
|______Te,__| r—— = 'i DC
“ I C) PI I I > fuﬁg:it)n Hl—l

- I
o I “- I I 1 | switch
1 tat
d | @ -I,m I I f I status @z
I a ] | Identify Cost | inverter
. ~ )
I W, iaqx I I :::::Sr > funczhon
| iq‘calculate dg [ - lf’”p A t? :
I v I i? o I .
‘u
: @, calculate ap : : predictive model | | i,
@,
B e — — — — — — — — e | — — — —“ — — J .

o o /@

Figure 4. Schematic diagram of MPC structure for composite cost functions.

From the aforementioned expression of the cost function, it is evident that during the
dynamic phase of the motor, the optimization focuses on speed and flux as key factors
(using g»). However, during steady-state operation, the emphasis shifts to tracking current
and appropriately limiting switch frequency (using g1). In particular, in g, A, and Ay
represent the reciprocal of the maximum speed and stator flux, respectively. This means
that A, and Ay have adjusted the speed limit term and stator flux limit term to between 0-1,
unifying their magnitudes. h;, represents the penalty term for torque overshoot. If the
predicted torque exceeds the torque limit value, /i, = oo, this means that the vector is
not selected.
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To quantify the switching frequency of inverters, we define the average number of
switching actions, denoted as n,, for all power switching devices in a three-phase inverter
within one control cycle.

4 . ) .
o = ) P el
i=1

where k denotes the control cycle sequence and n,; {ic[1-4]} represents the number of
switching actions for the power switching device in phase-a during the first control cycle.
Then, the average switching frequency of the inverter is defined as fe:

N
2 Nek
k=1

ﬂ:an

(22)

where N represents the total number of control cycles simulated up to the current instant
and T; denotes the control cycle step size.

In consideration of the characteristic of variable switching frequency in MPCC, which
does not possess a fixed switching frequency, it is inadequate to evaluate the switching
frequency merely based on the average value. To comprehensively assess the inverter’s
switching frequency, we hereby define the instantaneous switching frequency fs, as follows:

Ny
kzlnek
== 2
fi = 23)

where Ts1 denotes a fixed small period and Nj represents the number of control cycles
contained within Tg;.

The instantaneous switching frequency indicates the average number of power switch
device actions within a small period. Since Ty is significantly smaller than the entire
simulation period, we approximate the instantaneous switching frequency as f;.

4. Simulation and Experimental
4.1. Simulation Verification of the Proposed Method

This section presents a simulation of induction motors (IM) undergoing a 10 Nm
load startup, and motor parameters in Matlab/Simulink (R2022b) are presented in Table 1.
During simulations and experiments, a composite cost function is used, where g, is used
during the motor start-up phase and g; is used during the motor steady-state phase. The
following is an analysis of the simulation results.

Table 1. Motor parameters.

Parameter Value Unit
Sampling period 25 us
DC-Link voltage 500 Vac/V

DC capacitor 900 uF

Rated Speed 1500 rpm
Stator resistance 1 Rs/Q)
Rotor resistance 0.98 R./Q)
Stator inductance 0.00223 Ls/H
Rotor inductance 0.00224 L./H
Mutual inductance 0.002 Lm/H

Pole pairs 2 -

Figure 5 illustrates the simulation waveform of the instantaneous switching frequency, f,
of the inverter, and Figure 6 depicts the simulation waveform of the average switch-
ing frequency, fe, of the inverter. During the simulation, the motor accelerates from
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0 rpm to 1500 rpm and then decelerates to 1000 rpm after 5s. The values of ¢ are set to
0.0,0.1,0.2,0.3, 0.4, and 0.5, corresponding to various weighting coefficients.

e ——

N 5000 3
S~ /_r'""
24000 f E
=1 | .
g 1
53000 {\;‘_ — T Aoy
2]
2 2000 ,
O — g=0.5
g £=0.4
£ 1000 £=0.3
< —_—=0.2
=0 e=0.1
! ! ' |— £=0.0
0 2 4 6 8 10

t/s

Figure 5. The instantaneous switching frequency of the inverter.

5000

z

s

o 4000

9

=1

7]

2 3000 .

v

& ﬁ,'

)]

S 000 &=0.4

4 ==0.3

< 1000 —_— =02
— =0.1
— g=0.0

0 1
0 2 4 6 8 10

t/s

Figure 6. The average switching frequency of the inverter.

From Figures 5 and 6, it can be observed that with the continuous increase of ¢, which
corresponds to the increasing proportion of the constraint on the switching frequency
term in the objective function, both the maximum f; and the f. of the inverter decrease
accordingly. The simulation results indicate that after adopting the proposed scheme of
adjusting the weighting coefficients for the constraint on the switching frequency term,
only the proportion of the switching frequency term in the objective function needs to
be adjusted, i.e., changing the value of ¢. A larger ¢ leads to a greater proportion of the
constraint on the switching frequency term in the objective function.

In Figure 6, when ¢ = 0.5, as the induction motor accelerates to 1500 rpm, its f stabilizes
around 3 kHz. When the motor decelerates to 1000 rpm, the f; begins to decrease gradually
and eventually stabilizes around 2.8 kHz. Throughout the entire speed regulation range
of the induction motor, the inverter may operate steadily at different speeds. This control
algorithm, which varies the switching frequency according to the motor speed, results in
different switching frequencies of the inverter.

Figure 7 presents the FFT analysis results of phase-a current with different weight
coefficients ¢ (motor operating condition is 1500 rpm in the steady-state stage). As shown
in Figure 7a, when ¢ = 0, it means that the g; cost function used in the steady-state stage
of the motor only constrains the stator current and does not limit the switching frequency.
At this condition, the phase-a current THD is 7.96%. As ¢ gradually increases, it means
that the switching frequency limitation term in g; begins to take effect. In this case, the
switching frequency gradually decreases (Figures 5 and 6), but the current harmonics of
phase-a gradually increase (Figure 7b—f). The THD at ¢ = 0.5 is -increased by approximately
2.3% compared to € = 0.
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Figure 7. The phase-a current THD values at different ¢. (a) e =0. (b) e =0.1. (c) e =0.2. (d) ¢ =0.3.
(e)e=04.(f)e=05.

Figure 8 shows the total loss (including switching losses and conduction losses) of
all IGBTs and Diodes in phase-a at different e. The simulation is based on PLECS tools
in Matlab /Simulink, and simulation data is based on Infineon FS3L50R07W2H3_B11. As
illustrated in Figure 8, as ¢ increases from 0 to 0.5, the total loss decreases from 11.252 W to
10.6047 W, with a decrease of 5.75%.

11.400

11.252 11.241

11.200
11.096
11.0484

11.000 ] 109635

10.800

10.6047

Power Losses/W

10.600

10.400

10.200 T T T T T
=0 £=0.1 £=0.2 £=0.3 £=0.4 £=0.5

Figure 8. The total power loss values at different ¢.

Table 2 presents the simulation results at different operating points: low speed
(300 rpm), medium speed (900 rpm), and high speed (1500 rpm). According to the data in
Table 2, when the motor speed is low, the switching frequency is also low. As the speed
increases, the switching frequency also increases. A detailed analysis reveals that as the
motor speed decreases, indicating a lower fundamental frequency of the motor phase
current, the MPC algorithm requires less frequent switching of vectors to achieve current
tracking, and the switching frequency consequently decreases. As the speed increases, the
fundamental frequency of the motor phase current also rises, necessitating more frequent
vector switching by the MPC algorithm to accomplish current tracking, thereby resulting
in an increase in the switching frequency. In practical engineering applications, ¢ can be
dynamically selected according to the operating conditions of the motor. Under low-speed
motor conditions, if the switching frequency is within an acceptable range, reducing ¢
appropriately can improve the quality of the current waveform. However, in high-speed
motor conditions, sacrificing some quality of the current waveform may be necessary to
ensure that the switching frequency does not exceed the specified limit (increasing ¢),
thereby maintaining the inverter within a safe operating region.
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Table 2. Simulation results of different operating points.

Speed =0 e =01 £=02 £=03 £ =04 £ =05
THD fs Loss THD fs Loss THD fs Loss THD fs Loss THD fs Loss THD fs Loss
L(‘;xofgfsf 7.93% | 14 9.298 7.94% 135 9.199 7.97% | 131 9.105 8.00% 124 9.113 8.05% 119 8.909 8.07% 115 8589
Medium Speed 794% 38 10.311 7.94% 3.75 10.254 798% 37 10.102 7.97% 35 10.032 8.01% 34 9.899 8.10% 28 9.582

(900 rpm)

?11585‘0511;:? 7.96%- 11.252 7.98% - 11.241 7,99%- 11.096 8.03% - 11.048 8.05% 3.7 10.964 8.14% 3.0 10.605

:fs <2kHz; ' :2kHz <fs <4 kHz; B: f > 4 kHz.

The above simulation results demonstrate the effectiveness of the unified dimensional
cost function proposed in this article in limiting switching frequency (g;). In practical
applications, the appropriate ¢ should be selected according to the needs. The selection of
the appropriate & can reduce switching frequency while minimizing the increase of THD,
thereby reducing inverter losses and improving the service life of motor drive systems.

Comparing Figures 9 and 10, it is evident that speed has a rapid response during the
motor startup phase when employing a composite cost function in (20). As the motor accel-
erates from 0 rpm to 1500 rpm, the MPC of composite cost function achieves an acceleration
time of approximately 0.08 s, whereas the MPC with the classical cost function predicts an
acceleration time of about 0.1 s, resulting in a 20% improvement in speed response.

1600

1400

1200

1000

Reference speed
Feedback speed

0 0.02  0.04 0.06  0.08 0.12 014 016 018 02

0.1
t/s

Figure 9. The speed simulation waveform of traditional MPC (only using g1).
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-200

0 0.02  0.04 0.06  0.08 Ot} 0.12 014 016 018 0.2
S

Figure 10. The speed simulation waveform of MPC based on the composite cost function.
Comparing Figures 11 and 12, we can see that simulation results demonstrate the

effectiveness of the composite cost function in enhancing the torque response performance
of MPC during the motor startup phase.
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Figure 11. The torque simulation waveform of traditional MPC (only using g;).
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Figure 12. The torque simulation waveform of MPC based on the composite cost function.

4.2. Experimental Results and Analysis

The experimental platform of a 15 Nm load startup for IM is illustrated in Figure 13. Dur-
ing the experiments, the chip used is a TMS320F28377 (Texas Instruments, Dallas, TX, USA),
employing a composite cost function to control the speed regulation system of an induction
motor driven by a three-level inverter. The instantaneous and average switching frequen-
cies of the inverter can be calculated by measuring the PWM pulses emitted by the DSP
controller. The following is an analysis of the experimental results.

Data
acquisition

Oscilloscope

Figure 13. The experimental platform.

Figures 14 and 15 present a comparison of torque measurement waveforms for the
motor utilizing the proposed composite cost function and traditional cost function within
the MPC framework. The utilization of the composite cost function model demonstrates a
certain effectiveness in achieving rapid tracking of the desired torque during the motor start-
up phase under current control. From Figures 14 and 15, we can see that the experimental
waveforms of speed and torque are consistent with the simulation results.
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Figure 14. The experimental waveforms of traditional MPC (only using g;).
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Figure 15. The experimental waveforms of MPC based on the composite cost function.

Then, the induction motor is set to accelerate from 0 rpm to 1500 rpm, with the
weighting coefficient ¢ = 0.5 introduced for the switching frequency constraint term in
the model predictive control cost function. The instantaneous switching frequency of the
induction motor during this acceleration process is depicted in Figure 16 and the average

switching frequency is shown in Figure 17.

As depicted in Figure 16, the instantaneous switching frequency throughout the
experimental steady-state process is limited to 3000 Hz, and Figure 17 shows that the
average switching frequency is about 3000 Hz. We can see that the experimental waveforms
of switching frequency demonstrate the correctness of the weighting coefficient design.

5000 T T
4500
4000
3500
3000
2500
2000
1500 7
1000

500
0

Frequnecy/Hz

1

1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 S 0.6 0.7 0.8 0.9 1

t/

Figure 16. The instantaneous switching frequency of the inverter when e = 0.5.
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Figure 17. The average switching frequency of the inverter when ¢ = 0.5.

5. Conclusions

This paper presents a method for designing the weighting coefficients in the MPC cost
function, which unifies the dimensions of the penalty terms for stator current and switching
frequency. The unified dimensional expression for both provides a theoretical basis for
selecting the weighting coefficients for the switching frequency term. These coefficients can
be designed considering factors such as the maximum switching frequency tolerable by the
inverter power switches and system heat dissipation requirements, aiming to appropriately
reduce the switching frequency. Furthermore, to address the slow speed and torque
response issue of MPC during motor start-up, a composite cost function MPC control
strategy is proposed, enhancing dynamic response performance. Through simulation and
experimental validation, the proposed method is employed to design the cost function
using the weighting coefficient selection approach, and various motor operating conditions
are tested. Analysis of the results demonstrates the effectiveness of the proposed approach
in reducing switching frequency and achieving satisfactory performance across the entire
speed range.
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