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Abstract—Model accuracy, computational complexity, and
weighting factor dependency are three primary challenges as-
sociated with multi-stage model predictive control (MS-MPC) of
multilevel inverters (MLIs). Typically, existing MS-MPC employs
the forward Euler integration method to discretize continuous-
time models, due to the ease of implementation in real-time
controllers. This approach faces a significant deterioration in
computational accuracy as sampling period increases. To address
this issue, this paper proposes a new formulation of MS-MPC
for MLIs. Also, an enhanced discrete-time model of MLI by
using Heun’s integration method is proposed to implement the
proposed MS-MPC, resulting in a more precise formulation and
indirect minimization of common-mode voltage (CMV). Unlike
the existing methods, the proposed method does not employ a
cost function with weighting factor or offline selection of voltage
vectors (VVs) to minimize the CMV. Furthermore, it does not
increase computational complexity compared to the existing MS-
MPCs. Simulation studies are conducted on a four-level MLI
system to validate the efficacy of the proposed MS-MPC, and its
performance is compared with the existing methods.

Index Terms—Discretization method, mathematical models,
model accuracy, multilevel inverter, model predictive control.

I. INTRODUCTION

Model predictive control (MPC) methods have gained

prominency in achieving multiple objectives of multilevel

inverters (MLIs) and their applications [1], including re-

newable energy [2], [3], electrified transportation [4], [5],

medium-voltage drives [6], high-voltage direct transmission

systems [7], and so on. Typically, the control objectives

of MLIs are achieved in a single-stage optimization for all

possible switching states, which is commonly referred to as a

finite control-set MPC (FCS-MPC) in the literature [8]. This

method has shown a superior reference tracking at steady-

state and fast response during transients compared to the linear

control methods [9]. However, the mathematical models accu-

racy, computational complexity, and weighting factor selection

affect the real-time implementation and performance of FCS-

MPC methods for MLIs [10].

Traditionally, the three-phase modeling philosophy has been

adopted in the formulation of FCS-MPC, resulting in a higher

computational complexity, and it drastically increases with

the number of voltage levels of MLIs [11]. To address this

issue, the per-phase philosophy-based FCS-MPC formulation

has been introduced for MLIs [12]. Irrespective of the formu-

lation, the forward Euler integration method has been widely

employed in the discretization of continuous-time (CT) models

of MLIs, which affects the reference tracking performance

at large sampling periods [13]. In [14], Heun’s integration

method has been proposed to formulate the discrete-time mod-

els for FCS-MPC, along with the per-phase implementation

philosophy. This approach improves the harmonic performance

and reduces the computational complexity. However, neither

three-phase nor per-phase-based FCS-MPC methods have been

able to escape the impact of weighting factor selection pro-

cess [15]. To adjust the weighting factors dynamically, artifi-

cial neural network (ANN) [16] and adaptive approaches [17]

have been proposed, but they further increases the real-time

implementation complexity of FCS-MPC methods.

Alternatively, multi-stage model predictive control (MS-

MPC) methods with an aim of computational complexity

reduction and elimination of weighting factor dependency are

well studied for MLIs [18], [19]. Depending on the number

of control objectives, MS-MPC methods are designed with

either two or three optimization stages by considering the

redundancy of converter voltage vectors (VVs) and switching

states [20], [21]. Typically, the exhaustive search is used to

find the optimal VV and the corresponding switching state

through multi-stage optimization process [22]. However, the

exhaustive search becomes cumbersome with the increase

in voltage levels of MLIs. In [23], [24], the VVs with the

lowest common-mode voltage (CMV) are pre-selected offline

and subsequently employed them in the optimization process.

This process further reduces the computational complexity

and eliminates the weighting factor dependency, but it affects

the steady-state and transient performance due to the use of

limited VVs in the optimization process [25]. On the other

hand, the MS-MPC with indirect CMV minimization has been

proposed for MLIs [26]. This approach is based on a per-phase

philosophy, where the optimal voltage level for each phase is

determined through an exhaustive search-based optimization

process to fulfill the each phase’ control objectives. It has

shown a superior performance without compromising the
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transient response and computational complexity, but it leads

to a high switching frequency operation.

To further simplify the MS-MPC methods, the predictive

current models are reformulated in terms of predictive voltage

models, thereby adapting the space vector philosophy to iden-

tify the suitable VVs for the optimization process [27]. In [28],

the hysteresis comparator philosophy has been introduce to de-

termine the optimal hexagon and sector, thereby identifying the

nearest VVs and the corresponding switching states. In [29],

the g−h reference frame theory has been employed to identify

the nearest VVs for optimization process. This philosophy has

been further extended to incorporate the virtual VVs in the

optimization process to address the capacitor voltage ripple

reduction [30]. In [31], the sub-optimal VVs are identified

based on the CMV variation and these resultant sub-optimal

VVs are subsequently utilized in the cost function optimization

to select the final optimal VV.

In [32], [33], the VVs are pre-selected based on the location

of reference current tracking error rather than optimization

process. Irrespective of the implementation philosophy, the

existing MS-MPC methods are mainly targeted to reduce

the computational complexity and eliminate the weighting

factors, while fulfilling the control needs of MLIs and their

applications. Moreover, these methods mainly use the forward

Euler integration method-based models in their implementa-

tion, resulting in prediction inaccuracy as sampling period

increases. To reduce impact of prediction error on the system

performance, the multi-vector-based MS-MPC methods have

been proposed for MLIs [34]–[36]. The use of more vector in

each sampling time leads to higher device switching frequency

compared to the single-vector approaches [37].

To improve the prediction accuracy, enhanced discrete-

time (DT) models are proposed to implement the MS-MPC

for MLIs in this article. The DT models are derived from

CT models by using Heun’s integration method. Moreover,

the proposed MS-MPC is formulated with an indirect mini-

mization of CMV objective to eliminate the weighting factor

dependency, while maintaining a low computational burden.

The enhanced DT models will also improve the harmonic

performance and reduce the flying capacitor (FC) voltage

ripple in MLIs. The efficacy of the proposed MS-MPC is

evaluated through MATLAB simulations and its performance

is further compared with the existing MS-MPC methods.

II. MODELING OF THE PROPOSED MS-MPC

The proposed MS-MPC is applied to a four-level MLI (4L-

MLI), and its circuit configuration is shown in Fig. 1 [38]. The

4L-MLI is composed of eight switches (Sw1-Sw8) and two

FCs (Cw1-Cw2) in each phase, where w ∈ {p, q, r} denotes

the ac output terminal. Table I shows the switching states

corresponding to a 4L-MLI and their impact on FC voltages.

Each FC is designed with a rated voltage of one-third of the

dc-link voltage (Vdc) for a four-level operation of the inverter.

The ac load is formed with a resistor (R) and an inductor

(L) as shown in Fig. 1. In this article, the proposed MS-MPC

is formulated to control the load currents and FC voltages
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Figure 1. 4L-MLI circuit configuration [38].

of the 4L-MLI, while minimizing the CMV indirectly. The

detailed formulation and mathematical models used in the

implementation of the proposed MS-MPC are described as

follows:

A. Formulation of Load Current Models

From Fig. 1, the CT model of the load current of phase-w
can be written as [38],

diw
dt

=
1

L
vwn(t)−

R

L
iw(t) (1)

where vwn is the load voltage and iw is the load current of

phase-w.

By applying the KVL to the 4L-MLI shown in Fig. 1, the

load voltage can be expressed as,

vwn(t) = vwo(t)− vno(t) (2)

where vwo is the inverter voltage and vno is the CMV.

To minimize the CMV indirectly in the proposed MS-

MPC, the CMV objective is incorporated into load current

control objective by postulating v∗no(t) = vno(t)≈ 0, leading

to vwo(t)= vwn(t) [26]. This assumption eliminates the CMV

term in the load current formulation, allowing for a per-phase

implementation philosophy to handle the inverter objectives.

Typically, the forward Euler method is widely used in the

formulation of DT models for MS-MPC due to its simplicity

and ease of implementation in real-time controllers. However,

the accuracy of these models degrades as the sampling period

increases and they are given as,

ipw(h+ 1) =

(
1−

Ts R

L

)
iw(h) +

Ts

L
vwo(h) (3)

where Ts is the sampling period.

To enhance model accuracy, Heun’s integration method is

employed to discretize the CT model in (1) [13]. The resultant
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Table I
SWITCHING STATES OF A FOUR-LEVEL MLI [38]

Sw Sw1 Sw2 Sw3 Sw4 Sw5 Sw6 Sw7 Sw8 v
Cw1

v
Cw2

vwN

0 0 0 0 0 1 1 0 1 No Change No Change 0

1
1 0 0 0 1 0 0 1 Charge (iw > 0) Charge (iw > 0) Vdc − v

Cw1
− v

Cw2
=

Vdc
3

0 0 0 1 0 1 0 1 No Change Discharge (iw > 0) v
Cw2

=
Vdc

3

2
0 1 0 0 0 1 1 0 Discharge (iw > 0) Discharge (iw > 0) v

Cw1
+ v

Cw2
=

2Vdc

3

1 0 1 0 0 0 1 0 Charge (iw > 0) No Change Vdc − v
Cw1

=
2 Vdc

3

3 1 1 0 0 0 0 1 0 No Change No Change Vdc

DT model of the load current is given as,

ipw(h+ 1) =

(
1

2

(
Ts R

L

)2

−
Ts R

L
+ 1

)
iw(h)

+

(
Ts

L
−

R

2

(
Ts

L

)2
)
vwo(h)

(4)

Considering the switching states given in Table I, the 4L-

MLI output voltage with respect to the dc-link mid-point (o)

can be written as,

vwo(h) = Sw (Sw − 1) (3− Sw)
v
Cw1

(h)

2

+ Sw (3− Sw)
v
Cw2

(h)

2

+ Sw (Sw − 1) (Sw − 2)
Vdc

6
−

Vdc

2

(5)

where Sw is 4L-MLI phase voltage level.

The cost function for the load current optimization process

is formulated as,

Jw1 =
(
î∗w(h+ 1)− ipw(h+ 1)

)2
(6)

B. Formulation of FC Voltage and Current Models

According to circuit configuration in Fig. 1, the 4L-MLI is

composed of 2 FCs in each phase. The CT model of the kth

FC voltage in phase-w is given as,

d vCwk

dt
=

iCwk(t)

Cwk

(7)

where vCwk is the FC voltage, iCwk is the FC current, Cwk

is the capacitance of FCs, and k ∈ {1, 2} is the FC index

number.

The DT model of predictive FC voltage based on the

forward Euler integration method is given as [26],

vpCwk(h+ 1) = vCwk(h) + Ts

iCwk(h)

Cwk

(8)

To obtain a more precise model, Heun’s integration method

is applied to the CT model in (7) [13], and resultant model is

Load Currents

Reference

Lagrange

Extrapolation

Load Currents

Optimization

FC Voltage

Predictive

Model

FC Voltage

Optimization

Load Currents

Predictive

Model

I∗w f∗

w

iw(h)

iw(h)

v
Cwk

(h)

v
Cwk

(h)

i∗w(h)
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Figure 2. Block diagram of the proposed MS-MPC.

given as,

vpCwk(h+ 1) = vCwk(h) + Ts

(
iCwk(h)

2Cwk

+
iCwk(h+ 1)

2Cwk

)

(9)

The predictive FC currents at the (h)th sampling instant are

given according to Table I as,

iCw1(h) = (Sw1 − Sw2) iw(h)

iCw2(h) = (Sw5 − Sw6) iw(h)
(10)

Similarly, the FC currents at the (h+ 1)th sampling instant

can be written as,

iCw1(h+ 1) = (Sw1 − Sw2) i
op
w (h+ 1)

iCw2(h+ 1) = (Sw5 − Sw6) i
op
w (h+ 1)

(11)
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(a) Three-phase load currents (A)

(b) Line-to-line voltage (V)

(c) Phase-p flying capacitor voltages (V)

(d) Common-mode voltage (V)
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Figure 3. Proposed MS-MPC performance with current magnitude step-
change at f∗

w = 60 Hz.

Table II
ANALYSIS WITH I∗w VARIATION AT f∗

w = 60 HZ

Performance index I∗w = 0.3 pu I∗w = 0.95 pu

%THDi 2.41 0.79

%THDv 101.88 31.06

∆vC (V) 97 132

where iopw (h + 1) is the optimal value of phase-w current

corresponding to the optimal voltage level of Sop
w .

The cost function (Jw2) is formulated with the predictive

and reference FC voltages and it is given as

Jw2 =
(
v∗
Cwk

(h+ 1)− vp
Cwk

(h+ 1)
)2

(12)

where v∗Cwk represents reference FC voltage, which is set to

Vdc/3 in a 4L-MLI.

III. IMPLEMENTATION OF THE PROPOSED MS-MPC

The proposed MS-MPC method for a 4L-MLI is imple-

mented in two stages and their design steps are depicted in

Fig. 2. In this method, the load current references (i∗w) at the

hth sampling instant are generated with a specified magnitude

of I∗w and a frequency of f∗

w, and they are given as,

i∗w(h) = I∗w × sin(2πf∗

w + θw) (13)

(a) Three-phase load currents (A)

(b) Line-to-line voltage (V)

(c) Phase-p flying capacitor voltages (V)

(d) Common-mode voltage (V)
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Figure 4. Proposed MS-MPC performance with frequency step-change at
I∗w = 0.9 pu.

Table III
ANALYSIS WITH f∗

w VARIATION AT I∗w = 0.9 PU

Performance index f∗

w = 30 Hz f∗

w = 50 Hz

%THDi 0.87 0.86

%THDv 38.30 34

∆vC (V) 280 150

where θw ∈
{
0, 2π

3
, 4π

3

}
denotes phase angles.

Through Lagrange extrapolation, the load current references

are extrapolated to the (h+ 1)th sampling instant from (h)th
sampling instant, and they are given as,

î∗w(h+ 1) = 4 i∗w(h)− 6 i∗w(h− 1)

+ 4 i∗w(h− 2)− i∗w(h− 3)
(14)

The load currents are predicted at the (h + 1)th sampling

instant by using (4). These currents are used in the cost

function (6), together with the reference load currents. Each

phase cost function is evaluated for a total of 4 voltage levels to

determine the optimal voltage level (Sop
w ) and the correspond-

ing optimal load current value (iopw ). These values together with

the measured FC voltages are used in the prediction process

of FC voltages given in (9)–(11). The predicted and reference

FC voltages are used to form a cost function Jw2 in (12). This

cost function is evaluated for switching states corresponding to
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(a) Three-phase load currents (A)

(b) Line-to-line voltage (V)

(c) Phase-p flying capacitor voltages (V)

(d) Common-mode voltage (V)
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Figure 5. Existing MS-MPC performance at I∗w = 0.9 pu and f∗

w = 60 Hz.

the optimal voltage level only. Finally, the optimum switching

state corresponding to the smallest cost value is then selected

and applied to the 4L-MLI.

IV. SIMULATION RESULTS AND ANALYSIS

The performance of the proposed MS-MPC under various

working scenarios are validated on MATLAB simulation envi-

ronment. The 4L-MLI is designed with the following specifica-

tions: rated power (So)= 1.1 MVA, rated voltage (line-to-line,

rms) (vo)= 4000 V, dc-link voltage (Vdc) = 6000 V, FC capac-

itance (Cwk), = 1100µF, rated FC voltage (v∗Cwk)= 2000 V,

load resistance (R)= 13Ω, load inductance (L)= 13 mH, and

sampling period (Ts)= 40µs. Performance metrics used to

evaluate the system performance include current harmonic

distortion (%THDi), voltage harmonic distortion (%THDv),

and FC voltage ripple (∆Vc).

Fig. 3 shows the performance of the proposed MS-MPC

during a step change in current magnitude from I∗w = 0.3 pu

to 0.95 pu, with an operating frequency (f∗

w) of 60 Hz. The

results show that, regardless of working conditions, the three-

phase load currents are perfectly sinusoidal with a %THDi

of 2.41 and 0.79 at I∗w = 0.3 pu and 0.95 pu, respectively, as

shown in Fig. 3(a) and summarized in Table II. With increasing

current magnitude, the line voltage rises from 3 steps to 7 steps

(see Fig. 3(b)), resulting in a decrease in the %THDv from

101.88 to 31.06, as shown in Table II. Throughout the process,

FC voltages are perfectly regulated at their rated values of

2000 V each as shown in Fig. 3(c). They have a ∆Vc of

(a) Three-phase load currents (A)

(b) Line-to-line voltage (V)

(c) Phase-p flying capacitor voltages (V)

(d) Common-mode voltage (V)
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Figure 6. Proposed MS-MPC performance at I∗w = 0.9 pu and f∗

w = 60 Hz.

Table IV
COMPARISON ANALYSIS OF EXISTING AND PROPOSED MS-MPC AT

I∗w = 0.9 PU AND f∗

w = 60 HZ

Performance index Existing MS-MPC Proposed MS-MPC

%THDi 0.87 0.81

%THDv 34.86 33.82

∆vC (V) 138 129

97 V at I∗w = 0.3 pu and 132 V at I∗w = 0.95 pu. The results

indicate that the higher current magnitude leads to a greater

FC voltages ripple. Regardless of operating conditions, the

4L-MLI produces the least CMV at 358 V (peak) as shown

in Fig. 3(d), and there is a spike in voltage at the moment of

transient (at t= 0.4 s).

The performance of the proposed MS-MPC under the step

change in frequency is shown in Fig. 4. In this study, the

reference frequency (f∗

w) changes from 30 Hz to 50 Hz at

t= 0.6 s while maintaining I∗w at 0.9 pu. The results show

that, regardless of operating conditions, the three-phase load

currents have a %THDi of 0.87 at 30 Hz and 0.86 at 50 Hz,

as shown in Fig. 4(a), and the same details are given in

Table III. It is also observed that the change in frequency

has no impact on the %THDi performance of the proposed

MS-MPC. The line voltage remains 7 steps throughout the

operation, and it has a %THDv of 38.30 and 34 at 30 Hz and

50 Hz, respectively, as shown in Fig. 4(b). Throughout the

operation, each FC voltage is regulated at 2000 V as shown in
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Fig. 4(c). These FCs have a ∆Vc of 280 V and 150 V at 30 Hz

and 50 Hz, respectively. During the process, the proposed MS-

MPC maintains the minimal CMV at 358 V (peak), as shown

in Fig. 4(d).

To evaluate the effectiveness of the proposed MS-MPC, its

performance is compared with the existing MS-MPC (forward

Euler-based) [26], and the results are shown in Figs. 5 and 6.

Irrespective of control methods, the three-phase load currents

are perfectly sinusoidal as shown in Figs. 5(a) and 6(a).

However, while the existing MS-MPC has a %THDi of 0.87,

the proposed MS-MPC produces a lower %THDi of 0.81, as

shown in Table IV. The line voltage has 7 steps with a %THDv

of 34.61 and 33.82 for existing MS-MPC and proposed MS-

MPC, respectively, as shown in Figs. 5(b) and 6(b). Regardless

of control techniques, FC voltages are consistently maintained

at their reference values with a ∆Vc of 138 V for the existing

method (see Fig. 5(c)) and a reduced ∆Vc of 129 V for

the proposed MS-MPC (see Fig. 6(c)). During the process,

both methods produce the same CMV with 358 V (peak), as

shown in Figs. 5(d) and 6(d). It is interesting to note that both

methods require the same execution time.

V. CONCLUSIONS

In this paper, an enhanced DT models using Heun’s inte-

gration method for MS-MPC is proposed and applied to a

4L-MLI. The detailed formulation of DT models of the 4L-

MLI with Heun’s method and implementation steps of the

proposed MS-MPC are also presented. The proposed MS-MPC

is also studied on a 4L-MLI through MATLAB simulations

under various operating conditions. The results show that the

proposed method effectively reduces the current and voltage

harmonic distortions and FC voltage ripples, while producing

the lowest CMV. Furthermore, this approach does not increase

computational complexity compared to existing MS-MPC.

Overall, the proposed MS-MPC shows a superior performance

with the enhanced DT models over the forward Euler method-

based models, and it is highly suitable for MLI-fed electric

motor drive applications.
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