International Journal of Power Electronics and Drive Systems (IJPEDS)
Vol. 14, No. 3, September 2023, pp. 1497~1508
ISSN: 2088-8694, DOI: 10.11591/ijpeds.v14.i3.pp 1497-1508 O 1497

Model predictive control using Euler method for switched-
battery boost-multilevel inverter

Ahmad Takiyuddin Abdullah?, Sevia Mahdaliza Idrus?, Shahrin Md Ayob!
School of Electrical Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, Johor, Malaysia
2Industrial Automation Section, UniKL MFI, Universiti Kuala Lumpur, Selangor, Malaysia

Article Info ABSTRACT

Article history: This paper presents the model predictive control (MPC) design using the
. backward Euler method for an 11-level switched-battery boost multilevel

Received Nov 24, 2022 inverter (SBBMLI). The SBBMLI was proposed as the cost-effective

Revised Jan 16, 2023 solution for the communication power line in a high-speed rail (HSR)

Accepted Feb 6, 2023 system. Initially, a generalized SBBMLI problem formulation was

performed, and an open-loop simulation based on voltage and current mode

controls was conducted. The finite control set-model predictive control
Keywords: (FCS-MPC) ability to track the reference sinusoidal output with low total
Cost function harmonic distortion (THD) was then assessed as a performance criterion.

Furthermore, the performance was assessed based on no-load and load
Euler method disturbances. Finally, the results proved the ability of the proposed FCS-
MPC MPC to address non-linear dynamics, constraints, and its efficiency of
SBBMLI implementation.

Voltage control . . .
This is an open access article under the CC BY-SA license.

Corresponding Author:

Sevia Mahdaliza Idrus

School of Electrical Engineering, Faculty of Engineering, Universiti Teknologi Malaysia
Johor Bahru, Johor, Malaysia
Email: sevia@utm.my

1. INTRODUCTION

The work undertaken in this project unlocked a potent hardware-software fusion that can effectively
solve the urgent requirements for the communication power line system in a high-speed rail (HSR) system.
This can be accomplished by establishing control structures that can be applied to a newly developed inverter
architecture with fewer components. Although the topology provides a number of advantages over traditional
design, its full potential has not yet been explored.

Technology development for electrified railway networks has been heavily funded over the recent
decades. The development does not involve the electric train but also systems within the train for traction,
regenerative braking, and special power electronics applications [1]. These items additionally include
numerous power electronics converter-based solutions.

Power electronics has proven to be essential technology in various fields that can convert electrical
power from one form to another with high accuracy and efficacy for decades [2], [3]. Power inverters are
essential for combining distributed generation sources (wind generator, photovoltaic) and energy storage
systems into a micro-grid, which can supply local loads as well as link to the utility grid [4]. The importance
of these converters such as in electrified trains is shown by the fact that they can be deployed in places other
than within the train to improve power quality. They can also operate as a circuit interface between the high
voltage three-phase power grid and the medium voltage single-phase traction power grid [1]. The use of
inverters, also known as dc-ac converters, can be found in medium- or high-power systems, such as static
reactive power compensation and adjustable-speed drives, and has unquestionably made a substantial

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

1498 0O ISSN: 2088-8694

contribution. Yet, new multilevel inverter circuit concepts have advanced due to significant electromagnetic
interference (EMI) difficulties and stress across the power switches. Being based on low-frequency switching
and allowing for voltage and current sharing across the power semiconductors, the multilevel notion is often
a fresh solution in these applications [5], [6]

The MLI is currently acknowledged as cutting-edge technology for converting dc to ac power in the
sectors of generation, transmission, distribution, and use [7]. The most common multilevel inverter
topologies are diode-clamped (neutral-point clamped), capacitor-clamped (flying capacitor), and cascaded H-
bridge [8]. The cascaded H-Bridge is regarded as popular and well-accepted by industries with its modular
structure, simple to control, and not having an imbalance capacitor voltage problem as the neutral-point
clamp inverter. However, the limitation of the cascaded H-bridge is that it requires separate dc sources. The
number of components, especially the power switches, is considerably higher compared to the such as
neutral-point clamp inverter. On the other hand, the emerge of transformer less inverters have grown
significantly in popularity due to their desirable qualities, such as higher efficiency, smaller size, lower cost,
and higher power density. These inverters are particularly well suited for small-scale grid-connected PV
systems [9]-[10]. The biggest issue with these inverters, though, is the leakage current. As a result, it
becomes more important to use specific inverter topologies and dedicated switching approaches [9], [11],
[12], which reduces efficiency and increases control complexity.

In order to address the aforementioned problems, this research employs an architecture called as a
switched-battery boost-multilevel inverter (SBBMLI) [7]. Comparatively speaking, it requires a lot fewer
power switches than a cascaded H-bridge multilevel inverter. This architecture will result in a smaller
system, which will lower costs and enhance dependability. The goal is to create innovative, cost-effective
solutions for integrating renewable energy sources into the grid, such solar power. The ability of the inverter
to operate a single PV module for a 1 KW prototype is another crucial requirement. The outcome should also
be taken into account for the recommended attributes of its dependability, surge power capability and
efficiency [8]. The low-order harmonics will be eliminated and the desired fundamental components will be
controlled, using an efficient control approach. The management of the charging mode, inverter mode, and
battery will also be performed via an effective control scheme. Although there are numerous other control
schemes that can be employed [13], the model predictive control (MPC) scheme is widely used to achieve the
goal of the aforementioned type. The MPC is chosen since it has demonstrated its applicability to regulate
power converters such that the ideas are clear and understandable. It applies to several systems, constraints,
and nonlinearities that are simple to include. The multivariable scenario can be considered, and the resulting
controller is simple [14].

The three-level NPC inverter at the grid side has been applied to the backward Euler method
approach of MPC. It manages the reactive power to the grid and net dc-bus voltage in a medium-voltage
wind energy conversion system. The application of an FCS-MPC approach has led to the achievement of a
rapid dynamic response. There was no longer any use of linear controllers or modulation stages [15]. An
adaptive observer-based MPC has been used to regulate a multilayer flying capacitor inverter in another
typical topology. Theoretical analysis and experimental findings in this instance demonstrate that the
suggested strategy is effective even in the existence of disturbances, such as load change, input change, and
parameter variations, and is stable for all system configurations [16]. Using the Euler method, the MPC has
also been implemented on a multilevel cascaded H-bridge. This MPC approach selected the voltage vector
that minimized a cost function to project the future value of the current for all voltage vectors using a
discrete-time model of the system. The work has been claimed to perform well in terms of reference tracking
and reduced common-mode voltages because of the implementation of a rapid calculation algorithm [17].
Another control strategy has also been developed using the MPC framework and the Euler method. The
MPC predicts the states of a single-phase dual-mode inverter with an MPC algorithm. By proposing an auto-
tuning strategy for the MPC cost function, the weight factor tuning strategy was made simpler. The results
show that the load voltage is regulated without interruption and distortion [18].

Conventional topology has also been developed to reduce the components of a multilevel inverter.
A reduced multilevel converter was acquired using the MPC technique. Its main idea is that the basic dc cell,
which is able to provide the variable dc-link voltage, has a regulated approach through the floating
capacitors. This feature offers the output phases of the converter with the degree of control necessary to
enable a shared multilevel dc-link. When this converter topology was investigated using FCS-MPC, the
results showed that dc-cell capacitors could be balanced and accurately controlled to achieve sinusoidal
output currents and a five-level output voltage waveform [19].

In controlling the flow of electrical energy using power converters, which includes the subcategory
of inverters, MPC has been proven to give a highly straightforward and efficient alternative to traditional
control algorithms utilizing pulse width modulation (PWM) [14], [20], [21]. Moreover, the predictive
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technique has the ability to adjust current, voltage, torque, flux, and other factors by developing an
appropriate cost function [22].

The analysis presented above demonstrates the effective use of MPC for inverters employing
controllers adapted to certain topologies. The basic principle of FCS-MPC is to anticipate the system's
behavior in response to a finite set of potential control actions using a discrete model of the system. This
enables it to directly select the best actuation based on an optimization criterion [23]. However, a major
shortcoming of the FCS-MPC is its computational burden, which increases with the number of switching
states [24]. Because the SBBMLI has provided fewer switching states, extra consideration must be given to
decreasing computational load while applying FCS-MPC to a multilevel inverter that satisfies its topology.

2. MPC CONTROL DESIGN USING EULER METHOD

The underpinning of MPC is a dynamic model of the process, frequently a linear empirical model
created by system identification. The primary innovation of MPC is that it optimizes the input at the present
time while taking into consideration potential future inputs. Over a finite-time horizon, it is achieved by
repeatedly optimizing the control output through the current input value. Correspondingly, MPC can
anticipate future events and can take control actions accordingly. This unique feature differentiates the MPC
from the linear-quadratic regulator (LQR). Though research is being done to find a faster response time with
specifically built analog circuitry, the MPC is typically implemented as digital control [25].

In the case of robust variants relevant to industrial applications, MPC can consider set bounded
disturbances while still ensuring state constraints are met. In general, the basic components of MPC are as
follows [26]-[27]:

— Mathematical model of the controlled plant to calculate the evolution of the system states over time.

— Optimal control problem: The changes of the control variables are described by a system of differential
equations termed optimal control that minimizes the cost function. The control objectives are stated as an
objective function. When the optimization issue is resolved, the best control strategy for the plant's best
performance over the forecast horizon is derived. It should be emphasized that the prediction horizon
refers to the period of time during which the control measures are prepared and the plant's behavior is
predicted.

— Receding horizon policy: The remaining components are eliminated under the receding horizon strategy,
the prediction horizon is advanced by one sample instant, and the optimization process is resumed, only
implementing the first component in the optimal sequence of the control inputs to the plant.

Future response in the mathematical model of a regulated plant is predicted using a dynamic model.
The following defines the state-space representation for discrete-time linear systems:

x(k + 1) = Ax(t) + Bu(k) 1)

where at the kth sampling instant, x(k) and u(k) are the model state and input vectors. A predicted input
sequence is used to generate the corresponding series of state predictions by simulating the model forward
over the prediction horizon, assuming N-sampling intervals. Frequently, these predicted sequences are
stacked into the vectors u, X, which are defined as follows:

u(k|k) x(k|k)

w=| WD || et 11k

: ; )
u(k + N — 1]k) x(k + N —1]k)

In this instance, x(k + i|k) evolves in accordance with the prediction model because the input and
state vectors at time k + i that are predicted at time k are denoted by u(k + i|k) and x(k + i|k):

x(k) = Ax(k) + Bu(k),i = 0,1, ... (3)
where the initial condition of the prediction horizon is defined as:

x(k) = x(k) (4)

As a result of computing the predicted sequences u, x for the predictive control feedback rule, the

optimal control problem minimizes a predicted performance cost. An anticipated cost in the case of quadratic
cost is defined as having the general form:
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Jk) = ¥V o[xT(k + ilk)Qx(k + ilk) + uT (k + i|k)Ru(k + i|k)] 5)

where N is sampling intervals and Q, R are positive definite matrices (Q may be positive semi-definite). The
optimal input sequence for the issue of minimizing J(k) is designated u*(k) and is defined as (6).

u*(k) = arg muin](k) (6)

If the plant is subject to input and state constraints, the optimization might be incorporated as equivalent
constraints on u*(k).

A general-purpose control scheme that upcoming repeatedly solving a constrained optimization
problem and selecting the control action according to predictions of upcoming costs, disturbances, and
constraints over a moving temporal horizon is known as receding horizon control. Input to the plant is only
the first element of the optimal predicted input sequence u*(k), which is described as (7).

u(k) = u"(klk) )
At each sampling instant where k = 0, 1, ..., the procedure of determining u*(k) by minimizing the
predicted cost and implementing the first element of u is repeated. Therefore, the optimization defining u* is

known as online optimization. Figure 1 shows the receding horizon strategy, in which the prediction horizon
has remained constant in length despite optimization at subsequent instants.

prediction horizon at time &

prediction horizon at time} i -- 1

time

Bkl g N g v time

Figure 1. The receding horizon strategy

Since the state predictions x and, subsequently, the optimal input sequence u* depend on the current
state measurement x(k), the approach incorporates feedback into the MPC rule, offering a degree of
robustness to modelling errors and uncertainty. The receding horizon technique likewise attempts to take into
consideration the finite horizon by continually adjusting the horizon across which future inputs are
optimized. The initial step in applying advanced MPC to the SBBMLI topology is to use the existing MPC
implementation method on a conventional topology. Figure 2 shows the MPC design using the Euler
backward method for the SBBMLI.

The employed MPC controller embeds a discrete-time model for the prediction of control variables
of current and voltage at a certain sampling time, T;. The T; is set at 25 us for all simulation involved.
Because power converters are discrete devices, an online implementation of the optimization issue is now
feasible. The online evaluation of each switching state permits the choice of the best actuation under the
constraints of a finite number of switching states and the present generation of microprocessors. This
approach is referred to as a finite control set MPC because the switching states of power converters give rise
to a finite number of available actions.

Based on the literature review, the Euler method is commonly utilized to produce a discrete-time
model. The following are the design steps of MPC's finite control set for controlling a power converter:

— Modelling the system by identifying all potential switching states and the relationships between the input
and output.

— Establishing a cost function to describe the desired action, such as tracking the reference to a suitable
system variable.

— Acquiring discrete-time models that allow for the future behavior of the controllable variables to be
predicted.
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Figure 2. MPC using Euler method for current control implementation

By considering the ideal switch of a power transistor, the simplest model can be realized by the
states of “on” (1) and “off” (0). In this case, a general rule for the number of possible switching states, N,
with the exception of specific combinations, such as the combination that short-circuits the dc link, is as:

N =x” ®)

where y is the number of converter legs and x is the number of potential states for each converter leg.

The prediction model must consider the controlled variables to derive discrete-time models that can
predict these variables. In addition, defining the measured and unmeasured variables is also important since
the predictive model needs estimation for the unmeasured variable. Finally, the discretization method is
applied to yield the discrete-time model. For example, in a first-order system, the Euler forward method is
used to approximate the derivative as described below, as used in [22]:

dx x(k+1)—x(k)

o = M ©

where Ty is the sampling time.

The cost function relates to the specific application being considered upon. Each application
employs the most appropriate cost function to specify the desired behavior of the state variables of interest.
Several terms related to the tracking error of these state variables compose up the cost function. To control
them simultaneously, only one cost function is necessitated [28]. The cost function for the current control is
described as:

g =" =i (k+ 1 (10)

where the reference current vector and predicted voltage vector are denoted as i* and iy (k + 1) respectively.
The following is a description of the discrete-time model for the load current prediction:

RTs

i (k + 1) = i(K) (1= Z2) + Ly, () (11)

where R is resistance load and L is inductance load, Ty is the sampling time, i(k) is the measured load current
and i, (k + 1) is the predicted current to be considered in the controller optimization.

The similar concept to the Euler Method is designed for voltage control by applying MPC. Figure 3
shows the considered MPC scheme using the Euler method for voltage control implementation on SBBMLI.
The voltage control has been selected because it matches the needs of the MPC application.

The discrete-time model for the prediction of the load voltage is described as:

g =" —v(k+ D (12)

where v* is the reference voltage vector and v, (k + 1) is the predicted voltage vector:

cL Tg . . Tg?
vk + 1) = o {00 + 2 [000) = i (k + )] + 2 iy (K + 1)} (13)
where C is the capacitance load and L is inductance load, Ty is the sampling time, v, (k) is the measured load
voltage, i,(k) = i,(k + 1) when Ty is small and v,(k + 1) is predicted voltage to be considered in the
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controller optimization. The MPC algorithm flowchart for the current control of 11-level SBBMLI is shown
in Figure 4(a), whereas, the voltage control of 11-level SBBMLI is shown in Figure 4(b).

Measure i(k) Measure v(k)
Prediction io(k + 1) Prediction v,(k + 1)
[ [
¥ hi
P k4 1) = PGk RTH  T; X 23 Tops , A
i (k + 1) = i(k) I_T +T(Vinv( )] vk +1) = m{vo(k)‘{'?l‘r.(k)_la(k+1)]+al"{nu(k+1)}
evaludte cost function---» g = |i* — i, (k + 1)| evalliate cost function-+ g=[v" =¥,k + 1)
¥ 3
Store optimal Store optimal
values values
Wait for next Wait for next =12
sampling instant sampling Instant
.
Apply optimal Apply optimal
v(k) v(k)
() (b)

Figure 4: The MPC algorithm flowchart for current control and voltage control of 11-level SBBMLI:
(a) current control and (b) voltage control

3. RESULTS AND DISCUSSION

There are numerous switch combinations that might be built to generate an 11-level output voltage.
Nevertheless, Table 1 lists one possible combination of the switching states of the 11-level SBBMLI. The
simulation has been conducted under both current control and voltage control. The output load comprises a
resistor (R = 10 Q) and the inductor (L = 10 mH) for the current control configuration without the LC filter
before the load. Figure 5 shows the .. and lo of MPC current control. It shows accurate tracking behavior
of I, with a small error compared to I..r. The FFT analysis of the total harmonic distortion (THD) is
presented in Figure 6. The MPC has given rise to a small value of 1.24% THD.

Iref vs lo of MPC Current Control

Current (A)

h A O N L O e N W & o

0008 0008 001 0012 0014 0016 0018 002
Time ()

o
o
g
o
E:

Figure 5. I,..; and I, of MPC current control
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Figure 6. The FFT analysis of THD for current control configuration

Table 1. The switching states for the simulation of 11-level SBBMLI

Vector Viny (k + 1) S, S, 53 S4 Ss Sa Sg
Vo 0 0 0 0 0 0 0 0
Vi Vdc 1 0 0 0 0 1 0
V, 2V 1 1 0 0 0 1 0
V3 3V 1 1 1 0 0 1 0
V4 4V 1 1 1 1 0 1 0
Vs 5V 1 1 1 1 1 1 0
Ve Ve 1 0 0 0 0 0 1
V7 —2Vie 1 1 0 0 0 0 1
Vg =3V 1 1 1 0 0 0 1
Vy A 1 1 1 1 0 0 1
V1o —5Ve 1 1 1 1 1 0 1
Vi 0 1 1 1 1 1 1 1

The simulation is then run under voltage control configuration with the inverter output comprising
the LC filter (L =2 mH and C = 2 pF) and load (R, = 10 Q). Figure 7 describes the reference V,.., and output
voltage V,. The result shows better tracking behavior of V, with a very small error. The FFT analysis of the
THD is depicted in Figure 8. The MPC has given rise to a very small value of 0.48% THD.

The results establish the feasibility of the initial MPC simulation using a receding horizon strategy.
The converter is subsequently subjected to the switching state, which minimizes a cost function, after the
evaluation of the predictions. One of the most crucial phases in the design of an MPC scheme is the cost
function formulation since it enables the choice of the control objectives for the application and the inclusion
of any necessary constraints.

A comparison of open-loop simulation and MPC using the Euler method (closed-loop simulation)
on v, V,, i and i, for the load without disturbance is shown in Figure 9. The results show more ripple,
which means a greater error in the v,,i; and i, open-loop signals compared to MPC. Figure 10 shows a
comparison between open-loop simulation and MPC for v, and i, signals for the load with disturbance. The
load with disturbance was also considered when the 10 Q load is reduced to 5 Q during the simulation. The
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output voltage v, for both configurations is apparent to be unaffected by the disturbance, except a spike at
initial changes of load 5 Q to 10 Q. The result has also shown that the initial spike is less for MPC using the
Euler method than an open loop. Figure 11 shows a comparison of THD (v,) for open-loop in Figure 11(a)
and MPC for the disturbance case in Figure 11(b). MPC increased THD by 0.56% compared to open-loop
2.03%. In the case of MPC for a load without disturbance, the THD value is 0.48%, as shown in Figure 8.
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Figure 7. V.. and 1, of MPC voltage control
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Figure 8. The FFT analysis of THD for voltage control configuration
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4. CONCLUSION

The results establish the feasibility of the initial MPC simulation using a receding horizon strategy.
Determining the cost function is the most essential aspects in developing an MPC scheme since it enables the
selection of the application's control objectives and the inclusion of any relevant constraints. Application of
the switching state, which minimizes a cost function, to the converter is performed after evaluation of the
predictions. Within the simulation executed on the SBBMLI, the MPC using the Euler method has given
1.24% and 0.48% of THD for current control and voltage control configurations, respectively. Furthermore,
the THD with disturbance has increased to 0.56% by using the MPC compared to the open-loop, which has
given 2.03%.”
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