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ABSTRACT In this paper, a new control technique called inverse model predictive control (IMPC) is
proposed for power electronic converters. The proposed IMPC technique is primarily based on the inverse
of the conventional finite set model predictive control. The key advantage of this design is that it avoids
predicting the controlled states for all possible switching-state vectors, while maintaining the advantage
of adhering to multiple constraints and achieving multiple objectives. IMPC predicts the optimal control
signal that minimizes the cost function and converts it into a switching vector. Unlike classical MPC,
the computational time required for IMPC is significantly reduced which makes it easily applicable to all
types and levels of power electronics converters. The proposed method does not depend on the number of
possible switching vectors and is compatible with low-cost microcontrollers commonly used for industrial
applications. Additionally, the proposed control inherits the benefits of MPC, such as the ability to achieve
its objectives while adhering to various constraints, minimal parameters tuning requirements, and reduced
computational time. To demonstrate the effectiveness of the proposed technique, experimental results are
presented for a five-level active neutral point clamped flying capacitor inverter (ANPC-FC) as a case study.

INDEX TERMS Inverse model predictive control, model predictive control, multi-level converters, power
electronics converters control, advanced control.

NOMENCLATURE L Vector of grid currents represented in o8 frame.
Symbol  Description Vs Vector of grid voltages represented in o8 frame.
IMPC Inverse model predictive control. Snabe Matrix contains all possible switching states for
Vabe Vector of grid voltages. the tree legs.

Libe Vector of grid currents. Sube MPC-computed optimal switching vector.
Ugpe Vector of poles’ voltages. 2o Optimal cost function.
L, Input filter inductance. N Number of available switching states.
R, Filter’s internal resistance. Kap Clarke transformation matrix.
Ve DC side voltage. AV, The difference between DC side capacitors’
C;, C;  DC side capacitors. voltages.
Sij Switching state of the ¢ switch in the j leg. fi The i sub-objective function.
Snj The normalized pole voltage of the /" leg. Wy, Wg Weighting factors for o and B states.
lac DC side current. Uoup IMPC optimal poles voltages vector repre-
sented in o8 frame.
The associate editor coordinating the review of this manuscript and Uouh IMPC optimal poles voltages vector repre-
approving it for publication was Khaled Ahmed . sented in abc frame.
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Soare IMPC-computed optimal switching vector.
Soare Digitalized optimal switching vector.
T Sampling time.

I. INTRODUCTION

Power electronics converters play a crucial role in various
applications, including renewable energy systems, electric
drives, electric vehicle battery charging, microgrids, and
many smart grid systems [1], [2]. Consequently, the con-
trol and management challenges associated with power
electronics converters have gained significant attention in
both academic and industrial sectors. Power converters can
be broadly classified into two main categories: two-level
converters and multi-level converters (MLCs). MLCs can
provide superior power quality, increased reliability, higher
efficiency, and lower voltage stress on the switches [3].

To benefit the advantages offered by MLCs, advanced
control algorithms must be adopted to ensure the mentioned
expectations. As a result, many advanced and robust control
algorithms were proposed in the literature such as disturbance
observer based techniques [4], sliding mode control (SMC)
[5], MPC [6], direct power control [7], Fuzzy logic con-
trol (FLC) [8], Lyapunov based control [9], linear quadratic
tracker [10], and deadbeat control [11]. Among the different
types of controllers, Model Predictive Control (MPC) has
the potential to achieve various objectives while adhering to
constraints. MPC offers several advantages, such as requiring
fewer tuned parameters, not requiring pulse width modulation
(PWM) stage [12]. Unfortunately, MPC tends to have the
highest computational load for MLCs compared to other
controllers.

The high computational load associated with MPC in the
case of MLCs arises from its reliance on predicting the
behavior of controlled states across all possible switching
state combinations. For instance, in a three-phase N-level
converter, there are N3 potential combinations, resulting in
125 combinations for a five-level converter. Each of these
combinations needs to be evaluated individually during every
control cycle to determine the optimal combination that min-
imizes a specific cost function (g). This implies that at each
cycle, 125 predictions of currents and corresponding cost
function calculations are required.

In practical industrial settings, implementing MPC exper-
imentally for high-level converters using low-cost microcon-
trollers becomes impossible. To solve this problem, multiple
researchers proposed reduced-complexity MPC schemes.
In [13], an iterative method is proposed to reduce the com-
putation load, where only three-combinations are examined
at each cycle. However, this method does not guarantee that
one of the three examined combinations is optimal among all
possibilities. Another research proposed a method to reduce
the required calculations from N3 to 3N by substituting the
switching states directly in the mathematical model [14],
[15]. Although this method significantly reduces the compu-
tational load, 3N predictions and cost function computations
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are still required in each cycle. Paper [16] expressed the
cost function in terms of the reference poles’ and measured
poles’ voltages instead of the controlled states. This elimi-
nated the need for computing the reference poles’ voltages
at each cycle. Although computational time can be reduced
50%, N3 of current predictions are still required at each con-
trol cycle. A simplified virtual-vector-based model predictive
control technique was proposed in [17]. In this approach, the
control-factor technique was used to automatically generate
many virtual vectors, then the candidate vectors could be
directly identified. Although this method can significantly
reduce the computational time, a large size of memory and
significant computations are still required to generate these
virtual vectors. Similarly, [18] proposed a method to generate
89% additional virtual vectors to eliminate the neutral point
voltage balance term from the cost function. Although this
method significantly reduces the prediction time, still a huge
number of virtual vectors should be generated, and many
iterations are required to select the optimal switching vector.
In [19], the computational time of the MPC was reduced
using an additional algorithm for selecting and examin-
ing different subsets of switching vectors. However, addi-
tional algorithm is needed for selection optimization which
increases the complexity of the control system. Succes-
sive searching algorithms were also employed to reduce the
time of selecting the optimal switching vectors [20]. This
method depends on eliminating the repeated vectors and
then adjusting the direction of searching to determine the
optimal switching vector. However, not all repeated vectors
can be eliminated as some of the vectors are employed for
sub-objectives such as capacitor voltage balancing. More-
over, this technique requires additional algorithms for elimi-
nating the repeated vectors and to control the direction of the
search. Another approach to minimize the computational time
of the MPC is to avoid using the cost functions [21]. Avoiding
the cost functions reduces the time required to examine all
available switching vectors. However, this approach limits
the flexibility and the ability of the MPC to achieve multiple
objectives and adhering to multiple constraints. For example,
in [21], additional sorting-based strategy was employed to
achieve capacitors voltage balancing, as the proposed method
alone is insufficient to achieve all control objectives.
Avoiding the examination of all feasible virtual and redun-
dant vectors (R: all switching vectors that generate the
redundant pole’s voltages) is a common method used for
reducing the number of possible combinations from N3 to
N3-R [22]. However, too many unique possibilities still exist
and must be examined continuously. A fast MPC (FMPC) for
multi-level T-type converter was proposed in [23] based on
the predefined selection of the switching states. This method
succeeded to reduce the computation load about 80% without
affecting the response of the controlled converter. However,
this methodology is not feasible for high -level converters.
In the case of seven-level converter, there are 343 possi-
bilities. Even if the number of possibilities is reduced by
80%, 68 possibilities are still required to be examined at
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each control cycle which is still very high. The situation
gets much worse for multiphase systems (those with more
than three phases). Hence, the need for further improvements
that respond to the high computational time are required
especially for multi-level and multi-phase systems.

In this paper, a new control technique called IMPC which
requires low computational power is proposed for power
electronics converters. The proposed method requires very
low computational load, irrespective of converter type, the
number of phases, and the number of levels. Unlike tradi-
tional MPC approaches, the IMPC technique does not require
the prediction of the controlled states and their impact on the
cost function. Instead, the algorithm begins by calculating the
optimal value of the cost function and then works backward
to compute the required currents that yield this optimal cost
function. This is achieved using a discretized mathematical
model. Next, the reference poles’ voltages are determined
based on the required currents, discretized, and then con-
verted into an optimal switching vector. By eliminating the
need for state prediction and focusing on computing optimal
values, the proposed IMPC technique offers a significant
reduction in computational complexity while maintaining
effective control over the converter system. To verify the
proposed technique on multilevel converter, five-level active
neutral point clamped flying capacitor (ANPC) inverter is
selected as a case study.

The contributions of this paper can be summarized as
follows,

1. A new control technique called inverse model predic-
tive control (IMPC) is proposed for power electronic
converters.

2. Proving that the proposed IMPC offers a minimized
computational burden regardless the number of con-
verter’s levels.

3. Demonstrating that the proposed IMPC is applicable for
bidirectional converters and suitable for controlling the
direction of power flow.

The rest of the paper is organized as follows; a brief
description of the ANPC-FC converter’s mathematical model
is presented in section II. The design of the proposed IMPC
is discussed in section III. Experimental results for five-level
three phase ANPC-FC inverter as a case study and compar-
ison studies, are shown in section IV. Then, the paper is
concluded in section V.

Il. MATHEMATICAL MODEL OF ANPC-FC

For the purpose of this study, the 5-level ANPC-FC inverter
is chosen because it exhibits a high number of switching
states, making it suitable for evaluating the performance and
effectiveness of the proposed control technique. The circuit
diagram of this converter is shown in Fig. 1. The converter
consists of three legs, each leg is connected to the grid through
an L-filter that has an inductance (L¢) and an internal resis-
tance (Rg). For simplicity, it is assumed that inductors and
resistors are identical. The legs on the DC side are connected
in parallel to the load. The neutral points of these legs are
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then connected to the DC link through two capacitors. Each
leg comprises eight power switches and a flying capacitor.
This configuration allows for efficient power conversion and
control in the respective inverter topologies.

In general, all three-phase inverter topologies have the
same mathematical model, where the grid and poles’ volt-
ages represent the inputs, and the grid currents represent the
controlled variables. However, each topology has its own
finite set of possible poles’ voltages. The possible finite set is
resulting from the possible switching states which determine
the number of supported levels of each converter. In general,
the AC dynamics of the converter can be described as fol-
lows [24],

dl,
Ughe = Lg% + Rglabc + Vape (1

where Vape = [Va Vi Ve ]T is the vector of grid voltages,
L, and R, are the inductance and the internal resistance of the
input filter, I, = [Iu I I, ]T is the vector of grid currents,
and ugpe = [ ug up ue ]T is the vector of poles’ voltages.

For simplicity, (1) can be transformed into the ¢ frame
which reduces the number of controlled states to two as
follows,

dl,
e = Relo + Lg—" + Va )
—ri L,y 3
up =Relp +Le— =+ Vp 3)

This model can then be discretized using Newton-Euler
approximation as follows [4],

Lt =(1-""Y o+ 5 e —v, 4
o ( )—( Lg)ot() L_g(ua ) “)
RgTs T
Iﬁ(k-}-l):(l— )Iﬁ(k)-FL—(uﬁ—Vﬁ) 5)
8 8

where T is the sampling time.

In fact, the poles’ voltages have a finite set of values.
For the ANPC-FC, there are five-possibilities for each leg,
namely positive (P), mid-positive (p), zero (0), mid-negative
(n), and negative (N). These possibilities are generated based
on the possible switching states shown in Table 1, and the
possible combinations are shown in Fig. 2. The symbols Syj,
Syj, and S3; represent the switches gates, u; is the pole’s
voltage of the j” leg, and Sy; is the normalized pole voltage
which represents the ratio between the j leg’s pole voltage
and the DC link voltage.

The selection of the optimal state is done based on opti-
mizing the primary and secondary objectives including grid
current regulation as the primary objective and DC side
capacitors voltage balancing as a secondary objective. More-
over, multiple primary and secondary objectives can be
included such as input and output constraints

Ill. THE PROPOSED IMPC
To better understand the proposed IMPC technique, it is
helpful to first introduce the conventional MPC algorithm and
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TABLE 1. Five-level ANPC-FC inverter switching states.

Symbol Syj Ssi Ty T Y Sy
P 1 1 1 1 Ve 1
P 1 1 1 0 Vil2 0.5
p 1 1 0 1 Va2 0.5
Z 1 1 0 0 0 0
V4 0 0 1 1 0 0
n 0 0 1 0 Va2 -0.5
n 0 0 0 1 Va2 -0.5
N 0 0 0 0 Ve -1

FIGURE 1. Circuit diagrams of the three-phase ANPC-FC converter.

then highlight the approach employed to design IMPC. The
conventional MPC algorithm follows a specific sequence of
steps to control a system. It begins with predicting the future
behavior of the controlled variables using the mathematical
model of the system. These predictions are based on a range
of possible control inputs, also known as switching-state
vectors.

The algorithm then selects the optimal switching state that
minimizes a predefined cost function. This process involves
solving an optimization problem, often through numerical
techniques. In contrast, the IMPC technique takes an inverse
approach. Instead of predicting the controlled states and
finding the optimal switching state vector, IMPC starts by
determining the desired value of the cost function.

It then works backward by calculating the corresponding
required currents that would produce this optimal cost func-
tion using a discretized mathematical model. The reference
poles’ voltages are computed based on these required cur-
rents, discretized, and converted into an optimal switching
vector.

By inverting the MPC algorithm, IMPC avoids the com-
putational burden of predicting the controlled states for all
possible switching-state vectors. This makes IMPC compu-
tationally efficient, regardless of the converter type, number
of phases, and number of levels involved. The understanding
of the conventional MPC algorithm sets the foundation for
understanding the novel approach presented by IMPC, there-
fore it is explained next.
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A. DESIGN OF THE MPC

For ANPC-FC inverter, there are 125 possible combinations.
Assuming that the number of possible combinations is N,
then the MPC can be summarized as shown in Algorithm 1.
where W; represents the weighting factors, S,,, and states
are the matrices that contain all possible Sy; combinations
and the corresponding switching states respectively, Sgpc 1S
the output vector and containing the optimal states of the
power switches, Kkqg is the Clarke transformation matrix, g,
is the optimal cost function(minimum), i, is the index of S ¢
that produces g,, Ifx 8 (k 4+ 1) is the predicted currents vector
resulting from applying S,upc (i), and Av, is the difference
between capacitors’ voltages.

Algorithm 1 Conventional MPC Algorithm

input : Ig (k), I:;,B (k+1), Vog (k) , Vae, Snabe
output:S ;.

8o =00 % initialize the optimal cost function

ip, =00 % initialize the index of optimal state
fori=1:N?

% Compute the control signal

Ugpe (D) = VieSnape (i) (6)

% Convert the control signal into off

uaﬂ(i) = kaﬂuabc(i) @)
% Predict the value of the current at k+1

Ts

; R Ty
wp b+ 1) = (1— i )Iaﬁ (k)+L—g(uaﬁ(z)—Va,3)

®)

8

% Compute the value of cost function

g=ug1;&+1y4;&+1ﬁ+“.

Wg

I G+ 1) = 1 (k+ D]+ We|AVI, ©)

% Compare the obtained cost with the optimal one
if g <gothen
‘ 8o =8

Q=i

end
end
Sabe = states (i, )

B. DESIGN OF THE IMPC

To get rid out of the N3 loop, it is worth starting from (9)
with the assumption that the desired optimal value of the cost
function approaches zero (i.e. g =~ 0). This assumption is
considered practical for two reasons, i) many studies show
that the current tracking error and voltage balancing error
are achievable with steady state error approaches zero, (2) to
have g ~ 0 is the main control objective for any controller.
Assuming a general cost function,

g = |12 G+ 1) =I5 G+ D)+

Ik+1)—Ig(k+1)
(10)
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FIGURE 2. Vector diagram for ANPC-FC converter.

The value of the most optimal cost function approaches zero,
S0,

0~ |1 G+ 1) = I Gk + D+ |15 (e + D = 1 e+ 1)

(1D

this case occurs if and only if,
L+ D)~ (k+1) (12)
Ig(k+ 1)~ 1g(k+1) (13)

If there are additional objectives or constraints (f; ...f.?),
they can be distributed on (12) and (13) by the mean of
weighting factors (Wy1, Weo, Wg1, Wgo) as follows,

L+ D) &I (k4 1) 4+ Worfi +.. .+ Waof©

Lk+ D)~ k+ 1)+ Waf! +.. 4+ Wgof? (14

where £, and £ are the first and the O™ sub-objective of
the control technique, which may include DC side capacitors’
voltage balancing, additional input constraints, and additional
output constraints, Wy and Wy, are the first and O wej ght-
ing factors for the o-terms objectives, and Wg; and Wgo are
the first and O™ weighting factors for the S-terms objectives.
If there are any other sub-objectives, they can be added to
the cost function and distributed among « and B axes by
the mean of weighting factors. One systematic method to
select these factors is the equal-weighted cost function tuning
method [25].

Assuming that this controller has two generalized sub-
objectives f,' and f?, the equilibrium conditions described

in (12) and (13) can now be updated as follows,
Ik+ 1)~ I (k4 1)+ Warf) + Waof? (15)
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I (k4 1) ~ Iy (k + 1)+ Waify| + Weof

V24

PPN
V18,49
P.B.N
P.P,n
V13,44
PZN
P.p.n
V7,38,69

Z.n,N

p.Z.n

Pp.Z

V2,33,64
ZNN
p.n,n
PZZ
V27,58.89

ZNn

pnZ

P.Zp

V53,84
mNZ
P.np
V78,108

p.N.p

P.nP
V104
P.NP

V19

P.pN
Vi4
P.ZN

:Br;:!: Vo

P.Z.n PN
o v
o, PN,N
P,n,n

s m

P,nZ PN.n
V54
P.NZ

viIg

P.N.p

Substituting these constraints in (8), leads to compute the
required optimal poles’ voltages (uOO,ﬁ) required to achieve

Lg

N

the desired optimal g,
L
Uoop = g (k+1) — (
T
Ly [ Warf' +
T

primary objective

Waif,' + Wpaof?

2
Waal :| (17)

secondary objectives

Although the primary objectives side of (17) bears resem-
blance to conventional deadbeat control as proposed in [26],
it’s crucial to note the distinctions:

i) Deadbeat control functions by directing the primary
objective term straight to a modulation mechanism for
PWM generation. Consequently, deadbeat control lacks
the capacity to ensure optimality, as seen in conventional
Model Predictive Control (MPC) or the proposed Itera-
tive Model Predictive Control (IMPC).

ii)

Deadbeat controllers solely focus on primary control

objectives, such as current regulation, neglecting sec-
ondary objectives. This necessitates the integration of
additional controllers, like Proportional-Integral (PI)
controllers, in cascade with deadbeat controllers to fulfill
secondary objectives.

iif)

Unlike IMPC, deadbeat controllers require PWM gener-

ation. Moreover, deadbeat controllers presume that the
computed pole voltages are always feasible and achiev-
able through PWM.
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However, the optimal pole voltages computed may not always
be feasible for execution with the selected converter. This
issue is addressed in the proposed IMPC by converting the
computed reference pole voltages into the nearest feasible
switching state. Consequently, substituting equation (17) into
equation (7) leads to the computation of optimal pole voltages
in the abc frame (Wpapc),

Uoabe = Ko Uoup (18)

After that, ups can be converted into the correspond-
ing optimal and normalized poles’ state by inserting (18)
in (6),

SOabc = anbC/VdC (19)

However, as g=0 is not guaranteed to be possible, Sogpc
may not be available in the possible normalized poles volt-
ages vectors. Therefore, a digitalization process is required
to compute SOabc which is the closest available S;,

Soabe = min [S,| x round (M) (20)
min |S,|
In fact, (20) guarantees that SOabC is always available, belongs
to Sp, and represents the closest poles’ voltages vector to
the Soabe-

To obtain the digital state of each switch, a simple
if-else function can be written depending on the topol-
ogy, for ANPC-FC it can be obtained by Algorithm 2 as
follows,

Algorithm 2 So; to S; Conversion for ANPC-FC
Converter

input I§0j

Ollt_pllt : Sj = [Slj, 83, Tyj, sz] ,J € [a b C]
if Soj =1 then

| Slj_= L,S;=1,T;=1T35=1
else if So; =0.5 then

‘ S]j_: LS3;i=1,T;=1,T35=0
else if So; = O then

| Slj_z L,S3i=1,T1;=0,T3=0
else if Soj = —0.5 then

‘ §1;=0,83=0,T;=1,T3;=0
else

| $1;=0,8;=0,T;;=0,T3=0
end

It is worth noting that the ANPC-FC converter has a special
case additional objective which is balancing the flying capac-
itors (Cyy, Cpp, and Cy.) voltages. The balancing process is
done using the redundant states [p, p, n, n] shown in Table 1.
Therefore, if S'Oj equals 0.5, one of the positive redundant
states can be used to charge or discharge the flying capacitor.
If the voltage of Cy, is higher than the others, it should be dis-
charged, therefore the state [1 1 0 1] should be selected, while
[1 1 1 0] should be selected to charge the flying capacitor
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if it is lower than the others. Similar procedures can be fol-
lowed to select one of the negative redundant switching states
(i.e. if Sgj =—0.5).

The block diagram of the proposed controller is shown in
Fig. 3. The PLL function is used to estimate the phase angle
which is then used to generate the reference signal based on
the reference DC link voltage or the reference power. The
generated current reference signal is then applied to the IMPC
along with DC link voltage and o 8-represented grid currents
and voltages. The IMPC utilizes these measurements and
compute the optimal switching signals and applies them to
the switches.

MLC

Utility Grid

: |
¥ ' abc
: SOubc

bc abc
PLL | |“
aff aff Vae
I >
af IMPC [

I

A
6 Reference current

generator

L, |

FIGURE 3. (a) Control algorithm flow chart. (b) Block diagram of IMPC.

IV. EXPERIMENTAL RESULTS

Case Study 1: Inverter Operation: To validate the effec-
tiveness of the proposed IMPC technique and demonstrate
its feasibility, the approach is implemented experimentally
to control a three-phase five-level ANPC-FC inverter. The
experimental setup is shown in Fig. 4. The setup consists
of grid emulator, L-input filter, ANPC-FC converter, oscil-
loscope, low voltage DC supply, three-phase protection unit,
STM32H745 microcontroller, and battery emulator (Chroma
6200D). The parameters of the system, which are essential

for capturing the characteristics of the system, are listed in
Table 2.

A. EXPERIMENTAL STEADY STATE AND DYNAMIC
RESPONSE ANALYSIS OF IMPC

The IMPC offers an excellent response during both steady
state and transient periods as shown in Figs. 5 and 6
respectively. It can be noticed that the grid current is able to
track the reference current accurately, rapidly, and smoothly.
The grid currents are sinusoidal, with no high frequency
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TABLE 2. System’s parameters.

Symbol Value Unit
Ve 110 Vims
R, 50 mQ
r 5-10 A
Ly 5 mH
Ci: 470 uF
Vi 400 \%

|3

ANPC-FC
N
(-

FIGURE 4. Experimental setup.

noises, and in phase with the grid voltages which insures a
unity power factor. Moreover, the overshot in the current at
transient is zero. It can be noticed that the current harmonic
level is 0.8% which is considerably lower than the standards’
limits. These experiments prove that IMPC offers the same
response of the conventional MPC, and its ability to provide
the optimal switching vector.

B. EXPERIMENTAL RESPONSE ANALYSIS OF IMPC UNDER
ABNORMAL GRID CONDITIONS

One of the most challenging problems facing the grid-
connected inverters is the unbalanced grid voltages. To show
the response of the MPC under such conditions, 10% of
unbalanced grid voltages were applied and the response is
shown in Fig. 7. It can be noticed that the grid currents are
completely balanced, sinusoidal, and almost are not affected
by the unbalanced voltages. Grid voltage sag and swell rep-
resent another common challenge in practical applications.
Grid voltage sag is a short-term decrease in the RMS voltage
magnitude that is typically brought on by a power system
fault. A rise in the RMS voltage over the nominal voltage or a
sliding reference voltage is referred to as a voltage swell. The
increment can last anywhere from a cycle to a few seconds.
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FIGURE 5. IMPC steady state response analysis (a) Grid voltage, grid
current, and V,j, pole voltage. (b) Grid currents THD analysis.
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FIGURE 6. IMPC dynamic response analysis.

Voltage increases when heavy loads are turned off, or capac-
itor banks are powered up. The IMPC shows an impressive
response against these cases comparing with the MPC as
shown in Figs. 8 and 9 for voltage sag and swell respectively.
In both cases, the grid voltage is reduced/ increased from
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FIGURE 7. IMPC response for unbalanced grid voltages using ANPC-FC
inverter.

0.9 p.u. to 1.1 p.u. However, the currents are almost not
affected, the tracking error remains zero, no overshoot or
transients appear, the power the power factor is kept unity,
and the current is still sinusoidal.
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FIGURE 8. IMPC response for grid voltage sag.

Then, a 10% 5™ order and 10% 7™ order harmonic com-
ponents are added to the grid voltages. The added harmonic
components make the grid voltages highly distorted as shown
in Fig. 10. Moreover, the current reference is stepped up
from 5A to 10. The IMPC shows a unique ability to han-
dle such conditions, where the grid currents diverge to the
reference value accurately, rapidly, with no overshot, and
with no ripples or oscillations. Although the THD of the
grid voltages is severe (14.14%), the grid currents are well-
regulated, sinusoidal, in phase with the grid voltages, and
have a THD less than 1%.
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FIGURE 10. IMPC response for distorted grid voltages.

To increase the level of the challenge, all possible abnor-
mal conditions are merged together in one test as shown
in Fig. 11 to demonstrate the response of the IMPC in the
worst-case scenario. In this experiment, the grid voltages are
highly distorted with a 10% 5th order and 10% 7th order
harmonic components, 10% unbalance, and 10% voltage
swell occurring during the operation. However, the IMPC
shows an impressive response and overcome all these chal-
lenges. The currents are well-regulated with zero tracking
error, unity power factor, sinusoidal, no overshot or transient
due to voltage swell, the THD of the current is less than
the international limits (<5% for low voltage applications)
[27], and the currents are balanced. Finally, the converter
is tested for operation as both inverter and rectifier. Fig. 12
shows the response of the IMPC controlling a hybrid ANPC-
FC converter. The ANPC-FC starts working as an inverter,
which injects the power from a battery to the grid. Then, the
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FIGURE 11. IMPC response during the worst-case scenario.
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direction of the reference current is changed while main-
taining the same amplitude. Therefore, the operation of the
ANPC-FC is switched from inverter to active front end recti-
fier (AFR). The transformation process is done rapidly and
accurately with no oscillation or overshot, and the power
factor is kept unity for both inverter and AFR operations.

E}071 it h'

FIGURE 12. IMPC response for bi-directional ANPC-FC converter.
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C. EXPERIMENTAL STEADY STATE AND DYNAMIC
RESPONSE ANALYSIS OF MPC

Under normal grid conditions, the MPC controller provides
excellent steady state and dynamic response as shown in
Figs. 13 and 14 respectively. The grid currents are sinusoidal,
have no high frequency noise, and in phase with the grid
voltages which insures a unity power factor (PF). The THD is
0.7% which less than the limits defined by the standards [28].
The reference current is then stepped-up from 5 to 10A. It can
be noticed that the grid currents are tracking the reference
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signal rapidly, accurately, and with no overshot or oscillation.
It can be noticed from this comparison that IMPC can provide
the same optimal response as MPC in both steady state and
dynamic response. This confirms the optimality and ability
of the proposed controller to achieve the control objectives.
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FIGURE 13. MPC steady state response analysis (a) Grid voltage, grid
current, and V,j, pole voltage. (b) Grid currents THD analysis.

Case Study 2: Rectifier Operation: The control process of
multi-level active front-end rectifiers (AFRs) contains three
main objectives grid current regulation, DC link voltage reg-
ulation, and DC side capacitors balancing, these objectives
can be summarized as follows,

af IO‘I3

) 1)
minimize (AVge = Vi — Vac) (22)
minimize (AV, = V. — V) (23)

minimize (AI

Substituting these objectives into (17), the optimal poles’
voltages can be computed as follows,

%[WMAWk+W&AW]
Uoup = —

Lg
I* k+1
Wg1AVge + Wga AV, ap k1)

L

—(%—RJQN@+VW 24)
N

(24) shows how multiple objectives can be integrated with

the optimized poles’ voltages computation using one single
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FIGURE 14. MPC dynamic response analysis.

loop controller instead of using multiple cascaded controllers.
Similar to the inverter case, the optimal value of the poles’
voltages can be then converted to the abc frame, normalized,
and digitized as shown in (18)-(20).

The response of the controller is demonstrated in
Fig. 15 and 16 to show the ability of the IMPC to achieve
all objectives accurately. The reference DC link voltage is set
to 400V, and its desired to minimize the voltage reference
between the DC side capacitors while regulating the AC
side currents to be sinusoidal, in phase with grid voltage,
and contains minimized THD. It can be seen that the grid
currents are sinusoidal, but there is a 180° phase shift between
currents and voltages which means that the current flows
from the grid to the load. The THD is much lower than the
international limits, the DC link voltage is well regulated
with no oscillations or ripples, the voltage of the DC side
capacitors are balanced, and the transition of the DC link
voltage is smooth with almost no overshoot. This experiment
proves the ability of the proposed IMPC to efficiently fulfill
multiple objectives within a single loop controller.
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FIGURE 15. IMPC steady state response for rectifier operation.
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FIGURE 16. IMPC dynamic response for rectifier operation.

Fig. 17 shows the transient tracking response of the current
and the voltage balancing of the DC side capacitors. It can be
noticed that the IMPC achieved almost the exact response in
terms of accuracy, speed, balancing, and stability of the DC
link voltage.

Based on the results obtained from the previous case
studies, both MPC and IMPC provided excellent response.
Both show excellent response during normal steady state and
dynamic response, generated balanced grid currents when
the grid voltage is 10% unbalanced, offered robust response
against 10% voltage and swell, and both showed impressive
response against highly distorted grid voltage. Moreover,
both are compatible with smooth control of bi-directional
power flow. In conclusion, the proposed IMPC can achieve
an optimal response like the conventional MPC while signif-
icantly minimizing the computational load.

Case Study 3: Experimental-Based Computational Load
Comparison: To show the advantages of the proposed
IMPC in terms of computational load, the classical MPC,
FMPS [23], and IMPC (proposed) are implemented on
STM32H745 microcontroller to capture the required com-

i

~ % N PN N\
\\(l‘. .f,f ‘r Var Vb Vc‘ \\: /\\ ;f\ f/\ //-\ /’\ /-‘

Vd«:‘
Ve, Vea

200v/div 10ms/div

FIGURE 17. MPC dynamic response for rectifier operation.
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putational time for controlling the most common multi-level
topologies.

As this experiment aims solely to compute the processing
time for classical MPC, FMPS [23], and IMPC, only the
control loops were implemented with constant states mea-
surements without using physical multi-level converters.

The results obtained from this comparison are shown in
Table 3 for three, five, seven, and nine-level converters.

These results are obtained by taking the average time of
1000 control-cycles for each case without taking into con-
sideration the measurements acquisition time. For three-level
converter, all methods can be implemented on a low-cost
microcontroller, but the sampling time of the MPC must be set
to at least 88 s, which is considered high for such applica-
tions. The FMPC requires 22 ps which is considered suitable
and does not affect the stability of the controller. However,
the proposed controller requires 5 ws which is considered
excellent computational time for industry applications.

For five-level converter, the computational time is severely
increased for both MPC and FMPC. In this case, the stability
of the MPC becomes arguable as the sampling time must be
at least 400 ps. Although the FMPC is much better than the
MPC, 100 us is considered high but still applicable on low-
cost controllers. On the other hand, the computational time
of the IMPC is not affected when the levels are increased,
however, a small variation may be detected.

When a 7-level converter is used, the MPC requires
1060 wss to compute the optimal states, which would dete-
riorate the response of the control system and would cause
instability issues. The FMPC computational load is almost
tripled, and the stability of the system becomes arguable.
However, the computational time is still almost constant for
the IMPC.

TABLE 3. Computational load comparison.

Control method MPC FMPC IMPC
Time (Us )

Three-level 87.891 21.973 4.883

Five-level 399.536 99.884 5.981

Seven-level 1059.57 264.893 5.493

Nine-level 2307.665 576.916 5.991

Finally, for a nine-level converter, the MPC is unstable
in sampling frequency point of view, because its sampling
frequency is almost equals system’s frequency (50Hz). The
FMPC computational load is increased again, and would
lead to instability issues on hardware, while the computa-
tional load is still constant for the IMPC. Based on these
experiments, it can be concluded that the time complexity
for the MPC is O(N), ~0O(0.21N) for the FMPC, and O(1)
for the IMPC. Where O(1) represents the worst-case time
complexity for a single prediction stage. These results show
the superiority of the proposed IMPC among all existing
MPCs and FMPCs in terms of computational load.
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V. CONCLUSION

This study introduces a new control technique called inverse
model predictive control that was experimentally imple-
mented and validated for three-phase 5-level ANPC-FC
converter. The results obtained from the implementation of
the proposed controller showed excellent performance in
challenging scenarios that are typically encountered by power
converters. These scenarios include load uncertainty, highly
distorted grid voltages, and unbalanced grid voltages. The
proposed IMPC controller demonstrated robust response and
effectively handled these abnormal conditions. The proposed
technique offers the advantages of supporting bi-directional
operation of controlled converter. One notable advantage of
the IMPC technique is its negligible computational time,
making it suitable for industrial applications on low-cost
microcontrollers. Additionally, the proposed IMPC technique
shares the same advantages as conventional MPC, such as
achieving objectives while adhering to constraints, minimal
parameter tuning requirements, and a straightforward struc-
ture for short horizons.

Overall, the proposed IMPC technique proved to be a
promising solution for power electronics converters and elec-
tric drives, offering enhanced performance, compatibility
with industrial applications, and computational efficiency.
The significant reduction in the computational power makes
the proposed control an outstanding solution for longer hori-
zons prediction particularly for multilevel and multiphase
systems.
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