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ARTICLE INFO ABSTRACT
Model Predictive Control (MPC) is widely used in power electronics due to its
Article History: ability to handle multi-variable constraints and optimize control actions in real

time. However, its performance heavily relies on an accurate system model,
making it sensitive to parameter variations and model mismatches. To address this
limitation, this paper proposes a novel Model-Predictive Adaptive Control
(MPAC) method for current control in three-phase, three-level voltage source
inverters (VSI). The proposed MPAC approach integrates the Recursive Least
Squares (RLS) algorithm for online system parameter estimation, eliminating the
need for a predefined model and allowing real-time adaptation to changes in
system dynamics. The proposed MPAC method is implemented and tested in a
MATLAB/Simulink environment, where its performance is analyzed under
various operating conditions. Simulation results demonstrate that MPAC achieves
fast and precise current tracking, robust disturbance rejection, and significantly
reduced harmonic distortion compared to conventional MPC methods.
Furthermore, MPAC exhibits superior robustness against system parameter
uncertainties, ensuring stable operation even in the presence of load variations and
model inaccuracies. By improving adaptability and robustness, the proposed
MPAC approach has significant potential for application in a wide range of power
electronic systems, including motor drives, renewable energy conversion systems,
and grid-connected converters. The findings of this study highlight the advantages
of integrating adaptive estimation techniques into predictive control strategies,
paving the way for more efficient and resilient power electronic control systems.

1. INTRODUCTION

Adaptive Model Predictive Control (AMPC) has garnered significant interest across diverse control
applications. Within the realm of power electronics, AMPC has demonstrated its effectiveness in inverter control
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for various motor drives and converter systems [1]. AMPC has also shown effectiveness in achieving accurate
current control, reducing common-mode voltage, and improving overall system performance across diverse power
electronics applications.

Model Predictive Control (MPC) has gained significant attention in power electronics due to its flexibility, high
performance, and ability to handle multivariable systems and constraints [2,3]. MPC has been successfully applied
to various power electronic applications, including active front ends, uninterruptible power supplies, and high-
performance drives for induction machines [4]. Key elements of MPC include prediction models, cost functions,
weighing factors, and optimization algorithms. Despite its computational complexity, the availability of powerful
processors has facilitated MPC's implementation in power electronics[3].

Focusing on three-level inverters, Almaktoof et al. (2014) developed a finite control set MPC strategy for
achieving fast load current control while balancing DC-link capacitor voltages [5]. Additionally, they presented a
robust current control technique using MPC for variable DC-link voltage source inverters in renewable energy
systems, showcasing the applicability of MPC in renewable energy applications.

The crucial role of three-phase inverters in the power supply process of industrial equipment, military devices,
and household appliances in various industrial processes is undeniable today [6; 7]. From small-scale applications
such as starting a motor to use in power plant transmission lines, all require some type of inverter in their structure.
Another important issue that should be mentioned is the growing use of renewable energy sources in the power
generation industry. Voltage source inverters [8, 9] have a wide range of applications for connecting wind generators,
photovoltaic sources, microturbines, and fuel cells to the grid, and controlling grid-connected inverters is one of the
most up-to-date topics in electrical engineering. On the other hand, line faults or power outages, voltage drops,
overcurrents, total harmonic distortions [10], etc., are always a serious problem for electrical and electronic
equipment. As a result, the inverter control system plays a very key role in its efficiency and in dealing with various
uncertainties, disturbances, etc. Current control of inverters has several advantages over voltage control.Controlling
the injected current to the load results in better efficiency, safety, and stability, and it also provides inherent
protection against short circuits.

Various methods have been introduced so far for current control of three-phase inverters [9]. The hysteresis
control method [11] has a simple algorithm and easy implementation. Its performance is also acceptable due to its
fast dynamic response. However, in the case of three-phase inverters, due to the inter-phase interference, the error
may not necessarily be within the hysteresis band. Also, the switching frequency [12] in this method is variable and
can lead to higher losses and power losses. In addition, due to the analog nature of this method, its implementation
in the digital domain requires a high sampling frequency to ensure that all control variables are within the hysteresis
band [10]. Although in [11] this method has been generalized and the hysteresis band is updated in each step, and in
[12] fuzzy logic is used for this purpose, the changes in switching frequency are still noticeable. Linear methods; the
most famous of which is proportional-integral (PI) control [13], although they have a constant switching frequency,
have a significant steady-state error in tracking the sinusoidal input. This error can increase with increasing reference
current frequency and in some cases can lead to instability [13]. Other methods such as deadbeat control [14] and
resonant proportional control [15] have also been used for current control of three-phase inverters. However, since
these methods are highly dependent on the system model and parameters, and the slightest uncertainty in the system
can cause their performance to be faulty, they face serious challenges in practical applications [14, 15]. Model
predictive control [8] has been widely used in various industries due to its many advantages. However, one of the
serious problems with this control method is the correct and accurate modeling of the system under control, which
can be a very time-consuming and difficult task in some cases.

This research evaluate Adaptive Model Predictive Control (AMPC) for current control in three-phase three-
level inverters. Our method leverages the Recursive Least Squares (RLS) algorithm to achieve online system
parameter estimation. This eliminates the need for a pre-defined model and allows the control strategy to adapt to
real-time system variations. The proposed model-predictive adaptive control (MPAC) method is implemented and
evaluated in a MATLAB/Simulink environment. Simulation results demonstrate the effectiveness of MPAC in
achieving: fast and accurate current tracking, robust disturbance rejection and low harmonic distortion under various
operating conditions. This paves the way for potential application of MPAC to broader power electronic systems,
including motor drives and grid-connected converters.
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2. METHOD

The evaluation methodology employs a four-step approach. First, a conventional model predictive control
(MPC) strategy is implemented on the inverter system (Section 3) to serve as a baseline for comparison. Next,
Section 4 introduces the core of this research - the proposed model-predictive adaptive control (MPAC) method,
providing a detailed explanation of its design principles and key features. Subsequently, Section 5 presents extensive
simulations conducted within a MATLAB environment to assess the performance of both control strategies. This
section includes the simulation setup, parameters, and a thorough analysis highlighting the effectiveness of MPAC.
Finally, Section 6 concludes the research by summarizing the key findings and discussing the advantages of MPAC
compared to conventional MPC, along with its potential applications in power electronics systems.

3. MODEL PREDICTIVE CONTROL FOR CURRENT CONTROL OF THREE-PHASE INVERTERS

Model predictive control (MPC) is an advanced control method that has been used in various industries since
the 1980s. The use of basic control concepts in design, simple controller tuning, the ability to develop for complex
systems, easy implementation of control law, considering various constraints and limitations in design, etc. are
among the advantages of this controller that has made it widely used in various industries. The interesting point
about this controller is that, unlike other control methods whose basic concepts are developed in academic
environments, this control strategy has entered academic discussions from the industry, which shows the
applicability of this method. In MPC, extracting an appropriate model of the system is crucial for maintaining closed-
loop stability and its proper performance. This is because in this method, the system model is responsible for
predicting the control output. Therefore, the starting point of MPC design is system modeling.

3.1. SYSTEM MODEL

For modeling, according to [8], assume that a three-phase star resistive-inductive load is connected to the output
of the inverter under consideration (Figure 1). As mentioned earlier, the goal is to control the output current of the
inverter so that the current is injected into the load with the appropriate amplitude and frequency. According to
Figure 1, the inverter power circuit consists of dc devices. Therefore, it can be modeled as a gain. The dynamic
model of the inverter can be the output filter in voltage control mode or the load connected to it in current control
mode. Since the goal in this article is current control, the system model refers to finding the model of the three-phase
load connected to the inverter so that the current of the next moments (with respect to the desired horizon) can be
predicted based on it.
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Fig. 1. Three-phase three-level voltage source inverter connected to a resistive-inductive load [8].

In Figure 1, each power switch can have two states: on or off. On means allowing current to flow, and off means
preventing current flow. Therefore, the total number of possible states for six switches would be 26 = 64. However,
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some of these states are invalid or meaningless for the operation of the inverter. For example, consider a state where
all the switches in one leg are on (Sal, Sa2, Sa3, Sa4). In this case, the circuit would be short-circuited, and no
voltage would be applied to the load. Additionally, the switches in this type of inverter are complementary pairs.
Therefore, upon further examination, it becomes clear that to generate a three-phase AC waveform at the output, the
possible states are as shown in Table 1. In this table, the variable "S" represents the switching state for each phase.

Table 1. Switching States of the Inverter [8]

Sxy Sx1 Sy Vxn Sxa Sx3
Jac 0 0 1 1 -
2
0 0 1 1 0 0
Vdc
- 1 1 0 0 -
2

Consider equation (1), also known as Clarke's transformation [7] (or alpha-beta-zero transformation), which can
be written for any set of three-phase variables that have a zero sum.

V= §(va,\, + avpy + a?vy) Q

a = el?2m/3

In which the unit vector « represents the 120-degree phase difference between each pair of phases. Therefore,
using the above relationship, it is possible to move from a three-dimensional space formed by the three voltage
vectors of each phase to a two-dimensional space in i,j(alpha and beta) coordinates. Considering the above, for the
inverter in Figure 1, there are 27 possible switching states, which result in the production of 19 different voltage
vectors. For a better understanding, refer to Figure 2. According to the inverter output voltage relationship; Equation
(1), a similar equation can be obtained for the output current of the inverter (Equation (2)).

2
I = §(ia + aip + a?i,) )

a = ej2n/3

Up to this point in the system modeling, we have modeled the power circuit part, which is a static model. To
model the dynamic part, which is the load connected to the inverter, consider equation (3) for each phase of the
resistive-inductive load, where represents the back-emf (reaction) voltage of the load.
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Fig. 2. Possible switching vectors for inverter in Figure 1 [8]
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Van = Rig +L5% + g

di

. b

Von = Rip + LE+ ey 3)
. dic

VCN =Rlc +LE+€C

By substituting (3) in (1) and using (2), we arrive at equation (4).

2 . , 5. d 2 .
V=R(§(la+alb+a Lc))+LE(§(la+
2 di 4
ai, + a?i;)) +§(ea + ae, + a’e.) = Ri +Lote

We know that with an appropriate selection of Ts, equation (5) holds true for defining the derivative of a function:

di  i(k+1)-i(k)
dt - Ts (5)

Therefore, if we consider the prediction horizon as one step, we arrive at equation (6) for predicting the current
at a given instant, where v_emf represents the back-emf (reaction) voltage of the load.

iP(k+1) = (1= 29)i(k) + = (v(k) — 6(k)) (©6)

L

3.2. COST FUNCTION

The second step in MPC is to define a cost function to obtain the control inputs by minimizing it at each step.
Considering the chosen prediction horizon, in the simplest case, the absolute value of the error between the measured
current from the load and the desired reference current can be considered as the cost function (Equation7).

J=lidte+1) —if(k + D] +|ig(k + 1) — i (k + 1| (7)

The real and imaginary parts of the location vector of the desired current at the k+1th moment are and i%(k +
1), ig (k + 1) The real and imaginary parts are the location vector of the flow predicted by the predictive controller ;
at that instant. According to the given explanation, the block diagram of theMPC method can be drawn as in Figure
3.
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Fig. 3. Block diagram of MPC method
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4. MODEL PREDICTIVE ADAPTIVE CONTROL (AMPC)

As we saw in the previous section, the MPC method relies entirely on a model of the system. This algorithm uses
the model to predict the value at the next moment (or future moments). Here, the question and challenge arise when:
A model of the system is not available, or modeling is very difficult and time-consuming. The values we obtain for
resistance and inductance are accompanied by measurement errors, or even if we measure the load parameters
correctly, the system parameters become uncertain and change over time due to various reasons, for example, a
temperature increase. Our load has capacitive properties in addition to inductance and resistance. We design a model
predictive controller for one load, but in practice, we want to connect it to different loads with different parameter
values. Therefore, to overcome these challenges, we designed a Model Predictive Adaptive Control (AMPC) strategy
for the system in question. In this method, our overall goal is to estimate the load parameters at each step using the
input-output data connected to the inverter load and to use the estimated values in Equation (6). Initially, we assume
that the load connected to the inverter can be represented by a simple resistive-inductive (RL) model (first-order
transfer function).

This assumption is made due to its simplicity and ease of implementation for online parameter identification. If
the load also exhibits capacitive properties, these will naturally affect the inductance and resistance values.
Consequently, the estimated parameter values will implicitly incorporate the capacitive properties as well. While
higher-order models could also be employed, the complexity and computational time required for such models are
not suitable for this system due to its fast dynamics. The use of higher-order models would introduce unnecessary
complexity and computational burden. The block diagram of the AMPC method is shown in Figure 4.

lall
3~ bl Load
toij o lc! || 3~ v
| =] ' >
s‘l 2'1 | L—- Ident
la_r Sa —
b | 3~ ler o |
W\ .. B MPC " Inverter
Ie_r toi,j —— Sc
— "

[

Fig. 4. Block diagram of the method AMPC

4.1. ONLINE LOAD PARAMETER IDENTIFICATION

The method used for load parameter estimation should be as simple as possible while maintaining desired
accuracy and minimizing estimation error. This ensures that the control system under load does not experience
computational overload. Therefore, we propose the RLS (Recursive Least Squares) method for this purpose. Details
of this method can be found in [16]. Based on the initial assumption, we consider the load structure as given by
Equation (3). Neglecting the back-emf voltage and taking the Laplace transform of both sides, we have

I
V=R+L) =5 =1 (8)

As we can see, the time-domain representation of the load equation is a first-order transfer function. Discretizing
this equation, we obtain Equation (9). From Equation (9), we can write the discrete-time representation in the form
of a first-order ARX model, as shown in Equation (10):

T ©)
G(s) = R  a S )_a(l—e ) az’!
s _%S+1_TS+1 @ = R T 1-—bz?!
- 10
1=Y.V=U=>§::lzjzil=>Y—bz‘1Y=az‘1U:>y(k)=by(k—1)+au(k—1) (19)
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Therefore, by forming the following matrices, the parameter values can be obtained according to the RLS
relationship:

0= [Z] o= —yﬂck_—li)

0(k) =0k — 1) + K(k) (y(k) — " (k)0 (k — 1)K (k) = P()p (k) (11)

P(k = Do(k)e" (k)P (k — 1)
A+ T (k)P(k = Do(k)

1
P(k) =7 (P(k = 1) -

As the equations indicate, another advantage of this method is the ability to update the parameters at each control
step. In fact, if the system (in this case, the load connected to the inverter) changes over time, the model parameters
will also update themselves accordingly, otherwise they will remain unchanged. In Equation (11), the coefficient [7]
represents the forgetting factor, which has a value between zero and one. The closer this parameter is to zero, the
more important the previous parameter values are in the update, and the closer it is to one, the more important the
current values are in the parameter update. As a result, in the proposed adaptive method, Equation (10) is used
instead of Equation (6) to predict the current for the next moment. It should be noted that the back-emf voltage is
neglected in the simulations.

5. SIMULATION RESULTS

This section presents the simulation results for both MPC and AMPC methods. The inverter circuit parameters
are chosen as Vdc=100v, R=1Q, C=2.2mF. IGBTs are also used for power switches. As a first test, consider the case
where the load connected to the inverter is R=5Q, L=5mH and the MPC controller is designed for this load. The
objective is to track a reference current with frequency f=50Hz and amplitude [=8A. The initial parameter values for
the AMPC method are chosen as R=1Q, L=1mH. The results for this case are shown in Figures 5 and 6 for the MPC
and AMPC controllers, respectively.
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Fig. 5. Load flow diagram for MPC controller R; = 52,L = 5mH
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Fig. 6. Load flow diagram for AMPC controller R; = 502,L = 5mH

As you can see, in this case, both methods have provided appropriate answers. Figure Y also shows the inductance
diagram estimated in the AMPC methodis brought The estimated resistance diagram is similar to this figure .

Inghuc il E Rlimatdd

- £ | -1
s
!
1ol { il ¥ ! L ! -
— {
3
! 1
L. ="
|

Fig. 7. Estimated inductance diagramfor L =5mH in the method AMPC

For the second test, suppose we have designed the MPC for a load of R=5Q, L=1mH. But the real load should
be equal to R=3Q, L=10mH. The results related to this mode are shown in Figure 8 for the MPC controller and in
Figure 9 for the AMPC controller. As it is clear from the results, the MPC method could not give a good answer in
this case where the load parameters have been changed, while the AMPC method had a good performance by
updating the parameters. From the standard THD with a value of 1.21% and a current range of 7.8A in AMPC,
this good performance is quite evident, in contrast to THD with a value of 12.37% and a current range of 7.3A in
the main frequency for MPC. Figure 10 also shows the estimated inductor diagram for this state. To further
investigate the effect of changing the load parameters, suppose the load R=10Q, L=10mH is connected to the
inverter, but the MPC is designed for the load R=5Q, L=5mH. The results related to this mode are given in Figures
11 and 12 for MPC and in figures 13 and 14 for AMPC. In this case, the time interval of the graphs has been
increased to 0.1 seconds for a better comparison. It should also be noted that in this case, because the load impedance
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has increased, we have reduced the range of the reference current to I=5A in order to track the reference input
current with the same power as the input dc voltage source.
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Fig. 8. Load current diagram and its THD for MPC controller R; = 32,L = 10mH
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Fig. 11-B. Load voltage diagram for MPC|5Q,5mH] controller R; = 1002, L = 10mH

the results in this case, we realize that the superiority of the examining ByAMPC method is more noticeable. so
that in the flow chart of theMPC method, the value is 22.5% THDi= is seen, while this value is equal toTHDi=1.78%
in the AMPC method. Also, this superiority can be seen from the voltage graphs, which passed through a low-pass
filter with the same specifications in both methods. Where theMPC controller has resulted inTHDv=14.87% with

a value 0f32.68V at the main frequency and the AMPC controller has a voltage output withTHDv=1.09% and a
value 0f50.61V .at the main frequency
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Fig. 12. THD of Voltage (right) and Current (left) of the Load for MPC Controller | R=5Q, L=5mH |R; = 1002,L = 10mH

Fig. 13-b. Load voltage diagram for AMPC controller R; = 1042, L = 10mH

242



N. Sohrabi Veske et al./ Transactions on Machine Intelligence 5(4) (2022) 231-247

In the following, we assume that our load has a viscous property. Therefore, we connect a capacitor with capacity
C=1mF to each phase of loadR=10Q2, L=10mH. In this case, we set Vdc=200v andIr=10A reference current)
range). The results of this mode are shown in Figures15 and 16 As you can see, in this case, the output of .the MPC
method has become unstable, but inthe AMPC method, we have a relatively favorable output. Although the model
for the assumed load is of the Vst order and the actual load is of the Ynd order, but the adaptive method by updating

the parameters has been able to perform relatively well in this case.

Fundamental (50Hz) = 4.977 , THD= 1.78% Fundamental (50Hz) = 50.61 , THD= 1.09%
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Fig. 14. THD of Voltage (right) and Current (left) of the Load for AMPC Controller |R; = 1002,L = 10mH
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Fig. 15. RLC (resistor-inductor-capacitor) load flow diagram for MPC controller
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Fig. 16. RLC (resistor-inductor-capacitor) load flow chart for AMPC controller

As a final evaluation, in Figures17 and 18 the inverter output current traces for applying step changes ,of 3A per
0.0015s with the previous parameter values for both methods are given. According to the results, both controllers
have performed well against step changes. Of course, with the assumption thatthe MPC controller is designed
precisely for the load and the selection of the initial values of the AMPC method is also appropriate, both methods
have performed well in this case.

R WPC
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Fig. 17. Tracing step changes in theMPC method. The green diagram of the real component of the reference current after
converting three phases toi,j.. The black diagram of the real component of the load flow after the aforementioned conversion
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Fig. 18. Tracing step changes in the AMPC method. The green diagram of the real component of the reference current after
converting three phases toi,j. The black diagram of the real component of the load flow after the aforementioned conversion

6. CONCLUSION

This study investigated a novel Adaptive Model Predictive Control (AMPC) method with online system
identification for power electronics applications. The proposed controller's performance was evaluated through
simulations in MATLAB/Simulink and compared to a conventional Model Predictive Control (MPC) strategy.
Metrics like Total Harmonic Distortion (THD), reference current tracking, and step input tracking were employed
for evaluation. The AMPC method demonstrated superior performance across all metrics, particularly in robustness.
Notably, under uncertainties and load parameter changes, the AMPC method achieved a significantly lower THD
(THDi = 1.7%) compared to the MPC method (THDi = 22.5%). Moreover, the AMPC method effectively handled
loads with unknown dynamics and models, where the MPC controller resulted in unstable output. However, the
MPC method benefits from faster execution time due to its pre-defined model. Therefore, for applications with well-
defined and known load models, the MPC controller might be preferable. In scenarios with uncertainties, unknown
load dynamics, or parameter variations, the AMPC method's robustness and adaptability make it the superior choice.
This research offers a valuable control strategy for power electronics, particularly when dealing with uncertainties
or unknown load characteristics. The AMPC method's balance between robustness and computational efficiency
makes it a promising candidate for a wider range of practical applications.
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