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Abstract

Finite set model predictive control (FS-MPC) has been identified as one of the most favorable controllers
for power electronic applications due to its capability over real-time solutions to multiple objectives and
constraints. However, the main challenge in the FS-MPC is the choice of appropriate weighting factors
in the cost function to reach the best switching state of the inverter. This study proposes an approach
based on brain emotional learning (BEL) to provide online tuning of weighting factors in FS-MPC of a
power converter, which prevents the dependency of the converter control system on the various
uncertainties coming from operating conditions and loading conditions. The proposed BEL approach is
fully model-free, indicating that the weighting factors are adjusted without previous knowledge of the
system model and parameters. Simulation and experimental results validate the proposed control
scheme’s effectiveness under different load conditions.

1. Introduction

Among different converter topologies, voltage source converters (VSCs) are the most widely spread in
practice. Many advanced control techniques and topologies for VSCs have been proposed over the past
years, aiming to mitigate some of the well-known limitations of classical linear control approaches [1]
and [2]. Power converters and motor drives play an important role in power electronics technology and
various industrial applications such as renewable energy sources, electric vehicles, HVDC transmission
systems, and uninterruptible power supply systems (UPS).

Finite control set model predictive control (FS-MPC) has been extensively utilized in both academia
and industry in the last decades. This control method bears many advantages such as there is no need
for a modulation stage, constraints can be included in the main cost function, the easy inclusion of non-
linearities in the model, and low complexity that makes the implementation much easier. In contrary to
the conventional control techniques, the FS-MPC is capable of obtaining faster dynamic response and
higher frequency bandwidth [3-5].

The performance of FS-MPC is deeply influenced by the weighting factors, the tuning of which is still
a challenge to be undertaken [6]. Recently, model-free intelligent controllers such as fuzzy logic and
neural network have been developed to decrease the sensitivity to modeling inaccuracy. The main
characteristic of intelligent controllers is the model-free design that enables them to manage model non-
linearity, complexity, and uncertainty in power electronic applications [7]. In this regard, refs. [8] and
[9] have employed an artificial neural network method in the off-line mode for weighting factor design
of FS-MPC in UPS and motor drives applications. This method, however, demands many computations
to cover all the assortments of the possible coefficients. Also, the conducted analysis for identifying the



optimal values of weighting factors is dependent on operating conditions, which may give rise to a
flawed performance of the control system. A model based on the emotional learning in the human brain’s
limbic system was developed in [10]. The brain emotional learning (BEL) model is an effective
controller for fast decision-making, particularly in uncertain states. The online learning capacity,
minimum computational intricacy, and, most notably, no demand for prior knowledge of system
dynamics make the BEL a distinctive controller over other intelligent controllers. Also, it is simple, with
fewer tuning parameters in emotional controllers, and it does not need a further iterative procedure for
updating parameters or learning [11]. The BEL is growingly being utilized in electrical motors [12],
control engineering [13], and intelligent devices [14]. It is illustrated in [10] that the BEL can present
more effective solutions than neural networks and fuzzy logic in controlling the synchronous machines
in power systems.

Motivated by the previous discussion, this paper proposes a model-free and adaptive approach based on
BEL to adjust the weighting factors appearing in the FS-MPC objective function. The proposed BEL-
based FS-MPC is applied to a benchmark UPS VSC system. The proposed strategy is totally model-
free, suggesting that the weighting factors are tuned without previous knowledge of the parameters and
system model. The method offers superior performance in varying operating point conditions. To
achieve optimum results with the BEL method working based on the knowledge of the experts,
considering desirable scaling factors are the necessary part, which is also addressed in this paper. Both
simulation and experimental validations are provided to demonstrate the effectiveness of the proposed
control scheme.

2. Finite set model predictive control principle

In this paper, a BEL-based FS-MPC approach is proposed to adjust the voltage and current of the VSC,
and reduce the switching losses. Fig. 1 illustrates the BEL-based FS-MPC that is operated on a VSC for
UPS application. In this way, a proper control command is obtained based on the prediction from the
converter model and a cost objective function. The converter model is a two-level three-phase VSC, in
which there are eight switching states in total.
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Fig. 1: A schematic of the proposed control structure and power section

To eliminate the harmonics of the output voltage and current, a three-phase LC filter is connected to the
load (see Fig. 1). Ry, Cr, and Ly are the resistance, capacitance, and inductance of the LC filter,
respectively. The output current (i, ), the filter current (if), and output voltage (v,) are presented in
vectors as follows:

lo = lion lov iow]T (D
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Three-phase variable vectors are transferred to a two-dimensional vector (af stationary reference frame)
by employing the Clarke transformation (T) as follows:
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Finally, the output voltage and current of the converter can be expressed in the state-space form as
follows:
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where 4 is the system matrix, B is the control matrix, and v; is the input voltage.

The MPC control technique works based on predicting vy and if, and then applying a proper magnitude
for v; in the objective function. Therefore, the main objective function consists of the prediction error
(ve) with a weighting factor (6;), the current limitation (€;;;,), the number of switching efforts (SW)
with a weighting factor (6), and a minimizer for the voltage derivative (vy.g4), which is given as below

Ve(k) = vp(k + 1) — vrep (k) (8)
_ 0, if |if(k)| = imax
W) = D Julk) - ulk = D) (10)
Ureg(k) = (CfWrerfﬁ (k + 1) - lfa + ioa)z + (Cf'WTef'vfa(k + 1) - lfa + ioﬁ)z (11)
CF: 8,06 (k) + E1im (k) +85. SW () + yog (k) (12)
1
Ts
|ASa ()| + |AS, (k)| + |ASc (k)| (13)
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where v, and wy are the voltage and frequency of the reference signal, respectively. As it can be
seen, the system performance is highly influenced by the weighting factors (&; and &,), which should
be adjusted optimally. In this paper, the BEL method is proposed to adjust the weighting factors and
thereby improve the performance of the converter control system. Performance evaluation criteria
include the converter's switching frequency and the total harmonic distortion (THD) of the output
voltage. The design process of the BEL-based regulation scheme is discussed in the next section.



3. BEL-based regulation scheme

The BEL is used as a model-free method in a range of control engineering applications. The BEL can
learn quick-auto, and thus it is proper for robust and fast decision-making in nonlinear systems,
especially in systems with uncertainty. In [15], the BEL controller has superior performance compared
with PI and fuzzy logic controllers in both online and offline simulations for PMSM drive systems in
different test conditions. This method is constituted by the Amygdala, which is in charge of emotional
learning; the orbitofrontal cortex, sensory cortex, and Thalamus [10]. The model is provided with two
inputs including sensory input (S/) and emotional signal (£S). Preprocessing of SI signals such as
filtering or noise reduction is performed by the Thalamus. The sensory cortex receives the Thalamus
output and then submits it to the Amygdala and Orbitofrontal cortex. A simplified structure of the BEL
used in this work is depicted in Fig. 2. 4 and O networks, respectively, express the functional blocks
associated with the amygdala and orbitofrontal cortex. The BEL output is obtained based on the
subtraction of network 4 and network O outputs as follows.

M=ZAZ—ZOZ (14)

The output of A network is computed as
Ay = max(S,) (15)
A, = S,G, (16)

where A¢, is a neuron that receives maximum sensory signals from the thalamus directly. Similarly, the
output of the OC network is given by:

0, = S,H, (17)

The weights in AD and OC networks are updated by using (18) and (19)
AG, = a[S, max(0,ES — Y., A,)] (18)

AH, = y[S; (X0, — ES)] (19)

where o and y are BEL’s learning rates. The schematic diagram of the proposed BEL-based regulation
scheme is depicted in Fig. 3. The critical functionality of this structure is to minimize the THD and
switching frequency. The BEL output is supplementary regulation coefficients to update the weighting
factors of the FC-MPC. This adaptive feature improves the converter’s robustness against different
uncertainties and a vast range of working states. Since the FS-MPC includes two weighting factors, thus
two BEL structures are designed. To attain favorable performance of the BEL-based approach,
constituting an empirical relation between SI, ES, and output (§; and §,) is essential. The S/ and ES
inputs for the first BEL to find the optimal value of §; are (20) and (21), respectively.

SI = u,THD + p, [ THD dt (20)
Similarly, for the second BEL to find the optimal value of §,, the S/ and ES inputs are written as follows:

The weighting coefficients appearing in (20), (21), (22), and (23) are determined through a trial and
error process by simulations. The functions S/ and ES are chosen as the outputs of a PI block in response



to the THD and f;,, signals. In other words, those weights are the same as proportional and integral
coefficients appearing in the PI controller.

Two scaling coefficients (SCs) are added to the coordinator body to normalize the outputs. A particle
swarm optimization algorithm tunes the SCs by minimizing the following performance index.
Performance index:

Ts
min F =f t(Av,*)dt (24)
t

=0

Decision variables:
SFAi,min < SFAL' < SFAi,max (25)
SFPi,min < SFPi < SFPi,max (26)

where Av, represents the output voltage deviation; and T is the time length of Av,. As (24) implies, the
integral of time multiplied by squared error (ITSE) is used to obtain the optimal solution.

o] ot

Sensory Cortex
Orbitofrontal = ] -
Cortex ES | Amygdala

Fig. 2: Structure of BEL approach

4. Simulation and experimental results

The proposed weighting factor design strategy has been verified experimentally with a test system. As
mentioned in Fig. 1, the experimental setup consists of a full-bridge three-phase VSC (SEMITEACH
IGBT, 20kW), and a DC power supply (Delta Elektronika SM1500-CP-30), an LC filter, impedances,
measurements, and resistive loads are employed and illustrated in Fig. 3. In addition, a dSpace MicroLab
Box DS-1202 is used in the control section. Details of the utilized parameters are provided in Table I.
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Fig. 3: A photograph of the experimental motor drive test setup

Table 1. Parameters of the test system

Component Parameters

Parameters Symbol Value
DC power supply Vac 260 V
Nominal voltage magnitude Vier 100 V
Nominal frequency fref 50 Hz
Sampling time Ts 25 us
Capacitance of LC filter Cr 10 uF
Inductance of LC filter Lg 2.2 mH
Load 1 R;oad1 58 Q
Load 2 R} oadz 116 Q
Load 3 Rioad3 12Q
Control Parameters

Switching Frequency Section (BEL Parameters) Z _21
THD Section (BEL Parameters) g }

Based on standard (IEC 62040-3), the UPS should follow different tests on performance, components,
and main parts [16]. To verify the dynamic performance of the proposed control technique, a two-step
load change has been carried out on the UPS setup. Therefore, the controller has been tested for three
different resistive loads. In this way, for the first test, at # =2.0 s, load 1 (58 Q) is paralleled with load 2
(116 Q), thus the equal resistance is around 39 Q. According to Fig. 4 (a), the FS-MPC controller can
perform properly and control the voltage magnitude by well tracking the reference value. The current
waveform is presented in Fig. 4 (b), and it has been increased due to impedance reduction on the load
side. Fig. 4 (a) and (b) present a fast and proper performance of the proposed control strategy. The
magnitudes of THD and switching frequency of the proposed control technique are improved by
utilizing the BEL controller, which can be seen in a comparison with Table III in [9]. Another



achievement of the proposed solution of this study is designing the weighting factors in an online
approach, which can overcome the defects of the state-of-the-art ([8] and [9]). Based on Fig. 4 (¢) and
(d), the optimal value of the switching frequency and THD magnitudes are floating and they are around
6.3 kHz and 1.2% respectively. By utilizing the mentioned values of the control parameters in Table I,
the weighting factors of the cost functions for the switching frequency and THD are obtained and
presented in Fig. 4 (e) and (f). The value of the switching frequency weighting factor is around 4.8 most
of the time, and the value of the THD weighting factor has a variation around 1.1.

For the second test, at t =2.0 s, load 3 (12 Q) is paralleled with load 2 (116 Q), thus the equal resistance
is around 11 Q. According to Fig. 5 (a) and (b), the FS-MPC controller can perform properly and control
the voltage and current by employing the BEL controller for the weighting factor design. In this test, the
load variations are higher than in the first test, so there are more changes in both weighting factors at ¢
=2.0 s in comparison with the previous test. The figures also reveal that the BEL-based method regulates
the weighting coefficients such that a stable operation of the VSC is achieved.
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Fig. 4. Simulation results of the specified first test, (a) Output voltage, (b) Output current, (¢) Switching
frequency, (d) Total harmonic distortion of the output voltage, (¢) Switching frequency weighting factor
(61), and (f) THD weighting factor (&,)

The proposed control strategy's robust and optimal design of the weighting factors has been
demonstrated experimentally for the first test in Fig. 6 (a) and (b). The experimental results of the power
converter's output voltage and current validate the obtained simulation results.



T 8 T T T
= 1501 Load Change \ ;E p | i
\Q)i 100 [t e o ; | :’ 4 Load Change \ I}
TR WV P S | [l
L e S 2 |
S o il | L S50
. | | z ©
‘S -50 T I T i Tt T T "S“Z Tt
% 100 |/ §~-4
Q150 Q-6
200772 ‘ ‘ 725 8175 — 755
Time (s) Time (s)
(a) (b)
§ 12 5.0
4.5 + 1
S /\ 0 JIH Load Ch
@ 35 o ange |
S 8| i e e e $ f VM \
2 Load Change a 3.0 ;
S e \ | 25 M ,,,,,,,,,,,,,, R
S A S R S f i hedinn
I e 20 A AU VIV S
4 ) I . I |
50 15 |
R |
2 1.0 ‘
L: 0.5
Il
5 05 T 5 2 25 3 09 05 T 5 2 25 3
Time (s) Time (s)
(c) (d)
12 12
101 10
A e 8
& Load Change %
V)‘s R ) T \ {N‘G Load Change
% 4 S 4 \ e
N S M
SI) | § 2 VA ea A PO S A
~ 3 W/ R R
0 0
2 : : 2
0.5 1 15 2 2.5 3 0.5 1 1.5 2.5 3
Time (s) Time (s)
(e) ()

Fig. 5: Simulation results of the specified second test, (a) Output voltage, (b) Output current, (c)
Switching frequency, (d) Total harmonic distortion of the output voltage, (¢) Switching frequency
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Fig. 6: Experimental results of the specified first test, (a) Output voltage, and (b) Output current of the
power converter

Conclusion

In this study, a real-time solution by employing brain emotional learning method was proposed to design
the weighting factors of the FS-MPC. The approach’s effectiveness was illustrated on a UPS VSC setup.
Minimizing the switching frequency and THD were the main objectives behind the BEL-based FS-MPC
method. The proposed method’s key features are the online learning capacity, minimum computational



complexity, and there is no need for prior knowledge of the VSC dynamics. Finally, the simulation and
experimental results demonstrated the effectiveness of the proposed strategy under different operational
conditions.
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