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Abstract: The field-oriented control (FOC) strategy of a permanent magnet synchronous motor
(PMSM) in a simplified form is based on PI-type controllers. In addition to their low complexity
(an advantage for real-time implementation), these controllers also provide limited performance due
to the nonlinear character of the description equations of the PMSM model under the usual conditions
of a relatively wide variation in the load torque and the high dynamics of the PMSM speed reference.
Moreover, a number of significant improvements in the performance of PMSM control systems, also
based on the FOC control strategy, are obtained if the controller of the speed control loop uses sliding
mode control (SMC), and if the controllers for the inner control loops of i; and i; currents are of the
synergetic type. Furthermore, using such a control structure, very good performance of the PMSM
control system is also obtained under conditions of parametric uncertainties and significant variations
in the combined rotor-load moment of inertia and the load resistance. To improve the performance
of the PMSM control system without using controllers having a more complicated mathematical
description, the advantages provided by reinforcement learning (RL) for process control can also
be used. This technique does not require the exact knowledge of the mathematical model of the
controlled system or the type of uncertainties. The improvement in the performance of the PMSM
control system based on the FOC-type strategy, both when using simple PI-type controllers or in
the case of complex SMC or synergetic-type controllers, is achieved using the RL based on the Deep
Deterministic Policy Gradient (DDPG). This improvement is obtained by using the correction signals
provided by a trained reinforcement learning agent, which is added to the control signals u, ug,
and igs. A speed observer is also implemented for estimating the PMSM rotor speed. The PMSM
control structures are presented using the FOC-type strategy, both in the case of simple Pl-type
controllers and complex SMC or synergetic-type controllers, and numerical simulations performed
in the MATLAB/Simulink environment show the improvements in the performance of the PMSM
control system, even under conditions of parametric uncertainties, by using the RL-DDPG.

Keywords: permanent magnet synchronous motor; sliding mode control; synergetic control;
reinforcement learning; deep neural networks

1. Introduction

Interest in the study of the PMSM and its applications has increased in the past decade
due to its constructive advantages, such as small size, low harmonic distortion, high torque
density, and easy cooling methods. The increased interest in the PMSM is also supported
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by the fact that it can be used in the aerospace industry, computer peripherals, numerically
controlled machines, robotics, electric drives, etc. [1-7].

Naturally, the study of PMSM control has also attracted, in particular, the attention of
researchers involved in the study and development of applications in the above-mentioned
fields. Thus, we can mention the FOC-type control structure, where, in the simplest case,
a PI-type controller is used for the outer PMSM rotor speed control loop, and hysteresis
ON/OFF-type controllers are used for the inner current control loop. Moreover, a number
of types of control systems have been implemented for the PMSM control, including: the
adaptive control [8-10], the predictive control [11-13], the robust control [14,15], the back-
stepping control [16], the SMC [17,18], the synergetic control [19,20], the fuzzy control [21],
the neuro-fuzzy control [22], the artificial neural network control (ANN) [23-25], and the
control based on particle swarm optimization (PSO) or genetic algorithms [26].

In addition, in terms of the PMSM sensorless control, a series of PMSM rotor speed
observers have been developed in order to eliminate hardware systems specific to measur-
ing transducers, thus providing increased system reliability. The types of observers used
include Luenberger [27], model reference adaptive system (MRAS) [28], and sliding mode
observer (SMO) speed observers [29,30]. Kalman-type observers are used for the systems
described by stochastic means [31].

The intelligent control system has a special role in the development of and improve-
ment in control systems. These include RL agents, which are characterized by the fact that
they do not use the mathematical description of the controlled system, but use input signals
that contain information on the state of the system and provide control actions to optimize
a Reward that consists of signals containing information on the controlled process [32-37].
Moreover, building on four papers by the authors based on the RL agent, which demon-
strates the capacity of this type of algorithm to improve the performance of the linear
control algorithms of the PMSM (the PI type algorithm [26,38], LQR control algorithm [39],
and Feedback Linearization control algorithm [40]), this article demonstrates that a cascade
control structure containing nonlinear SMC and synergetic control algorithms can also
provide improved performance by using an RL agent.

This paper is a follow-up to a paper [38] presented at the 21st International Symposium
on Power Electronics (Ee 2021), which shows an improvement in the performance of the
FOC-type control structure of the PMSM by using an RL agent. The type of RL used is the
Twin-Delayed Deep Deterministic Policy Gradient (TD3) agent, which is an extension and
improved variant of the DDPG agent [41]. Moreover, based on the fact that the FOC-type
control structure, in which the controller of the outer speed control loop is of the SMC type
and the controllers of the inner current control loop are of the synergetic type, provides peak
performance of the control system [42,43], this paper also presents the improvement in the
performance of this control structure by using an RL agent. The commonly used machine
learning (ML) techniques are the following: Linear Regression, Decision Tree, Support
Vector Machine, Neural Networks and Deep Learning, and Ensemble of Tree. Generally, the
three main types of machine learning strategies are the following: unsupervised learning,
supervised learning, and RL. First, unsupervised learning is typically utilized in the fields
of data clustering and dimensionality reduction. Supervised learning deals mainly with
classification and regression problems. RL is a framework for learning the relationship
between states and actions. Ultimately, the agent can maximize the expected Reward
and learn how to complete a mission. This is a very strong analogy with the control of
an industrial process. Although the other types of ML can be used to estimate certain
parameters, RL is recommended for the control of an industrial process. It is clear that RL is
an especially powerful form of artificial intelligence, and we are sure to see more progress
from these teams. Moreover, the RL-TD3 used in this paper is an improved version of the
Deep Deterministic Policy Gradient (DDPG) agent and is considered the most suitable
RL agent for industrial process control [41]. In addition, the authors” papers [26,38—40]
compare the results of control systems improved by using the RL-TD3 agent or optimized
control law parameters by means of computational intelligence algorithms: particle swarm
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optimization (PSO) algorithm, simulated annealing (SA) algorithm, genetic algorithm (GA),
and gray wolf optimization (GWO) algorithm. The conclusion clearly shows the superiority
of the performance of the PMSM control system the in case of using the RL-TD3 agent.
However, we consider that the control structures and the comparative results presented are
relevant for this paper.

The main contributions of this paper are as follows:
The proposal of a PMSM control structure, where the controller of the outer rotor
speed control loop is of the SMC type and the controllers for the inner control loops of
iy and i currents are of the synergetic type.

e  The improvement in the performance of the PMSM control system based on the FOC-
type strategy, both when using simple PI-type controllers or in the case of complex
SMC or synergetic-type controllers, is achieved using the RL based on the TD3 agent.

The validations of the results are performed through numerical simulations in the
MATLAB/Simulink environment to show the improvements in the performance of the
PMSM control system even under the conditions of parametric uncertainties, by using the
RL-TD3 agent.

The rest of the paper is organized as follows: Section 2 describes the RL for process
control, Section 3 presents a correction of the control signals for the PMSM based on the
FOC strategy using the RL-TD3 agent, and Section 4 presents a correction of the control
signals for the PMSM FOC strategy based on SMC and synergetic control using the RL-TD3
agent. The results of the numerical simulations are presented in Section 5, and Section 6
presents conclusions.

2. Reinforcement Learning for Process Control

Generally speaking, RL consists of learning the execution of a task by the host com-
puter if it interacts dynamically with an unknown process. Without explicit programming
of the task learning method, the learning process is based on a set of decisions that are
made so as to achieve the maximum of the cumulative Reward, whose expression is set a
priori. Figure 1 shows the schematic diagram for a RL scenario.

!

POLICY

L 4

L 2

POLICY
UPDATE

REINFORCEMENT
LEARNING
ALGORITHM

OBSERVATION - O,
'V - NOLLDV

REWARD - R;

ENVIRONMENT |¢

Figure 1. Schematic diagram for a RL scenario.

The input signals to the agent are Observation and Reward. The Observation consists
of a set of predefined signals characterizing the process, and the Reward is defined as
a measure of the success based on the Action output signal. The Action is given by the
control quantities of the controlled process. The Observations represents the signals visible
for the agent and are found in the form of measured signals, their rate of change, and the
related errors.
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Usually, the Reward is created as part of the continuous actions in the form of a sum,
such as the square of the error of the signals of interest and the square of past actions. These
terms are given a weight determined by the final purpose of the problem. Usually, in the
process control, the Reward is given by a function that implements the minimization of the
steady-state error.

The agent contains a component called Policy, and also implements a learning al-
gorithm. The Policy represents the way in which the actions are associated with the
Observations of the process and is described by a function with adjustable parameters. In
the case of the process control, the Policy is similar to the operating mode of a controller.

The learning algorithm is designed to find an optimal Policy by continuously updating
the parameters of the function associated to the Policy based on the maximization of the
cumulative Reward. The process (in the general case referred to as the environment) consists
of a plant, reference signals and the associated errors, filters, disturbances, measurement
noise, and analog-to-digital and digital-to-analog converters.

The main stages of the RL process are [35-38,41]:

e  Problem statement defines the learning agent and the possibility of interacting with
the process;
Process creation defines the dynamic model of the process and the associated interface;
Reward creation defines the mathematical expression of the Reward in order to measure
the performance when undertaken the proposed task;

e Agent training is an agent that is trained in order to fulfill the Policy based on the
Reward, learning algorithm, and the process.

e Agent validation is a step in which the performances are evaluated after the train-
ing stage;

e Deploy policy is a step that performs the implementation of the trained agent in the
control system (for example, generating the executable code for the embedded system).

An agent used in continuous-type systems is the DDPG, whose improved variant,
the TD3 agent, is used in this paper. It is characterized by the fact that it is an actor-critic
agent [41] that calculates the long-term maximization of the Reward.

In terms of the training stage, the following stages are completed at each step [38,39]:

e  For the Observation of the current state S, action A = 3(S) + N is selected, where N is
the stochastic noise from the noise model;

Action A is executed, and Reward R and the next Observation S’ are calculated;

The experience (S, A, R, S') is stored;

M experiences (Si, A, R;, S;) are randomly generated;

For S}, which is a terminal state, the value function target y; is set to R;.

Otherwise, the following relation is calculated [38,41]:

yi=Ri+7- min(QIQ (Sl/c clip(p'(Sk|0u) +¢) ‘QQ;{)) M

The value function target is the sum of the experience Reward R; and the minimum
discounted future Reward from the critics.

At each training step, the parameters of each critic are updated, minimizing the
following expression:

M 2
Ly = MZ(%’ — Qk(Si, AilOok ) )

At each step, the actor’s parameters are updated, maximizing the Reward:

1 M
Vo, ] = ﬁ; GaiGui ©)
i=
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where G;;, G, and A are given by the following expressions:
Gai = Vamin(Q(S;, Al6p)) 4)
Gui = Vo, 1(Si(0y) &)
A= p(Si[6,) ©)

Furthermore, the parametric updating is performed, for a chosen smoothing coeffi-
cient T, in the next form:
er’ = TGQk + (1 — T)GQk’ (7)

0,”/ = TGI‘ + (1 — T)@V/ (8)

3. Correction of the Control Signals for PMSM Based on FOC Strategy Using the
RL Agent

The equations of a PMSM are usually expressed using a d-q reference frame using the
following relations [18]:

di R. : L . 1

?” =—rilat L—;’npwzq + 1 ta

% = —IL{—;iq — %—anwid — )L‘—gnpw + Liquq )
dw _ 3Mp . - SaN 1 _ B

g = ZT()\()Iq + (Lg — Lg)igiq) 1T —Jw

where: 1, is the voltage on the d-axis, u, is the voltage the g-axis, R, is the resistance on
the d-axis, R; is the resistance on the g-axis, L, is the inductance on the d-axis, L, is the
inductance on the g-axis, iy is the current on the d-axis, i, is the current on the g-axis, w is
the PMSM rotor speed, B is the viscous friction coefficient, | is the rotor inertia, 1, is the
number of pole pairs, T}, is the load torque, Ay is the flux linkage, and 6. is the electrical
angle of the PMSM rotor.

The classic control structure of the PMSM is the FOC-type structure, and is presented
in Figure 2. In this paper, the RL-TD3 agent is used, which will learn the behavior of the
PMSM control system. In turn, this system supplies the correction signals for the three
control inputs of the cascade control system (igyef, Udref, Ugref) after the training phase, so that
the improved control system will have superior performance.

; REINFORCEMENT LEARNING 1
: TD3 AGENT '
:(Twin-Delayell Deep Deterministic Policy Gradient Agent)}

Inverse Hde
Park ]_| l_l

INVERTER

wre]

+

- CONTROLLER

dq op 48 _|SYPWM

1

e {CURRENT '}
i CONTROLLER

Park i Clarke i
Id a
dq :
i |98
ap L abc

Iq

SPEED AND ROTOR POSITION
MEASUREMENT BLOCK

Figure 2. Block diagram for FOC-type control of the PMSM based on PI-type controllers using RL.

In the first step, the deep neural network is created, which is characterized by two
inputs (Observation and Action) and one output. The code sequence of the program
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developed in the MATLAB environment for the creation of the neural network is presented
in Figure 3, and its graphic representation is shown in Figure 4.

train_Agent.m +
1 rng(0) N
2 statePath = [imageInputLayer([numObservations,1,1], Normalization', none’, Name', 'State')
3 fullyConnectedLayer (64, 'Name', 'fc1')];
4 actionPath = [imageInputLayer([numActions,1,1], Normalization', ‘none’', 'Name’,'Action’)
Y fullyConnectedLayer(64, ‘Name','fc2')];
6 commonPath = [additionLayer(2, 'Name', 'add’)
7 reluLayer( ' Name','relu2')
8 fullyConnectedLayer(32, 'Name','fc3')
9 reluLayer('Name’, 'relu3’)
10 fullyConnectedLayer(16, 'Name','fcd4')
11 fullyConnectedLayer(1, 'Name','CriticOutput’)];
12 criticNetwork = layerGraph();|
13 criticNetwork = addLayers(criticNetwork,statePath);
14 criticNetwork = addLayers(criticNetwork,actionPath);
15 criticNetwork = addLayers(criticNetwork,commonPath);
16 criticNetwork = connectlLayers(criticNetwork, ' fcl', 'add/in1");
17 criticNetwork = connectlLayers(criticNetwork, fc2','add/in2");
18 criticOptions = rlRepresentationOptions(’'LearnRate’,1e-4, 'GradientThreshold',1);
19 criticl = rlQValueRepresentation(criticNetwork,observationInfo,actionInfo,...
20 ‘Observation’,{ 'State'}, Action’,{ "Action’},criticOptions);
21 critic2 = rlQualueRepresentation(criticNetwork,observationInfo,actionInfo,...
22 ‘Observation’,{'State'}, 'Action’,{ Action’},criticOptions);
23 actorNetwork = [imageInputLayer([numObservations,1,1], Normalization’, 'none’, 'Name', 'State’)
24 fullyConnectedLayer(64, 'Name','actorfC1')
25 reluLayer('Name', 'relul’)
26 fullyConnectedLayer(32, 'Name','actorFC2')
27 reluLayer( 'Name','relu2')
28 fullyConnectedLayer(numActions, ‘Name', 'Action’)
29 tanhLayer('Name', 'tanh1')];
30 actorOptions = rlRepresentationOptions(’'LearnRate’,le-3, 'GradientThreshold',1, 'L2Regularizationfactor’,0.001);
31 actor = rlDeterministicActorRepresentation(actorNetwork,observationInfo,actionInfo,...
2 ‘Observation’,{"'State'}, 'Action’,{"tanh1’'},actorOptions); o

Command Window v

Figure 3. Creation of the deep neural network—MATLAB syntax code example.

QS‘:.-, te °4 cf, on

o T

ety

Oreq

1

%ri:;oo"
ug

Figure 4. Representation of the deep neural network for the RL-TD3 agent.

Training of the TD3 agent for the PMSM control uses a maximum of 200 episodes, the
number of steps per episode is 100, and the sampling step of the agent is 10~ s. The agent
training stage stops when the cumulative average Reward is greater than —190 for a period
of 100 consecutive episodes, or after the 200 training episodes initially set have passed. To
improve the learning performance during training, a Gaussian noise overlaps the signals
received and transmitted by the agent.

3.1. Reinforcement Learning Agent for the Correction of the Outer Speed Control Loop

The block diagram of the implementation in MATLAB/Simulink for the PMSM control
of the outer loop (which controls the speed of PMSM) based on the RL-TD3 agent is
presented in Figure 5. Figure 6 shows the RL block structure. In this case, the correction
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signals of TD3 agent will be added to the control signal . The Observation consists of

signals w and weor.

RL-TD3 AGENT
CORRECTION OF THE OUTER SPEED CONTROL LOOP

Reinforcement Learning

8. [
% et

- Pl Controller
generator SPEED CONTROLLER

Debbug, analysis and time evolution
subsystem block

PMSM
mechanical model

Figure 5. Block diagram of the MATLAB/Simulink implementation for the PMSM control based on
Pl-type controllers using the RL-TD3 agent for the correction of i,y.

@% w_error

W_error
w
Observations
— Py
: . Reward
o F{ >
Action [:'J
Reward

RL-TD3 Agent

Action

Figure 6. MATLAB/Simulink implementation of RL-TD3 agent for the correction of igs.

The Reward at each step for this case is expressed as follows:

rn=- <Q1w§rror + RZ (ui_1)2> (10)
]

where: Q1 =0.5and R=0.1.

The training time for this case is 6 h, 23 min, and 27 s. The graphical results for the
training stage of the RL-TD3 agent for the correction of i, are shown in Figure 7.
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Figure 7. Training stage of the RL-TD3 agent for the correction of iyr.

3.2. Reinforcement Learning Agent for the Correction of the Inner Currents Control Loop

The block diagram of the implementation in MATLAB/Simulink for the PMSM control
of the inner loop (which controls the i; and i; currents) based on the RL-TD3 agent is
presented in Figure 8. After the learning stage, the RL-TD3 agent will supply correction
signals for the control signals u; and u,. Figure 9 shows the RL block structure. The
Observation consists of signals i, 15, igerror, and igerror-

RL-TD3 AGENT
CORRECTION OI" THE l\"\ER C lRRE\TS .C ONTROL LOOP
Reinforcement Learning
udr{j
N woqrel qrej
s}
.'j/ _________________________________________ PMSM
PMSM
‘ dq frame model
idrel :
E} ] ; : Ua ,é -
idref . H 1
SPEED CONTROLLER ._, ! ! ’ L} p— l*.
1 > PID(s) -7 Inverse Park e
@ m . Transformation. Park iy tverse Park
Pl Controller Transformation Transformation
Speed reference generator | i.................. ’

| T
L e | ke & " .
» ] «L.Lq Load torque generator
PMSM

Debbug, analysis and time evolution mechanical model
subsystem block

Figure 8. Block diagram of the MATLAB/Simulink implementation for the PMSM control based on
PI-type controllers using the RL-TD3 agent for the correction of u,,r and 11,,f.
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@)—"idc>_>

id_error

€,

iq_error

id error

RL-TD3 Agent

Observations
L id error.
- wliq error et Reward
e =
— | Action ol

Reward

Figure 9. MATLAB/Simulink implementation of the RL-TD3 agent for the correction of 1y, and 14y,f.

The Reward at each step for this case is expressed as follows:

.\2
7’]_ = - <Q1 Z%error + QZléerror + RE (u;—l) ) (11)
]

where: Q1 =Q, =0.5, R=0.1, and u{_l represents the actions from the previous time step.

The training time for this case is 6 h, 8 min, and 2 s. The graphical results for the

training stage of the RL-TD3 agent for the correction of u,,r and 1,.f are shown in Figure 10.

0
Episode reward
Average reward
Episode Q0
=100 |-
=200}
a
4
:
-300- ad A - Rty ey e Y S
: ‘" ‘Y. j".""\ v"r:'s.. e f’er;;” i“'mr‘""'ff; M K P Y'f',"w‘"\ rk;w’sm’p‘"y 'Mi"""‘up""‘zuﬂ e
= ® ,;.“ 8 1 ) “‘u‘ | [TAVERE RV mESS
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s T A T
=400 £t ([ |
= NN
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|
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Figure 10. Training stage of the RL-TD3 agent for the correction of u,r and 14g,f.

3.3. Reinforcement Learning Agent for the Correction of the Outer Speed Control Loop and Inner

Currents Control Loop

The block diagram of the implementation in MATLAB/Simulink for the correction of
the inner current control loop and outer speed control loop based on the RL-TD3 agent is
presented in Figure 11. Figure 12 shows the RL block structure. In this case, the correction
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signals of RL-TD3 agent will be supplied to the control signals u; and u,, and also to the
igrer Signal. The Observation consists of signals w, wWerror, id, iq, iderror, aNd igerror-

Reinforcement Learning

—i"r/
Uiref
_dref and u_dq_ref
L
()
-'31 PMSM
PMSM
- CURRENT dq frame model
E} CONTROLLERS
et ’_’é__’ . abc} ' ip{abe
) piD(s) 1
5 PID(s)

Pl Controller

SPEED CONTROLLER

D
Debbug, analysis and time evolution
subsystem block

Figure 11. Block diagram of MATLAB/Simulink implementation for the PMSM control based on
Pl-type controllers using the RL-TD3 agent for the correction of uyef, tgrer, and igyer.

C2) w_error

w_error

RL-TD3 Agent

Observations

—» w_error

iq error

id error

Acti L g gt |
Reward

Reward

Action

Figure 12. MATLAB/Simulink implementation of the RL- TD3 agent for the correction of iyef, 1gyef,

and igpr.

The Reward at each step for this case is expressed as follows:

; 2
n=- (Qlwgrror + Qlelerror + Q3l§err0r + RE_ (u]t_1> ) (12)
]

where: Q1 = Q> =Q3=05and R =0.1.
The training time for this case is 7 h, 59 min, and 35 s. The graphical results for the
training stage of the RL-TD3 agent for the correction of uy, ug, iy are shown in Figure 13.
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Figure 13. Training stage of the RL-TD3 agent for the correction of tyf, gref, and igyer.

4. Correction of the Control Signals for PMSM—FOC Strategy Based on SMC and
Synergetic Control Using the Reinforcement Learning Agent

Based on the classic FOC-type structure in which the usual PI or hysteresis controllers
are replaced with SMC or synergetic controllers, respectively, Figure 14 presents the block
diagram for the SMC and synergetic control of the PMSM based on the reinforcement
learning. The following subsection presents the PMSM control in which an SMC-type
controller is proposed for the outer speed control loop, and a synergetic-type controller is
proposed for the inner current control loop.

REINFORCEMENT LEARNING

TD3 AGENT
(Twin-Delayed Deep Deterministic Policy Gradient Agent)}
Wrey suDl\GMODE ] Inverse Uge
_:®_.. CONTROLLER : Park .
= SPEED dq T =
CONTROLLER H up |SVPWM [~ INVERTER
o s, =
{ SYNERGETIC - n uy|u,
i CONTROLLER 0

i CURRENT
i CONTROLLER Park : Clarke .
H 1,

i
id_[q LW
q in |98
“B<'L abc
‘ua lu/; lia ‘i/]
SLIDING MODE
OBSERVER

Iq
A
0
DRA—
w

Figure 14. Block diagram for the SMC and synergetic control of PMSM based on RL.

4.1. SMC and Synergetic for PMSM Control
4.1.1. SMC Speed Controller Description and MATLAB/Simulink Implementation
Based on Equation (9), rewritten in the form of Equation (13), to obtain the SMC control

law, the notations are expressed in Equations (14) and (15) in which the state variables x;
and x, are defined [17,18,42,43].

B R . U,

i -T mpw 0 i T

. R n )L(] Uy

i —nyw  — L ig |+ T (13)

L
w 0 =t —? w -7
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X] = Wref — W (14)
Wyef — W
XZIJ.QI%:*(&.J (15)

It can be noted that variable x1 represents the tracking error of the PMSM speed and
X7 represents its derivative.
The sliding surface S and its derivative are defined in Equations (16) and (17),
respectively.
=cx1+ X (16)
S =cxy+%=cxy— Di'q (17)
where: c is a positive adjustable parameter and D = g % ]/\0.
In Equation (18), the condition of the evolution on surface S is imposed as follows:

S = —esgn(S) — ¢S, &g >0 (18)

where: € and g represent the positive adjustable parameters; sgn() represents the signum
function.

By using the function defined in Equation (19), a reduction in the chattering effect is
obtained instead of the function sgn [43]:

H(x) = _z 1 (19)
14 ealx—c)

Fora =4 and c =0, H € [—1 1], the evolution of the function H from —1 to 1 is
smoothed, thus reducing the chattering effect.

After some calculations, the SMC-type controller output can be expressed as follows:

i (1) = / [cxs + eH(S) + gS]dt 20)

To demonstrate the stability, a Lyapunov function is chosen of the form V = 1S%. By
calculating the derivative of function V, we obtain its negativity according to Equation (21):

V = 8§ = S[—¢H(S) — qS] = —eH(S) — 45> (21)

The block diagram of the MATLAB/Simulink implementation for the SMC law control
is presented in Figure 15.

2T

i kgt ={>—>@*"@

Limitation Filter 2 iqref

. T {}@
num(s) Au

" Filter 1

Figure 15. Block diagram of the MATLAB/Simulink implementation for the SMC speed controller.

4.1.2. Synergetic Currents Controller Description and MATLAB/Simulink Implementation

By adding a macro-variable as a function of the states of the system in Equation (22)
and by imposing an evolution of its dynamics in the form of Equation (23), it is noted that
the synergetic control law design is a generalization of SMC control law design [19,42,43]:

¥ = ¥(x,t) (22)



Energies 2022, 15, 2208 13 of 30

TY+¥=0T>0 (23)

where: T represents the rate of convergence of the system evolution to achieve the de-
sired manifold.
The differentiation of the macro-variable ¥ can be written by Equation (24):

Y= (24)

The general form of the control law for the PMSM is obtained by combining Equa-
tions (13), (23) and (24):
u=u(x¥(xt),T,t) (25)
Following [20,42], superior performances can be obtained for static and dynamic
regimes by selecting threshold values according to Equations (26) and (27):

Wace = Wref — kq <|iqmax| - iqref) (26)

Whec = Wref — kq (_ |iqmax’ - iqref) (27)

Based on these threshold values that practically limit the acceleration and deceleration
regimes, the macro-variable can be defined on the g-axis ¥;. Therefore, for w > wg and
w < Wy the following relation is defined:

¥, = (w(t) _ w,ef) +ky (iq(t) - imf) (28)

For w < wyec, the corresponding macro-variable is defined as in Equation (29), and for
w > wye the corresponding macro-variable is defined as in Equation (30).

¥y = ig(8) = igmax| + Kig [ (ig(t) = Jigmax] )t (29)
0

¥y = ig () + Jigmax| + Ky [ (ig(1) + ligma| ) (30)
0

where: igmax represents the maximum admissible current on the g-axis, and k; represents a
value that is dynamically adjusted as a function of the PMSM rotor speed error.

Based on these equations, the control law for the g-axis can be expressed according to
the acceleration and deceleration subdomains presented above, as follows: Equation (31)
for waee < W < W, tig; Equation (33) for w < wiec, ty; and Equation (32) for w > wye, Ug:

. . N L, .
ug(t) = Rsig +npw(Lig + Ag) + Tq (zqref — zq) + % (wmf — w) + E (—Ktig + Bw + Tp) (31)
L t
g (£) = Rig + 1y (Lia + Ao) + 7 (|igmax| = ig) + Kig L | igmax| i / — igmax|)dt (32)
q
0

. . L . . .
ug(t) = Reig + npw(Lig + Ag) + T(—‘zqmaxl —ig) + kigL(—|igmax| —
q

g+ ‘ lqmax dt (33)
0

The block diagram of the MATLAB/Simulink implementation for the control law on
the g-axis corresponding to Equations (31)—(33) is presented in Figures 16-18, respectively.
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Figure 16. Block diagram of the MATLAB/Simulink implementation for the synergetic current
controller of the u; command—Equation (31).

£ e of]

Figure 17. Block diagram of the MATLAB/Simulink implementation for the synergetic current
controller of the u; command—Equation (32).

Figure 18. Block diagram of the MATLAB/Simulink implementation for the synergetic current
controller of the u; command—Equation (33).
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The macro-variable on the d-axis ¥; can be expressed as in Equation (34):

t

= (ia)) = i) + ki | (1a(6) = iy )t (34)

0

After some calculus, the control law for the d-axis can be expressed as follows [20,43]:

. . L/ . .
ug(t) = Rsig — npwLiq — T (ld - ldref> —kigL (ld ldref T / ldref dt (35

The block diagram of the MATLAB/Simulink implementation for the control law on
the d-axis corresponding to Equation (35) is presented in Figure 19.

[ L
| * T
1] 4

- iz |

Figure 19. Block diagram of the MATLAB/Simulink implementation for the synergetic current
controller of the 1; command—Equation (35).

0
© | -

G | -

4.1.3. Speed Observer

In the a- frame, using the PMSM equations derived from Equation (13) after applying
the inverse Park transform, Equations (36)—(38) present the expressions of currents i, and
i B their derivatives, and the back-EMF ¢, and ep [18,25,43]:

l:a - 1:,1 c.os(()e) — ?q sin(6,) (36)
ig = igsin(6,) + i, cos(6e)
dA, :
=% =) 6
€n dg\tﬁ owe sin(6,) (37)
ep = 4 = —Aowe cos(0e)
dig _ _Re; _ 1 1
N (38)
ar T LB Ies T LUp
The equations of the SMO-type observer can be written as follows [18,25,43]:

di, Rs?

Ay — _Rsj 4 Ly, — kH( )

gt )

where: k is the observer gain, and H represents the sigmoid type function described in
Equation (19).
The sliding vector is chosen as follows:

2 Y . 1T = = 4T
Sn =[S S,g]T = [la —in1p —ig] = [in ip] (40)
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Moreover, a Lyapunov function is chosen in the form of Equation (41) [25,43].

1 1
V=518 = E(s§ +53) 41)
For the calculation of the derivative of this function, the current error system is defined
as follows: ' .
o= o = R+ feu— PRHG) @
ip=1ip—ip=—"Pig+ fes — [kH(ip)
Based on these, Equation (43) is obtained.
V_ RS =2 2 ]. kiHi kiHT 0 43
= —T(la‘i‘lﬁ) +Z[(€o¢_ )141 (1a)+ (3/5— )1/3 (1/5)] < ( )
By choosing the observer gain of the form k > max(|es|, |eg|), the stability condition
of the speed observer is obtained: V < 0.
In addition, the following relation can be written:
. .. T T
[Su Sp] = [Sa Sp]” ~ [00] (44)

Using Equations (43) and (44) the estimations for e, and ey are achieved:

Aa - kH(Za) - 7)L0(2)g Sin 93

ég = kH(ig) = Ao cos 0, 45

Equations (46) and (47) show the estimations of the PMSM rotor speed and positions.

& +eég
We = T (46)
t
Be(t) = /cbe(t)dt+90 47)

to

where: 6 is the initial electrical position of the PMSM rotor.
The block diagram of the MATLAB/Simulink implementation for the PMSM rotor
speed and position estimations based on the SMO-type observer is presented in Figure 20.

Filter block 1

@
i_alfa
w_estim
Hpus>
@' theta_estim
u_beta

Ksw Filter block 2

Sigmoid Function 2
H

Figure 20. Block diagram of the MATLAB/Simulink implementation for PMSM rotor speed and
position estimations.

The block diagram of the MATLAB/Simulink implementation for the SMC and syner-
getic sensorless control of the PMSM (developed based on the elements presented in this
subsection) is presented in Figure 21. For the implementation of the SMC-type controller
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described in Section 4.1.1, the parameters € = 300, g = 200, and ¢ = 100 were selected, and
for the synergetic type controller described in Section 4.1.2, the parameters k;; = 10,000,
kg = 10,000, igmax = 50, Ty = 3, Ty = 3, and k;z = 10,000 were selected.

INNER CURRENTS CONTROL LOOP
SYNERGETIC CONTROLLER

PMSM

...............
PMSM
d-q frame model

ud command
Equation (35) —
SMC SPEED

"
0
kq w_dec
, (R qcommand | \
error + * . \
kq HIE acceleratcn sun;“:n: f.ycl:;or:lc Equation (31)
f ! and decelaration . e |
o
[} calculus

:Equmwm (26) and (28) uq command
: Equation (32)
'
'
'
'
'
'

iqref w_acc

]

'

v

'
4w

Speed reference 5
generator ' Inverse Park

'

Transformation

Auxiliary
calculus.
Equation (28)

Equation (33)

......................... PMSM
Mechanical Model

Load torque
generator

a—l

theta_estim 2 n—L bl '
'
Adaptive Gain theta_estim ] o
and Filtering theta j¢—/ ' , analisys
¢ !.P"‘-i, Rela : and time evolution
'
'

Continuous

powergui

subsystem block

Clarke and Park Transformations

5
5

SLIDING MODE OBSERVER

Figure 21. Block diagram of the MATLAB/Simulink implementation for SMC and synergetic sensor-
less control of the PMSM.

4.2. Reinforcement Learning Agent for the Correction of the Outer Speed Control Loop Using SMC
and Synergetic Control

By analogy with the aspects presented in Section 3, this section continues with the
presentation of the way in which the performance of the PMSM control system can be
improved using the RL, even if the controllers used in the FOC-type control strategy are
complex SMC and synergetic controllers. A maximum number of 200 training episodes
was chosen for the RL-TD3 agent, and for each episode the number of steps is 100, with a
sampling period of 10~ s. The RL-TD3 agent training stage is stopped when the cumulative
average Reward is greater than —190 for a period of 100 consecutive episodes, or after
200 training episodes have run. A Gaussian noise is overlapped on the original signals,
received and transmitted by the agent, to improve the learning performance.

The block diagram of the implementation in MATLAB/Simulink for the PMSM control
using SMC and synergetic controllers, resulting in improved performance using the RL-TD3
agent in the outer control loop, is presented in Figure 22.

The correction signals of the RL-TD3 agent will be added to the control signal i, the
RL block structure is similar to that of Figure 6, and the Reward is given by Equation (10).
The training time for this case is 10 h, 17 min, and 31 s. The graphical results for the training
stage of RL-TD3 agent for the correction of iy, are shown in Figure 23.
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RL-TD3 AGENT
CORRECTION OF THE OUTER
SPEED CONTROL LOOP

SYNERGETIC CURENTS CONTROLLER

.
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Figure 22. Block diagram of the MATLAB/Simulink implementation for the PMSM control based on
SMC and synergetic controllers using the RL-TD3 agent for the correction of iyf.

200

EPISODE REWARD
-~ AVERAGE REWARD
o EPISODE Q0

—200

|
&
S
S
=

|
=)
S
S

T

|
3
=3
S

T

—1000f

EPISODE REWARD

T

—1200

—1400f

—1600

T

—1800 4 4 4 L

e 20 40 60 80 100 120 140 160 180 200
EPISODE NUMBER

Figure 23. Training stage of the RL-TD3 agent for the correction of iy.

4.3. Reinforcement Learning Agent for the Correction of the Inner Currents Control Loop Using
SMC and Synergetic Control

The block diagram of the implementation in MATLAB/Simulink for the PMSM control
using SMC and synergetic controllers, resulting in improved performance using the RL-
TD3 agent in the inner control loop, is presented in Figure 24. The correction signals of the
RL-TD3 agent will be added to the control signals i, and ., the RL block structure is
similar to that of Figure 9, and the Reward is given by Equation (11).
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RL-TD3 AGENT
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Figure 24. Block diagram of the MATLAB/Simulink implementation for the PMSM control based on
SMC and synergetic controllers using the RL-TD3 agent for the correction of #,r and 1.

The training time for this case is 10 h, 29 min, and 14 s. The graphical results for the
training stage of the RL-TD3 agent for the correction of u,,rand s are shown in Figure 25.

0
100k EPISODE REWARD
= - AVERAGE REWARD
EPISODE Q0
% —200-
:
=
8
3001
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—400}-
—500f-
—600 | 5 1 Il | L 5 1 ] 1
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Figure 25. Training stage of the RL-TD3 agent for the correction of t,,r and tgyf.

4.4. Reinforcement Learning Agent for the Correction of the Outer Speed Control Loop and Inner

Currents Control Loop Using SMC and Synergetic Control

The block diagram of the implementation in MATLAB/Simulink for the PMSM control
using SMC and synergetic controllers, resulting in the improved performance using the
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RL-TD3 agent in the outer and inner control loops, is presented in Figure 26. The correction
signals of the RL-TD3 agent will be added to the control signals igyf, Ugy.f, and gy, the RL
block structure is similar to that of Figure 12, and the Reward is given by Equation (12).

.
H
H
H
: sevor AND THE INNER CURRENTS CONTROL LOOP
E . I b "d’d
H
H Lle | . Uyref
H
|
H e B SYNERGETIC CURRENTS CONTROLLER
i izl —
smcseeep |7 [EED— o command
CONTROLLER Equation (35)
2] o e n
¥ ol [T sce
Speed reference o
generator SMC SPEED kq w_dec|
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* ervor L - Speed Static and dynamic  Equation (31)
acceleration Tgme seieotion 1
i en T
Eq:.::"(-n) calculus o St
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e
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Figure 26. Block diagram of the MATLAB/Simulink implementation for the PMSM control based on
the RL-TD3 agent for the correction of Uy, gref, and igpr.

EPISODE REWARD

The training time for this case is 11 h, 13 min, and 54 s. The graphical results for the
training stage of the RL-TD3 agent for the correction of iy, gy, and uy,s are shown in
Figure 27.
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5. Numerical Simulations

For a PMSM with the nominal parameters presented in Table 1, using MATLAB/
Simulink, Figure 28 shows the time evolution of the signals of interest of the PMSM control
system. For the variation in the reference signal of the PMSM rotor speed from 800 to
1200 rpm at 0.5 s and a load torque of 0.5 Nm, a zero steady-state error and a response time
of 30 ms are noted.

Table 1. PMSM nominal parameters.

Parameter Value Unit
Stator resistance—R; 2.875 O
Inductances on d-q axis—Lyg, L4 0.0085 H
Combined inertia of PMSM rotor and load—] 8 x 10° kg-m2
Combined viscous friction of PMSM rotor and load—B 0.01 N-m-s/rad

Flux induced by the permanent magnets of the PMSM rotor
in the stator phases—A
Pole pairs number—1, 4 -

0.175 Wb

pm)

Reference speed (rpm)v

Speeds (r

0 I | | | Rotor speed (rpm)
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Figure 28. Time evolution for the numerical simulation of the PMSM control system based on the
FOC-type strategy.

As a result of the creation of RL-TD3 agents, their training, and the numerical sim-
ulations related to the cases in Sections 3.1-3.3 of the Section 3, Figures 29-31 show the
corresponding results obtained.

In the case of the RL agent for the correction of the outer loop for speed control
(Figure 29), the stator currents remain identical to those in the classic case of the FOC-type
control structure, but the response time improves very little, in the sense that it decreases
by approximately 1 ms.

In the case of the RL-TD3 agent for the correction of the inner current control loop
(Figure 30), an improvement is noted in the response of the control system, i.e., a shorter
response time of 25 ms, but the stator currents at start-up increase by 50%. In this case, the
current decreases to the usual values by decreasing the hysteresis of the current controllers,
but a value of the response time of approximately 28 ms is obtained.

In the case of the RL-TD3 agent for the correction of the outer speed control loop and
the inner current control loop (Figure 31), a very good global response is obtained, namely
the response time decreases to 24 ms under the conditions where the stator currents remain
similar to those in the classic case of the FOC-type control structure.
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The efficiency of using the RL is thereby demonstrated by improving the performance
of the PMSM control system when using the FOC-type strategy with PI-type controllers for
speed control and hysteresis ON/OFF for current control. Depending on the application,
among the presented variants, we choose the one that achieves an acceptable compromise
between the decrease in the response time and the increase in the stator currents.

Based on articles [42,43], in which the FOC-type structure with SMC-type controllers
was chosen for speed control and synergetic-type controllers were chosen for current control,
and peak performance was obtained on benchmarks (including for the PMSM control), the
following simulations validate that these performances can be further improved by using

the RL.
E 1000
£ |
4 [
) 500 |~ Reference speed (rpm)||
2 ‘ —Rotor speed (pm) |
7 0! | | | | | | | i |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
-~ i T T T T T T T — T
;. 40 — Electromagnetic torque T' (Nm)H
j [ Load torque TL (Nm)
ER ] \ .
: |
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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25 b | i
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Figure 29. Time evolution for the numerical simulation of the PMSM control system based on the
RL-TD3 agent for the correction of iyf.
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Figure 30. Time evolution for the numerical simulation of the PMSM control system based on the
RL-TD3 agent for the correction of ug,r and t.r.
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Figure 31. Time evolution for the numerical simulation of the PMSM control system based on the
RL-TD3 agent for the correction of gy, Ugyer, and igyr.

Thus, in Figure 32, for a FOC-type structure based on the SMC and synergetic con-

trollers, the response of the PMSM control system is presented under the same conditions
in which the FOC-type structure is based on PI and hysteresis ON/OFF controllers. Very
good control performance is noted, with a response time of 14.1 ms.

Torques (Nm) Speeds (rpm)

Stator
currents (A)

q

1,and 1
currents (A)

2

n
S S

/ —Reference speed (pm) |
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I
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PO YO f.i‘mtf:r current I‘b () H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 32. Time evolution for the numerical simulation of the PMSM control system based on control
using SMC and synergetic controllers.

Moreover, Figures 33-35 show the response of the PMSM control system under the

same conditions as those presented above, in which the control signal is supplemented
with the output of an RL-TD3 agent for the speed control loop, for the current control loop,
and for both control loops.
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Figure 33. Time evolution for the numerical simulation of the PMSM control system based on control
using SMC and synergetic controllers using an RL-TD3 agent for the correction of i,f.
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Figure 34. Time evolution for the numerical simulation of the PMSM control system based on control
using SMC and synergetic controllers using an RL-TD3 agent for the correction of g, and 1.
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Figure 35. Time evolution for the numerical simulation of the PMSM control system based on control
using SMC and synergetic controllers using an RL-TD3 agent for the correction of tyf, Ugref, and igyr.

The validation of the robustness of the PMSM control system based on SMC and
synergetic controllers, and the three variants of control signal correction implemented
by means of the RL-TD3 agent, were achieved by modifying the load torque T7, and the
combined inertia of the PMSM rotor and load ], which are considered to be disturbances.
Thus, numerical simulations were performed for a value of T} =2 Nm, to which a 0.2 Nm
magnitude uniformly distributed noise and a 50% | parameter increase were added. Fol-
lowing the numerical simulations, Figures 36-39 shows the response of the PMSM control
system under parametric changes. It can be noted that the PMSM control system retains
its previous performance, noting that the response time increases by about 0.4 ms for each
variant of the control system.
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Figure 36. Time evolution for the numerical simulation of the PMSM control system based on control
using SMC and synergetic controllers: T; = 2 Nm with 0.2 Nm magnitude of uniformly distributed

noise and 50% increase in | parameter.
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Figure 37. Time evolution for the numerical simulation of the PMSM control system based on control

using SMC and synergetic controllers using an RL-TD3 agent for the correction of iger: T =2 Nm

with 0.2 Nm magnitude of uniformly distributed noise and 50% increase in | parameter.
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Figure 38. Time evolution for the numerical simulation of the PMSM control system based on control

using SMC and synergetic controllers using an RL-TD3 agent for the correction of #,,r and s

Tr = 2 Nm with 0.2 Nm magnitude of uniformly distributed noise and 50% increase in | parameter.

Figure 40 shows the comparative response of the PMSM control system for an 800 rpm
reference speed step, a load torque of 0.5 Nm for the of PMSM control systems based on
SMC and synergetic controllers, and three variants of this type of control system using an
RL-TD3 agent for correction of the command signals (outer and inner control loop).
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Figure 39. Time evolution for the numerical simulation of the PMSM control system based on control
using SMC and synergetic controllers using an RL-TD3 agent for the correction of Ugirefs Ugref, and igpef:
T1, = 2 Nm with 0.2 Nm magnitude of uniformly distributed noise and 50% increase in | parameter.
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Figure 40. Comparison of the speed time evolution for the numerical simulation of the PMSM control
system based on SMC and synergetic controllers using an RL-TD3 agent for the outer and inner

loop correction.

Table 2 shows the comparative performance of these types of PMSM control system
variants, i.e., the response time and the ripple of the PMSM rotor speed error signal given
by Equation (48). In all these cases the overshooting is zero, and the steady-state error is
less than 0.1%.

1N

X

i=1

(48)

3 (w(0) — wr())

wrip =

where: N represents the number of samples, w represents the PMSM rotor speed, and w;,y
represents the reference speed.
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Table 2. PMSM control system based on SMC and synergetic controllers using RL-TD3 agent

performances.
Controllers Response Time [ms]  Speed Ripple [rpm]

SMC and synergetic 14.1 54.78
SMC ar.ld syngrgetlc using RL-TD3 agent for the 13.7 5415
correction of iy
SMC and synergetic using RL-TD3 agent for the

. 13.5 53.83
correction of u,er and ugf
SMC and synergetic using RL-TD3 agent for the 132 53.18

correction of Ugyef, Ugrer, and igyef

A previous study [43] described in detail the implementation of real-time control
algorithms (such as SMC and synergetic controllers) in an S32K144 development kit con-
taining an S32K144 evaluation board (S32K144EVB-Q100), a DEVKIT-MOTORGD board
based on a SMARTMOS GD3000 pre-driver, and a Linix 45ZWN24-40 PMSM type. The
controller of the development platform was an S32K144 MCUm, which is a 32-bit Cortex
M4F type having a time base of 112 MHz with 512 KB of flash memory and 54 KB of RAM.
The presentation in real time of the improvement resulting from the current article in the
PMSM control system on the same benchmark was omitted, because it was considered less
important than the presentation of the RL-TD3 agent control structures and the advantages
they provided.

6. Conclusions

This paper presents the FOC-type control structure of a PMSM, which is improved in
terms of performance by using a RL technique. Thus, the comparative results are presented
for the case where the RL-TD3 agent is properly trained and provides correction signals
that are added to the control signals u, 1, and iy,r. The FOC-type control structure for
the PMSM control based on an SMC speed controller and synergetic current controller is
also presented. To improve the performance of the PMSM control system without using
controllers having a more complicated mathematical description, the advantages provided
by the RL on process control can also be used. This improvement is obtained using the
correction signals provided by a trained RL-TD3 agent, which is added to the control
signals 1y, Ug, and iqref- A speed observer is also implemented for estimating the PMSM
rotor speed. The parametric robustness of the proposed PMSM control system is proved
by very good control performances achieved even when the uniformly distributed noise
is added to the load torque 17, and under high variations in the load torque T} and the
moment of inertia J. Numerical simulations are used to prove the superiority of the control
system that uses the RL-TD3 agent.
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