EURASIAN JOURNAL OF MATHEMATICAL
AND COMPUTER APPLICATIONS

ISSN 23066172

Volume 12, Issue 2 (2024) 50-66

RECURRENT NEURAL NETWORK LEARNING
ALGORITHM-BASED EVENT-TRIGGERED OBSERVER
OF THE PERMANENT MAGNET SYNCHRONOUS MOTOR

Huong D. C.

Abstract In this paper, we propose a novel method to estimate the electrical angular ve-
locity, the electrical angle, and the currents of the permanent magnet synchronous motor. A
recurrent neural network learning algorithm is first developed to estimate the states of the
permanent magnet synchronous motor. Then, an event-triggered state observer is designed
for the recurrent neural network. This state observer robustly estimates state variables of
the permanent magnet synchronous motor. A sufficient condition in terms of a convex op-
timization problem for the existence of the event-triggered state observer is established. In
contrast with the abundance of state estimation methods based on time-triggered state ob-
servers where the measurements are always continuously available, the ones in this paper are
updated when an event-triggered condition holds. Therefore, it lessens the stress on commu-
nication resources while can still maintain an estimation performance. Simulation results are
provided to demonstrate the merit of the proposed method.
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1 Introduction

The information on state vectors of dynamical systems plays an important role in most
engineering applications. It is often used to solve many practical problems such as state
feedback control, system supervision, fault diagnosis of dynamic systems, and general
diagnosis issues from available information [1], [11], [22], [23], [24], [36]. In particular,
the authors of the work [1] used the information on state vectors of the nonlinear
teleoperation system to solve the H., cost guaranteed integral sliding mode control for
the synchronization problem, while the problem of designing a sliding mode observer
for descriptor systems was considered in [11]. In [22], the authors solved the fault
detection of time-delay systems by using functional observers, while state observers
were designed in [23] for time-delay systems based on state transformations. The state
estimation problem was investigated in [24] for fractional-order systems and in [36]
for delayed stochastic neural networks. Nevertheless, due to technical or economic
reasons, people usually use information state vector estimation instead of measuring the
actual one. A typical example of this statement is the problem of estimating the speed
and rotor position of permanent magnet synchronous motors (PMSMs) using a Kalman
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filtering technique [5], and using an improved square root unscented Kalman filter [43],
which are brushless drives with all the properties required for servo applications [33].
In the PMSMs, the phase current must be a sinusoidal function of the rotor position.
A high-resolution sensor is needed to obtain position information with appropriate
resolution. Speed information may be derived from the position sensor or measured
by a tachometer. These mechanical sensors increase the shaft inertia and dynamic
friction, adding to the cost of the drive. They also need extra wiring beyond the
cables required for supplying proper currents to the motor windings. These connections
between the motor and the control system are often the source of an overall decrease
in reliability. In order to reduce their cost and increase their reliability, PMSMs are
not always equipped with mechanical sensors (rotor position and velocity). Instead,
state observers are proposed to provide state variables of the PMSMs. This approach
is very significant since electrical sensors tend to be cheaper and easier to maintain
than mechanical ones.

Many methods are proposed in the literature to solve the problem of estimating the
state vector of the PMSMs. For example, an identity state observer was proposed in
[25], while a nonlinear speed observer is designed [32]. In [39], the authors proposed a
mechanically sensorless full-state observer to solve the real-time observer-based control
of a permanent magnet synchronous motor. Extended Kalman filters are implemented
in [5] and [13] to estimate speed and rotor position. However, the above methods
[5], [13], [25], [32], [39] did not consider the issue of the unknown load torque, which
may lead to large estimation errors. To overcome this limitation, the authors of the
work [42] proposed a nonlinear extended observer to estimate the state vector of a
PMSM subject to an unknown load torque. Recently, there have been some interesting
methods solving the state estimation problem of the PMSMs, for example, improved
square root UKF [43], a nonlinear Luenberger approach for a non-observable system
[35], sliding mode observer [26].

It is worth noting that all existing methods for estimating state vector of the PMSMs
5], [13], [25], [26], [32], [35], [39], [42], [43] were implemented based on time-triggered
mechanisms, i.e., observer designs require system data for each sampling instant, which
may lead to the wastage of communication resources in practical applications. So far,
the methods in [5], [13], [25], [26], [32], [35], [39], [42], [43] have not been extended
to event-triggered state estimation, which is useful in saving communication resource.
Different from traditional state observers, event-triggered ones utilize only information
from the output vector at triggering instants. Thus, they lessen the stress on communi-
cation resources while keeping the estimation performance. Many event-triggered state
observers have been designed to solve the event-triggered state estimation. For exam-
ple, an event-triggered extended state observer was designed in [18], while a dynamic
event-triggered state observer was introduced in [20]. In [21], a discrete-time event-
triggered state observer was designed to estimate the state of recurrent neural networks,
while a state estimator that can successfully cope with event-based measurements was
developed in [41]. In [19] and [38], the event-triggered-based stabilization problem was
studied for onesided Lipschitz timedelay systems, and the neural network-based control
system, respectively.

On the other hand, recurrent neural networks (RNNs) have attracted a lot of re-
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search attention in the literature [4], [15], [27], [44], [47]. In particular, the qualitative
problem of dynamical neural networks was investigated in [4] and [15]. The high-order
neural network structures were studied in [27], while the design of model predictive
control systems by using an RNN was reported in [44]. In [47], the exponential sta-
bility problem was considered in for uncertain stochastic Hopfield neural networks.
Since the structure of RNNs is more advantageous in designing event-triggered state
observers than other nonlinear dynamical systems, in this paper, we aim to develop
the RNN learning algorithm in [27], [44] to design event-triggered state observers for
the PMSM. The main contributions of this paper are: (1) An RNN model is trained to
estimate the states of the PMSM; (2) A new event-triggered state observer is designed
to estimate the state vectors of the obtained RNN model; (3) An existence condition of
such observer in terms of LMIs is established; and (4) Simulation results are obtained
to demonstrate the applicability of the proposed method.

Notation: AT is the transpose of A. ||-|| denotes the Euclidean norm. R" is the n—
dimensional linear vector space over R. P > 0 means that 27 Pz > 0,Vz # 0. sym{A}
denotes A + AT.

2 Preliminaries and problem statement

Consider the following permanent magnet synchronous motor [14]:

o(t) = 32—7?@ +(Lg— Lq)id(t)>iq(t) - ”—st - %Bwr(t), (1)
0.(t) = w(t), (2)
(1) = —%iqu) - w(t)j—jz'd(t) - wr<t>f—; n Liquqm, 3)
) =~ + ) 2200 + Talt) @

where R, is the stator resistance (€2), uq(t), uq(t), ia(t), i,(t), Lq and L, are the d — ¢
axis stator voltages (V), currents (A) and inductances (Wb), respectively, 1, is the
amplitude of the permanent magnet flux linkage (Wb), w,.(t) and 0,.(t) are the electrical
angular velocity (rad/s) and the electrical angle (rad), n, is the number of pole pairs,
sy, is the load torque (N.m), J and B, are the total moment of inertia (kg.m?) and the
viscous friction coefficient (Nm.s/rad).

Note that system (1)-(4) can be expressed into the following form

w(t) = f(x(t),ud),d?)), (5)

wy (1)
where z(t) = Qr(t) is the state vector, u(t) = [ (1) } is the measurable input
iq(t) ua(t)
ia(t)
wy(t)
vector, d(t) = sg, is unknown input disturbances, y(t) = | 4,(tf) | is the measurable
ia(t)

output vector.
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3 Main result

3.1 Approximating the permanent magnet synchronous mo-
tor by a recurrent neural networks

We first estimate the states of the PMSM (5) by the following RNN:

) = fean(z(t),u(t)) = Az(t) + O.0(2(t)) + Ouu(t), t >0, (6)

2(0) = o, (7)

y(t) = Cz(1), (8)

where n =4, m = 2, 2(t) € R", u(t) € R™, y(t) = [ 7' (t) 7*(t) ]T e R yl(t) =
W o(21) Ynt1 uy

: = : , At = : = |, where o(+) is the activation
Un o(zn) Untm U

function satisfying the following inequality

oi(v1) — 04(v2)| < F5lvr — vaf, Yor, v € R, (9)
where a; > 0 for i = 1,2,...,n are positive scalars. A = diag{—ay, —as,...,—a,},
[ gz :| = @, and © = [ 01 Hn j| c R(n—‘rm)xn (91 = bz [ W1 ... wz(ner) ]T7
a; > 0, b; are constants, for ¢« = 1,...,n, j = 1,...,n + m, matrices w;; are the

weight connecting from the jth input to the ith neuron, which will be optimized during
training.

We can determine optimal weighs af and 6} for the RNN model (6) by solving the
following ordinary least squares linear regression

(67,07) = A; = argmin Z[|S,A, — = (10)
where
[S1li ZE fi(s1,u1)
S iy i\S2, U .
e e )
[Snli U fi(sn,un)

The following lemma provides an upper bound for the error between the state of
the permanent magnet synchronous motor and the recurrent neural networks:

Lemma 3.1. Assume that ||d(t)|| < d, where d is a positive number. If || f(2(t), u(t),0)—
Frnn(2(8),u(t))|| < @, then the following inequality holds:

2d+ &
le()]] < JT"“’W— 1), t>0, (11)
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where e(t) = x(t) — z(t), w is a positive number, and

Lfl Qng(Ld — Lq)2 Lfl
= \/max{4ML—3,2M<—4J2 +L—g)},

M € (0,00) such that the states of the permanent magnet synchronous motor operate
in a bounded region R = {z € RY||z| < M}.

Proof: We have

le@Il = lz@) = 2@l = |/ ((2), u(t), d(t)) = fran(z(t), u(®))]]
= S (@), u(®), d(t)) = f(2(8), u(t),0) + f(z(1), u(t), 0) = frn(2(t), u())]].

(12)
On the other hand, for all x, z € R, the following inequality is satisfied:
3n2(La—Lyg) 3n2(La—Lqg) np
27 XT4T3 27 2423 -7
0 0 0
B H ~Lage, | T Hma [T 0 d<t>H
Lq Lq 0
T, T3 T,71%3
n —
< qllz(t) = =@l + —d. (13)

By using (12), (13) and inequality || f(2(¢), u(t),0) — frnn(2(t), u(t))|| < @, we obtain

le@Il < vlle(t)ll+%67+@- (14)

Therefore, under the zero initial condition, the inequality (11) is obtained. The
proof is completed.

3.2 Event-triggered state estimation problem for the recur-
rent neural networks

In the following, we consider that the measurement vector of (6) is not continuously
implemented. Instead, it is only updated at triggering instants {sx ren defined by the
following dynamic event-triggered mechanism (DETM):

So =0, Sgy1 =Sk + hmin{f e N | H(e,(t), p(sk)) > v(sk), h > O}, (15)

where H(e,(t), p(s)) = ale, (1T ()2, (8) — " ()T ()], plt) = 2(1) — 2(1), e(t) =
p(si) — p(sg +Eh), € € N, a,u € (0,00), = > 0, function (t) satisfies the following
condition

() = =Cy(t) + pp” (si)Tp(s) — e (£)Te,(t), (16)
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Figure 1: Schematic of an event-triggered state observer based on the DETM.

with ¢ € (0,00) and 7(0) = 0.
The event-triggered state observer based on the DETM (15) to estimate the state
vector of the RNN model (6) is as below:

2(t) = AZ() + ©.0(2(t)) + Ouu(t) + K (§(sk) — C2(sk))s t € [sk, sh41),s (17)

where Z(t) € R™ is the estimate of z(t), K is the gain matrix to be designed. Denoting
p(t) = z(t) — 2(t), 7(t) =t — sy — rh, t € I, one gets
p(t) = Ap(t)+0,0.:(t) — KCp(t — 7(t)) — KCe,(t),
t € [sk+ ek, Skl T Exr1)s (18)
p(s) = p(0), s €[=h,0], (19)
where 0,:(t) = o(2(t)) — o(2(1)).
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Remark 1. The event-triggered observer (17) uses DETM (15), which depends on
discrete supervision H(ey(t), p(sk)) > v(sk). It is clear from (15) that the minimum
triggering interval sy, Sg+1) s one sampling period h > 0. Therefore, for DETM (15),
the Zeno behaviour is excluded.

We will determine the gain matrix K such that system (18) is asymptotically stable.

Theorem 3.1. Assumed that inequality e™ < ae + 1 holds, where u, €, o are positive
scalars and n is the smallest integer number satisfying h < spi1 — s < nh. Given
v > 0, (18) is asymptotically stable if there exist P > 0, @ > 0, R > 0, I' > 0,
Z, X, non-singular S, positive scalars 6, such that the following LMIs are feasible for

0 € {0,1}:
where
A(0)
A4 (0)
Ay(0)

A*(0) = {Aff) _Z[n ] <0,
©— { dz’ag(f, R) dmg(%7 - ] >0,

A1(0> -+ AQ(Q) + 55—r2nax6{61’ 5-max = max{&l, Ce 75-71}7
sym{ W3 PT} + €] Qe; — €2 Qes + hel Roey — AT®A

+pelTey + pelTer — sym{[ el el ] { 795 } 64},

S VX

{4 ]| %8 |aa-[q )| ] ca-

X
G 9he5T+(1—9)heg}T,F:[e4T (ef—eg)}T,
[A1 Ay Az A4]T,A1=[(61—€2)T},
Ao =] V3(e1+e2—26e5)T |,
As=](ea—e€3)" |, Au=[V3(ea+e3—26)" |,

)
A R PN A

€ = [ e € } e R™ g =1, ....7,

_[(—:{ GZ][ﬁX}C@,

1

€6 = [ Onx(i-1yn  1In } 6 = [ Onx (7-iyn ] :

The observer gain matriz K s obtained as

Proof:

K = S'X.

(20)

(21)

(22)

We denote é(t) = [ p"(t) si_,p"(s)ds ]T and consider the following Lyapunov func-

tion:

V(t)

A(t) + & (YPe(t) + si_yp" (5)Qp(s)ds + hs st 57 (s Rs(s)ds.

(23)
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In light of the proof of Lemma 4 in [21], we can prove that v(¢) > 0, V¢ > 0. Thus,
V(t) > 0, Vt > 0. Taking derivative of V (¢) in ¢, we obtain

V(t) = =xy(t) + plp(t = 7(t) + () T (p(t — 7(1)) + €, (t)) + 27 (1) UG PTC(t) +
+C () (e Qer — 5 QesC (1) + h2 H(t) (e Rea)((t) —

—hst_ o p" ()Rp(s)ds — hsi 3V pT (s Rp(s)ds (24)
where

CO=[al) GO GO )], o) =) P t—7) ]

G =[P E=h) O], G0 =] %L@p%)ds},

Gl) = | imsin M (s)ds ek (o) | (25)

Now, by employing the Wirtinger-based integral inequality [40], the reciprocally
convex combination inequality [34], the Cauchy matrix inequality and the Schur Com-
plement Lemma [9], one gets

V(t) < M)A (0)¢(1), (26)

where 6 € (0,1).
Since A*(6) is convex with respective to 6, A*(f) < 0 V6 € {0,1} implies A*(f) <
0 V0 € (0,1). Thus, (18) is asymptotically stable. The proof is completed.

4 Simulation results

The trajectory of the PMSM (z1(t) = w,(t), x2(t) = 6,(t), z3(t) = i4(t), x4(t) = ia(t))
and the RNN (z1(t), 22(t), 23(t), z4(t)) are shown in Figure 2, Figure 4, Figure 6, Figure
8, while the errors between z;(t) and z;(t) (i = 1,2,3,4) are shown in Figure 3, Figure
5, Figure 7, Figure 9. Figure 10 depicts intervals of ETM (12). Figure 11, Figure 13,
Figure 15, Figure 17 plot the trajectory of the RNN and its estimation, while the errors
between z;(t) (i = 1,2,3,4) and their estimations are shown in Figure 12, Figure 14,
Figure 16, Figure 18. From the above figures, we see that the proposed method can
estimate the trajectory of the PMSM.
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Conclusion

We have solved the problem of estimating the electrical angular velocity, the electri-
cal angle, and the currents of the permanent magnet synchronous motor. A RNN
model which predicts the permanent magnet synchronous motor and a dynamic event-
triggered state observer for this model have been derived. Simulation results have been
provided to demonstrate the merit of the proposed method.
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