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Abstract: This paper proposes a novel Hermite neural network-based second-order sliding-mode (HNN-
SOSM) control strategy for the synchronous reluctance motor (SynRM) drive system. The proposed
HNN-SOSM control strategy is a nonlinear vector control strategy consisting of the speed control loop
and the current control loop. The speed control loop adopts a composite speed controller, which is
composed of three components: 1) a standard super-twisting algorithm-based SOSM (STA-SOSM)
controller for achieving the rotor angular speed tracking control, 2) a HNN-based disturbance estimator
(HNN-DE) for compensating the lumped disturbance, which is composed of external disturbances and
parametric uncertainties, and 3) an error compensator for compensating the approximation error of the
HNN-DE. The learning laws for the HNN-DE and the error compensator are derived by the Lyapunov
synthesis approach. In the current control loop, considering the magnetic saturation effect, two composite
current controllers, each of which comprises two standard STA-SOSM controllers, are designed to make
direct and quadrature axes stator current components in the rotor reference frame track their references,
respectively. Comparative hardware-in-the-loop (HIL) tests between the proposed HNN-SOSM control
strategy and the conventional STA-SOSM control strategy for the SynRM drive system are performed.
The results of the HIL tests validate the feasibility and the superiority of the proposed HNN-SOSM

control strategy.

Keywords: Synchronous reluctance motor, second-order sliding-mode control, super-twisting algorithm,

Hermite neural network, disturbance estimator.
1 Introduction

In recent years, the synchronous reluctance motor (SynRM) has been regarded as a powerful
alternative for the induction motor and the permanent-magnet synchronous motor in the variable-speed
drive system due to its magnetless, windingless and cageless rotor structure [1-4]. The SynRM drive
system can provide a good compromise between the manufacturing cost and the drive performance.
Therefore, it has been successfully applied in some industrial areas, such as the renewable energy
conversion system, the electric traction system and the water supply system [5-9].

With respect to the high-performance control of the SynRM drive system, the vector control strategy
is one of the most popular choices [7-11]. The existing vector control strategies of the SynRM drive
system can be divided into two categories: 1) the dual-loop vector control strategy for the rotor angular
speed tracking control, which consist of the speed control loop and the current control loop, and 2) the
triple-loop vector control strategy for the rotor position tracking control, which is composed of the

position control loop, the speed control loop and the current control loop [12]. The linear proportional-
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integral (PI) controller is widely used in the vector-controlled SynRM drive system. However, such a
linear controller, which is designed using the linear system model, is sensitive to disturbances and
uncertainties [13]. In practice, the SynRM suffers from strong magnetic nonlinearity caused by the
magnetic saturation effect, resulting in highly nonlinear relationship between the stator flux linkage and
the stator current [14-17]. Furthermore, the drive system is affected by a variety of external disturbances
and parametric uncertainties [13]. Therefore, the SynRM drive system is a nonlinear system. In order to
accomplish a high-performance vector-controlled SynRM drive system, it is preferred to replace linear PI
controllers with well-designed nonlinear controllers in the vector control strategy.

Until now, various nonlinear controllers have been designed for vector control strategies of the
SynRM drive system, such as the neural network-based controllers [18, 19], the adaptive controllers [12,
20], the predictive controllers [21, 22], and the sliding-mode controllers (SMCs) [23-27]. Among them,
the SMC-based vector control strategies have received considerable attention because of their attractive
advantages including robustness and finite-time convergence. In [23], a SMC-based triple-loop vector
control strategy has been proposed for the SynRM drive system. In such a vector control strategy, two
SMCs are employed by the position and speed control loops, respectively, while two linear P1 controllers
are adopted by the current control loop. In [24], a combined positon and speed control strategy based on
the multi-segment SMC has been proposed for the SynRM drive system. Nevertheless, aforementioned
SMCs are dependent on the first-order sliding-mode (FOSM) algorithm, which suffers from severe
chattering phenomenon. This phenomenon reduces the control accuracy and increases the losses as well
as the noise of the drive system [28-30].

To alleviate the chattering phenomenon in the SMC, several schemes have been proposed [29-32].
Amongst them, the second-order sliding-mode (SOSM) algorithms, which ensure the finite-time
convergence of the sliding variable and its time derivative to the origin, have gained much attention [26,
27, 30-45]. The super-twisting algorithm (STA) is an absolutely continuous SMSO algorithm that retains
main attractive features of the FOSM algorithm without requiring the information of the time derivative
of the sliding variable [30-32]. In recent years, the standard STA-based SOSM (STA-SOSM) controllers
and observers have been found wide applications [27, 35-44]. Regarding the SynRM drive system, a
STA-SOSM control strategy, which is a dual-loop vector control strategy using a standard STA-SOSM
speed controller and two linear PI current controllers, has been proposed in [27]. To design the standard
STA-SOSM speed controller, the speed tracking error dynamics is used. In such a dynamics, the lumped
disturbance is mainly composed of the mechanical and electrical parametric uncertainties, the lord torque,
and the friction torque. In many applications, the load changes frequently from one operating condition to
another, often resulting in the sudden and significant change of the lumped disturbance in the speed
tracking error dynamics. The standard STA-SOSM speed controller uses the sign function-based
nonlinear feedback regulation mechanism to deal with such a strong disturbance. Since the sign function
is bounded, theoretically, quite large gains are required by the standard STA-SOSM speed controller to
achieve satisfactory tracking performance in the presence of a strong lumped disturbance. However, it
aggravates the chattering phenomenon in practice. A solution to such an issue is the development of a
composite speed controller which combines the standard STA-SOSM controller with a high-performance

disturbance estimator (DE). In this speed controller, the DE is used to compensate the lumped disturbance



in the speed tracking error dynamics in real time, such that relatively small gains are enough for the
standard STA-SOSM controller adopted by the composite speed controller to achieve satisfactory
tracking performance. With respect to the design of two stator current controllers, two current tracking
error dynamics in the rotor reference frame are adopted. In these two dynamics, the lumped disturbances
mainly consist of the electrical parametric uncertainties and the disturbance voltages caused by the effects
of the inverter nonlinearities. Usually, such disturbance voltages do not change suddenly and significantly
[46-49]. The magnetic saturation effect is one of the main causes of above-mentioned electrical
parametric uncertainties. Such an effect make each current tracking error dynamics in the rotor reference
frame become a nonlinear system in terms of both direct and quadrature axes stator current components
[14-17]. It means that the use of two linear PI current controllers cannot address the robust stator current
tracking control problem. Therefore, two robust nonlinear current controllers should be developed for the
vector control strategy of the SynRM drive system.

It is widely recognized that well-designed single hidden layer feedforward neural networks
(SHLFNNSs) can serve as high-performance DEs for control applications due to their good approximation
abilities [50]. In [51], a composite controller, which combines a standard STA-SOSM controller with a
radial basis function neural network-based DE (RBFNN-DE), has been proposed for the micro-gyroscope.
However, the presented stability analysis for the tracking error dynamics using this composite controller
is not rigorous. Furthermore, the values of the center and the width of each Gaussian basis function in the
hidden layer of the RBFNN-DE are chosen offline by means of simulation-based trial-and-error approach.
Regarding the lumped disturbance in the speed tracking error dynamics of the SynRM drive system, it can
be described as a combination of a constant term, a linear term, second-order nonlinear terms and high-
order nonlinear terms in the sense of the series expansion. As long as a sufficient number of terms in a
series are adopted, the weighted sum of them can approximate any function to any degree of accuracy
[54]. Due to this attractive feature, several orthogonal polynomial basis functions, such as Chebyshev
polynomial basis functions, Legendre polynomial basis functions and Hermite polynomial basis functions,
have been selected as activation functions in the hidden layer to construct different SHLFNNs [52-60].
Among them, the Hermite polynomial basis function-based SHLFNN, or as often called the Hermite
neural network (HNN), has a more efficient search space and better representational ability due to the
unlimited input range of the Hermite polynomial basis functions [57]. Moreover, there is no need for each
activation function in the hidden layer of the HNN to choose any parameter offline. Because of these
attractive features, the HNN has been used to design the DE for improving the tracking performance of
the SMC. In [60], a composite controller, which consists of a nonsingular terminal SMC, a HNN-based
DE (HNN-DE) and an error compensator, has been proposed for the nonlinear magnetic bearing system.
However, in order to obtain the nonsigular terminal sliding variable and the learning laws for this HNN-
DE, a quite complex fractional exponent term with respect to the time derivative of the tracking error has
to be calculated online, which increases the implementation complexity of such a composite controller.

In this paper, considering external disturbances and parametric uncertainties of the SynRM drive
system, a novel HNN-based SOSM (HNN-SOSM) control strategy is proposed for the SynRM drive
system. The proposed control strategy is a dual-loop vector control strategy. The main contributions can

be summarized as follows.



1) In the speed control loop, a composite speed controller consisting of a standard STA-SOSM
controller, a HNN-DE and an error compensator is proposed to regulate the rotor angular speed.
Rigorous stability analysis for the speed tracking error dynamics using such a controller is presented.
Based on that, the learning laws for the HNN-DE and the error compensator are derived.

2) Inthe current control loop, two composite current controllers, each of which consists of two standard
STA-SOSM controllers, are proposed to regulate direct and quadrature axes stator current
components in the rotor reference frame. Rigorous stability analyses for two current tracking error
dynamics using such controllers are presented.

3) The performance of the proposed HNN-SOSM control strategy is compared with that of the
conventional STA-SOSM control strategy based on a standard STA-SOSM speed controller and two
linear PI current controllers.

The rest of this paper is organized as follows. In Section 2, the mathematical model of the two-level
voltage-source inverter (2L-VSI)-fed SynRM drive system is presented. In Section 3, the design of the
adopted HNN-DE is presented. In Section 4, the design and the rigorous stability analysis of the
composite controller, which consists of a standard STA-SOSM controller, a HNN-DE and an error
compensator, are presented. In Section 5, the proposed HNN-SOSM control strategy is described in detail.
In Section 6, the results of the comparative hardware-in-the-loop (HIL) tests between the proposed HNN-
SOSM control strategy and the conventional STA-SOSM control strategy are presented and analyzed.
The conclusions are given in Section 7.
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Fig. 1. The 2L-VSI-fed SynRM drive system.

2 Problem formulation
2.1 Mathematical model of the 2L-VSI

The 2L-VSI-fed SynRM drive system is illustrated in Fig.1, where Uy is the dc-bus voltage, C is the
dc-bus capacitor, Qa1-Q., are six power switching devices, D,;-De; are six freewheeling diodes, ian, ip, and
icn are three-phase stator currents. With respect to the mathematical model of the 2L-VSI, the effects of
the inverter nonlinearities including the dead time, the turn-on/off time, the saturation voltage of the
power switching device and the diode forward voltage are taken into account. At first, the switching

function for each leg of the 2L-VSI is defined as

L if on, off
<= . Qu Qx2 , x=ab.c (1)
0, if Qyq off,Qyp 0n

Regarding each phase of the 2L-VSI, within a switching period Ts, the relationship between the actual
and applied conducting time of the upper power switching device Q,; can be expressed as (2), and the

corresponding high-frequency model of the pole voltage can be described as (3) [46-49].

Tx :T; +(Toff —Ton —Tdead )SQn(ixn) )



Uyxo = (Udc —Ugat +Udi0de)(5x _%j_%(usat +Udi0de)59n(ixn) (3)

where T, and T; denote the actual and applied conducting time of Qy, respectively, Ton, Tor, Tdead
represent the turn-on time, the turn-off time and the dead time of the power switching device,
respectively, Usy; and Ugoge denote the saturation voltage of the power switching device and the diode
forward voltage of the freewheeling diode, respectively, uy, is the pole voltage for the phase x, and sgn(-)
is the sign function written as

+1 if iy, >0
sgn (ixn) =10, if iy, =0 4
—1, ifiy, <0

Based on (2), the actual duty cycle d,, which denotes the average value of S, in a switching period, is
expressed as

« Toff =Ton=T
dx=1—x=dx+wsgn(ixn) (5)
s s

where dj = ;—" denotes the applied duty cycle of Qy

By replacing Sy in (3) with d,, the low-frequency model of the pole voltage considering the effects of

the inverter nonlinearities can be derived as
* 1 .
Uxo :(Udc —Ugat +Udiode)[dx _Ej"'udeangn('xn) (6)

where Ugeaq 1S Written as

Toff =Ton —Tdead Usggt +Ug;
)0 on ead _ Ysat diode (7)

U =(Uge —“Usgat +Ugi
dead ( dc sat diode TS 2

For the balanced three-phase loads, the three-phase stator voltages ua,, Usn and ug, can be calculated as

Uan . 2 -1 —1[ug
Upn [=2] -1 2 -1/ upo (8)
Uen -1 -1 2| ug

Substituting (6) into (8), the low-frequency model of the 2L-VSI considering the effects of the

inverter nonlinearities is derived as

Uan = 20, _gb ~Ce Uge + 20a = :b ~e (Udiode ~Usat ) + Ud;ad [ngn(ian)*Sgn(ibn)*sgn(icn )] = U;n +Ugn
e g

g = 290000 20 ()-8 250 i) - )50 )] i+, (9)
U Ui

o = 2052 2000l ) 0288 2550 ) -0 )~ U
u;n Ugn

where u,, u;, and u}, represent ideal three-phase stator voltages, u4,, ug, and uZ, denote the

three-phase disturbance voltages caused by the effects of the inverter nonlinearities.



2.2 Mathematical model of the SynRM

With respect to the SynRM, considering the effects of the magnetic saturation and the inverter
nonlinearities, its stator voltage and stator flux linkage equations in the rotor reference frame can be

expressed as (10) and (11), respectively.

x o d * o A4
Ugg = Ugg +ugd = Rgigg +%—npa;mﬂsq, Usq =Usg +u§'q = Ryisg +Tq+npa;mﬂsd (10)
Asd =Asd (isdrisq)z Ly (isdvisq)isd’ ﬂsq zlsq (isdvisq)= Lq(isdvisq)isq (ll)

where Uy and ug are the direct and quadrature axes stator voltage components, respectively, uj;,; and
u;, are the ideal direct and quadrature axes stator voltage components, respectively, ud; and ug, are
the direct and quadrature axes disturbance voltage components caused by the effects of the inverter
nonlinearities, respectively, isq and iy, are the direct and quadrature axes stator current components,
respectively, Ly and Lq are the apparent inductances, A and A are the direct and quadrature axes stator
flux linkage components, respectively, Ry represents the stator resistance, n, is the pole pairs, and an
denotes the rotor mechanical angular speed.

Since both Ay and A are nonlinear functions in terms of ig and isq, the following equations can be
obtained [61].

di di dJg
Lag ol +hdq g g

dAsd _ _
dt  dt

dt

disg | disg
Lad 4 +laa g (12)

where Lgg, Lag, Lqa, @and Lyq are the incremental inductances calculated as follow [61]:

_ 0 Mg _0sd _ Adsd
hdd = 5 A | © T G, A
S S0 ligq =constant sq 89 ligy =constant (13)
Lgq = % ~ ﬁ _ sq N ﬁ
4" Gig | Aig M7 Gigy Al

isq =constant

isq =constant

The reluctance torque equation of the SynRM is described as follow [1]:
3 . .
T = Enp (ﬂsd'sq —Asqlsd ) (14)

where T, is the reluctance torque.

In this paper, the viscous friction torque, which is dependent on the rotor angular speed, is considered
as the main contributor to the friction torque of the SynRM. Thus, the friction torque equation of the
SynRM can be described as follow [62]:

T¢ =Bmam (15)
where T; is the friction torque, By, denotes the viscous friction coefficient.

The motion equation of the SynRM is expressed as follow [62]:

d
I =T T T (16)

where J is the rotor inertia and T, denotes the load torque.

Based on (10)-(16), the dynamic model of the SynRM in terms of i, isq and @y, can be derived as



di Lgq ( * d . . Ldg( * . d . .
7Sd=—(usd +Ugy — Rsisg +npa)qu|Sq)—V(usq +Ugq — Rsigq —npmedlsd)

dt M
dig Log / = d . . L, * d . .
d—tquﬁ(usd +Ugy — Rsigg +npmeq|Sq)+ﬁ(usq +Ugg — Rsisg 7npa)deISd) a7
doy  3np 11
a2 (b Laisisa 3T T

where M = dequ—ququ.
2.3 External disturbances and parametric uncertainties

From (17), it can be seen that the dynamic model of the SynRM contains u¢;, ugq, T, Ty, and
parameters including Lg, Lq, Lag, Lag, Lqas Lgg: Rs @nd J. In practice, their values are not constant and
usually vary with different operating conditions of the SynRM drive system. In this paper, ud;, u%, T
and T; are regarded as the external disturbances. As for the parametric uncertainties, the variations of Ly,
Lq, Lads Lag Laas Lggy Rs @nd J are considered.

Up to now, several models have been proposed to formulate apparent inductances based on measured
data [14-17]. In this paper, the apparent inductance model proposed in [14], which can approximate the
values of Ly and L for different combinations of isy and i, in a wide range, is adopted. According to such

amodel, Ly and Lg can be formulated as
Lo (isd isq ) = Lao (isa ) —La1 (isa ) L2 (isq ). Lq (isaisq ) = Lao (isq ) —Laz (isa ) Laa (isq ) (18)
where
Lgo (isd ) = Cdo +Cd1/(i§d +Cq2i4 +Cd3)’ Lg1 (isg ):Cd4/(i§d +Cgsid +Cd6)' Lg2 (isg )zl—V(quiszd +1)
Lo (isq ) = Cqo +°q1/(i§q +Cqaidy +Cq3)’ Lax (isq) = °q4/(i§q +Csisy +°q6)’ Lq2 (isq)zl‘]/(chiszq +1)

Based on (11), (13) and (18), the incremental inductances can also be formulated. Defining Lqo, Leo,
Lado, Lago, Lgdo, and Lgge as nominal apparent and incremental inductances for a certain combination of i
and i, the apparent and incremental inductances can be expressed as

Lg (isd isq) = Lao +ALd . Lq (isa.isq ) = Lgo + Alg

Lag (iSGI , isq): Lado+Algg . Leg (iSd , isq): Laqo + Aldg (19)

Lad (isd isq ) = Lado + Algd + Laq (isd-isq) = Lggo + Algq
where ALy, ALg, Algg, ALgq, Algq, and Algq are parametric uncertainties in respect of Ly, Lg, Lag, Lag, Lga,
and Lggq, respectively, for different combinations of isq and s

With regard to Rs and J, they can be rewritten as
Rs =Rsg+ARg, J=Jg+Al (20)

where Ry and Jo are nominal values of Rg and J, respectively, ARs and AJ denote parametric uncertainties

in respect of Rs and J, respectively.
2.4 Control objectives

The control objectives of the dual-loop vector control strategy of the SynRM drive system can be
summarized as follow:
1) an should track its reference ;.

2) isq and i should track their references isqr and isqy, respectively.



3 Disturbance estimator design

In this section, the Hermite functions are introduced. Based on them, a single-input-single-output
HNN-DE is designed.

3.1 Hermite functions

25 00 25 50 50 25 00 25 50 50 25 00 25 50

Fig. 2 First six Hermite functions.
The Hermite polynomials {H,,(x)}r-o, Which is defined in the interval (—oo, o), can be expressed
by the following so-called Rodrigues' formula [54].
Hy (x)=(-2)" exzj%[e‘xz], n=012,. (21)
Based on (21), a useful recurrence relation to calculate each H, (x) can be derived as
Ho(x)=1 Hi(x)=2% Hp(x)=2xHy_1(x)-2(n-1)Hp_(x), n>2 (22)
Although {H,(x)}2-, are orthogonal with regard to the weight function x(x) = e~ they are not
orthonormal. Regarding polynomial-based activation functions in the hidden layer of the SHLFNN, the
orthonormal polynomials are preferred [56-60]. Toward this end, based on {H, (x)}n-,, the so-called

Hermite functions {h,, (x)}n,, Which are orthonormal functions, are derived as follow [56-60]:

! Hp, (x)e_xz/2 (23)
2"nt

hn(x)=\/\/__

The first six Hermite functions are illustrated in Fig. 2.

Input Layer Hidden Layer Output Layer
Fig. 3 The block diagram of the HNN-DE.

3.2 HNN-DE



The structure of the HNN-DE adopted in this paper is illustrated in Fig. 3. Such a DE consists of the
input layer, the hidden layer and the output layer. The first five Hermite functions are selected as the
activation functions in the hidden layer, while the linear function is selected as the activation function in
the output layer. The signal propagation in each layer of the HNN-DE is introduced as follows.

There is one node in the input layer. The signal propagation of such a node is described as
i (0)=x2 (n) (24)
where n represents the nth iteration, x*’(n) and y*’(n) are the input and output signals of the node in
the input layer, respectively.

There are five nodes in the hidden layer. For the ith node (i = 1, 2, 3, 4, 5), the signal propagation is
described as

X2 (n) =y (n) (25)
¥ () =1 (42 () (26)

where x®(n) and y®(n) are the input and output signals of the ith node in the hidden layer,
respectively, and h;(+) is the ith Hermite function.

There is one node in the output layer. The signal propagation of such a node is described as

()= 304 ()52 () @7)
i=1
v (m)= 1 (42 (m)) =42 (n) (28)

where x®(n) and y® (n) are the input and output signals of the node in the output layer, respectively,

W;(n) denotes the ith output weight, and f; (+) represents the linear activation function.

Remark 1 In the HNN-DE, all elements in the output weight vector W = [Wy, W», W3, W4, Ws]" need to
be updated online. To maintain the stability of the control system, the learning laws for the update of W

should be derived by the Lyapunov synthesis approach [60].
4 Controller design

In this section, the design of the standard STA-SOSM controller for a single-input uncertain nonlinear
system is briefly introduced. Afterward, a composite controller composed of a standard STA-SOSM
controller, a HNN-DE and an error compensator is developed. The rigorous stability analysis for the
dynamics of the sliding variable using the proposed composite controller is presented. Based on that, the

learning laws for the HNN-DE and the error compensator are derived.
4.1 Design of the standard STA-SOSM controller

Considering a single-input uncertain nonlinear system represented by the following form [33].

%:a(x,t)+b(x,t)ﬁl' es =6 (xt) *9)

where x € R" is the state vector, z € R denotes the control law, es(x,t): R™* — R is the sliding variable
and the only measured output signal, a(x,t) and b(x,t) are smooth uncertain functions.
The control objective is to let e; and its time derivative converge to the origin in a finite time, and

keep it at the origin thereafter. Assuming that the input-output dynamics of the system (29) is a relative



degree one system and the internal dynamics are stable, the input-output dynamics of the system (29) can

be described as

d 0 0 o 0 0
e (x,t)=%+§(a(x,t)+b(x,t)y)=%+§a(x,t)+§b(x,t)u =p(xt)+g(xt)u (30)

p(xt) g(xt)
where ¢(x,t) and g (x,t) are smooth uncertain functions.
Assuming that g (x,t) can be described as
g(xt)=go(x.t)+Ag(xt) (31)
where go(x,t) > 0 is a known function and Ag(x,t) is the bounded uncertainty for vx € R"and t € [0,
).
Substituting (31) into (30), the input-output dynamics of the system (29) can be rewritten as

t:jits=(p(x,t)+(Ag(x,t)+go(x,t)),u (32)
Regarding the system (32), the standard STA-SOSM control law g can be designed as follow [30-
32]:

s :ﬁ(—pl leslsan (es ) - pzjsgn(es)dt) (33)

where p; and p; are positive constant gains.
Substituting (33) into (32), the dynamics of es using the standard STA-SOSM control law can be
written as

des _

ot ¢(X,t)+(go(X,t)+Ag(X,t))y5 =p(xt)+Ag(Xt) s + 9o (X,t) tts

n(x.t)
=— pry/lesfsan (es ) — p2 ['san (es ) dt + 1 (x,t) (34)
where y(x,t) is the lumped disturbance.

Assuming that »(x.t) is differentiable, the system (34) can be converted to the following system.

d d
%:4& leslsan(es) + 4. difl:*PzSg”(es)*Pl(X't) (35)

where p (X,t) is the time derivative of »(x,t).

Definition 1 [63, 64]. The system is said to be globally finite-time stable if it is globally asymptotically
stable in the sense of Lyapunov with a finite settling time for any solution and initial conditions.

The following Theorem can be used to select p; and p, for the standard STA-SOSM control law to

ensure the globally finite-time stability of the system (35).

Theorem 1 [44, 45] Considering the system (35), suppose o is bounded as (36) for a positive constant &
and the Lyapunov candidate function Vs designed as (37) is used to perform the stability analysis. Then, if
p; and p, are selected as (38), the origin is a globally finite-time-stable equilibrium point. Moreover, the
corresponding settling-time function T, for the finite-time convergence of all trajectories of the system
(35) to the origin is upper bounded by (39).

o1l <8 (36)
Vs =&TPe @37)

10



4py+31
pL>8, p2>4(p_L—8) (38)

o AE] (39)

G
where & = [/leslsgn(es), ¢]', & is the initial condition of & q is a constant related to p;, p, and py, P
is a positive definite matrix expressed as

p= 4p2+pf —P
_pl 2

4.2 Design of the proposed composite controller

From (34), it can be seen that the standard STA-SOSM control law uses the sign function-based
feedback regulation mechanism to guarantee the finite-time convergence of e to the origin and reject the
lumped disturbance. In general, the selection of p; and p, has to trade off the disturbance rejection and the
chattering phenomenon. Moreover, as mentioned in Section 1, quite large values of p; and p, need to be
selected for achieving satisfactory control performance in the presence of a strong lumped disturbance.
Nevertheless, it aggravates the chattering phenomenon. To tackle such a limitation, a composite controller
combining the standard STA-SOSM control law with the HNN-DE and the error compensator is
developed in this subsection. In this composite controller, the sign function-based feedback regulation
mechanism mainly focus on guaranteeing the finite-time convergence of e; to the origin, and the
disturbance rejection is mainly accomplished by the HNN-DE-based feedforward compensation
mechanism. Therefore, the selection of p; and p, can mainly focus on the control performance
specifications. It means that, with the same values of p; and p,, the composite controller can achieve
better control performance than the standard STA-SOSM controller in the presence of a strong lumped
disturbance. Regarding the error compensator, it is used to compensate the approximation error of the
HNN-DE.

The proposed composite control law g is designed as

Hec=Hs—Ynh—Yc (40)
wT y(2)
L A 41
=50 (x0) 4
éh
o 42
yC gO(X,t) ( )

where y;, and y. denote the HNN-DE term and the error compensation term in the composite control law,
respectively, and g, is the estimated minimum approximation error for the HNN-DE.

Substituting (40) into (32), the dynamics of e; using the proposed composite control law can be
expressed as

des _

o P(%,1)+(do (X,t)+Ag (X)) e = (X,t)+ A (X, ) arg + Go (X, t) st

r2(xt)
=—prleslsgn (es) - p2 [san (es) dt ~WTy®@ g+ (x,1) (43)

where 7(x,t) is the lumped disturbance.
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Regarding the HNN-DE adopted by the proposed composite controller, es is selected as the input
signal, i.e., xil) = e,. Based on the universal approximation property, there is an optimal output weight
vector W* = [wy, wy, wy, w;, we]" for the HNN-DE, such that the lumped disturbance in (43) can
be expressed as

r2=WTy@ g (44)

where y@ = [y®, y& @ @ @1 js the output signal vector of the hidden layer of the HNN-

DE, ¢; isthe minimum approximation error of the HNN-DE.
Assumption 1 All elementsin W* and ¢; can be considered as constants in each sampling period.

Substituting (44) into (43), the dynamics of e using the proposed composite control law can be
rewritten as

de * *
d—tsz—pl les|san(es)— pzjsgn(es)dt—wT v g W T y@ 4

=—pyJlesfsan(es) - pzjsgn(es)dt AW T y@ _agy (45)

where AW = W - W™ = [AW;, AW,, AW;, AWy, AW:]", and As = ¢, — &
The following Theorem can be used to rigorously derive the learning laws for the HNN-DE and the

error compensator adopted by the proposed composite controller.

Theorem 2 Considering the system (45) and the composite control law (40), if p, and p, are positive
constants and the learning laws for the HNN-DE and the error compensator are designed as (46) and

(47), respectively, the origin is a globally asymptotically stable equilibrium point.

d(TV;/ = mposgn(es) y@ (46)

d
% =17 Pps9n (€s) (47)

where 7, and 1, are positive learning rates.

Proof At first, the system (45) is converted to the following equivalent system.

d d
% =—pryfleslsan(es)+ ¢ —AWTy@ —Agp, (%2 =—posgn(es) (48)

With regard to the system (48), the following Lyapunov candidate function V, is chosen.

Ver=po les| +1¢22 L AawTaw +iAgﬁ (49)
2" 2m 211

Considering the Assumption 1, the time derivative of V., can be calculated as

w + 1 Agp, den (50)

Vg deg dgp 1 .7
—CL _ posgn(eg ) —= + gy —2 +— AW
P2son (€)= + 42 &t n at g Mt

dt

Substituting (48) into (50), the following equation can be obtained.

5 = psan(es) - puysbon (e )+ ¢ - WTY) e |- oprsan (e + - W G aay G
=—pP2yJles| - pzsgn(es)AWT y(z) — posgn(eg ) A +lAWT dﬂ+iAsh dep
m at dt

1dw 1d
=—p1pples + AW T (Uldt_ posgn (es) y(z))+Ash [’hd‘ih— p2sgn (e )] (51)

Substituting (46) and (47) into (51), the time derivative of V., can be expressed as

12



dV
dt

=—prpayles| <0 (52)
Since the time derivative of V; is negative semidefinite, the following inequality can be derived.

Ver (es (), 42 (1), AW (t), &n (1)) <Vea (85 (0), 62 (0), AW (0), & (0)) (53)
According to (53), e(t), ¢ (1), AW; (t) and &, (t) are bounded. Based on (52) and (53), the following

function is defined.

2 (1) =~ PPy es (1] <~ Ve (6 (). (1) AW (2).2n (1) (54)
Combining (54) with (53), the following inequality can be derived.
J5 02 (7)dr <Vea (65 (0), 42 (0), AW (0), 2 (0)) ~Vea (e (1), 2 (£), AW (1), 2 (1)) (55)
Since V¢ (es(0), ¢ (0), AW (0), & (0)) is bounded and V¢, (es(t), & (t), AW (t), & (1)) is a non-increasing
bounded function, the following inequality can be derived.

lim _[;Qc(r)dr«zo (56)

t—o0o
Since lim,, fOtQC(r)dr exists and Q.(t) is a uniformly continuous function, according to

Barbalat’s Lemma [65], lim,, . Q.(t) = 0 holds. It means that lim,_ e,(t) = 0 holds. Therefore, the
origin is a globally asymptotically stable equilibrium point of the system (45). The proof is completed.

The system (43) can be converted to another equivalent system described as

deg dgs

E:—pl les|san (es )+ ¢3. E:fpzsgn(es)ﬂ%(x,t) (57)
where p3 (x,t) is expressed as
9w TV a Vo @T W Ty dey @7 @ _ T Y
psfdt( AW 'y Agh)f y it AW i i mposgn(eg) y' v — Aw i n2pasgn(es)  (58)

Assumption 2 The time derivative of e is bounded.

Since AW;, es and it time derivative are bounded, based on (22), (23) and (26), yi(z) and its time
derivative are bounded. Thus, ps is bounded.
In order to ensure the globally finite-time stability of the system (57), based on Theorem 1, the

following Theorem is derived to select p; and p, for the proposed composite control law.

Theorem 3 Considering the system (57), suppose ps is bounded as (59) for a positive constant &, and the
Lyapunov candidate function V., designed as (60) is used to perform the stability analysis. Then, if p; and
p. are selected as (61), the origin is a globally finite-time-stable equilibrium point. Moreover, the
corresponding settling-time function T, for the finite-time convergence of all trajectories of the system
(57) to the origin is upper bounded by (62).

P3| < &2 (59)

Vea =¢TPS (60)
4p1+52

pL>8, Py >74(p178) (61)
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T, < 2«/;cz ($0) (62)

a2

where ¢ = [/les|sgn(es), #]', & is the initial condition of ¢; g, is related to p;, p, and ps.

Isdr

Composite | ug SynRM
Current |——>y Drive
@ Composite Controllers System
mr
Speed
+ Controller

Fig. 4 Block diagram of the cascaded control structure adopted by the proposed HNN-SOSM control strategy.

Proof It can be observed that the system (57) has the same structure as the system (35) and V., can be
obtained from V; by replacing &with £ Since p; is bounded as (59), the inequalities (61) can be obtained
from (38) by replacing & with &. Therefore, according to Theorem 1, it can be concluded that, with p;
and p; selected as (61), the globally finite-time stability of the system (57) with the settling-time function
upper bounded as (62) is guaranteed. The proof is completed.

5 Proposed HNN-SOSM control strategy

The cascaded control structure comprising the speed control loop and the current control loop is
adopted by the proposed HNN-SOSM control strategy to accomplish the control objectives, as illustrated
in Fig. 4, where u3, = [uly, ulg]' iss = [isar, isgr] and is = [isq, isg] " are the reference stator voltage
vector, the reference and the measured stator current vectors in the rotor reference frame, respectively. In
the speed control loop, the proposed composite speed controller is used to let a, track . In the current
control loop, two composite current controllers, each of which comprises two standard STA-SOSM
controllers, are employed to let isq and isq track isqr and isq,, respectively. i is kept at a constant value to
excite the SynRM and i, is generated by the composite speed controller. Since the dynamics of the
current control loop is much faster than that of the speed control loop, the composite speed controller and

the composite current controllers are designed separately.
5.1 Composite speed controller design

The tracking error for the rotor mechanical angular speed is defined as
€ = Ghr — @i (63)
where e, denotes the tracking error for the rotor mechanical angular speed.

Based on (17) and (63), the dynamics of e, can be calculated as

de, dogme 1. 1 3n, - .
T?=Tr+jTl +3Tf —E(Ld - Lq)'sd Isqg = %0 ~ Yulsq (64)

Po 90

Considering external disturbances and parametric uncertainties presented in (19) and (20), the
dynamics of e, can be rewritten as

de,,

o P =900 +Agm)(isq +isgr —lsqr ) =Yw — 9wolsqr (65)

14



where g.0 and Ag,, denote nominal value and parametric uncertainties of g, respectively, and y, = ¢,
— AQuwisqr — (w0 + AQy) (isy — lisqr) represents the lumped disturbance.
Selecting e,, as the sliding variable, the proposed composite speed control law i is designed as

isqr = 4o+ Yho + Yoo (66)

o Learning Law (71) J7

Error Compensation

” Term (69)
e
€o | Standard STA-SOSM
ld Control Term (67)
—P HNN-DE

> Learning Law (70) I

Fig. 5 Block diagram of the proposed composite speed controller.

He :gilo( p(ol\f‘ea)‘Sgn (ew)+ prISgn (ew)dt) (67)
T,(2)
Yhe = Wa) Yo (68)
900
Yoo =02 (69)
900

where x,, Yn, and y., denote the standard STA-SOSM control term, the HNN-DE term and the error
compensation term in the proposed composite control law, respectively, p,; and p., are positive constant
gains, y2 = 2, y2, y@, y@ y@1 and W,, = [W,1 W, Wog W, W,]" are the output signal

vector of the hidden layer and the output weight vector of the adopted HNN-DE, respectively &, is the

estimated minimum approximation error for the adopted HNN-DE.

Remark 2 If the HNN-DE term and the error compensation term are removed, the proposed composite

speed control law is turned into the standard STA-SOSM speed control law, which is expressed as (67).

With regard to the HNN-DE adopted by the proposed composite speed control law, e, is selected as

the input signal. Therefore, the learning laws for W, and &,,, are designed as

dw,
S = HutPaasan (€)Y (70)
d

% =712 P0250N (€») (71)

where 7, and 7., are positive learning rates.
Substituting (66) into (65), the dynamics of e, using the proposed composite speed control law can be
expressed as

de, 2
T{U =- p(ul’\ﬂea)‘SQn (ew) - prJ.SQn (ew)dt _Wz-(l; ygu ) —¢ho T 70
Po

:_pwl\MSgn (ea))_ prngn (ew)dt+pa) (72)
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Assumption 3 There are positive constants o,; and J,, such that p, and its time derivative p, are

bounded as |p,,| < 8,1 and |9,,| < Oup-

Considering Assumption 3, based on Theorem 2 and Theorem 3, it can be concluded that, with the
proposed composite speed control law (66) as well as learning laws (70) and (71), e,, will converge to the
origin in a finite time if p,; and p,; are selected as

APyt + 30 (73)

Pp1>8, Pp2 >
wl 02 4(p{01—8)

The block diagram of the proposed composite speed controller is shown in Fig. 5.
5.2 Composite current controller design

The tracking errors for direct and quadrature axes stator current components are defined as
ed =lsgr —lsd > €q =lsqr —isq (74)
where eq and e, denote the tracking errors for direct and quadrature axes stator current components,
respectively.

According to (17), the dynamics of isy and is, can be described as
dig

di * * o * d * o
ditd = 9qq (Usd +UuSy — Pdd )— 9dq (usq +Ugg —(pqq), th =~9qd (Usd +USy — Pad )+ 9dd (usq +Ugg —goqq) (75)
where
Ly d . . ) .
9dd =ﬁ' 9dq =1, 9qd :%, 9qq =ﬁ’ @dd = Rsisd —Npainlglsg:  Pgq = Rslsq + Np@mldisd

M M M

Considering parametric uncertainties presented in (19) and (20), the dynamics of iy and isq can be

rewritten as

di * d * d
7dstd =(9qq0+quq)(Usd +Usy —®ddo —Afﬂdd)—(gdqo +Agdq)(“sq +Ugq —(ﬂqu—A(ﬂqq) (76)
o (qu0+ qu) Usq +Ugy —@ddo — APdd +(9ddo +Adgd ) Usq +Usq — #Pqq0 — APqq

where AQud, AGdq, AUgd, Agq, A@ua, aNd Agyq represent parametric uncertainties in respect of ggg, Gag, Gads

Oqq» Padr aNd @y, respectively, Jado, Guqor Jqdor Jgqor Prdo, AN @yqo are nominal values of ggg, Gagr Yod Jogr Pads

and ¢yq, respectively, which are expressed as

9dd0:M70v gdqon—O, quO:Mioy 9qq0 =

Mo = Lydolgqo — LdgoLqdos @ddo = Rsoisd —Np@mLqoisq:  ©qq0 =Rsoisq + Np@mLdoisd

Lado Ldqo Lgdo Lgq0
Mo

According to (74) and (76), the dynamics of e4 and e, can be described as

di__ * _ * _ d&_ * _ _ * _ (77)
at 9qq0 | Usdr —#dd0 )+ 9dqo | Usqr —Pqqo )+ 7d» at =0qd0|Usdr —%dd0 )~ 9dd0{Ysqr —Pgqq0 |+ 7q

where y and y, represent lumped disturbances expressed as

* * d * * d * * d|
7d =—9qq (Usd —Usgr +Ugq —Apqq )+ 9dg (Usq —Uggr +Usg *A(/’qq)*quq (Usdr *ﬁl’ddo)*Agdq (Usqr *‘/’qqo)+ ;;jr
* * d * * d * * disqr
79 =9qd (Usd —Usgr +Ugg —A@qq )— 9dd (Usq —Usgr +Usg _A(/’qq)"'qud (usdr —f/JddO)_Agdd (Usqr —¢7qq0)+ at

Assumption 4 There are positive constants &, ow, g1, o such that y,, y, and their time derivatives

Ya and y, are bounded as [y 4| < o, [V4l < d41, [Val < a2 and [y | < .
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Fig. 6 Block diagram of the proposed composite current controllers.

Selecting e4 and eq as the sliding variables, two proposed composite current control laws Usgr and Usgr
are designed as
Usdr = @ddo + Lddo#d + Ldgotq: Usgr = Pqq0 + Ladosd + Laqotq (78)

where g4 and g4 are two standard STA-SOSM control laws expressed as (79) and (80), respectively.

Hd = Pazyflealsan (eq )+ Paz [ san (eq ) dt (79)
H = pqlﬁsgn(eq)+ pqz.[sgn (eq)dt (80)

where Py, Pa2, Pq1, Pg2 are positive constant gains.
Substituting (78) into (77), the dynamics of ey and e, using the proposed composite current control
laws can be expressed as

d
ddif =—pa1ylealsan (eq ) - Paz [ san (eq )dt + 7. % =—pq1\ﬂe_q\sgn(eq)— Pq2 san (eq )dt + 1 (81)

Considering Assumption 4, according to Theorem 1, it can be concluded that, with the proposed
composite current control laws (78), eq and eq will converge to the origin in a finite time if pg, Paz, Pqg1, Pg2
are selected as

4pg1+ 9
Pa1>8, Pgp> o2 Pq1>8, Pg2>

4pq1+§q2
, — ¢ 82
) (82)

The block diagram of the proposed composite current controllers are shown in Fig. 6.

Control Algorithm System Model

Data Monitoring Data Monitoring

Host Computer 1 Host Computer 2

Measured Signals

4 ,’.',.
; f '\0.: -
dSPACE-based Controller dSPACE-based Emulator

Control Signals

Fig. 7 Block diagram of the HIL test bench.
6. HIL test results

To perform comparative tests between the proposed HNN-SOSM control strategy and the
conventional STA-SOSM control strategy, a HIL test bench based on two dSPACE is built, as presented
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in Fig. 7. It is a cost-effective real-time verification platform to test the control strategy [34, 66, 67].
There are two dSPACE DS1104 Research and Development Boards in the HIL test bench: one is used as
the hardware controller to implement the tested vector control strategies, where the sampling frequency is
5 kHz, the other is employed as the emulator to emulate the 2L-VSI-fed SynRM drive system, where the
sampling frequency is 10 kHz. With regard to the emulator, it adopts the low-frequency model of the 2L-
VSI presented in (9) and the dynamic model of the SynRM presented in (17). Moreover, the Park’s
transformation and its inverse form are used to achieve the transformation of stator voltage and current
components between the three-phase stator reference frame and the rotor reference frame. With regard to
the hardware controller, it generates d;,, d; and d; for the 2L-VSI in the emulator, which is based on
the space-vector modulation, and samples ian, i, icn @nd rotor mechanical position &, from the emulator,

as illustrated in Fig. 8.

~ HardwareController 1 | Emulator !
B

*
Isdr O ) Usdr
Two Stator ~h

T
i A Current

*
sq; ; Controllers usqr b 4
T A A A

Rotor Speed
Controller

T Dnr
_ @

Calculation

Fig. 8 Block diagram of the implementation of the vector-controlled SynRM drive system in HIL tests.

Table 1 Parameters of the SynRM

Parameter Value
Nominal stator resistance, Ry 1.05Q
Nominal angular speed, @mn 1500 rpm
Nominal torque, Ty, 48N'm
Nominal rotor inertia, Jo 2.08 x 10? kg-m?
Nominal viscous friction coefficient, B, 2.68 x 10° N-m-sfrad
Pole pairs, n, 2

Table 2 Specifications of the 2L-VSI

Parameter Value

DC-bus voltage, Uy 200V
Switching period, T 100 ps
Turn-on time, Tgn 1.3 ps
Turn-off time, Ty 1.3 ps
Dead time, Tgead 2.0 ps
Saturation voltage, Usq 16V
Diode forward voltage, Ugiode 15V

The parameters of the SynRM are presented in Table 1 [15]. The specifications of the 2L-VSI are
shown in Table 2 [49]. The adopted apparent inductance model of the SynRM is illustrated in Fig. 9,
whose parameters are presented as follow: ¢q; = 0.0391, ¢, = 45.4, c3 = —12.9, cqy = 1329, ¢gs =
19.9, ¢ = —13,¢q7 = 795, C4q = 0.0133,cy; = 0.01,c, = 0.571,cq3 = 0, Cqa = 58, g5 = 0.825,
Cis = 0, Cqr = 63.8, cqg = 0.0833 [14]. With respect to the proposed HNN-SOSM control strategy, the

parameters of the composite speed controller are selected as Lo = Lq(0,0), Lo = Lq(0,0), pex = 100,
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P = 200, 7,4 = 100, n,, = 0.1, and the parameters of two composite current controllers are selected
as Lo = Lg(0,0), Lo = Lq(0,0), Lyso = Lua(1,1), Lago = Lag(1,1), Loso = Laa(1,1), Logo = Lgg (1,2),
Pa1 = Pq = 5000, pz = pgz = 20000. With respect to the conventional STA-SOSM control strategy,
the parameters of the standard STA-SOSM speed controller are selected as Lgg = Lq(0,0), Lgo = Lq(0,0),
p.. = 100, p,, = 200, and the parameters of two Pl current controllers are the same as each other, i.e.,
the proportional gain is selected as 30 and the integral gain is selected as 4000. Regarding the
implementation of STA-based controllers in the hardware controller, the sign function is usually replaced
by the saturation function [68] or the hyperbolic tangent function [69] to further alleviate the chattering
phenomenon. Therefore, in this paper, the sign function in STA-based controllers is replaced by the
following saturation function in HIL tests
e/l if leg| <1
Sat(eS)z{sisg/n(es), if; >1 53

where | denotes the boundary layer and its value is selected as 1 in this paper.

0.07
= ~ 0.016
€ o0 | A1/ HBEEN <
K 25N iy
005 Illlllll,;"':;ffs:}::‘ , 0.012
0.04

10

5

) -5 5 : -5 5 O
isg (A) -0 0 isa (A) i (A) 210 .10 isa (A)

(@) (b)
Fig. 9 Apparent inductance maps of the SynRM. (a) Ly (isq, isq), (0) L (isas isg)
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Fig. 10 Speed responses for the first test. (a) Conventional STA-SOSM control strategy. (b) Proposed HNN-SOSM

control strategy
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Fig. 11 Current responses for the first test. (a) Conventional STA-SOSM control strategy. (b) Proposed HNN-SOSM

control strategy

In the first test, the values of ah, isar, AJ and AR are set to 1000 rpm, 5 A, 0 and 0, respectively. The

value of T, declines from 4.8 N-m to 0 N'm at first, and then the value of T; steps tenfold by raising the

value of By, to ten times. Fig. 10 presents the speed responses of the proposed HNN-SOSM control

strategy and the conventional STA-SOSM control strategy, while the current responses of these two

tested control strategies are illustrated in Fig. 11. It can be seen that, in comparison with the conventional

STA-SOSM control strategy, the proposed HNN-SOSM control strategy can achieve smaller maximum

tracking error and shorter settling time for the speed and current tracking control under the sudden change

of external disturbances.
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Fig. 12 Speed responses for the second test. (a) Conventional STA-SOSM control strategy. (b) Proposed HNN-
SOSM control strategy
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Fig. 13 Current responses for the second test. (a) Conventional STA-SOSM control strategy. (b) Proposed HNN-
SOSM control strategy

In the second test, the values of T, iss, AJ and AR are set to 2.4 N'm, 5 A, 4], and 0, respectively.
The value of @y, steps from 1000 rpm to 1500 rpm at first, and then it is back to 1000 rpm. The speed and
current responses of two tested control strategies are presented in Fig. 12 and Fig. 13, respectively. It can
be observed that, in the presence of the rotor inertia uncertainty, the proposed HNN-SOSM control
strategy can accomplish smaller overshoot and shorter settling time for the speed and current tracking
control under the sudden change of the reference rotor mechanical angular speed, compared with the
conventional STA-SOSM control strategy.
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Fig. 14 Current responses for the third test. (a) Conventional STA-SOSM control strategy. (b) Proposed HNN-SOSM
control strategy

In the third test, the values of @, Ty, isgr and AJ are set to 1000 rpm, 2.4 N'm, 5 A and 0, respectively,
while the value of ARs steps from 0 to 2Rs. The current responses of two tested control strategies are
shown in Fig. 14. It can be seen that the variations of stator current components of the proposed HNN-

SOSM control strategy is smaller than those of the conventional STA-SOSM vector control strategy.
7. Conclusions

In this paper, a novel robust dual-loop vector control strategy is proposed for the SynRM drive system,
which is based on the cascaded control structure consisting of the speed control loop and the current
control loop. The external disturbances and parametric uncertainties are considered in the controller
design. In the speed control loop, a composite speed controller consisting of a standard STA-SOSM
controller, a HNN-DE and an error compensator is designed to regulate the rotor angular speed. Moreover,
the learning laws for the HNN-DE and the error compensator are derived by the Lyapunov synthesis
approach. The rigorous stability analysis for the speed tracking error dynamics using the proposed
composite speed controller is presented. In the current control loop, two composite current controllers,
each of which is composed of two standard STA-SOSM controllers, are proposed to regulate direct and
quadrature axes stator current components in the rotor reference frame. The rigorous stability analyses for
the current tracking error dynamics using proposed composed current controllers are presented. The
results of the HIL tests show that the SynRM drive system using the proposed HNN-SOSM control
strategy is able to accomplish better tracking performance and higher robustness against external
disturbances and parametric uncertainties in comparison with the SynRM drive system using the

conventional STA-SOSM vector control strategy.
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