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Abstract

This paper proposes a robust current control technique based on a discrete-time sliding
mode controller and a disturbance observer for high-performance permanent magnet syn-
chronous motor (PMSM) drives. This scheme is applied in the PMSM current control loops
to enable the decoupling between the dy current axes, rejection of disturbances caused by
mechanical load changes and robustness under parametric uncertainties. In order to ensure
the discrete-time sliding mode properties, which make the system cross the sliding surface
at each sampling period, the PMSM model is extended, including the digital implementa-
tion delay resulting from the discrete-time algorithm execution. The development of this
method allows direct implementation in microcontrollers and digital signal processors. Sta-
bility and convergence analysis are developed in the discrete-time domain. Simulation and
experimental results demonstrate the effectiveness and good performance of the proposed
current control approach.

1 | INTRODUCTION

Permanent magnet synchronous motors have been widely used
in industrial and commercial drives, such as electric vehicles,
wind generators, and robot applications. In electric vehicles, for
example, traction motors ate the key component for propulsion
and require high torque and power density, wide speed range,
high efficiency, high reliability, low noise, and reasonable cost
[1, 2].These characteristics are common in PMSM, however,
the performance of this motor depends on hardware and con-
troller design.

Field oriented control (FOC) methods are usually employed
to ensure high performance of the drive. This method results
in a cascade control structure with two inner current control
loops and an outer speed control loop. This structure decouples
the torque and flux by using the rotor dg reference frame. Also,
the model in the synchronous reference has a direct relationship
with the torque and current, so the current control is equivalent
to the torque control [3]. Then, the current controller design is
an essential task to ensure the good performance of the over-
all drive. However, the PMSM presents a non-linear model with

coupling between the dg current axes, especially under transient
responses, load torque and parametric variations. In addition,
the PMSM current loops are subjected to parametric variations,
such as stator resistance, stator inductance, permanent magnet
flux linkage and back-electromotive force, as well as being cou-
pled with each other and also being highly dependent on speed
[4]. Different current control scheme designed to improve the
performance of the PMSM drive can also be found in the liter-
ature [3, 5-12].

Sliding mode (SM) techniques have been successfully applied
to observers and controllers for systems with disturbances and
parametric uncertainties. When compared with other robust
methods, the SM is computationally simple and provides notice-
able robustness and invariance properties to matched uncer-
tainties [13-17]. There are several studies aiming at the devel-
opment of sliding mode methods in the discrete-time domain
due to their characteristics and to the advances in microcon-
trollers and digital signal processors. It allows the rapid proto-
typing of commercial solutions with SM, such as [18-21]. The
design of the controller in the discrete-time domain is relevant
because that stability conditions and the gains obtained in the
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continuous-time domain are not directly applied to discrete-
time domain. When the design is carried out in the wrong way,
it can produce chattering and even instability [14]. The reach-
ing law approach is a procedure commonly used to design slid-
ing mode controllers in discrete-time domain [22-20]. In [25], a
reaching law is developed in order to carry the switching func-
tion to the sliding surface in a finite time. Thus, when the slid-
ing surface is reached, a zigzag motion around the surface is
obtained [27, 28].

The control law and sliding surface design in the conven-
tional SM control (SMC) is based on the plant model, result-
ing in a controller which is insensitive to matched uncertain-
ties, but sensitive to mismatched uncertainties [29]. Due to the
importance of mitigating mismatched uncertainties in practi-
cal control applications, new SMC techniques have been pro-
posed. There are several approaches combined with other con-
trol and observation methods, such as: schemes using linear
matrix inequalities (LMI), integral action, fixed switching period
or modifications in sliding surface [30-34]. In [32, 33] and
[34], the SMC is combined with another strategy. The slid-
ing mode method is associated with a backstepping strategy in
order to control a tank system with non-linear model uncertain-
ties and is cross-coupled in [34]. In addition, a PI controller is
used to reduce the steady-state error. In [32] and [33] a sliding
mode controller is based on the disturbance observer (DOB)
technique. In order to improve the DC-DC converter system
performance with mismatched disturbances, the SMCDOB is
applied to control the output voltage of a buck converter in [33].
In [32], the SMCDOB is applied to a MAGLEYV suspension sys-
tem. The new sliding surface is designed using the disturbance
estimation so that the sliding motion along the sliding surface
tends to the equilibrium point even under the presence of mis-
matched uncertainties.

Control techniques based on the DOB becomes a good
approach to deal with the presence of disturbances and to
improve closed-loop system robustness [29]. A DOB design is
presented in [35]. There are two advantages to the DOB in com-
parison to the other robust control techniques. One of them
is the possibility to use it with other existing control meth-
ods improving the system robustness. The second advantage
is obtained because the DOB is designed to work in the pres-
ence of disturbances, however, when these disturbances are not
present, the behaviour of the system is not affected [36]. This
control method can be used in industrial applications, such as
mechatronics, chemical and aerospace systems [5, 7, 37]. The
sliding mode control based on the disturbance observer (SMC-
DOB) can enhance the reference tracking, The SMCDOB pro-
vides a good option as a control algorithm because even under
plant variations, the algorithm will adapt the observed distur-
bance to mitigate the coupling effect, parametric variations, load
disturbance and unknown uncertainties in the controller, as well
as reduce chattering and increase system bandwidth [32, 38—43].

In [32, 38, 39, 41] and [42] the SMCDOB algorithm is devel-
oped in the continuous-time domain, which could be not ideal
for practical systems. The algorithm is applied to the position
control of PMSMs using a control law with non-linear feedback
composed in [41]. In [40] the discrete-time SMCDOB is applied

in the superheated steam temperature systems. The algorithm
is based on linear feedback technique and average dwell-time
method. In addition, the combination of techniques increases
the robustness and minimises the chattering, An algorithm using
the higher-order SM for uncertain linear time-invariant systems
is proposed in [43]. A disturbance forecast technique is adopted
to estimate the future disturbance terms. A mass-spring-damper
system in different operating situations of industry is used for
the experimental tests. However, in [40] and [43], the equiva-
lent control approach is employed to obtain the control laws.
The zigzag motion around the sutface is not guaranteed when
the equivalent control is used. Moreover, if the sampling time is
small, a large control input is needed and this may be undesir-
able in practice [16].

In order to provide a solution to the current control problem
of the PMSM, this paper proposes a discrete-time controller,
which combines a sliding mode technique with a disturbance
observer. Differently from previous studies in the literature,
this technique includes a digital implementation delay in the
problem formulation, which allows a suitable form to operate
with digital signal processors and PWM voltage source invert-
ers, improving the performance of the overall PMSM drive. This
paper compares the behaviour of the system with and without
the inclusion of the digital implementation delay in the problem
formulation. Moreover, the switching functions are modified to
enable the system to cross the sliding surface at each sampling
petiod, such as proposed in [25], which is not achieved when
the digital implementation delay is neglected. The stability anal-
ysis of the proposed discrete-time disturbance observer is pet-
formed by means of a Lyapunov approach. A graphical analy-
sis is presented in order to demonstrate the impact of the gain
choice in the system stability. The main contributions of this
paper can be summarised as:

(i) the design of a new extended disturbance observer in the
discrete-time domain, which is characterised by the inclu-
sion of the plant state estimation, resulting in an improved
disturbance observer;

(i) the inclusion of the new extended distutbance observer
in the sliding mode current control law in the discrete-
time domain;

(iii) the proposal and analysis of the system in the discrete-
time domain with the inclusion of the digital implemen-
tation delay;

As a result of the mentioned contributions, it was possible
to obtain a control strategy with a simple structure that can be
applied in different non-linear plants with mismatched uncer-
tainties. The inclusion of the observed disturbances in the slid-
ing mode current control law mitigates the coupling effect in dg
axes and improves the system robustness. In addition, the com-
bination of SMC and DOB provides a reduction in the values
of SMC gains, mitigating the chattering effect.

Simulation and experimental results are carried out to eval-
uate the performance of the proposed decoupled current con-
trol scheme. These results are compared with the PI controller,
with and without a disturbance observer, and with the conven-
tional SMC.
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2 | DYNAMIC MODEL OF PMSM

To obtain the PMSM mathematical model, consider the follow-

ing assumptions [1]:

1. Stator windings are balanced with sinusoidally distributed
magnetomotive force.

2. Inductance versus rotor position is sinusoidal.

3. Saturation and parameter changes are neglected.

The PMSM can be expressed in a synchronous reference
frame by the following continuous-time non-linear equation:

d. .
7 b =Y agtdq) + SaPaqgr) + 4 ige)- O

The vectors and matrices in (1) are defined by,

. A : . T A T
Lagry = L) 24015 agey = (Vi) V0]
Ry S

2 _L_d 0 Al z, 0

Vig= A Si = o LI
r, L,
m,
J A 0 7 (l),(;) rs 0
= DJ 2 st 5
dq([) _1][_‘rfwr<t) 0 f/’/(/) 7 CU,(Z‘)
“q

where R, is the stator resistance, 7., is the inductance of d-axis,
L, is the inductance of g-axis, P is the number of pole pairs, (3
is the permanent magnet flux linkage, 7; and 7, are the stator
curtents referred to synchronous reference frame, 7, and , are
the stator voltages in a synchronous reference frame and w, is
the rotor speed.

For a sufficiently small sampling period 7], Equation (1) can
be discretised using the forward Euler method. In addition, the
cross-coupling terms and parametric uncertainties of the model
are included as disturbances (4; and d,), which results in the

discretised model,

Lig(kt1) = (1 + 7.?7,{@)1}@(/6) + 1S 000 + Td gy, ()

. A Y A T
where, 24,00 = Vak) 20)]5 Vagey = Pak) Yge) ™

A -
The disturbances d 4, = [z dq<@]1 are defined as,

]Jff
A ! PO e
A L <k>] '
- PL_qw’(k) 0 gk
0
J o s lgd(é)]J 5
—P Lq () o

(k) (k+1) (k+2)

T* T T Interrupt signal
(a) (ADC start)
(b) L Duration of

:"'-.,_‘update control law calculation

—

FIGURE 1 Sequence of digital implementation. (a) Interrupt signal gener-
ated by PWM; (b) duration of calculation; (c) loading the controller output; (d)
application of the phase voltage on the inverter by PWM. (¥) means the order

Loading instant

Inverter waveform

of procedure.

where ;) and ) represent parametric uncertainties and
unmodelled dynamics. It is important to note that parametric
changes of the model directly affect the terms ¢ (e and ¢ 98-
According to [1], the main parametric variations that affect the
model are R; and ¢, due to temperature, and 7., when the
motor operates in the saturation region. In addition, note that
the cross-coupling is directly dependent on the rotor speed, in
(3). Therefore, when the rotor speed is high, a change in one
of the dg currents results in a torque distortion and in a high
transitory disturbance in the other axis current.

New states (3, and ¥,) are added in the discrete PMSM
model aiming to include the effect of the digital implementation
delay, which results in an extended model suitable for applica-
tions using microcontrollers and digital processors. The digital
implementation is carried out in fixed time intervals or interrup-
tions, as presented in Figure 1(a) in terms of samples (&), (£ + 1)
and (£ + 2). The interruption is started synchronised with the
£* signal, when the AD converter samples the values of the
phase currents, DC bus voltage and rotor position to calculate
the output voltages. As an example, the grey period shown in
Figure 1(b) illustrates the time required for the control law cal-
culation. This control law is only applied in the next time sam-
pling, as shown in Figure 1(c). During the period of (£ + 1), the
phase voltages calculated in period £ are applied to the motor
by means of the inverter, as shown in Figure 1(d). One sample
delay in the system model is the result of the process depicted
by Figure 1.

The resulting extended model is given by,

Zagert) = Cagtage) + 1S 4 W gy + L gy ©)
¢d(k+1) Vd (k)

Pigerry = l = . ®)
P+ Zy(k)

where, I'y, = (I + 7;)/{/?).
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3 | DISCRETE-TIME SLIDING MODE
BASED ON DISTURBANCE OBSERVER
CONTROLLER

3.1 | Discrete-time disturbance observer

This paper proposes a new discrete-time disturbance observer,
which is combined with a sliding mode controller. This algo-

rithm uses the estimation of the dg currents and an additional
state to compute the expression of the observed disturbance, as

given by
Piyer1) = Pagey ~ 7;<_/1 Y afage) T hS g0+
thpy,ut gy — (= [2)252’5](/5))
1440 = Loy T hiqe — b4 (©)

Lig(ern) = %%ﬁﬂ(—y dgtd®F Syt d gyt

_/2247%) ))

where, =[pse) Pl is the state vector of the observer,
P iyy=WPd ) Py(

d dy /f)—wd(k) dq(/«) " the observed disturbance vector, 7, (/@—
P[;(/é) {/(16)] the observed currents vector, z ﬂrq(/e)—ﬁd(/@) q(k,)]
cutrent estimation vector error, /; and /4 are positive gains.

The current estimation errors are defined as,

~ A ~ .
Lag(kt1) = Lag(krl) — Lag(et1)- ™)

The disturbance estimation errors are given by,

. A
djyh+1) = ager1) — Dag(et1)- ®)

3.2 | Stability analysis of discrete-time
disturbance observer

Theorem 1 is presented to carry out the disturbance observer
stability analysis.

Theorem 1. Cousider the discretised system given by (2) and (3), sub-
Ject 1o,

Assumption 1 (A1): The disturbance dy, ) in the system (2) is
bounded, that is |d | < d o where d is the upper bound of the dis-
turbance.

Assumption 2 (A2): The discrete variation of the disturbance over
one sampling period, Ady,y = dyv1y = dyyp), 15 bounded and
Ad,{q( #) — O when & — 0. Then the discrete-time disturbance observer
in () is stable and 7 Lgg(xy and ddq(k) goes to gero when k& —> 0.

Progf. The stability analysis of the disturbance observer pro-
posed in (6) can be performed by means of the Lyapunov
approach. Here, this analysis is exemplified for the d-axis. Note

that a similar analysis could be conducted for the g-axis, since
the coupling and rotor speed dependent terms are modelled as
disturbances. Thus, consider the following Lyapunov candidate
function,
— 72 =2
Ve =dyy+ L )
The difference equation of the current error expression can
be obtained by replacing (2) and (6) in (7), which results,

Tiert) = (U= Th)ige + Tdyp)- (10)

The expression of the disturbance observer error is obtained
replacing (2) and (0) in (8), such that,
dyerry = U= 41T = hT)dy ) — Ady. (1n

From Assumption A2, Ad;y) — 0 when £ — 00, then, it is
possible to rewrite (11) as,

dyesry = W= KT = hT)dyp). 12)
The difference equation of (9) is,
Ay = Ve = Vo

AV =25y = d + Ty — e (13)

Solving (13) from (10) and (12), results,

_ 2
AV =((0 = 4T = h1)d l(@) —dpt

~ ~ 2 ~
+ (U= ThYigw + Tdgy) =7 (14)

Rewriting (14),

2

AI/&K&) = _ﬂ;Z /72 - ;d(,é)) y (15)

d(k) k) (dd (%)
whete, a=(1-— 512 —TL+ol),b=(01- fé +01),c=01,.
The ¢ and ¢ are defined by, ¢ =1 —47 —57;) and
o = (1 —=1Th). For the appropriate design of / and 5,
that ensures 4, b and ¢ positive, the expression (15) will
be negative defined, which will make [ =0 when
k& — 00.

Remark 1: Assumption A2 is not very restrictive in elec-
tric machines systems. The disturbance expressions given in
(3) are dependent of the stator currents, rotor speed, model
parameters and parametric uncertainties. The stator cutrents are
in a synchronous reference frame with DC characteristic and
these currents are constant in steady state operation (constant
rotor speed and constant load). In addition, the rotor speed
dynamic is slower than the electrical dynamics, therefore, for
small values of 7] it can be assumed constant. If a fast change
is imposed to the stator current, the disturbance will change in
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accordance with this current, however, the disturbance varia-
tion Ad,; will assume a limited value. Moreover, in steady-state
the disturbance will vary slowly in agreement with the rotor
speed dynamic.

3.3 | Current control by the conventional
sliding mode approach

Generally, the first step in the design of a discrete-time con-
troller is the choice of the reaching control laws. The literatutre
presents two groups of reaching laws for the discrete-time slid-
ing mode approach: based on inequalities [22—24] and based on
equalities [25, 26, 44]. This paper adopts the reaching law pro-
posed by [25], where the control law can be obtained from the
equality given by,

Suert) = Sty = —q T, — €Tosign(s,2)) (16)

where s, is the sliding surface, the subscript # represents the
direct or quadrature dg axes, € and ¢ are positive gains and 1 —
g1, > 0,e >0and ¢ > 0.

The reaching law given by (16) defines a quasi-sliding mode
band, in which the trajectory of the discrete variable structutre
system crosses the sliding surface every sampling period, result-
ing in a zigzag motion.

Conventional sliding mode approach defines the switching
function as an error between a measured value and its reference,
for example 5,4y = 7,) — z':f( o Note that this choice implies the
knowledge of the future reference (zj( 1)
sion of s,z41) given in (16). In order to avoid this problem,

) to obtain the expres-

the current reference was delayed in one sampling period, such
that,

Sige) = Lg®) = Lgtaty (17)
where the vectors s, and z'j:,q( %) are defined as,

A To. AT s 17
sa = [aw 9w ] s Gy = [Zm ano] - (19

Thus, s4,(,+1) can be obtained from (2), as follows,

Sdg(k+1) = iz/q(/e+1) - ij{q(@
. ok (19)
=Tyt syt 13 1y 2agey + 1ol gy = 0

The control law can be obtained by replacing the expressions
(17) and (19) in (16), which results,

-1
Vig() = <7§§4,,> [(1 = Tup)iayey = T gy + 200+ o0

— ) ~ 4TS ag) = € ZI@”(‘dq%))] :

Then, replacing the actual disturbances, dg, ), by its

observed values, d 4,4, the control law v, is written in the
form,

-1
Vig(h) = (73§44> [(I =) iagey = Ty + Ly

1)
_l.:q(k—l) = 91 ag6) — ETM@”(W(@) .

When the control law is implemented in digital signal proces-
sors, such as presented in Figure 1, the control law calculated
in the sample (£) is only updated in the next sample (& + 1).
In other words, the control law used in sample (&) was calcu-
lated in sample (&£ — 1). Thus, the dynamic of the PMSM can be
obtained by replacing (21) in (4), which results,

Fagae) = Tl agy =t age—)) = Tl ey + )+
(22)

(1= 47)say—1) — € Tosign(s gy )

From the analysis of (22) it is possible to observe that the
choice of switching function (17) is not suitable to obtain the
zigzag motion proposed by the reaching control law (16). There-
fore, it is necessary to develop a new switching function taking
into account the model with the inclusion of the digital imple-
mentation delay.

3.4 | Design of the discrete-time sliding
mode controller based disturbance observer

Due to the presence of the digital implementation delay in the
extended model, the switching function must be changed aim-
ing to obtain a control law from (106). The new switching func-
tions are based on sample (£+ 1) of the dynamic model. The
current reference is delayed to allow the control law to be writ-
ten with past values of the reference (see (24)). The resulting
switching functions are given by,

Sdgk) = Lagaw1) = Ly
| 23)
= Lopdagey 1S 1% s+ L gy =% gy

Note that expression (23) is developed based on the actual
disturbances. These values are replaced by their observed values

in implementation. The step (£+ 1) of the switching function
is obtained to make possible to calculate (16), as follows,

Sdg(kt1) = Ldg(kt2) — l'jq@)
= T (Tiin + Ty by + Ty )+ 249
ok
+ zgdq¢dq(é+l) + 1id jypr1) — k)

The system will track the reference with two delays (27)) as
consequence of the choice of switching functions in (23) and
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(24). This can be verified by means of convergence analysis
(see (29)). For small values of 7/, the system can operate with
this delay.

The control law is obtained from (106). Replacing (23) and (24)
in (16) it is possible to obtain the dg-axes control law, which is
given by

-1

Vg (k) = (ngg) [(I -T,) (rdqidqv@ + 18, %00+
-1

+73d 1) (25)

ok ok
4y ¥ 20 ~ Lyt
— g L5y —=€sign (s )]

Expression (25) presents variables dependent on the distur-
bance that are not computable. Then, using Assumption_42 and
replacing the actual disturbances, (), by their observed val-

ues, d dg(#)» the discrete-time sliding mode control law combined
with the observed disturbance is obtained, such that,
ity = Pgyean)
-1
= <7;§dq> [(1 - I‘,/q) (rdq’dq%) + ngq‘pdq(@)"‘

~ 3 ok
=T Ld gy + 2400 = Lty — 11800+

(26)

—esign(sy))]-

3.5 | Convergence analysis of the PMSM with
the discrete-time sliding mode current
controller and disturbance observer

From the control law defined in (26), step (£ — 1) can be written
as

Vidg(k—1) = ¢dq(k)
Viyk—1) = [(1 -T,) <quidq(/€—1> + Y;g,/q“)bdq(,é_l)) +

~ I3 ok
+ L gd g1y + L) " tae—2) T

-1
— 9138 4y(0-1) — 67;”(?”(5@%—1))]( 7}5'51,/) - (@7

The dynamic of the PMSM with the proposed controller
can be obtained by replacing the control law (27) in (4), which
results,

digerny = (1= qT0)suyemr) — € Tsign(syemy ) + -
s ~
* -y T LT gl gy )

Note that the dynamics of the PMSM cutrents with the pro-
posed controller, in accordance with (28), are dependent on
the discrete-time SMC function, the switching functions, the

},
R
e
—o-- g

. 2

U

1, 1
d
dg “dg 7o DSP TI TMS320F28335

FIGURE 2 Block diagram of the proposed control scheme

delayed references and the disturbance observer error. Thus, the
composite system of the switching functions and disturbance
observer errors is presented as follows,

sy = (1= qT)sgye1) = €Tisign(s gy ) +

+ TT yyd g4 - (29

d ey =L = Th = Th)d ) — Ad g4

The expressions given by (29) present the tracking error and
disturbance observer error dynamics. From Assumption 42,
the disturbance observer errors converge to zero for appro-
priates values of / and 4 when £ — 00 (see Section 3.2
and Figure 5). If Ad ;) is different from zero, the practical
value for these variables are very small in steady-state condition
using high sampling frequency, thus, the maximum disturbance
observer errors will be bounded to these small values. More-
over, once the system reaches the sliding surface, it will cross
this sliding surface each sampling period. When a perturbation
occurs in the system, it will converges to zero in accordance
with s, = (1=q1s4,6-1 for (1 —¢17) > 0, if the distur-
bance observer errors are close to zeto.

4 | SIMULATION AND EXPERIMENTAL
RESULTS

Simulations and experimental results are presented in order to
demonstrate the effectiveness of the proposed current control
approach. A DSP TI TMS320F28335 was used with a three-
phase voltage source inverter (VSI) to carry out the experimen-
tal results. The geometric approach for PWM modulation was
adopted, according to [45]. The switching frequency used was
10 kHz which is equivalent to a sampling period of 100 Ws.

The block diagram of the proposed control scheme is
depicted in Figure 2. It is possible to note the simple
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FIGURE 3  Experimental platform

TABLE 1  Electrical and Mechanical parameters of the PMSM

Batea 1TkW

yated 1800 RPM
Trated 19,29 A

R, 0,5Q

Ly 20,1 mH

L, 40,9 mH

J 0,03877 kgm®
B 0,0194 Nms
Do 0,5126 V/rad/s
P 3

implementation structure, which is carried out through expres-
sions (0), (23) and (20).

Figure 3 presents a picture of the experimental platform.
Table 1 presents the rated parameters of the PMSM. An induc-
tion machine (IM) is connected to the rotor shaft of the PMSM
to provide mechanical load. The IM is used as a generator with
a capacitor bank and a variable load, which allows to change the
mechanical load applied in the PMSM rotor shaft.

In the first test, in both simulation and experimental, the
rotor speed is not controlled. The rotor speed is kept in open
loop while the currents i; and 7, are controlled. Then, 7; is
changed in order to observe the coupling between the axes.
The second test, only experimental, the rotor speed loop is
closed and the 7; is generated from the output of the PI con-
troller of the rotor speed loop. The reference current 7 is calcu-
lated by (30) in the maximum torque-per-ampere region (below
rated speed). This reference has been adapted from [46]. The
rotor speed reference and currents references are the same in
simulation and experimental tests to demonstrate the coupling
between the dg axes and to evaluate the performance of the

controllet.
2
o V 3/2¢$rm ( 3/245””1) e 2
zd(/é) = — 5+ (). (30
2P(1, = L) 4P2(L, — L)

0
x10° 05 TG 05 x10*

1, 0
%10 0.5 0.5 x10*

FIGURE 4  Analysis of coefficients 4, b and ¢ of (15) with respect to change
in the values for gains / and 4. (a) Coefficient « in the range of 10, 2F[; (b)
Coefficient « in the range of |0, £7[; (c) Coefficient 4 in the range of |0, 2£;[; (d)
Coefficient 4 in the range of |0, /1[; (¢) Coefficient ¢ in the range of |0, 27;[; (f)
Coefficient ¢ in the range of |0, F¢[.

4.1 | Gain design procedure

The choice of controller gains is crucial to obtain high perfor-
mance of the PMSM drive. High control gain values increase
the oscillations of the stator currents, while low gain values can
impair the performance of the controller and do not ensure
the existence of the sliding surface. From Equations (10), (11)
and (15) it is possible to design /| and 4 aiming to obtain an
asymptotically stable system. The following conditions must be
ensured: 4, < 1/7, and (/; + ) < 1/7;. Thus, the upper bound
of the interval can be set to 1/7;, which is the switching fre-
quency (F).

The impact of the design of the gains /| and 4 in the system
stability in accordance with the Lyapunov analysis presented in
(15) is demonstrated in Figure 4. The values of /; and / are
tested as greater than the upper bound (77) in Figure 4(a),(c),(e).
It is possible to observe that the coefficients 4, # and ¢ assume
negative values in some regions, as a result, the stability of the
system cannot be ensured. Figure 4(b),(d),(f) presents the coef-
ficients 4, b and ¢ when the gains /; and 4 are propetly designed,
4 C10,F[ and 4 C 10, F;[. In these results, it is observed that
the coefficients 4, & and ¢ assume only positive values, therefore,
the system stability can be ensured such as presented in (15).

The disturbance observer error, expression (11), is imple-
mented in order to analyse the convergence and an appropri-
ated combination of gains for the disturbance observer. Fig-
ure 5 presents the disturbance observer error response for three
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g N o ®
positive value for the initial condition (d 4,y # 0) and a pertur- /4 i - 1
. . . . . q
bation is cartied out at time 0.01 s (Ad 4,¢) # 0). The first design @ i i
gives /; + ,, < 0.5F7, as a result, the system response is damped. - 0, t i |
Howevert, this response presents a slow dynamic. In the second - R
combination, / + /4 < 2F], the system response is undamped. 5 i
The third combination uses 4 + 4 < Fy. In this case, the system o ' " ' B ,'
: . . — U] - - 7
response is damped and it presents a good dynamic response. 0 o ' ¢
From appropriate choice of gains, the dynamic of expression < U T\ ’
. . 0.6 5
(11) tends to zero, even if the system suffers some perturbation, 3 D N o
in a short period of time. 210 —MJ\\/— o)
1.4 1.45 1.5 2.1
According to the information presented, 4 and 4 gains can 0 1 5 : 1 s
be designed as follows: Time (s)
1. Define the upper bound to (4 + 4), by analysing (10), (11) ®)
and (15), which ensures that the system is asymptotically FIGURE 6 Simulation results of the stator currents with PI and PIDOB

stable;

2. Define the expected dynamic system response. A fast
dynamic response requires the (/4 + 4) near to the upper
bound, while for a slower dynamic response, (4 + 4) is
adopted significantly less than the upper bound;

3. The cutrent error in (0) is directly related to the 4
gain.Therefore, to minimise this error, gain /, must be set
higher than gain /.

Here, in accordance with the three points, the gain values
chosen are /; = 990 and 4, = 9000.

In [25] the controller gains € and ¢ ate defined as, € > 0,4 >
0 and (1 — ¢7;) > 0. Alternatively, the approaches in [27] and
[28] can be used for the design of the controller gains. Thus,
following these guidelines, it was defined here € = 450 and g =
2750.

PI and SM controllers were designed aiming to compare the
proposed control scheme with conventional methods given in
the literature. For the PI design, the first step is the deter-
mination of the transfer function that defines the closed-loop
dynamics of the stator currents. Besides, it is necessary to
define the cutoff frequency and the damping coefficient for
the calculation of the proportional and integral gains. The dis-
cretisation is based on [47]. The cutoff frequency was defined
one decade above the highest natural frequency of the sys-
tem. The damping coefficient was defined as 0.8, that is, an
underdamped condition in order to avoid overshoot in the sys-

controllers implemented in the current control loops. (a) PI controller without
decoupling; (b) PI controller with Disturbance Observer (PIDOB).

tem response. The proportional and integral gains obtained for
discrete-time implementation of the current PI controllers were
respectively, £, = 7.4378 and £, = 0.1244 for the d-axis and
'épq = 15.6521 and /él-q = 0.2531 for the g-axis.

The conventional SMC implemented is based on the con-
trol law developed in (26). However, in this case, the PMSM

coupling terms, d;,(4), are not replaced by the observed values,
Zidq(/g)- Therefore, control gains must be redesigned. As the SM
control law is based on the plant model, the controller is insen-
sitive to matched uncertainties, but sensitive to mismatched
uncertainties. For this reason, the new gains must be greater to
compensate the mismatched uncertainties. Thus, it was defined
€ = 2500 and ¢ = 9900.

4.2 | Simulation results

In order to verify the performance of the system under para-
metric vatiations, at time of 1.4 s the permanent magnet flux
linkage is reduced to 80% of its rated value in all of the simula-
tion results. This parametric variation is adopted in accordance
to [1]. Figures 6 and 7 present the simulation results using PI
and conventional SM controllets.
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DO implemented in the current control loops

Figure 6(a) shows the simulations results when a PI controller
without decoupling action is used in the current control loop. It
is possible to observe the coupling between the axes and the
influence of the 7, current variation in the 7, current dynamic.
At high rotor speeds the 7; current has more pronounced vari-
ations, approximately 10 A, as shown in detail of Figure 6(a) at
instant 2 s. Figure 6(b) shows the simulation results when a PI
controller is associated to the disturbance observer (PIDOB).
These results show smaller oscillations, however, there is still
coupling between the axes, a variation of approximately 5.4 A,
seen in the zoom of the Figure 6(b) at instant of 2 s. It is possible
to verify a perturbation in the system response due to paramet-
ric variation, in the detail of Figure 6(a), (b) at time of 1.4 s, when
the flux linkage is changed.

The simulation results using conventional SMC is shown in
Figure 7. The effect of the parametric variation, at the time of
1.4 s, and the coupling between the axes, at instant 2 s, are mit-
igated with the non-linear controller. However, the chattering
in 74,4 curtents presents an amplitude of approximately 1.2 A
around the reference. Chattering is a harmful phenomenon, as
it, given it decreases the control precision, increases the wear
of mechanical components of the machine and heat losses in
power circuits [48].

Figures 8 and 9 present the results using the proposed SMC-
DOB scheme in the current control loops. The 7 and iy current
references are the same used in the previous simulation, with PI
and conventional SM controllers. Figure 8 presents references
for 7; and 7, currents and its simulated values. When the pro-
posed controller is used, the coupling between the dg axes is
mitigated even at high rotor speeds, according to the detail in 2
s of Figure 8.

Figure 9(a) presents a comparison between the measured
and observed currents and Figure 9(b) shows a compatison
between the actual and observed disturbances. The actual dis-
turbances (4; and d,) are obtained from the expression (3) and
the observed disturbances (4, and ;iq) in accordance with Equa-
tion (6). It is possible to observe the good estimation of the dis-
turbances and currents even with parametric change. The dis-

ot

!
(S22

—_— - Oy
;? 0 fa) . ==
~ ,M—L \ e !
F 5b 0
-1 4 — -10,
1 i 145 15 21
0 1 2 3 4 5
Time (s)
FIGURE 8 Simulation results of the stator currents with SMCDOB imple-

mented in the current control loops
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FIGURE 9 Simulation results with the discrete-time SMCDOB imple-

mented in the current control loops. (a) 7, and 7, currents, 7, and 2',1 observed

currents; (b) d,; and ;1,7 observed disturbance and d; and 4, actual disturbances.

turbance of the ¢ axis is changed at time of 1.4 S when the
flux linkage is reduced and the observed disturbance tracked this
variation. It is possible to see by means of the tracking, that the
perturbation due to the parametric variation was mitigated, as
can be seen in the detail of Figure 8 at the instant 1.4 s.
Simulation results ate carried out using the pair of expres-
sions (21) and (20) to illustrate the difference between the sys-
tems with and without the inclusion of the digital implemen-
tation delay. Note that, when (21) is used, as presented in Fig-
ure 11(a), the zigzag motion is not achieved and the system will
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FIGURE 10 Simulation result of the rotor speed behaviour for both
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FIGURE 11 Detail of the simulation result of the J-axis sliding surface

with the control laws (21) and (26) implemented. (a) Control law implemented
by (21); (b) Control law implemented by (26).

not cross the sliding surface at each sampling time. Figure 11(b)
gives the switching function when (26) is used as the control
law. The system crosses the sliding surface at each sampling
period in accordance with the theoretical development. These
results demonstrate the importance of the inclusion of the digi-
tal implementation delay in the PMSM model. Figure 12 details
the change in the reference for the 7, current. It is possible to
observe that the 7,
delay of 27; such as was demonstrated in the theoretical devel-

opment (see (28)).

current starts to track its reference with a

4.3 | Experimental results

Figures 13 and 14 present the experimental results when PI and

conventional SM controllers are used. The 7; and 7, currents

and their respective z'; and z';‘ references are shown. The refer-

4
<0 / /
4 QTS —ly— i;
0.2995 0.3 0.3005
Time (s)
FIGURE 12 Detail of the simulation result: 7, tracking 7; with two delays
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ot
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Y

FIGURE 13
PIDOB controllers implemented in the current control loops. (a) Discrete-time
PI controller; (b) Discrete-time PIDOB controller.

Experimental results of the stator currents with PI and

Time (s)

FIGURE 14
tional SMC implemented in the current control loops

Experimental results of the stator currents with the conven-

ence currents are the same used in the simulation results, z;,‘ is

implemented by (30) while 7; is changed.

The experimental result with PI controller without DOB is
presented in Figure 13(a). Both currents track their references,
however, when 7, is changed a perturbation in 7, is observed.
This perturbation is due to the coupling between the axes
and it has a direct relationship to the rotor speed value. Fig-
ure 13(b) shows the tesults when a PI controller with DOB
is used in the current control loop. The observed disturbance
was used as a feed-forward action. The coupling between the
axes was reduced, however, it was not totally eliminated. The
results using the conventional SMC are shown in Figure 14. The
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Experimental results of the stator currents with the SMC-
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FIGURE 16 Experimental results of the proposed SMCDOB method. (a)

Calculated disturbances (d; and d,) and estimated disturbances (d; and ;lq); (b)
iq and 7, currents and 7; and ?,] estimated currents

currents track the references, even when z';‘ is varied at instant
of 2 s. However, the high oscillation caused by the chattering,
characteristic of the conventional SMC with high gains, can
be observed.

Figures 15 and 16 are obtained aiming to evaluate the per-
formance of the proposed discrete-time SMCDOB. Figure 15
presents the 7; and 7, measured currents and the 7; and 7; refer-
ence currents. The proposed current controller has good track-
ing capability. A good performance of the proposed controller
is achieved once 7, is changed and it did not affect 7, dynamic.
Thus, the coupling effect between the axes was mitigated.

Figure 16(a) presents the observed (d; and Ziq) and calcu-
lated (d; and d,) disturbances. Expression (3) was calculated in

Rl I ¥ Qu— o pu— oy |
SMCDOB PIDOB PI sMme

Time (s)

FIGURE 17 Experimental result of the d-axis current error. Comparison
of SMCDOB, SMC, PI and PIDOB methods
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FIGURE 18 Experimental result of the rotor speed behaviour for both

implemented current controllers

the software to represent the actual disturbance of the motor.
Parametric uncertainties and unmodelled disturbances were
neglected in this calculation. The convergence of the estimated
disturbance to the calculated disturbance can be observed. Note
that the calculated disturbances present a linear characteristic
while the observed disturbances present an oscillation around
the calculated disturbance. This behaviour is due to the non-
ideal characteristic of the motort, that is the back electromotive
force and the magnetomotive force present harmonics, there is
saturation for some operating conditions. Figure 16(b) gives the
7, and ;'q estimated currents (see (6)). It is possible to observe
the good convergence to their measured values.

The d-axis current error, difference between reference and
measured current (¢; = z:; — 7;), are represented in Figure 17.
In the zoom of Figure 17, it is possible to observe that when
a variation is imposed in 7, the error ¢; is closed to zero by
using the proposed method and the conventional SMC. How-
ever, when using PI and PIDOB controllers this error has a
perturbation of approximately 9 and 5 A, respectively. When all
results are compared, oscillations in the current using the con-
ventional SMC can be observed. Figure 18 shows the behaviour
of the measured rotor speed (open-loop) in both implemented
current control schemes. When the 7, current is changed the
rotor speed is approximately 1800 RPM, as seen in Figure 18.
At high speed the coupling between the current axes is mote
accentuated, and when the proposed controller is used this cou-
pling is mitigated, in accordance with the comparison presented
in the Figure 17.

Figure 19 shows the experimental results with addition of
the rotor speed control loop. Thus, z; is generated from the
speed etror through the proportional-integral compensator.
Figure 19(a) shows a step of approximately 100 RPM in the
rotor speed reference. Figure 19(b)(top) presents 7, and its
reference 7;. The 7, current dynamic was similar among the
tested current controllers. In Figure 19(b)(bottom), 7; currents
and their references are presented. From this result, it is possible
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FIGURE 20 Experimental results when a mechanical load is applied using

SMCDOB in the current control loops. (a) Rotor speed behaviour; (b) 7, and 4,
currents and 77 and 7 references

to observe that the proposed control scheme presented a better
rejection of the disturbance. It is also observed that when the
DOB was added to the PI controller, a significant rejection of
the perturbation caused by the speed variation was achieved.
The experimental result when a load step is applied to the
PMSM is shown in Figure 20. This load step was imposed by
means of the IM present in Figure 3. Figure 20(a) shows the
behaviour of the rotor speed under effect of the imposed load

disturbance. Figure 20(b) presents the currents and their refer-
ences. In this test, the good performance of the proposed con-
troller is shown with load condition change.

5 | CONCLUSIONS

This paper has proposed a discrete-time combined control
method by means of sliding mode algorithm and disturbance
observer aiming to decouple the dg PMSM currents of vector
controlled drives. The new proposed disturbance observer is
characterised by the presence of an additional state which esti-
mates the stator current of the motor, which improves the con-
vergence of the system and tracks the divergences between the
real model and the model used in the control algorithm. The
motor model was obtained including the digital implementa-
tion delay, which allows the design of a control law suitable
to direct implementation in microcontrollers and digital sig-
nal processors. Furthermore, it ensured zigzag motion of the
discrete-time sliding mode system by means of the modification
in the switching functions of the sliding mode control. Stability
and convergence analysis were performed in the discrete-time
domain. Simulation and experimental results show the effec-
tiveness of the proposed combined control technique. The pro-
posed method can be extended to other application, such as,
electrical vehicles, control of grid-tied converters, robotic sys-
tems etc.
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