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Abstract: This paper proposes a robust nonlinear current controller that deals with the problem of
the stator current control of a six-phase induction motor drive. The current control is performed
by using a state-space representation of the system, explicitly considering the unmeasurable states,
uncertainties and external disturbances. To estimate these latter effectively, a time delay estimation
technique is used. The proposed control architecture consists of inner and outer loops. The inner
current control loop is based on a robust discrete-time sliding mode controller combined with a time
delay estimation method. As said before, the objective of the time delay estimation is to reconstruct the
unmeasurable states and uncertainties, while the sliding mode aims is to suppress the estimation error,
to ensure robustness and finite-time convergence of the stator currents to their desired references.
The outer loop is based on a proportional-integral controller to control the speed. The stability
of the current closed-loop system is proven by establishing sufficient conditions on the switching
gains. Experimental work has been conducted to verify the performance and the effectiveness of the
proposed robust control scheme for a six-phase induction motor drive. The results obtained have
shown that the proposed method allows good performances in terms of current tracking, in their
corresponding planes.

Keywords: multiphase induction machine; time delay estimation; sliding mode control; field-oriented
control; current control

1. Introduction

Multiphase drives have received significant interest from the power electronics, control, machines
and drives communities due to their good features in comparison with traditional three-phase drives.
The features include lower torque ripple, lower current/power per phase and fault-tolerant capabilities
without adding extra hardware [1-3]. Currently, multiphase drives are extensively used in several
applications where high power is required such as ships, wind energy generation systems and electric
vehicles [3,4]. In the literature, most of the developed and published control techniques for multiphase
Induction Machine (IM) drives are an extension of the ones designed for the three-phase machines
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such as Proportional-Resonant (PR) [5], Proportional-Integral (PI) Pulse-Width Modulation (PWM) [6],
Direct Torque Control (DTC) [7], Predictive Torque Control (PTC) [8], sensorless [9,10] and Model
Predictive Control (MPC) [11,12], among others. Recently, the above-mentioned controllers have been
extended for multiphase machines under fault situations [13-16]. However, few published papers
have considered robust nonlinear controllers and intelligent techniques such as backstepping [17,18],
Sliding Mode Control (SMC) [19-21], fuzzy logic [22] and others.

Among the above-mentioned nonlinear controllers, SMC is one of the most widely used and
has received particular attention from the automation community due to its three highly-valued
properties, namely robustness against matched uncertainties, simplicity of design and finite-time
convergence [23,24]. This method forces the system states to reach in finite time the user-selected sliding
surface (switching surface) even in the presence of the matched uncertainties using discontinuous
inputs [24]. To ensure high performances, the switching gains should be chosen as large as possible
to reject the effect of the bounded uncertainties. However, this choice causes the major drawback of
SMC, well-known under the name of the chattering phenomenon [25,26]. The latter has an unpleasant
impact on system actuators. It can lead to deterioration of the controlled system and/or instability.
Once this problem has been identified, many works that tried to solve it were published, and among
them, we cite the following:

o  The substitution of the discontinuous signum function by linear ones [27]. This method is the
well-known SMC based on a boundary layer. This proposition allows the reduction of the
chattering phenomenon. However, the finite-time convergence feature is no longer guaranteed.
The latter is very desirable when critical convergence time is required.

e  Observer-based SMC [28,29]. The issue of designing a robust nonlinear controller in this technique
is reduced to the issue of designing a robust nonlinear observer. In other words, if the matched
uncertainties are not accurately estimated, the performances obtained will not be satisfactory.

e Higher Order Sliding Mode (HOSM) [30-32]. The idea consists of making the switching control
term act on the control input derivative, which makes the control input fed into the system
continuous. This method gives better performances since it allows higher precision and reduces
the chattering phenomenon. However, this approach requires some information, as the first time
derivative of the selected sliding surface is not always available for measurements, making the
implementation difficult.

Recently, an interesting method that consists of combining SMC with the Time Delay Estimation
(TDE) method for uncertain nonlinear systems [33,34] has been developed. The proposed method has
been successfully tested on a redundant robot manipulator. The basic idea is to estimate the matched
uncertainties that are assumed to be Lipschitz using delayed states and input information. Then,
the estimated terms are added to the equivalent controller in order to allow a small choice of the
switching gains of the discontinuous controller.

Nevertheless, real-time implementation is generally performed through discrete systems [35].
For this reason, the development of the controller should be done in discrete-time. Consequently, it is
suitable for use with a discrete-time model of the six-phase IM during the design procedure since after
discretization, the inherent properties of the sliding mode approach can no longer be maintained.

In summary, the aim of this paper is to develop a robust Discrete-time SMC (DSMC) combined
with the TDE method for the inner current control loop of an Indirect Rotor Field-Oriented Control
(IRFOC) of a six-phase IM drive. The developed controller works for all multiphase machines in several
applications as more electric aircraft, ship propulsion, battery-powered electric vehicles, electric traction
and hybrid electric vehicles. Experimental validation is presented to show the effectiveness of the
current controller in transient and steady-state conditions. The rest of the paper is organized as follows.
The mathematical discrete-time model of the considered system is presented in Section 2, while the
proposed controller design and detailed stability analysis are explained in Section 3. Experimental
results are presented in Section 4. Finally, Section 5 draws some conclusions.
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2. Six-Phase IM and VSI Model

The considered system shown in Figure 1 consists of the asymmetrical six-phase IM fed by
two two-Level (2L) Voltage Source Inverter (VSI). After using the Vector Space Decomposition (VSD)
approach, the decoupling transformation T gives the « — 5 subspace, which is related to the flux/torque
producing components and the loss-producing x — y subspace and a zero-sequence subspace. Then,
by using an amplitude-invariant transformation matrix, T is defined as follows:

G ) 4 o
0 1 V3 1 _V3 g
T-Ll|1 =% -5 ¥ -3 0 )
3 0 1 _V3 1 V3 -1
2 2 2 2
1 0 1 0 1 0
o1 0o 1 o0 1|

Six-phase IM

Figure 1. Scheme of the six-phase induction machine drive.
The discrete-time model of the system in state-space representation is represented by the following
equations [36]:

X(k+1) = AX(k)+Bu(k)+n(k) @)
Y(k) = CX(k) @)

In the equations above, the stator and rotor currents are the state vector:
X(k) = [isa k), isp(K), s (K), iy (K), i (), irg ()] @
while the stator voltages represent the input vector:
(k) = [t (k), nsp (), 52 (K), 10y ()] (5)
and the stator currents the output vector:
Y(K) = [isa(k), isp(K), isx k), iy ()] ©)

and n(k) is the (6 x 1) uncertain vector. The stator voltages have a discrete nature due to the VSI
model, and the relationship between them is represented as:

Vae TM = [usq(k), usp(k), usx(k), sy (k)] @)
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where V. is the DC-bus voltage, and the VSI model is:

M:§ sT (8)

where S = |S,, S, S¢, Sq, Se, S f} is the vector of the gating signals with S; € {0, 1}. Moreover, the
matrices A € R0 B € R6*4 and C € R**® are defined by:

ap a2 0 0 a5 age
app axp 0 0 axs a4
A— 0 0 ass 0 0 0 (9)
0 0 0 agq 0 0
as; as; 0 0 as5 ase
L as1 a2 0 0 ag5 aes |
b, 0 0 0 ]
0 b 0
0 0 b O
B = 10
0 0 0 b (10)
by 0 0 0
0 b 0 0 |
1 00 0 0O
01 0 0 0O
C= 11
0 01 0 0 O (11)
0 0 01 0O
where:
a1 =ap =1—-Tsc2 Rs a1y = —ap1 = Ts c4lym wy(x) 15 = a26 = Tsca Ry
a6 = —as = Ts 4Ly w, a3 = a4y =1 —Ts 3 Rs as1 = g2 = Ts 4 Rs
asp = —ag1 = —Ts¢5 Lin wy k) ass = aee =1 — Tsc5 Ry 56 = —ae5 = —C5 Wy(k) Ts Ly
bl :TSCZ szTSC3 b3:—T5C4
1 Ly

with T; the sampling time and c; to c5 are defined as: ¢; = LsL, — Lfn, = 5—17, 3= 1 4= 3

c5 = 5—1‘ The electrical parameters of the systems are Rs, R, Ly = Lj, + Ly, Ls = Ljs + Ly, Ly and Ly,.
The rotor electrical speed w; is related to the load torque T; and the generated torque T, as follows:

Jm Wr + By wy = P(Te_Tl) (12)

wy; = Pwyy, (13)

where [, denotes the inertia coefficient, B, denotes the friction coefficient, P denotes the number of
pole pairs and the generated torque T, is defined by:

T.=3P (l/Jsrx isﬁ - 1/75/3 isuc) (14)

where s, and g are the stator fluxes.
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3. Controller Design and Stability Analysis

3.1. Outer Speed Control Loop

A two-degree PI controller with a saturation stage, introduced in [37], is used as the outer speed
control loop, based on the IRFOC method. In this loop, the output of the PI regulator is used to get the
dynamic current reference ig, (k). In addition, the slip frequency wj (k) calculation is obtained from
the current references i}, (k), i3, (k) in the dynamic reference frame and the electrical parameters of the
six-phase IM, as shown in Figure 2.

CInner a— 8

Wt S ‘current control: 1 <«
. i~ X T1d i
. | 4 Lok .
() g Plpsmc | W jnal
. |IRFOC]i,, Bl 29
Wy ds ] QB . .
il == B
€Ty :

. :02 TDE | -1 > Comparator
T2d - |Eq.(30) | : Wohase
TDE > DSMC | - %
Eq. (57) || Eq. (59) WA -

Inner  —y current control
Figure 2. Block diagram of the closed-loop system based on IRFOC and the DSMC with TDE method.

3.2. Inner Current Control Loop

The inner loop aims to control the stator currents. For this purpose, the DSMC with TDE method
will be derived to ensure the finite-time convergence of the stator currents in the « — § and the x —y
planes to their desired references with high accuracy even if some states are not measurable (i.e., rotor
currents) and in the presence of uncertainties. First of all, let us decompose the discrete system
described in (2) into three sub-systems as follows:

X1 (k + 1) = Aixg (k) + Kl X3 (k) + B u; (k) +m (k) (15)
x(k+1) = Axxa(k) +Baua(k) +12(k) (16)
x3(k+1) = Azxi(k)+ Az xs(k) + Bz uy(k) +#3(k) (17)

where the stator and rotor current state vectors:

xi(k) = [isa(k), igp(0)]" (18)
xa(k) = [ise(k), isy(K)]" (19)
xa(k) = [im(K), ipp(0)]" (20)

while the stator voltages represent the input vectors:

! 21)

(22)

ui(k) = [us(k), usﬁ(k)]

w(k) = [us(k), ugy (k)]

and 771 (k) = [n1(k), n2(k)]", 2(k) = [n3(k), na(k)]" and y3(k) = [n5(k), n(k)]" denote the uncertain

vectors. The matrices Aq, A1, Az, A3, Az, B1, B, and Bj are defined as follows:

ass 0
0 a44

asy  as2
el de2

ai; a2
a1 a4

A= ;A = , Az = , A=

a5 a16
azs Az
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as5  dse by 0 by 0 by O
ae5  Aee :| e |: 0 hl :| o2 |: 0 bz :| ’ 03 |: 0 b3 :|
3.2.1. Control of Stator Current in the & — § Sub-Space

To achieve our control objective, let xj (k) = ij;(k) = [i;‘“(k), i:ﬁ(k)] ! be the vector of desired
references with ¢ € {a,B} and ey(k) = xq(k) — xj(k) = isp(k) — i;‘¢(k) be the vector of tracking
error. As the relative degree of the stator current in @ — 5 sub-space is equal to one, then, the sliding
surface [24] is selected to be the error variable as follows:

(k) = ep(k) (23)
In the DSMC design, the following conditions must be satisfied to achieve an ideal sliding motion:
o(k) =0, ck+1)=0 (24)
where o (k 4 1) is computed as:

o(k+1) =ep(k+1) =x3(k+1) =xj(k+1)

_ . (25)
= A1 x(k) + Ay x3(k) + By g (k) +71(k) —xq(k+1)
The control obtained by setting o(k + 1) = 0 does not ensure robustness and finite-time
convergence. For these reasons, the following reaching law is selected:
o(k+1) =Ao(k) — T; psign(c(k)) (26)

where A = diag(A1,A;) with0 < A; < 1fori = 1,2, p € R**? is a diagonal positive matrix and
sign(o(k)) = [sign (o7 (k)), sign(on (k)] with:

1, ifoy(k) >0
sign(oj(k)) = ¢ 0, ifoi(k) =0 (27)
-1, if O'i(k) <0

Then, using (25) and (26), the DSMC law for the stator current in the a« — 8 sub-space is obtained as:
uy (k) = —B;l [Al x1(k) + Ay x3(k) + (k) —xi(k+1) — Ao(k) + Ts p sign(a(k))] (28)

The control performance might not be satisfactory since the above equation is in terms of the rotor
currents x3(k) that are not measurable and the uncertain vector 11 (k). Assuming that x3(k) and 77 (k)
do not fluctuate widely between two consecutive sampling times, the TDE method [31,38] can be used
to obtain an approximation as:

Kl ﬁg(k) + ﬁl(k) = Xl Xg(k — 1) +171(k — 1)

(29)
=x1(k) —A1x(k—=1) =Byuy(k—1)

Definition 1. For a discrete-time system, a quasi-sliding mode is said to be a trajectory in the vicinity of the
sliding surface, such that | (k)| < e and where e > 0 is the quasi-sliding mode bandwidth. In order to ensure a
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convergent quasi-sliding mode, the conditions given in [31,39] that are necessary and sufficient must be verified
for each sliding surface, i.e.:

O’i(k) € = —ES(Ti(k—i-l) <0’i(k)
oi(k) < —e =o0i(k) <oi(k+1) <e (30)
(k)| <e = lo(k+1)| <e

>
<

Theorem 1. If the following condition is satisfied for i=1, 2:

1
i&', (81)

pi >
then, the DSMC with TDE method for the stator currents in the x — B sub-space (15) given by:
ui(k) = =By [Arx1 (k) + A1 &a (k) + 71 (k) —xj(k +1) — Ac(k) - Tspsign(e(k))]  (32)

ensures a quasi sliding mode. Moreover, each system trajectory will reach its corresponding sliding surface (23)
within at most k:- + 1 steps, where for i=1, 2:

o lei(0)
! T 0; — i

(33)
Proof of Theorem 1. Substituting the obtained discrete time controller (32) into Equation (25) leads to:
o(k+1) = Ao(k) + E(k) — Ts p sign(c(k)) (34)

where E(k) = Ay (x3(k) — £3(k)) + (171(k) — A1(k)) is the bounded TDE error such as fori = 1,2:
Ei(k)| < i (35)

Now, choose ¢ = T; p; 4 6;. Hence, Equation (30) can be rewritten as:

O'i(k) >Ts0i+ 0 = —Tspi —6; < Ui(k+1) < O'i(k)
Ui(k) < —Ts Oi —0; = (Ti(k) < (Tl'(k—i-l) < Ts 0i ~+ 6; (36)
“Ti(k)| < Tspi+5i = |‘7i(k+1)| < Tspi"'éi-

1. Consider the first case where 0;(k) > T; p; + 9;, then 0;(k) > 0, sign(c;(k)) = 1 and:

oi(k+1) = A;oi(k) + Ei(k) — Ts p;

(37)
oi(k+1) —0i(k) = Ei(k) + (A = 1) o3(k) — Ts p;.
If the condition in (31) is satisfied, then 0;(k + 1) — 0;(k) < 0 = 0;(k+1) < 0;(k).
Moreover, —T; p; — ; < 0;(k + 1) can be written as:
Aii(k) + Ei(k) = Ts pi = —=Ts pj — 0. (38)
Hence: 1
O’i(k) > x (El(k) - 5,’) ’ (39)
1

since 0;(k) > 0 and (E;(k) — ¢;) < 0, then the above inequality is always true.
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2. Consider the second case where 0;(k) < —T; p; —

Then, let us rewrite 0;(k) < 0;(k + 1) as follows:

1
which is always true since p; > T(Si'

U'i(k) < A O'i(k) + Ei(k) + Ts p;
(1 — /\l‘) (Ti(k) < Ei(k) + T Oi

S

Moreover, 0;(k + 1) < T; p; + 6; can be rewritten as:

Since 0;(k) < 0and ¢; > E;(k), then, it is obvious that the inequality in (15) is always true.

A U’i(k) + Ei(k) + Ts pi < Ts pi + 6;.

3. Consider the third case where |0;(k)| < ¢, then:

a. ifoj(k) > 0, then |o;(k)| < e becomes:
0<oi(k) <e.
Multiplying (42) by A; and adding E;(k) — T; p; to all the part leads to:
Ei(k)—Tspi<Ui(k+l)< ( ) Tspi+Aje
—e<ok+1)<e
ok +1)| < e
b. ifoj(k) <0, then |o;(k)| < & becomes:
—e<o(k) <0.
Once again, multiplying (44) by A; and adding E;(k) + Ts p; to all the parts gives:
Ei(k) + Ts p; — Aje < 0j(k +1) < Ei(k) + Ts p;
—e<oi(k+1)<e
loi(k+1)| <€
Hence:

oi(k+1)[ <e=Tsp;+ 9

8 of 17

J;. This implies ¢;(k) < 0 and sign(c;(k)) = —1.

(40)

(41)

(42)

(43)

(44)

(45)

(46)

Since the conditions in (36) are met, the existence of a convergent quasi sliding mode has been

established. Consequently, the proposed DSMC with TDE method in (32) is stable.

Now, let us demonstrate by contradiction according to (34) that Equation (33) is true. For this

part, let us assume that 0;(0) # 0 and sign(c;(0)) = sign(c;(1)) = - --

= sign(c;(k' +1)).



Energies 2019, 12, 170 90f17

1. Consider the first case where ¢;(0) > 0 and ¢;(m) > 0 for all m < (k; +1). Then:

0i(1) = A;03(0) + E;(0) — Ts p;
< 0;(0) + E;(0) — Ts p;
0i(2) <0i(1) + Ei(1) — Ts ;i
< 0i(0) + Ei(0) + Ei(1) — 2 Ts p;
: (47)
oi(m) < o;(m —1) + Ei(m — 1) — Tsp;

< [ei(0)| +m [6; = Ts pi] -

Hence, it is obvious that k; ensures that:
|07(0)| + k; [6; — Ty pi] = 0. (48)
It follows that: )
(ki +1) < (O] + (K +1) 6~ Ti )
< |03(0)] +k; [6; — Ts p;] =0

which is contradictory to the fact that o;(m) > 0, Vm < (k; +1).

2. Consider the second case where 0;(0) < 0 and ¢;(m) < 0 for all m < (k; -+ 1). Then:

0'1‘(1) =A; 0',‘(0) + El(O) + Ts p;
> 0i(0) + Ei(0) + Ts p;
0i(2) > 0i(1) + E;(1) + Ts p;
> 0i(0) + Ei(0) + E;(1) + 2 T p;
(50)

Once again, it is obvious that k; verifies:
— i (0)] + k; [Ts p; — 6;] = 0. (51)

It follows that: , .
oi(k; +1) > —[0i(0)| + (k; + 1) [Ts p; — 6] 52)
—[o3(0)| +K; [Ts o = 8] = 0

which is contradictory to the fact that o; (m) < 0, ¥ m < (k; +1).

This concludes the proof of Theorem 1. [J
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3.2.2. Control of Stator Current in the x — y Sub-Space

In this section, the same methodology used previously for the stator current x; (k) will be adopted
to control the stator current in the x — i sub-space. In this case, the sliding surface is selected as follows:

o (k) = es,, (k) = xa(k) = x5 (k) (53)
where x; (k) = [i5(k), i;‘y(k)]T is the desired x — y current and es,, (k) denotes the tracking error
variable. Hence, ¢ (k + 1) is computed as follows:

o (k+1) = es, (k+1) =xp(k+1) —x3(k+1)

(54)
= Ay xp(k) + By up(k) + n2(k) — x5 (k+1).
The discrete-time controller is obtained by solving:
o (k+1)=Tc (k) — Ts gsign(c (k)) (55)

where I' = diag(l';,T) with 0 < T; < 1fori = 1,2, ¢ € R?>*? is a diagonal positive matrix
and sign(c” (k)) = [sign((ff(k)),sign(ag(k))]T, and by substituting the uncertain vector #,(k) by
its estimate using TDE method:

(k) = a(k—1)

(56)
= Xz(k) — A2 Xz(k — 1) — B2 uz(k — 1).
Theorem 2. If the controller gains are chosen for i = 1, 2 as follows:
1
Qi > 70, (57)

with 5, > 0 the upper-bound of the TDE error E (k) = 112(k) — fi2(k), then, the following DSMC with TDE
method for the stator current in the x — y sub-space (16) ensures a quasi sliding motion:

wa(k) = ~By" [Aaxa(k) + fa(k) x5 (k+1) T’ (k) + T gsign(e” (k) | 59)

Proof of Theorem 2. The stability analysis is similar to the one described for the stator currents in the
&« — B sub-space. [

4. Experimental Results

The proposed DSMC technique was tested in order to validate its performance with experimental
results obtained in the test bench, and this consisted of a six-phase IM powered by two conventional
three-phase VSI, being equivalent to a six-leg VSI, using a constant DC-bus voltage from a DC
power supply system. The six-leg VSI was controlled by a dSPACE MABXII DS1401 real-time rapid
prototyping platform, with Simulink version 8.2. The results obtained were captured and processed
using MATLAB R2013b script. The parameters of the asymmetrical six-phase IM were obtained using
conventional methods of the AC time domain and stand-still with VSI supply tests [40,41]. The results
are listed in Table 1. The experimental tests were performed with current sensors LA 55-P s, which had
a frequency bandwidth from DC up to 200 kHz. The current measurements were then converted to
digital form using a 16-bit A/D converter. The six-phase IM position was obtained with a 1024-ppr
incremental encoder, and the rotor speed was estimated from it. Finally, a 5 HP eddy current brake
was used to introduce a variable mechanical load on the IM. A block diagram of the experimental
bench is shown in Figure 3, including some photos of the equipment.
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Table 1. Parameters of the six-phase IM.

Parameter Value Parameter Value Parameter Value
R, (Q)) 6.9 L, (mH) 626.8 Py (KW) 2
Rs (Q)) 6.7 Wm—nom (rpm) 3000 J; (kg-m?) 0.07

L (mH) 53 Ls (mH) 6544  Bj (kg-m2/s) 0.0004
Ly, (mH) 614 P 1 Vi (V) 400

Six- phase IM MECHANICAL Sl
» »

=y =

—

Figure 3. Block diagram of the test bench including the six-phase IM, the six-leg VSI, the dSPACE and
the mechanical load.

The performance of the proposed DSMC was analysed in transient and steady-state conditions.
The experimental results analysed the controller performance in terms of Mean Squared Error (MSE)
between the reference and measured stator currents in the « — 8, x — y and d — g planes. The Root
Mean Square (RMS) of the currents in the d — g plane was used to calculate their corresponding Form
Factor (FF) and Total Harmonic Distortion (THD) obtained in the « — j plane, as well as MSE for rotor
speed. The MSE is defined as:

N

MSE(is0) = | 1 L sok) —izg 4] 59)
=1

where N is the number of analysed samples, i74, the stator current reference, iso the measured stator
currents and ® € {«, B, x, y, d, q}. On the other hand, the THD is calculated as:

(60)

where i is the fundamental stator currents and isj is the harmonic stator currents. At last, the FF is
computed as:

Idgs—RMS

FF(iggs) = - (61)
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A fixed d current (i3, = 1 A) was used. To perform a mechanical load for the six-phase IM,
the eddy current brake was fixed at 1.65 A. Moreover, the chosen gains of the DSMC with TDE for
stator current tracking are:

A = diag(0.5,0.5), p1 = p2 = 100,

I' = diag(0.9,0.9), 01 = 02 = 100.

The stator current reference in the x — y sub-space was set to zero (iy; = iy; = 0 A) in order
to reduce the copper losses. The sampling frequencies used in the tests were 8 kHz and 16 kHz.
Three operation points were set for the rotor speed: 500 rpm, 1000 rpm and 1500 rpm for steady-state
analysis. For a transient response, a step change in rotor speed was considered from 500 to —500 rpm
(i.e., a reversal condition).

The proposed technique DSMC was tested under different operating points in steady state
and under transient conditions. Table 2 shows the experimental results obtained for different rotor
mechanical speeds and sampling frequencies, regarding the MSE of stator currents in the a — 8, x — y
and d — g planes. The results showed good performance of DSMC applied to the six-phase IM in terms
of current tracking, in their corresponding planes, especially in « — B current tracking. Table 3 shows
the results of THD in « — S stator currents, RMS ripple and FF in d — g currents and the MSE of the
measured and referenced rotor speed. The results presented a reduction on the THD stator currents
with the higher sampling frequency and higher rotor speed. In terms of RMS ripple and FF, there was
a significant reduction with higher sampling frequency in all the rotor speed tests. However, for rotor
speed MSE, better performance was obtained at lower rotor speed and sampling frequency, but this
was not significant.

Figure 4 presents the polar trajectories of stator currents in the x — y and « — 8 sub-spaces at
different rotor speeds. The tests were developed with the same mechanical load; thus, the amplitude
of & — B currents was proportional to the rotor speed. The figures show that x — y currents were
reduced to almost the same ratio in every case and a — 8 current tracking was good. On the other
hand, Figures 5 and 6 report a dynamic test, which consisted of the transient performance of DSMC
for a step response in the g axis current reference (izs). The dynamic response was generated through a
reversal condition of the rotor mechanical speed (w;;) from 500 to —500 rpm. Figures 5a and 6a show
an overshoot of 42% and 70%, respectively, and a settling time of 1.3 ms and 1.4 ms. respectively,
presenting in both cases very fast responses.

Table 2. Performance analysis of stator currents « — 8, x — y, d — g and MSE (A) for three different
rotor speeds (rpm).

Sampling Frequency 8kHz

wy,  MSE, MSEg MSE, MSE, MSE; MSE,
500  0.2502 0.2602 0.1875 0.1729  0.2494  0.2609
1000  0.2937 0.3021 0.2326 0.2280 0.3039 0.2919
1500  0.3000 0.3050 0.2491 0.2456  0.3327 0.2689
Sampling Frequency 16 kHz
wy,  MSE, MSEg MSE, MSE, MSE; MSE,
500  0.1867 0.1883 0.1931 0.1851 0.1830 0.1919
1000 0.1797 0.1779 0.2078 0.1975 0.1795 0.1780

1500 0.1731 0.1786 0.2342 02291 0.1767 0.1750
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Table 3. Performance analysis of stator current &« — 8, THD (%), d — q, RMS ripple (A), FF, rotor speed

(wm) and MSE (rpm) at different rotor speeds (rpm).

(a) (b)

Sampling  Frequency 8 kHz
wpy, THD, THDg RMS ripple; RMS rippley FF, FF;  MSE,,
500  29.6198  30.7074 0.2598 0.2492 1.0811 1.0300  1.3432
1000 17.8543 18.0026 0.2890 0.3005 1.0203 1.0405  2.2250
1500 17.8761 18.0059 0.2593 0.3194 1.0084 1.1389  2.4146
Sampling  Frequency 16 kHz
wi THD,, THDg RMS ripple; RMS rippley FF, FF, MSE,,,
500  21.6914  22.6592 0.1895 0.1829 1.0466 1.0164  1.6508
1000  15.3291 14.8507 0.1751 0.1783 1.0087 1.0151 2.8814
1500 11.1020 11.2140 0.1707 0.1712 1.0040 1.0134  3.1855
} D - 3 [ o 3 Ty — Tape— Togo—
2 2 2 ; 1
1 _ 1 _ 1
= =
0 Lo g
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Figure 4. Stator currents in the « — § and x — y planes for a rotor speed w, of: (a) 500 rpm; (b) 1 000 rpm;

(c) 1500 rpm.
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Figure 5. Transient response of stator currents from a step response of 500 rpm to —500 rpm from w;;

at a frequency sample of 8 kHz: (a) igs; (b) ias; (€) igs.
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Figure 6. Transient response of stator currents from a step response of 500 rpm to —500 rpm from w;;
at a frequency sample of 16 kHz: (a) igs; (b) ias; (c) igs-

5. Conclusions

In this work, a speed control based on the IRFOC strategy with an inner robust DSMC with
the TDE method for stator currents in the « — § and x — y sub-spaces has been proposed. On the
one hand, the TDE method allows in a simple way highly accurate estimation of the uncertainties,
perturbations and unmeasurable rotor current. On the other hand, discrete-time sliding mode cancels
the effect of the TDE error, ensures robustness and delivers high precision and fast convergence. The
efficiency of the proposed discrete control scheme has been confirmed by a real-time implementation
on a six-phase induction motor drive. The proposed approach provides very good performances
in dynamic processes, as well as in steady state. Moreover, the average switching frequency of the
designed DSMC is low. Further research will be initiated to benefit from the advantages offered by
multiphase machines. To that end, an extension of the proposed controller will be developed in the
case of an open circuit fault in one or more phases occurring, since this fault is common for induction
machines. The work will focus on the ability of ensuring good performances without good knowledge
of the new mathematical model of the machine under fault condition.
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Abbreviations

The following abbreviations are used in this manuscript:

DSMC  Discrete-Time Siding Mode Control
FF Form Factor

M Induction Machine

IRFOC Indirect Rotor Field-Oriented Control
MSE Mean Squared Error

RMS Root Mean Square

PI Proportional-Integral

SMC Sliding Mode Control

TDE Time Delay Estimation

THD Total Harmonic Distortion
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VSD  Vector Space Decomposition

VeI

Voltage Source Inverter
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