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Encoderless Five-phase PMa-SynRM Drive
System Based on Robust Torque-speed
Estimator with Super-twisting Sliding Mode
Control

Ghada A. Abdel Aziz, Member, IEEE, and Rehan Ali Khan

Abstract—In this paper, a robust torque speed estimator
(RTSE) for linear parameter changing (LPC) system is proposed
and designed for an encoderless five-phase permanent magnet
assisted synchronous reluctance motor (5-phase PMa-SynRM).
This estimator is utilized for estimating the rotor speed and the
load torque as well as can solve the speed sensor fault problem,
as the feedback speed information is obtained directly from the
virtual sensor. In addition, this technique is able to enhance the
5-phase PMa-SynRM performance by estimating the load torque
for the real time compensation. The stability analysis of the
proposed estimator is performed via Schur complement along
with Lyapunov analysis. Furthermore, for improving the 5-
phase PMa-SynRM performance, five super-twisting sliding
mode controllers (ST-SMCs) are employed with providing a
robust response without the impacts of high chattering problem.
A super-twisting sliding mode speed controller (ST-SMSC) is
employed for controlling the PMa-SynRM rotor speed, and four
super-twisting sliding mode current controllers (ST-SMCCs) are
employed for controlling the 5-phase PMa-SynRM currents. The
stability analysis and the experimental results indicate the
effectiveness along with feasibility of the proposed RTSE and the
ST-SMSC with ST-SMCCs approach for a 750-W 5-phase PMa-
SynRM under load disturbance, parameters variations, single
open-phase fault, and adjacent two-phase open circuit fault
conditions.

Index Terms—Five-phase permanent magnet assisted
synchronous reluctance motor, Encoderless control, Super-
twisting sliding mode control, Torque-speed estimator.

NOMENCLATURE
Vap, Vap The principal g-d stator voltages
Ly, Lip The principal g-d stator currents
Vs, Vs The seconder g-d stator voltages
Lys, Lus The seconder g-d stator currents
L, The principal stator inductance
L The seconder stator inductance
R Stator resistance per phase
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P Number of pair-poles

wy The rotor mechanical speed
N The speed command

0, The rotor mechanical position angle
J The rotor inertia

TL The external load torque

F The damping coefficient

L INTRODUCTION

ECENTLY for accommodating the upward increasing of

the consumer demand for high-power density devices,
the multiphase machines have been emerged, which present
substitute solutions to the conventional three-phase machines
via increasing the number of motor phases. These machines
have been designated for numerous applications in the electric
propulsion, electric vehicles, along with aerospace [1]-[3].
One of these multiphase machines, is the five-phase
permanent magnet assisted synchronous reluctance motors (5-
phase PMa-SynRMs). These machines have the inherent
characteristics of high torque—inertia ratio, rapid control
response, high power factor, high efficiency, fault-tolerant
aptitude due to the greater number of phases available along
with high-power density [4].

It is well known that rotor position information is
significantly needed for motor precision control and this
information need to be continuously known for synchronizing
the stator currents with the PMa-SynRM rotor permanent
magnet flux, which alters with rotor rotation [5]. This
information is attained via utilizing position sensor e.g.
resolver, optical encoder, and etc. Nevertheless, these position
sensors not only increase complexity, cost, along with
maintenance, but also degrade the drive system reliability and
robustness. Consequently, great efforts have been performed
in developing sensorless control approaches for the five-phase
permanent magnet machines.

In [6], a sliding mode control combined with an extended
Kalman filter estimator have been employed for estimating
the rotor speed of a 5-phase permanent magnet synchronous
machine. Kalman filter has been used for obtaining high
precision estimations along with processing the noisy
measurements. Via employing both the extended Kalman
filter estimator for estimating the rotor speed and the sliding
mode speed controller, a good control respoinse has been
obtained with low cost and high reliability. However, the
proposed estimator and the sliding mode controller were not
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investigated experimentally.

In [7], an encoderless backstepping drive has been
introduced for a 5-phase PMSM through utilizing an
indefinite input estimator for estimating the rotor speed and
the load torque. The backstepping control has solved the
speed sensor fault problem, as the feedback speed information
has been presumed from the virtual sensor. The indefinite
input estimator and the backstepping controller gains have
been carefully chosen for improving the estimation accuracy
and stability dynamic performance.

In [8], an adaptive linear neural network has been
introduced for estimating the rotor position of a 5-phase
PMSM with a high accuracy during the low speed operation
without high frequency signal injection. Although, a better
response of the Adaline was attained compared to the phase
locked loop throughout the starting from indefinite states, the
torque response has high torque ripples.

In [9], a brand new encoderless field-oriented control has
been introduced for a 5-phase PMSM via exploiting the
freewheeling current for accommodating both position sensor
and IGBT failures that is anticipated to improve the drive's
fault-tolerant aptitude. Although, the proposed encoderless
control was less parameterized, it suffers from the poor
compatibility with a generic 5-phase PMSM characterized
through the time-variant mutual- and self inductances.

As the existence of indefinite, time changing, and load-
torque inputs, unknowing the initial rotor's position angle, and
the indefinite motor parameters can degrade the drive system
performance, thus, various researches have been developed
for coping with this problem. In [10], a high-gain generalized
proportional integral (PI) estimator-based active disturbance
rejection controller has been developed for the PMSM. This
controller has been designed on the basis of the direct
measurability of the system's outputs, constituted through the
PMSM's d-axis current and the angular displacement. In [11],
an extended state estimator has been designed for estimating
the PMSM’s total disturbance and feedforward compensation
has been employed for suppressing the system disturbance.
Although, the proposed estimator has suppressed the
indefinite system disturbance, its structure is very complex
and has high computational time. In [12], an anti-disorder
output feedback dynamic surface control approach has been
introduced for tracking the interior PMSM position that was
subjected to time-varying disturbances and indefinite
nonlinearities. In addition, a nonlinear extended-state-
estimator has been designed based on exponential functions
for estimating the external disturbances and system
uncertainties. Although, this estimator estimated preciously
the system uncertainties, a position measurement is required
for attaining the expected anti-disorder response.

This paper aims to design a robust torque-speed estimator
(RTSE) for estimating the rotor speed and the load torque for
a five-phase permanent magnet assisted synchronous
reluctance motor (5-phase PMa-SynRM). Thus, no speed
sensor is needed for measuring the rotor speed and therefore,
the drive system cost is low. Moreover, this estimator can
solve the speed sensor fault problem, as the feedback speed

information is acquired directly from the virtual sensor.
Furthermore, for enhancing the dynamic performance of the
5-phase PMa-SynRM, five super-twisting sliding mode
controllers are employed for controlling the rotor speed and
the PMa-SynRM currents. Fig. 1 illustrates the block diagram
of the encoderless 5-phase PMa-SynRM drive system with the
RTSE, super-twisting sliding mode current controllers (ST-
SMCCs) for the dg-axis currents, and the super-twisting
sliding mode speed controller (ST-SMSC) using the space
vector pulse width modulation. The detailed design structure
of the whole drive system is introduced in this paper.
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Fig. 1. The encoderless 5-phase PMa-SynRM drive system with the RTSE,
ST-SMCCs, and the ST-SMSC.

The paper structure is prepared as follows: the
mathematical representation of the 5-phase PMa-SynRM is
derived in Section II. Section III presents the detailed design
of the RTSE estimator for the 5-phase PMa-SynRM. The
stability analysis of the proposed estimator is presented in
Section I'V. Section V introduces the stages for computing the
proposed estimator for the 5-phase PMa-SynRM. Section VI
presents the detailed design of the super-twisting sliding mode
speed and the four currents controllers for the 5-phase PMa-
SynRM. The experimental verification of the proposed
encoderless 5-phase PMa-SynRM with the RTSE, ST-SMSC,
and the ST-SMCCs is introduced in Section VII and Section
VIII finally draws the conclusion of this paper.

II. THE 5-PHASE PMA-SYNRM MATHEMATICAL
REPRESENTATION

The dynamic representation of the 5-phase PMa-SynRM in
the dg-frame is represented by:

dl,

Vi =Rl ~Po,L, L, +L,~" 1)
dl 5

V,=RJI,+Po,L, I, +1L, dt"” + 1/?hla),(z)
dl

Va

S

=R, -3Pw LI, +L, A3)

dt

dl [
V%‘ = RA\‘IqS + Pa)erIdx + Ls 7@“_ %hSwr (4)

where h; & h; denote the 1% & 3" harmonic constants,
respectively. The mechanical representation of the S5-phase
PMa-SynRM in the dg-frame can be expressed as:

J do,
dt

=T -Fw, -T, (5)
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III. THE TORQUE-SPEED ESTIMATOR FOR LINEAR
PARAMETER CHANGING SYSTEM

For approximating a real nonlinear system, thus, the linear
parameter changing can be utilized for representing this
system. Through this representation, a simple linear model for
nonlinear systems can be designed with matrices contingent
on algebraic constraints as well as can be employed in various
applications. In this paper, the LPC system is utilized for
simplifying the 5-phase PMa-SynRM model in the dg-frame.

A. System Depiction Equations
The LPC representation of the 5-phase PMa-SynRM in the
state space forms of (1)-(6) with considering the indefinite
input can be expressed by (7) & (8):
%:M([ L) X(t)+WU(t)+DT(t) (7)

dp’

Y(t)=NX(t) (®)
where

M(Idp’fds):[%” %;ﬂ ., N=[1 o], D:[—IO/J}’

21

- \E [hl (L, ~h /L ~hR /L, KR/ LS}

M;;=0, M=1/J, My=-F/J,
5 S5(h* h’

M, =,=P(3hI, —hI, J—=| 1+

12 2 ( 3% ds h’l dp) 2 [Lp LS J

The state vector can be represented
by X(t)=|[T, wr]T eR* , meanwhile, the control input
vector can be expressed by U(?) = [qu Ve 1, 1 W]T eR’,
and the indefinite input vector can be expressed

byT(t)=[T,]eR®. Both the Iu & Iy, are the bounded time-

changing parameters and supposed to be identified. In addition,
Idsimin < Ids < [dsimax & IdPimin < IdP < ]dPimax-

Afterwards, the matrix M can be deduced that it is bounded
and can be expressed by the following form:

M :M(]dp,lds)=th (1,1, M, ©)
where Oth([dp,Ids)Sl & th (Idp’lds)zl
h

W, N & D are considered constant matrices with proper
dimensions. Typically, the aforementioned system can be
expressed by the polytopic representation as in (10) & (11):

‘;—f =>&"(1,,.1, )M, X(t1)+WU(t)+DT(t) ~ (10)

Y(t)=NX(t) (11

The presence of a full-order indefinite input estimator

necessitates two conditions to be verified [7], [13]-[14]. The

relative condition is rank (ND)= rank (D)=Q that forces this
(12) as follows:

dim(m) < dim(Y) (12)

The minimal phase condition is similar to the Hautus criteria

for observability:
I, -M -D
rank[ "N 0 }:,u+Q (13)

If (13) is not fulfilled, thus, the augmented system can be
employed as the observability conditions are less obstructive.
The augmented system in the updated state space form is
represented by:

(14)

(15)

anug
BT = Maug (Idp ’[dx )Xaug (t) + VVLI“&’U“"S’ (t)
}Ilmg (t) = Naug Xaug (t)
where B =[I(J)* 0} s M, :[Ag —Oﬂ} a4 Wg:[%/

X U Y
N =[N 0], X :[m]’Uaug :[m} Yo :[m}

The linear augmented system is observable when:

B MLlllg
rank| 0 N, |=p+rankB (16)
0 B
Afterwards:
B
rank BlMaug = 17)
Naug

where B* denotes the B orthogonal matrix with a full row rank
matrix as B-B= 0.
B. The Robust Torque-Speed Estimator Design
Once the conditions of (16) & (17) are fulfilled, the RTSE
representation can be expressed by[15]-[16]:
dc(t) _
dt

H(I,,.1,)C,.(t)+aU, (t)+yY,. (1) (18)

aug aug

Xu(t)=C(1)=qB*W. U (1)+GY. ()

aug ™~ aug aug

(19)

N
where X aug (¢) denotes the estimated state vector of Xuug ()

meanwhile, C denotes the estimator state vector.
The H (14, 14y matrix can be expressed by (20):

h=H
H(I,.1,)= ; &(1,.1,)H,

According to (20), the matrix H can be bounded via Hyxx &
Hpyin. The Matrices H, o, y, A, ¢ & G are indefinite with proper
dimensions and changing parameters with time.

These matrices must be distinct with the state error

(20)

E(t):)/\(aug(t)_X[mg(t) & the error between C(t) &

TBXaug(t), noted e(t) = C(t) - TBXug(t) approximately zero.
The convergence conditions of the RTSE can be expressed
by[17]:

HTB+yN, ~TM,_ =0
a-1W,, =06" (21)
ATB+¢B'M,, +GN,, =1,

Afterwards, the e(?) dynamic and E(?), which denotes the
state estimation error can be represented by (22) & (23):

delt) _ et 22)
d
E(1) = de(t) (23)
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The main challenge of designing the RTSE is to find the
matrices H, a, y, 4, q, T & G provided both (22) & (23) are
fulfilled for making the the errors E(t) & e(t) converge to zero.

IV. THE STABILITY ANALYSIS

Lyapunov candidates’ functions can be chosen as:
V=V (1,.1,)=¢2(1,.1,)e=¢"Ze0

dp” dp?

v,=V,(1,.1,)=E"Z,(1,.1,)E=E"Z,E -0

dp’

24
(25)

where Z; & Z; are symmetrical and positive definite matrices.
Via the derivative of V; & V>, one gets:

avi_de’ o 'z, de
dt Lie dt (26)
='((2 H) +(Z, H))e-<0
dv, dE" . dE
Z,E+E"Z,~—
dt (27)

_ET((Z2 any A+AZ, AH)E <0
The disparity dV;(2)/dt < 0 & dV>(t)/dt < 0 are valid for all

e(t) #0 & E(t) # 0 if and only if:

(z,H) +(2,H)<0 & (2, AH)" A+ A"Z, AH <0

V.  STAGES FOR COMPUTING RTSE FOR LPC SYSTEM
Through this section, the detailed stages for computing and
obtaining the solution of the RTSE for the linear parameter
changing system are presented as follows:

Stage # 1: Establishing the Sylvester equations:

Considering the Sylvester equations (21), and supposing
that T =T +tB* where 7 denotes an arbitrary matrix with
proper dimension, thus, (21) can rewritten by:

™,
|: A q &j'[ aug :I |: I,u j| (28)
The (28) has a solution in case:
TB _
BLM TB
rank NW =rank| B*M we | = M (29)
TMaug aug
I/t
Global solution of (28) can be expressed as:
H ™ + +
4 3’;}[ g} 5 —[ﬂ([ 55°)  (30)

TB
where ¢ :[BLMW & [)K} denotes an arbitrary matrix of
2

N,

aug

proper dimension.

Stage # 2: The intermediate matrices construction
The subsequent matrices can be distinct through this stage
as follows:

+I +0 +O
B, =07100, 8, =8| T], A =0"] 0,

A, :(1—55*)@, A, =(1—55*)m,

0 ®H :fMaugA A

A, =(1-06")|0]|, ©,=TM,, A,
1

@, =TM,A,

Based on the above equations’ depiction, @y, ®,, & O, can
be represented in polytopic form as they rely on the Mg
variable matrix. According to these matrices, the matrices of
the estimator can be deﬁned as:

H=0,
:@ 1 y
= @ ;

A, -Y,A
Ay -YA! (31)
A,

-Y,A;

2

-YA

A

G
1 q
Stage # 3: Calculating the Y1 & Y2 matrices along with the
RTSE matrices

The Y; & Y, matrices can be defined randomly;
nevertheless, they can be obtained from the stability analysis
of Lyapunov for more accuracy.

Once the Y; & Y, matrices are obtained, the (31) can be
rewritten with substituting the values of ¥; & Y> matrices to
compute the RTSE parameters. The values of H, 4, P, ¢ & G
are obtained from (31).

T =T +1B" afterwards o =TW,,,
VI. THE DESIGN OF THE SUPER-TWISTING SLIDING MODE
CONTROLLERS

In this paper, five ST-SMCs are utilized. The super-
twisting sliding mode speed controller (ST-SMSC) is
employed for controlling the 5-phase PMa-SynRM’s rotor
speed and the other four super-twisting sliding mode current
controllers (ST-SMCCs) are employed for controlling the four
currents I, Ly, las & Iys.

A. The ST-SMSC Design for the PMa-SynRM Speed

Fig. 2 depicts the structure of the ST-SMSC, which
produces the reference electromagnetic torque 7.". For the
speed control loop, the switching function of the rotor speed
Swr, Which denotes the difference between the w,” and the

estimated rotor speed w, can be expressed by (32):

A

SIUV = wr* - wr (32)
The ST-SMSC can be represented by (33) & (34):
T: = KP(ur or Sgn( )+ T;l* (33)
ar,’
==K,  sgn(s 34
dt Tawr g ( wr) ( )

where r represents the exponent, which can be distinct for ST-
SMSC. Meanwhile, Ki,» & Kprr designate the ST-SMSC
integral and proportional gains, respectively. The dynamics
and response of the ST-SMSC can be adjusted via varying the
exponent » along with ST-SMSC proportional & integral
gains.

Fig. 2. The ST-SMSC structure for 5-phase PMa-SynRM rotor speed.
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B. The ST-SMCCs Design for the PMa-SynRM Currents

For controlling the 5-phase PMa-SynRM currents, thus,
four ST-SMCCs are employed. Fig. 3 depicts the general form
of the ST-SMCC for obtaining the reference Vy,". The I, ST-
SMCC controller is utilized for producing the V. Meanwhile,
I;s ST-SMCC controller is utilized for producing the V. The
1, ST-SMCC controller is utilized for producing the V.
Meanwhile, 7, ST-SMCC controller is utilized for producing
the V.

Fig. 3. The general structure of the ST-SMCC for the dg-axis currents.

For the principal d-¢g axis currents, the switching function
Sidp.qp» Which represents the difference between the I"4, 4, and
Lap,qp can be expressed by (35):

-

dp.qp (35 )
where 51,4 represents the switching function of the principal
d-q axis currents. This controller can be represented by (36) &

(37):

Sfdp,qp =1 dp.qp

*

v dp.gp KPldpyqp |S1dp.qp| sgn (Sldpvqp ) +V dpy .qp, (36)
av’,
% = Klldp’qp sgn (Sldpvqp ) (37)

where Kpapgp & Kpiapqp designate the principal d-g axis ST-
SMCCs integral and proportional gains, respectively.
Meanwhile, for the seconder d-g axis ST-SMCCs, the
switching function sy, Which represents the difference
between the [y 4s and I4 45 can be expressed by (38):

= ] - [d.s‘,qx (38)
where sy45,¢s represents the switching function of the seconder

d-q axis currents. This controller can be represented by (39) &
(40):

*
Slds .qs ds,qs

* r

V ds,qs = KPIds.qs Slds,qs sgn (Slds,qs ) + V*dsl,qsl (39)
dV*dsl, s1
dt = Kllds.qs Sgn(slds’qs ) (40)

where Kjasqs & Kpiasgs designate the seconder d-g axis ST-
SMCCs integral and proportional gains, respectively.

VII. EXPERIMENTAL RESULTS

A. System Parameters Identifications for Experimental Work

By substituting the PMa-SynRM parameters (Table I) into
(7) & (8), one gets:

_[ o (17851, -6321,)-1614.3
M‘[5494.5 (17851, ~6324) } ’
[ .o _[247 -48 -1187 225
D—[—5494.5} W—[ 0 0 0o 0 } ’
N=[1 0]

The comparative condition through this case is not fulfilled

as rank (ND) # rank (D) = Q, afterwards, the system is not
observable. So, the augmented system represented via (14) &
(15) can be used as:

TABLE |
THE 5-PHASE PMA-SYNRM SPECS
Nominal power (W) 750 Number of pair-poles 2
Nominal voltage (V) 220 Eﬁg}ig"fnf)he motor & ) 600182
Nominal speed (tpm) 3000 (Flf;‘";;‘/‘;g aisec) coefficient 4 o
Nominal current (A) 3 Nominal torque (N.m) 2.39
Stator resistance
(Q/phase) 2.88 PM flux (wb) 0.4366
d-axis inductance g-axis inductance
(mH/phase) 64 (mH/phase) 14.6
1 00 L [ooo
N, =[1 0 0 , B=[0 1 0|, B*=[0 0 0] ,
0 0 0 0 1
0  (17.85,-6321,)-16143 0
M, =|5494.5 ~109.89 ~54945 |
0 0 -B
264 -46 -11.52 225 0 )
w.o =70 0 0 0" 0| with I € [0, 0.5] &
S I 0 0 A

1i, € [0, 0.5] through the steady-state. f denotes an arbitrary
constant and M., denotes a bounded matrix. Based on this
augmented system, the entire observability conditions of (16)
& (17) are fulfilled. As there are two altering parameters with
time, thus, there will be four linear systems for computing.

The four matrices Mi-aug, M2-aug, M3-aug & My-aug can be
defined for the 4 systems, with the rest of the matrices B, W
& N, are constants. The following functions can be defined
as:

E(1,)=(05-1,)/05¢(1,)=21,

1 —
For f=1 & t = {8 J , thus, T’ & & can be calculated.
After resolution of the linear matrix inequality, both the
matrices Y; & Y> can be employed for calculating the estimator
matrices defined by (18) & (19). So, the four matrices H;, H>,
H; & H, for the estimator can be defined as:

-11.3 -0.55 0 -11.3 -0.75 0

H =15222 -05 0 |,H,=[5222 -05 0
0 0 -11.3 0 0 -11.3

-11.3 0.5 0 -11.3 -0.75 0

H,=|5222 -0.5 0 |[,H,=|5222 -05 0
0 0 -113 0 0 -11.3

The rest matrices of estimators can be expressed by:

12 23 -64 117 0 03 0 0
a=|0 07 0 0 -1222],4=/0 1 0
[ 0 0 } {0 0 o}

0 0 0

00 0 0.667 5.6
g={0 0 0|, G=l 0 |, y=]1055

0 0 -1 0 0
B. Lab Setup

Fig. 4 depicts the lab setup for validating the proposed
RTSE, AT-SMSC, and the ST-SMCCs for the encoderless 5-
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phase PMa-SynRM (Table I) via utilizing dSPACE 1104. For
investigating the effectiveness of the proposed encoderless
approach, an optical encoder is mounted on the 5-phase PMa-
SynRM shaft. The pulse width modulation converter is
employed for driving the system. Both 10 & 1 kHz sampling
frequencies are chosen for the current and speed loops,
respectively. The effectiveness of the proposed RTSE, ST-
SMSC, and the ST-SMCCs for the 5-phase PMa-SynRM are
investigated experimentally through these cases.

Inverter

59

C. Sensitivity to Speed Commands and Load Torque
Disturbances

Fig. 5 depicts the 5-phase PMa-SynRM performance using
the RTSE, ST-SMSC, and ST-SMCCs under different speed
commands and load torque disturbances. The 5-phase PMa-
SynRM starts at 25% of its rated speed from =0—4 sec,
subsequently, the speed command approaches 50% of the
rated rotor speed from =4—8 sec, afterwards, it reaches the
full rated speed throughout /=8—10 sec. In addition, a load
torque disturbance is occurred with full load at /=2 sec then, it
is 50% of the rated torque at =6 sec. Based on Fig. 5, there is
a superior tracking performance between the estimated rotor
speed (Est. speed) of the 5-phase PMa-SynRM along with the
measured speed (Meas. Speed) via the speed sensor.
Moreover, there is a superior tracking between the 7" and the
estimated 77 and the 7, and the estimated 7.. In addition, there
is a superior tracking between the 7, and the estimated Te.
Furthermore, for the torque response, the torque ripples at the
no-load condition are 7%, meanwhile, for the half-load

— - p— 2.5 25
30001 l Ref. Speed = -Meas. Speed —Est. Speed] e £ |l _it*
»g 750 ’é 2+ - -ie ) % -est
; — | ¢-¢sl
£2000{ 700 Z st ' gist
3 2 g
o) 2 2.5 1550 1r e] r
S1000} g £
=05¢ S05¢
1500 3
0 ‘ : : — 0 : : : 0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec) Time (sec)
s x107 x10° 7 x10° ' '
~ 2 z
E ! Z2 g’ |
5 05 51 E o }
5 | L L l 5, | . g
- ' L M F o — ! g -5
[5] = 3
2-0.5 S =
s & 210
-1 : 2 - - - - Q - - -
0 2 4 6 8 10 0 2 4 6 8 10 = 0 2 4 6 8 10
Time (sec) Time (sec) Time (sec)

Fig. 5. The 5-phase PMa-SynRM performance using the proposed RTSE, ST-SMSC, and ST-SMCCs at different speed command and load torque disturbances.

[—Ref. Speed = ~Meas. Speed —Est. Speed| 3 I 3
3000 s es
E | , :,
2000 z 2
=t 3000 3 ES
[0] =
] 2990 = 1S
&1000 \/f 5! &1
2980 = &
5 51 52 S
0 : : ‘ ‘ 0 0 ‘ ‘ :
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec) Time (sec)
-5 4 3
I x10 x10 ,g 5 x 10
B E 0 - Z
E0] g 5 0
o - =
g-l g 5 3 -5
5} o) =]
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8-2 & S -10
2 3
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Fig. 6. The 5-phase PMa-SynRM performance using the proposed RTSE, ST-SMSC, and ST-SMCC:s at stator resistance and L, variation condition.
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condition, the torque ripples are 8%, and for
the full load condition, the torque ripples are 9%. This
superior tracking between the actual signals and the estimated
signals and low torque ripples prove the effectiveness of the
proposed RTSE for estimating the rotor speed and the load
torque plus the well-designed ST-SMSC.

D. Sensitivity to Stator Resistance and Lq Variation

Condition

Fig. 6 depicts the 5-phase PMa-SynRM performance using
the RTSE, ST-SMSC, and ST-SMCCs at +50% increase in
stator resistance along with +50% increase in L, at =5 sec. As
depicted, the proposed RTSE with the ST-SMSC, and ST-
SMCCs proved their robustness alongside the 5-phase PMa-
SynRM electrical parameter variation in the stator resistance
and the L,. In addition, the torque ripples for the torque
response is 1.9%.

E.  Sensitivity to the Moment of Inertia Changing Condition
Fig. 7 depicts the 5-phase PMa-SynRM performance using
the RTSE, ST-SMSC, and ST-SMCCs at +50% increase in
moment of inertia at =5 sec. As depicted, the proposed RTSE
with the ST-SMSC, and ST-SMCCs proved their robustness
alongside the moment of inertia variation condition. In
addition, the torque ripples for the torque response is 1.8%.

F.  Sensitivity to the Open Fault of Phase A Condition

As the 5-phase PMa-SynRM is a multi-phase machine and
it is a fault tolerant machine and in order to check the
robustness of the proposed the RTSE, ST-SMSC, and ST-
SMCCs performance, an open-phase fault is occurred in phase
A of the 5-phase PMa-SynRM at /=5 sec and the fault tolerant
control (FTC) is adopted at /=5.5 sec.
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Fig. 7. The 5-phase PMa-SynRM performance using the proposed RTSE, ST-SMSC, and ST-SMCCs at moment of inertia variation condition.
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Fig. 8. The 5-phase PMa-SynRM performance using the proposed RTSE, ST-
SMSC, and ST-SMCCs under single-phase open fault condition.

The corresponding speed and torque waveforms of the 5-
phase PMa-SynRM under pre-fault, open-phase fault, and
using FTC are depicted in Fig. 8. As depicted in Fig. 8, the
proposed RTSE with the ST-SMSC, and ST-SMCCs proved
their robustness alongside the single open-phase fault and
estimated the rotor speed and the electromagnetic torque
perfectly even during the single open-phase fault and the FTC
condition. For pre-fault operation at =0-5 sec, the torque
ripple range is ~0.11-2.5%. Moreover, the rotor speed has a
good speed regulation range with low speed ripple of ~0.25-
1%. Throughout the single open-phase fault condition at /=5-
5.5 sec, the torque ripple increases to ~ 4-30%. Through using
the FTC at £=5.5-10 sec, the torque ripple minimizes to ~0.12-
2.4%.

G. Sensitivity to the Open Fault of Phases A & B Condition
In order to check the robustness of the proposed the RTSE,
ST-SMSC, and ST-SMCCs performance, open-phase fault is
occurred in two adjacent phases 4 & B of the 5-phase PMa-
SynRM at =5 sec and the FTC is adopted at /=5.5 sec. The
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WITH SUPER-TWISTING SLIDING MODE CONTROL

corresponding speed and torque waveforms of the 5-phase
PMa-SynRM under pre-fault, adjacent two-phase open circuit
fault, and using FTC are depicted in Fig. 9. As shown in Fig.
9, the proposed RTSE with the ST-SMSC, and ST-SMCCs
proved their robustness alongside the adjacent two-phase open
circuit fault and estimated the rotor speed and the
electromagnetic torque perfectly even during the adjacent
two-phase open circuit fault and the FTC condition. For pre-
fault operation at =0-5 sec, the torque ripple range is ~0.11-
2.5%. Moreover, the rotor speed has a good speed regulation
range with low speed ripple of ~0.25-1%. Throughout the
two-phase open circuit fault condition at /=5-5.5 sec, the
torque ripple increases to ~ 6-40%. Through using the FTC at
t=5.5-10 sec, the torque ripple minimizes to ~0.12-2.4%. It
can be noted that the torque ripple of the 5-phase PMa-
SynRM is larger when two-phase are disconnected compared
with the single-phase disconnection condition. Therefore, the
adjacent two-phase open circuit fault has a great influence on
the PMa-SynRM, which directly affects the regular motor
operation. Moreover, the torque ripple of the 5-phase PMa-
SynRM is nearly the same as that before the fault under the
FTC. In addition, the torque ripple is minimized, and the
PMa-SynRM can continue to operate stably.
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Fig. 9. The 5-phase PMa-SynRM performance using the proposed RTSE, ST-
SMSC, and ST-SMCCs under two adjacent-phase open fault condition.

VIIL

In this paper, a robust torque-speed estimator has been
presented and designed for estimating the rotor speed and the
load torque for a 5-phase PMa-SynRM. Moreover, this
estimator has solved the speed sensor fault problem, as the
feedback speed information was attained directly from the
virtual sensor. The stability analysis of the proposed estimator
has been achieved via Schur complement along with
Lyapunov analysis. Furthermore, for improving the 5-phase
PMa-SynRM performance, five super-twisting sliding mode
controllers were utilized with providing a robust response

CONCLUSION

without the impacts of high chattering problem.

A super-twisting sliding mode speed controller has been
used for controlling the PMa-SynRM rotor speed, and four
super-twisting sliding mode current controllers have been
used for controlling the 5-phase PMa-SynRM currents. The
applicability of the RTSE, ST-SMSC, and the ST-SMCCs
approaches have been tested with the 5-phase PMa-SynRM
throughout the load disturbance and the -electrical and
mechanical parameters variations conditions. In addition, as
the motor is a multi-phase machine, thus it has been checked
against the single open-phase fault and the adjacent two-phase
open circuit fault conditions in order to prove the
effectiveness of the proposed estimator and the controllers.
The experimental validation results proved the effectiveness
of the proposed RTSE with ST-SMSC, and the ST-SMCCs
approaches due to the superior tracking and the robustness
against the electrical and mechanical parameters variations,
single open-phase fault and the adjacent two-phase open
circuit fault conditions with smaller steady-state errors, robust
dynamic behavior, and low torque ripples.
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