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Abstract: This paper presents sliding mode control of sensor-less parallel-connected two five-phase
permanent magnet synchronous machines (PMSMs) fed by a single five-leg inverter. For both
machines, the rotor speeds and rotor positions as well as load torques are estimated by using
Extended Kalman Filter (EKF) scheme. Fully decoupled control of both machines is possible via
an appropriate phase transposition while connecting the stator windings parallel and employing
proposed speed sensor-less method. In the resulting parallel-connected two-machine drive, the
independent control of each machine in the group is achieved by controlling the stator currents
and speed of each machine under vector control consideration. The effectiveness of the proposed
Extended Kalman Filter in conjunction with the sliding mode control is confirmed through application
of different load torques for wide speed range operation. Comparison between sliding mode control
and PI control of the proposed two-motor drive is provided. The speed response shows a short rise
time, an overshoot during reverse operation and settling times is 0.075 s when PI control is used. The
speed response obtained by SMC is without overshoot and follows its reference and settling time
is 0.028 s. Simulation results confirm that, in transient periods, sliding mode controller remarkably
outperforms its counterpart PI controller.

Keywords: five-phase permanent magnet synchronous machine; five-leg voltage source inverter;
multiphase space vector modulation; sliding mode control; extended Kalman filter

1. Introduction

Recently, five-phase AC machine drives have gained an increasing attention for a wide variety
of industrial applications such as electric vehicles, aerospace applications, naval propulsion systems
and paper mills. Major advantages of using a five-phase machine over three-phase machine are
better fault tolerant, higher torque density, reduced torque pulsations, improvement of the drive noise
characteristic and decrease in the required rating per inverter leg [1-3]. In addition, there are three
possible connections for the windings, which is able to enlarge the speed operation range compared
with three-phase machines. [4].

Five-phase machines include either induction or synchronous machines. However, compared with
induction machine, under the synchronous machines category, the permanent magnet synchronous
machine possesses many advantages such as high-power density, better torque generating capability
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and high conversion efficiency [2]. The rotor excitation of the PMSM is provided by PMs. The PMSM
do not need extra DC power supply or field windings in order to provide rotor excitations. So, the
power losses related to the filed windings are eliminated in the PMSM. In addition, the magnets and
redundant teeth in stators allow magnetic decoupling from the different groups of windings [5,6].
Therefore, more and more multiphase permanent magnet synchronous machines are addressed
in a variety of specialized literatures [7-10]. Fortunately, with the increasing development of the
technology in traction and industrial applications such as for electrical railways and steel processing,
the parallel/series-connected multi-machine systems fed by a single supply become strongly
suggested. The reasons for that are: low cost drive, compactness and lightness [11,12]. However,
the series-connected system suffers from some serious drawbacks compared with parallel-connected
system. In such connection, both beginnings and ending of each phase should be brought out to the
terminal box of each multiphase machine. Connecting the phase endings into the star point within
the machine can eliminate this disadvantage, as it is the case for parallel connection [13]. Further, the
series-connected machines suffer from drawback of poor efficiency because of higher losses.

This paper therefore exploits the maturity of the control ideas proposed for series-connected
multiphase multi-machine drives [14-16], as the starting point and extends them to parallel-connected
multiphase multi-machine drives.

Actually, to control the torque and flux of any multiphase only direct and quadrature current
components are used. The remaining components can be used to control the other machines
which are fed by a single multi-leg inverter. This constitutes the main idea behind the concept
of parallel-connected multiphase multi-machine drive system fed by a single multi-leg inverter supply.
This idea has been developed for all induction machines with even and odd supply phase numbers as
pointed in [1,17], respectively.

Usually, in order to control the multiphase drive, the standard controllers have been widely used.
However, neglected dynamics, parameter variations, friction forces and load disturbances are the main
disturbances and uncertainties that can affect the effective functioning of the drive system. So, it will
be very difficult to limit these disturbances effectively if linear control methods like PI controllers
are adopted [18]. To overcome the aforementioned problems, other advanced methods have been
proposed [1,19-21]. These approaches include, among others, the sliding mode control (SMC). The
SMC is a nonlinear control method known to have robust control characteristics under restricted
disturbance conditions or when there are limited internal parameter modeling errors as well as when a
there are some nonlinear behaviors [22]. The robustness of the SMC is guaranteed usually by using a
switching control law. Unfortunately, this switching strategy often leads to a chattering phenomenon.
In order to mitigate the chattering phenomenon, a common method is to use the smooth function
instead of the switching function [18,23,24].

The five-phase PMSM is invariably supplied by a five-phase voltage source inverter (VSI). There
are many techniques to control the five-phase inverter such as carrier based PWM (CBPWM) and
space vector modulation (SVM). However, SVM has become the most popular due to its ease of
digital implementation and higher DC bus utilization [25-27]. To develop the SVM technique for the
parallel-connected two five-phase PMSMs configuration, the concept of multiple 2-D subspaces is used.
The idea is to select in each of the two planes, completely independently, a set of four active space
vectors neighboring the corresponding reference. So, it can be possible to create two voltage space
vector references independently, by using the same approach and the same analytical expressions as
for the case of purely sinusoidal output voltage generation. However, in the first switching period, the
space vector modulator will apply a- voltage reference. In the next switching period the space vector
modulator will apply x-y voltage reference [27].

In the most electric drives, an accurate knowledge on rotor position is crucial for feedback control.
It can be achieved from some types of shaft sensors such as an optical encoder or resolver connected to
the rotor shaft [11,28]. However, the use of these sensors will increase the cost and reduce the reliability
of the drive and may suffer from some restrictions such as temperature, humidity and vibration.
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In order to overcome these shortcomings, a number of researchers have developed the well-known
sensorless control technology. Various sensorless algorithms have been investigated and reported in
many publications [29-31]. The main idea of sensorless control of parallel-connected two five-phase
machines is to estimate the rotor positions and their corresponding speeds through an appropriate
way using measurable quantities such as five-phase currents and voltages. However, few applications
deal with the sensorless control of multiphase machines such as, model reference system [32], Kalman
filtering technique [33] and sliding mode observer of five-phase induction motor [10]. Unlike the other
approaches, EKF is more attractive because it delivers rapid, precise and accurate estimation. The
feedback gain used in EKF achieves quick convergence and provides stability for the observer [34].
For stochastic systems, the extended Kalman filter is the preferable solution capable to provide states
estimation or of both the states and parameters estimation.

The purpose of this paper is to study a sensorless sliding mode control scheme using the extended
Kalman filter of parallel connected two five-phase PMSMs fed by a single five-leg inverter. To meet
this end, the SMC is implemented for speeds and currents control and EKF is used for sensorless
operation purposes. The resulting control scheme combines the features of the robust control and the
stochastic observer to enhance the performances of the proposed two-machine drive. The performance
of the estimation and control scheme is tested with challenging variations of the load torque and
velocity reference. The obtained results prove that the two machines are totally decoupled under
large speeds and loads variations, although they are connected in parallel and supplied by a single
inverter. In addition to that, a comparison between SMC and the traditional PI for sensorless operation
is also considered.

2. Modeling of Multiphase AC Drive System

The two-machine drive system under consideration is shown in Figure 1. It consists of a five-leg
inverter feeding two five-phase PMSMs. The five-phase PMSM has five-phase windings spatially
shifted by 72 electrical degrees. In Figure 1 each stator is star-connected with isolated neutral point
which eliminates the zero sequence voltages. It can be seen from Figure 1 that the phase transposition
rules of parallel-connected two five-phase PMSMs system are as follows [17]: asj-asy, bsq-csp, cs1-€sy,
dsi-bsy, es1-dsy. Where indices 1 and 2 identify the two machines as indicated in Figure 1. So, the
relationships between voltages and currents are given as:

v;nv Ugs1 = Ugs2 i;lnv igs1 + las2
Ugtv Ops1 = Ucs2 igw Ips1 + lcs2
Ugbede = | 000 | = | Uces1 = Ves2 lobede = | B¢ | = Ies1 + les2 1)
oo Uds1 = Ubs2 ifjnv igs1 + ips2
(i Ues1 = Uds2 ig"? les1 + 1ds2

The main five dimensional systems can be decomposed into five dimensional uncoupled
subsystems (d-g-x-y-0). Let the correlation between the original phase variables and the new (d-g-x-y-0)
variables are given by fi,x, = Cfapcde, where C is the following invariant transformation matrix:

cos(f) cos(8 —2m/5) cos(6 —4m/5) cos(0+4m/5) cos(6+27/5)
) sin(f) sin(6 —27/5) sin(@ —47/5) sin(0+47/5) sin(6 +27/5)

[C] = 5 cos(f) cos(6+4m/5) cos(0—2m/5) cos(6+2m/5) cos(6 —4m/5) 2)
sin(f) sin(0 +4m/5) sin(6 —27/5) sin(0+27/5) sin(6 —47m1/5)

1/2 1/2 1/2 1/2 1/2
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By applying the transformation matrix (2) on Equation (1), the voltage and current components of
the five-phase VSI become:

v Uds1 = Uxs2 i Igs1 + Lxs2
v%nv Ugs1 = —Uys2 i%nv iqsl - Z._1/52
Uécnv = [Cloapede = Uxs1 = Uds2 |/ is{nv = [Cligpede = | ixs1 + ias2 ®3)
vzym; Uys1 = Ugs2 ilym} Iys1 + 1gs2
vy’ 0 ig" 0

From (3), it is evident that the inverter voltage d-qg components can control the first machine
(PMSM1), while the second machine (PMSM2) can be controlled separately using the inverter voltage
X-y components.

The model of each five-phase PMSM is presented in a rotating d-g-x-y frame as:

. dig; .

Vasj = Tsjlasj + Laj—gr — WiLagsilesi

Vgsj = Tsjlgsj T Laj=g5 + WiLasjiasj + w;Pg )
Lysj

Uxsj = rsjixsj + Llsj?
Vysj = Tsjlysj + Lisj
wherej=1,2. Ugj, Ugj, Uxj, Uyj re the stator voltages in the d, g, x, y axes, respectively. id]-, iq]-, ix]-, z'y]- are
the stator currents in d, g, x, y axes, respectively. Ldj, Lq]-, Llsj are inductances in the rotating frames. rsj
is the stator resistance.
The torques equations for the first and the second machines are given by:

Tem1 =
TemZ =

(®r1igs + (Lar — Lq1)igsias)

: o ©)
(q)leys + (LdZ - Lq2>1yslxs)

5p1
2

5p2
2

where p; are pole pairs, ®y; are the permanent magnet fluxes.

- — - ~ — Stator of PMSM1

Va iy v
inv b bs1

— inv c csl

inv L.

Va e
inv L, Vest

_| _| _| _| _| Stator of PMSM2

Figure 1. A parallel connected five-phase two-motor drive.

The proposed sensor-less control of the parallel-connected two five-phase permanent magnet
synchronous machines is presented in Figure 2, where the two main parts EKF and SMC are considered.
The EKF is designed to estimate the rotor position, speed and load torque of each machine by using a
current observer. The feedback actual speed, estimated speed and load torques are the inputs of the
speeds SMCs to determine the g;-y, axes reference current components. The other current components
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are maintained to zero. The measured currents are processed in the current SMCs to obtain as outputs
the dqxy axes reference voltages components. These reference voltages are transformed into the abcde
frame and transformed again to aBxy frame to become input signals to the SVM blocks. The SVM
transmits the signals to the inverter to drive the two five-phase PMSMs connected in parallel.

Q SMC

[

P Inverter v abede
! voltage “

references

generation ofixy Vi, I S.
v x=y
vv ref

wref1 =
e T
i :
p—
Iy

To v,

—ldqxy2 4“
To
Vxref2
1bcde?
Qi
Q\ — -
Fo — .
2 R
{ Ldgny1 Vagyt
& abede Vabeder =" T+
0 | ExFI S N
Tu it | daxy Ly R Y
0‘ PMSM1
Q]
ﬂ Vg1
Q abede L
6. | mr2 | to y
7%[: Ldgt dqu |1

Figure 2. Sensor-less SMC of parallel-connected two five-phase PMSMs drive system.

3. Sliding Mode Controller (SMC)

The design of a sliding mode controller requires mainly two stages. The first stage is choosing an
appropriate sliding surface. The second stage is designing a control law, which will drive the state
variables to the sliding surface and will keep them there.

3.1. Sliding Surfaces Choice

In order to prescribe the desired dynamic characteristics of the controlled system, the following
general form of sliding surface can be adopted [35].

d r—1

S = (5 +A) el) ©

With: e(x) = x5 — x. A: is a positive coefficient. r: is the relative degree, which is the number of
times required to differentiate the surface before the input u {\display style u} appears explicitly.
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3.2. Controller Design

In order to drive the state variables to the sliding surface, the following control law is defined as:
U = Uege + Ugjc ()

The equivalent control u. is capable to keep the state variables on the switching surface, once
they reach it and to achieve the desired performance under nominal model. It is derived as the solution
of the following equation:

S(x) =S(x) =0 ®8)

The discontinuous control u ;. is needed to assure the convergence of the system states to
sliding surfaces in finite time and it should be designed to eliminate the effect of any unpredictable
perturbation. The discontinuous control input can be determined with the help of the following
Lyapunov function candidate:

1
v:iﬂmz )
The stability is shown under two conditions as:

e  The Lyapunov function V is positive definite.

e  The derivative of the sliding function should be negative V = S(x)S(x) < 0 (¥S).

The so-called reaching stability condition (V = 8§ < 0) is fulfilled using the following
discontinuous control:
e = Gign(S(x)) (10)

where G is a control gain.
In order to reduce the chattering phenomenon, a saturation function instead of the switching one
can be used. The saturation function depicted in Figure 3 is expressed as follows:

o= (T B0

(11)
With 6 is the boundary layer width.

sat(S(x))
A

1

» S(X)

Sl ———

Figure 3. Saturation function.



Electronics 2018, 7, 14 7 of 19

4. Sliding Mode Control of the Five-Phase Two-Machine AC Drive System

4.1. Speeds SMC Design

The first task in the speeds SMC design process is to select suitable sliding surfaces S();). Since
the relative degree is one, the following sliding surfaces are adopted:

S(€Y) = Qpesj — Q (12)

By taking the derivative of sliding surfaces (12) with respect to time and using the machines
motion equations, it yields:

' ' 5p1(Lar —Lg1 Jiasn +5p1 %y, . T 0

5(y) = Qrefl _ Spila qégldl 1P igs1 + # + flhl

: : 5p2(Lyp—Lg2)ixsa+5p2 Py, . T, Q

5(0) = Qrefz _ Spalla qéfz 2+5p2Py, iys2 + ﬁ + fz}zz

(13)

where J;, f; and Tj; are moment of inertia, damping coefficient and load torque of each machine. The
currents controls iys..r1 and iy > are defined by:

iqsl = iqseqcl + iqsdicl (14)
Z'ysZ = iyseqCZ + iysdicZ

where: ) .
J1 Qe+ T+ J2Orer1+ T+ 20

B 31 (L =Ly )igan +3 1P  Ip(La—Lp)ixa+3p2% 12
igsdict = Gasat(S()); iysaico = Gazsat(S(Q2))

iqseqcl = }iyseqcz =

During the convergence mode, the condition V = $(x)S(x) < 0(¥S) must be verified. By
replacing (14) into (13), we get:

: 5p1(La1—Lg1)igs1 +5p1 Py, .

S(Ql) - - : gl : . lgsdicl < 0 (15)
: 5p2(Lap—Lg2)ixs2+5p2Py, .

S(QZ) - - q2]2XS L Lysdic2 <0

4.2. Currents SMC Design

The control objectives are to track the desired currents trajectories. So, the sliding surfaces can be
calculated as follows:

S(idsj) = idsrefj - idsj
S(igs) = igsrefj — lgsj (16)
S(ixsj) - ixsrefj - ixsj
S(iysj) = dysrefi = iysj
The time derivative of (16) is:
S(idS]) = ?dsrefj - .idsj
i) = ipersy — i W)
S(ixsj) = lys refj — ?xsj
S(iysj) = iysrefj — iysj
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Using (4), the Equation (17) can be rewritten as:

S(in) =iy ot Tig Ly ._LU ,
dsj) — dsref] Ld dsj — Ly “itasi — I, dsj
j ; /‘P 1
qsref] L lgsj T 1, wzds]+ T, T,s (18)

¥

i‘is])

(idsj)

(

L . e

S(lxsj) = Zxsrefj + ﬁ:jlxsj - %sjvxsj
(

¥

. 1 )
tysj) = bysrefj T T lys) — T Vysi
So, it is possible to choose the control laws for stator voltages as follows:

Udsrefj = Udseqcj + Udsdicj

Ogsrefj = Ugseqcj + Ogsdicj (19)
Uxsrefj = Uxseqcj + Oxsdicj
OUysrefj = Uyseqcj + Oysdicj

where:
. L. . Fo: Ly WD
Jp— Ijio oo ERg, s .. ppe— . Sy Zdi g i .
Odseqej = (ldsref] Ld Idsj Ly w] qS])Ld]r Ugseqcj = (lqsref] + L, Igsj + Ly Wilgsj + Lg; )LW
L NPUILL AT
Uxseqcj — (lxsref] + Ll ZXS]) Isjs Oyseqej = (lysref] + Lisj lyS]) Isj
Udsdicj = Gdsjsat(s(idsj));vqsdicj = Gqusat(s(iqu));vxsdicj = stjsat(s(ixsj));vysdicj = Gysjsat(s(iysj))

During the convergence mode, the condition V = S$(x)S(x) < 0 (¥ S) must be verified. By
replacing (19) into (18), we get:

S(igsj) = —L%,jvdsdicj

. 1

S(lqu) = _vaqdicsj 20

o 0)
(le]) Ly Uxsdicj

- 1

S(lysj) = *ﬁsjvysdicj

The control voltages given by (19) are transformed in abcde frame and then the inverter phase
voltage references are calculated according to the following expression:

inv

Uq = Uasrefl + Uasref2
Ui,m} = Ubsref1 + Vgs ref2
Ulcm) = Ucsrefl + Ves ref2 (21)
v:,jnv = Udsref1 + Obsref2
Uénv = Uesrefl + Uds ref2

5. Space Vector Modulation Technique for Parallel Connected Multiphase AC Drive System

5.1. Five-Leg VSI Modeling

The five-leg inverter output phase-to-neutral voltages can be expressed as:

vl = M(ALS,Z —Sp—Sc— S4— Se)

vznv:%( o +45, =S —S5—Se)
o0 = %e(—S, — S, +4S. — Sy — Se) (22)
i = %e(—S, — S, — Sc+4S;— Se)
00 = e (—S, — S, — Sc — Sy4 +4S.)

where v;, denotes DC-link voltage and S;, i = a,b, ¢, d, e refer to switching functions.
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The five-phase inverter has totally thirty-two space voltage vectors, thirty non-zero voltage vectors
and two zero voltage vectors. These space vectors can be projected on a-3 subspace as well as on
x-y subspace as shown in Figure 4. Every plane is divided in ten sectors, each occupying a 36° angle
around the origin by means of the following two space vectors [27]:

( 1nv+vznve]a+vznv ]Zoc_'_vmv ]3a+vznv ]40()

_ 2
3 (23)
v;nv %( inv + vznve]Za + vmve]4zx + vmve]&x + vmve]&x)

Figure 4. Space vectors of a five-phase inverter in two 2-D subspaces.

From Figure 3 the space vectors are divided into three groups in accordance with their magnitudes:
small, medium and large space vector groups. The magnitudes are identified with indices s, m
and ! and are given as: |Vi| = 4/5cos(27t/5)v4e, |Vin| = 2/5v4. and |V)| = 4/5cos(7t/5)vy,,
respectively [27,35-38].1t can be observed from Figure 3 that medium length space vectors of the
a-f plane are mapped into medium length vectors in the x-y plane and large vectors of the a-§ plane
are mapped into small vectors in the x-y plane and vice-versa.

5.2. SVM Method for Five-Leg VSI

The reference voltage can be obtained by averaging a certain number of active space vectors
for adequate time intervals, without saturating the VSI. Four active space vectors are required to
reconstruct the reference voltage vector [27,36-38].

The dwell times for active space vectors T4y, T1;, Toy, Ty are:

|v,,3f| sin(s7t/5—10)

T WT
|Vs| |0y | sin(s7t/5—9)
Tom |\Vm||(\V1\+\Vs\)sn)1(7r/5) Ts
_ |Vrep|sin(s/5-8) (24)
T = ([Vi]+[Vs]) sin(/5) Ts
= sl

= Val(Vi[+]Vs])sin(7/5)
To = Ts — (T1y + T + Toy + Tom)

where: Tj is the switching period and @ is the voltage reference vector position.

The control strategy adopted herein is based on the approach proposed in [27,36]. Indeed, in
the first switching period, the space vector modulator will apply a-f voltage reference. In the next
switching period the space vector modulator will apply x-y voltage reference as shown in Figure 5. The
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selection of switching signals is depicted in Figure 6. So, two independent space vector modulators are
further utilized to realize the required two voltage space vector references, with dwell times calculated
independently in the two planes using (24).

Switching
period
number
counter

Compute 9 and Compute 9 and
sector number sector number
in a-8 plane in x-y plane
l 4
Calculate the Calculate the
dwell times of dwell times of
switching vectors switching vectors

'

Switching sequences generation

Figure 5. Steps of SVM technique for parallel connected two-machine drive.

Sector s =1 (a-p) Sector s =3 (x-y)

L By L L By B Bw L L Bw By D T B Ty Bw B Bw By B Tw Do
5‘4 2 2 e 2t 2 2 2 w2t 2ta 2y 4‘=A4 2 2t 2t 22 2 w2 2 2 4;1
| | |
| I— | |
| | |
| | ]
| | |
L | |
| | |
| | |
[ I C
| | |
I I 1
It R Nt e et N St At S e At S D I Snst At Rt BN S A R
Yo ' Vie Vo Vas § Va9 @ V3 i Voo i Vas 1 Vg f Vie Vo | Yo V2 Vio Vae + V27 ' V31 P Va7 Ve ¢t Vio V2 Vo |

T, T

Figure 6. Switching pattern obtained with SVM.

6. Extended Kalman Filter Based Speed Estimator for Parallel Connected Two Motor Drivel

Normally, speed observers used for three-phase machines can be easily extended to multi-phase
multi-machine drives. For each machine, the speed estimator requires only stator voltages and currents
components. The SMC block diagram based on extended kalman filter of parallel-connected two
five-phase machines drive system is shown in Figure 2. The main task of EKF is to find the best
estimate of state variables and the unknown load torques since the knowledge of the load torque is
necessary for each speed SMC implementation.

In the five-phase PMSM control case, d, g, x, y currents and voltages are measured and the
Equation (4) is sampled to obtain a discrete state space representation to be used in the observer
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synthesis. Assuming that the sampling interval T, is very short compared to the system dynamics, the
augmented discrete-time of each five-phase PMSM model is given as follows:

Xjk+1) = A Bty + Wi

(25)
Yjk = Cixji + vjk
With:
. . . . t
Xjk = [igsjk gsjk Txsjk fysjk Qi Ok Tiji]
inv inv
we=| O e O
mo mo
vk 0 vy 0
. _— / . / . / . / . t
Yik = [ldS]k Lgsjk Txsjk Lysjk ]
1-T(12) POy 0 0 0 0 0] [ Ter 01 1
.t _ (5 P I 0 Tt
PIOJLM, 1 T”(Lw) 0 . 0 p’quW 00 T, oLd] 1000000
T (5 €Ly
e 0 0 1-7(z) ° 0 00 5 o Tl . _lo1o00000
k= 0 0 0 177’}(&) 0 00 k= 0 0”/ * =10 010000
5p . 5P, f
TET];(LdfleU-)IW T3 0 0 1—Te(l—;) 00 0 0 0001000
0 0 0 0 TP 10 0o 0
| 0 0 0 0 0 01| | o o |

where xji, uj; and yji are the augmented state vector and input vector and output vector at the sampling
instant k of machine j, respectively.A j and Bjy are discrete system matrix and discrete input matrix for
each machine, respectively. wj and vj; are the system noise and measurement noise, respectively.
The added white-noise vectors are Gaussian and uncorrelated from each other with zero mean
and covariance Q; and R, respectively. The covariance matrices Q; and R; of these noises are defined as:

Qj= E{w]-kijk/}, for k#Kk 26
Rj = E{vjkv].Tk,}, for k#Kk

In a first main stage the state xj(,1) is predicted using discrete matrices and previous state. In
a second main stage, the feedback correction weight matrix K; (filter coefficients) is used to have an
accurate prediction of the state x;;14). This is obtained by computing K; depending not only on
the error made but also with an adjustment using weight P; (covariance state matrix). This allows
estimating accurately x; with respect to Q; and R; covariance matrices corresponding respectively to
state noise and measurement noise levels [30]. Using Equation (25), the rotor speeds and load torques
can be estimated by the extended Kalman filter algorithm described as follows:

e  Sate prediction:

X = AjkXjm T Biktjk (27)

e Estimation of the matrix of the covariance error:

5 T
Pitkr1/k) = ApPi/oy Aje + Q; (28)
e  Kalman coefficient update:
R R -1
Kiges1) = Pk Cit [Py /i Cik ™ + R}l (29)

e  State estimation:

ey = Sitkr/e) T Kjgern) W) — Cidierazn) (30)
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e  Covariance error matrix update:

Pies1 k1) = Piges1 i) — Kigern) Cik i1 /1) (31)

where £ is the system state, 1 is the system input vector, y is the system output vector, P, Q and
R are the covariance matrices, C is the transformation matrix.

7. Numerical Simulation Results

In order to verify the applicability of the proposed control scheme for the two-machine drive
system of Figure 2, the following simulations are performed using two identical 2-pole, 50 Hz five-phase
PMSM. The parameters of each machine are listed in Table 1. The performance of the SMC controller is
compared with that of the conventional controller. The tuning parameters for the PI controllers and
SMC controllers are also given in Table 2. Many simulation tests are performed in order to verify the
independence of the control of the two machines in sensor-less mode.

Table 1. Five-phase PMSM parameters.

pj Ly Ly Lis s Jj rsj Ji
2 85mH  8mH  02mH 0175Wb  0.004 kg m? 10 0

Table 2. PI and SMC parameters.

Speed . . . .
Controller isq Controller isq Controller isx Controller isy Controller
Pl ky,=0.8 k, =33 ky, =33 ky =33 kp =33
ki =40 k; = 32,000 k; = 32,000 k; = 32,000 k; = 32,000
SMC Gnj=5 Gigj = 4000 Gigj = 7000 Giyj = 4000 Giyj = 7000

The behavior of the overall drive system is presented in Figures 7-11 at different test conditions.
Figure 7 shows then estimated speeds, currents and torques of the unloaded two machines for many
different speeds references. At the beginning, the first machine is running at 100 rad /s, at t = 0.7 s it
decelerated to —10 rad/s, after that, it is accelerated again to the speed 60 rad/sat t = 1.4 s. For the
second machine the speed reference is set at 50 rad /s, 25 rad/s, 100 rad /s, —100 rad /s and 80 rad/s at
t=0s,04s,09s,125,1.7s, respectively. Effect of the speed rotation reversion of one machines on the
other machine performance is investigated Figure 8. In this test, most of the time when one machine is
rotating at +100 rad/s the other is running at the opposite speed.

Some additional reversing tests are conducted next to further verify decoupling of the control of
the two machines. Figure 9 displays results for the case when the speed (), is kept at standstill, while
() is reversed from: +100 to —100 rad/s at f = 0.5 s and returns to zero at f = 1 s. At the subsequent
test, the speed (); is held at zero, while (), is reversed from 100 to —100 rad/s at 1.5 s.

Figure 10 shows the speeds, torques and currents of the two-machine drive controlled by both PI
and SMC controller in the presence of load torques variations. The reference of the first speed is fixed
at 100 rad/s, while the speed reference of the second machine is fixed at 50 rad/s. Load torques are
applied on the two machines at t = 0.5 s and t = 0.7 s, respectively.
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Figure 11. Actual and estimated speeds and load torques and their corresponding estimation errors
(SMC case).

It is clear from all estimated speeds characteristics that in every test the speed estimators provide
accurate speed estimations. These results also prove that both speeds machines are independently
controlled even in sensor-less mode. Indeed, the speed variation of the first machine in the two-machine
drive system does not affect the behavior of the speed of the second machine even in reversal conditions.

The electromagnetic torque generated by each machine during the simulated speed step response
is shown in Figures 7-10. Note that the generated torques are directly proportional to the g-x axes
currents and fully decoupled from d-y axes currents.

Comparison of results in Figure 7 shows once more that the control of the two machines is
completely decoupled. There is hardly any evidence of torque disturbance of one machine during the
reversal of the other one. Furthermore, the direct axis currents responses remain completely unaffected
during these transients.

As shown from Figure 8, the starting and reversing transients of one machine do not have any
tangible consequence on the operation of the second machine. The decoupled control is preserved and
the characteristics of both machines are unaffected.

Figure 9 illustrates results for the case when the speed of one machine is kept at zero, while
the second is reversed. Speed of one machine and its electromagnetic torque remain completely
undisturbed during the reversion of the other machine, indicating a complete decoupling of the control.

Figure 10 shows inverter current characteristic, motor torques and estimated speed of motors at
different loading conditions for parallel-connected two five-phase machines drive system. It is clear
from Figure 10 that when one machine is loaded or unloaded, the second machine performance is
unaffected; which proves once again that both motors connected in parallel are totally decoupled. In
case of sliding mode control, no variation whatsoever can be observed in the speeds responses of the
both machines during these transients.

The estimated and actual values of speeds and load torques as well as their estimations errors
are reported in Figure 11. The EKF algorithms give accurate and fast speeds estimations over entire
speed range including low speed and standstill operations with low speed errors, even in transients.
Furthermore, the estimated values of loads torques are very close to their applied ones. Consequently,
the load torque estimation errors are almost zeros; this reflects the stability of EKF during load torques
variations. These results confirm that the extended Kalman filter is very suitable for two-machine
drive system.

It is worth to notice that there is no impact on the speed and electromagnetic torque of one
machine when the speed or the load of the other machine in parallel-connected system changes.
Thus, through proper phase transformation rules, the decoupled control of two five-phase PMSMs



Electronics 2018, 7, 14 16 of 19

connected in parallel can be achieved with a single supply from a five-phase voltage source inverter.
Furthermore, measured and estimated speeds are in excellent agreement in both steady state and
transient operations.

Figures 7-10 illustrate the behavior of the dg-axes and xy-axes inverter currents for both controllers.
In case of the PI controller, the stator currents i;’“’ and i;’“’ peak above 17 A, then decay exponentially
to the steady-state while the currents ié”” and i"” are maintained at zero as illustrated in Figures 7b,
8b, 9b and 10b. Figures 7a, 8a and 9a show currents in case of sliding mode control. In contrast, the
i;”” and i;”” currents peak slightly above 20 A and continue on this value, until the speed reaches its
reference value, this leads to a short settling time, as shown in Figures 7a, 8a, 9a and 10a.

Figures 7-9 show the behavior of the two-machine drive under different speeds step variations
and without load torque. In Figures 7b, 8b and 9b, the system comportment using PI controller exhibits
the expected step response characteristics of a second order system. The response has a short rise
time, an overshoot of approximately 18% during reverse modes and settling times close to 0.075 s.
Figures 7a, 8a and 9a show comparable dynamic behavior using SMC. However, it is clear from these
figures that the system reaches steady-state at 0.028 s without overshoot.

From Figure 10b and by analyzing the transient of two-machine drive controlled by PI controller,
it is easy to observe speeds drops taken place at the moments of loads changes. These speed drops are
compensated by the PI controller after a necessary recovery time. Figure 10a shows the drive responses
in the same load conditions with PI control. At the moments of load variations, the SMCs keep the
speeds close to their references without overshoots and without drops. Therefore, the SMC can be
considered as more robust under loads variations.

A general comparison between SMC and PI is given in Table 3. Compared to PI controller, SMC
shows superiority in terms of settling time and overshoot. However, it needs more energy in starting

transient then that needed by the conventional controller.

Table 3. Comparison between SMC and PI.

Comparison Criterion SMC PI
Settling time (s) 0.028 0.075
Recovery time (at abrupt load) (s) 0.0045 0.05
Overshoot in reversal mode (%) 0 18%
Starting current (A) 20 17
Starting torque (Nm) 18 15
Speeds drops (%) 0 5

8. Conclusions

In this paper, sensor-less non-linear sliding mode control based on the Lyapunov theory of
parallel-connected two five-phase PMSMs drive fed by a single inverter has been developed in order
to make the system asymptotically stable. In the proposed control scheme, the Extended Kalman
Filter is used for rotor speeds, positions and load torques estimations, while a sliding mode controller
is used for speeds and currents control. The sliding mode control has several advantages such as,
robustness, high precision, stability and simplicity, very low Settling time. The added value of EKF
based sensor-less control is the improvement in system dynamics through the accuracy in speeds,
rotor positions and load torques estimations. The effectiveness of the control approach has also been
verified through extensive computer simulations and compared with PI controller. The response has a
short rise time, an overshoot during reverse modes in PI controller and settling times close to 0.075 s.
However, the speed response obtained by SMC is without overshoot and follows its reference and
settling times close to 0.028 s. The results also show that the torque obtained by the PI control decreases
progressively, while the torque obtained by the SMC is maintained longer at its maximum value, until
the speed reaches its reference value. Speeds drops taken place at the moments of loads changes in PI
controller. The SMC keep the speeds close to their references without overshoots and without drops.
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Therefore, the SMC can be considered as more robust under loads variations. SMC shows better speed
tracking performance at both dynamic and steady state than conventional PI controller in the situation
reverse modes and load torque variations. Thus, simulation results have verified the proposed whole
system has great robust to external disturbances. The simulation of the two-machine drive under
various test conditions confirmed that the control of the parallel-connected two five-phase machines
is truly decoupled even in sensor-less mode. These results affirm also the ability of the observer to
guarantee good estimations in steady state and transients as well. Simulation results point out also that
using sliding mode control the dynamic performance of the two-machine drive is further improved
compared with the conventional PI controller.
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