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This paper presents a direct torque control is applied for salient-pole double
star synchronous machine without mechanical speed and stator flux linkage
sensors. The estimation is performed using the extended Kalman filter known
by it is ability to process noisy discrete measurements. Two control
approaches using fuzzy logic DTC, and neural network DTC are proposed
and compared. The validity of the proposed controls scheme is verified by
simulation tests of a double star synchronous machine. The stator flux,
torque, and speed are determined and compared in the above techniques.
Simulation results presented in this paper highlight the improvements
produced by the proposed control method based on the extended Kalman

. filter under various operation conditions.
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1. INTRODUCTION

A multiphase drive has more than three phases in the stator and the same number of inverter legs is
in the inverter side. The main advantages of multiphase drives over conventional three-phase drives include
increasing the inverter output power, reducing the amplitude of torque ripple and lowering the DC link
current harmonics. Furthermore, the multiphase drive system is able to improve the reliability. Indeed, the
motor can start and run since the loss of one or many phases [1]. Last two decades, the multiphase drive
systems have been used in many applications, such as traction, electric/hybrid vehicles, and ship propulsion

[2].

In multiphase machine drive systems, more than threephase windings are implemented in the same
stator of the electric machine. One common example of such structure is the double star synchronous motor
(DSSM). This motor has two sets of three-phase windings spatially phase shifted by 30 electrical degrees and
each set of three-phase stator windings is fed by a three-phase voltage source inverter [3].

The feeding of the DSSM is generally assured by two twolevel inverters. However, for the high
power; multilevel inverters are often required. Since the advantages of multilevel inverters and multiphase
machines complement each other, it appears to be logical to try to combine them by realizing a multilevel
multiphase drive [4]. In the other hand, multilevel inverter fed electric machine systems are considered as a
promising approach in achieving high power/high voltage ratings. Moreover, multilevel inverters have the
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advantages of overcoming voltage limit capability of semiconductor switches, and improving 2 harmonic
profiles of output waveforms [5]. The output voltage waveform approaches a sine wave, thus having
practically no common-mode voltage and no voltage surge to the motor windings. Furthermore, the reduction
in dv/dt can prevent motor windings and bearings from failure.

In the other hand, the multilevel direct torque control (DTC) of electrical drives has become an
attracting topic in research and academic community over the past decade. Like an every control method has
some advantages and disadvantages, DTC method has too. Some of the advantages are presented in [6]. The
basic disadvantages of DTC scheme using hysteresis controllers are the variable switching frequency, the
current and torque ripple. In the aim to improve the performance of the electrical drives based on traditional
DTC, fuzzy logic direct torque control (FLDTC) and artificial neural network direct torque control (DTC-
ANN) attracts more and more the attention of many scientists [7], [8]. This paper is devoted to FLDTC and
DTC-ANN of sensorless DSSM using extended Kalman filter fed by two three-level diode clamped inverter
(DCI).

In this context, several speed observers have been suggested in literature, such as sliding mode
observer [9], adaptive observer, model reference adaptive system, and Extende Kalman filter [10]. Kalman
filter is a stochastic state observer where nonlinear equations are linearized in every sampling period. It has
the advantage of providing both flux and speed estimates, and thus avoids limitations of the open loop pure
integration method.

The present paper structure is as follows. Firstly, the model of the DSSM is presented in the second
section. In the third section, the three-level inverter modeling is described. In the fourth section, the FLDTC
strategy is applied to get decoupled control of the stator flux and electromagnetic torque. Next, a brief
introduction on the EKF algorithm is presented in the fifth section. The sixth section introduces the DTC-
ANN approach. The seventh section is devoted to the comparative study between three-level FLDTC and
three-level DTC-ANN of sensorless DSSM. Finally, conclusions are drawn in the last section.

2. MODELING OF THE DOUBLE STAR SYNCHRONOUS MACHINE
The stator voltages equations are given by:

vsl = Rsisl + d:ftSl

st = Rsisz + d(ftSZ

o))

With

V,,V,, : Stator voltages.
i,,.i,,: Stator currents.
é.,, 9., Stator flux.

The rotor voltage equation is given by:

. d¢
v, =R,i, +d_tf )

With:
& - Flux of rotor excitation.
v, ,i, :Voltage and current of rotor excitation.

The transformation of the system six phases to the system («, ) is given by:

(X, X, ]=[AlX X @)
Where:
Xs1 and X, can represent the stator currents, stator flux, and stator voltages.

The transformation matrix A is given by:
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. L1 3 B
2 2 2 2
o Y3 V3 1 1
2 2 2 2
(A=L|; 1 1 8 B )
V3 2 2 2 2
o .3 3 1 1
2 2 2 2
1 1 1 0 0 0
0 0 0 1 1 1

To express the stator equations in the same reference frame, the following rotation transformation is
adopted.

—sin(d) cos(6) ®)

With: @ is the rotor position.

P (0) 2[ cos(6) sin(e)j

With this transformation, the components of the «-£ plane can be expressed in the d-q plane as:

The electrical equations

dd,

Vy =Ry +——— g,
dt )
[

. dg,
Vq :Rslq +E+a)¢d

Where:
V.V, : Stator voltages dg components.

iy,1, :Stator currents dq components.

¢ .¢, : Stator flux dg components.

The flux equations
¢ =Lyiq +Mi;
¢ =Ly, ()
¢ =Lei; +Mi;

The mechanical equation

dQo
J o T, T, -fQ (8)
With:
T, T, : Electromagnetic and load torque.
Q : Rotor speed.

The electromagnetic torque

Tem = p(¢dlq _¢qi ) (9)

3. MODELING OF THE THREE-LEVEL INVERTER

Figure 1 shows the circuit of a three-level diode clamped inverter and the switching states of each
leg of the inverter. Each leg is composed of two upper and lower switches with anti-parallel diodes. Two
series DC-link capacitors split the DC-bus voltage in half, and six clamping diodes confine the voltage across
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the switches within the voltage of the capacitors, each leg of the inverter can have three possible switching
states; 2, 1 or 0 [11].

V02::
i N N
ok

ZSSak% pN Sbkj{ N Sckj{

V&T@ v,@@ Ve @

Figure 1. Schematic diagram of a three-level inverter (k=1 for first inverter and k=2 for second inverter)

The representation of the space voltage vectors of a three-level inverter for all switching states is
given by Figure 2. According to the magnitude of the voltage vectors, the voltage vectors can be partitioned
into four groups: the zero voltage vectors vy, the large voltage vectors (v, Var, Vsi, V71, Vor, Vi11), the middle
voltage vectors (Va, Vai, Ve, VaL, VioL, Vi2L), and the small voltage vectors (Vis, Vas, Vas, Vas, Vss, Ves)-

B
z, Z,
Vs\L\\(OZO) V4 (120) Vil ,(220)
A
Z, 2,
121)
Vs
Ve (021) 0) v, (210)
Zs Z
v (022) v,s(122) a \Vy, (200)
(013) v 5 (100) a
Z, Z,
Ve (012) ) Va1 | v et2) 15, (201)
(001) 0y
Z8 le
A
v, (002) V10, (102) v1,0(202)
g Z9 ZlO ;

Figure 2. Space vector diagram of three-level inverter

4. DIRECT TORQUE CONTROL BASED ON FUZZY LOGIC STRATEGY

The principle of fuzzy logic direct torque control is similar to traditional DTC. However, the
hysteresis controllers are replaced by fuzzy controller and the output vector of the fuzzy controller is led to a
switching table to decide which vector should be applied. This method based on fuzzy classification has the
advantage of simplicity and easy implementation [8].
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The components of stator flux can be estimated by:

4. (t)=[ (9, -Rii,)dz +4,(0)
° (10)
éﬂ (t)= ,[(\7/7’ - Rsiﬂ)dfﬂgﬂ (0)
The stator flux amplitude is given by:
4| =é +4; (11)

The stator flux angle is calculated by:

6, =tan2* [?—ﬂ] (12)

a

Electromagnetic torque equation is given by:

Ton = P40, 5. ) (13)

The fuzzy controller is designed to have three fuzzy state variables and one control variable for
achieving constant torque and flux control. The first variable (E, = ¢, —¢.) is the difference between the
command stator flux ¢, and the estimated stator flux magnitude ¢35 . The second variable (E; :fem -T. ) is
the difference between the command electric torque T, and estimated electric torquefem. The third fuzzy

state variable is the stator flux phase (és) . Figure 3 gives the membership functions for input variables E,, E,
and és .

Hey Her

N z P NL NS ZPS PL

a Wb b Nm 0 c 27
Figure 3. Membership functions of input variables: a) Stator flux error, b) Torque error, ¢) Stator flux angle

The switching tables of the proposed three-level FLDTC are used to select the best output voltage
depending on the position of the stator flux and desired action on the torque and stator flux. The optimal
voltage vector selection, for controlling both the amplitude and rotating direction of the stator flux, is
indicated in Table 1, 2. The linguistic terms used for stator flux error are N (negative), Z (zero), and P
(positive). For the torque error, the terms used are NL (negative large), NS (negative small), ZE (zero), PS
(positive small), and PL (positive large).
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Table 1. Rules of fuzzy control for first star

Hsl 952 053
E, E¢ P Z N E, E¢ P Z N E, E¢ P Z N
PL V3L VZS V5L PL V3L VZS VSL PL VSL V3S V7L
PS VZL VZS V4L PS V4L VSS VBL PS V4L VSS VBL
ZE 0 0 0 ZE 0 0 0 ZE 0 0 0
NS V12L 0 V1OL NS V12L 0 VlOL NS V2L O VlZL
NL VlilL VSS V9L NL VlL VGS VlilL NL VlL VGS VllL

954 955 956
EL E,L P Z N ELE,L P Z N EL E,L P Z N
PL Vi Vs VoL PL VoL Vis VgL PL VoL Vis VgL
PS VL Vs VL PS VL Vs VgL PS VgL Viss VoL
ZE 0 0 0 ZE 0 0 0 ZE 0 0 0
NS VZL 0 V12L NS V4L 0 VZL NS V4L 0 V2L
NL VlOL VlS VlL NL V3L VlS VlL NL VSL VZS V3L

., O O
EL E, P Z N E.L E, P Z N EL E, P Z N
PL V9L VSS VllL PL VQL VSS VllL PL VllL VGS VlL
PS V8L VSS VlOL PS leL VGS V12L PS VlOL VGS V12L
ZE 0 0 0 ZE 0 0 0 ZE 0 0 0
NS VGL 0 V4L NS V6L O V4L NS V8L O VSL
NL V5L VZS V3L NL V7L VSS V5L NL V7L VSS V5L

6510 9311 9312
EL E, P Z N ELE,L P Z N ELE,L P Z N
PL Vi Vs Vi PL Vi Vig Vi PL Vi 15 VL
PS Vil Vis VoL PS 12L Vis VoL PS VoL Vas VaL
ZE 0 0 0 ZE 0 0 0 ZE 0 0 0
NS V8L 0 VGL NS leL O V8L NS 1oL 0 V8L
NL VQL VAS V7L NL V9L V4S V7L NL VllL VSS VQL

Table 2. Rules of fuzzy control for second star
Sta‘rl s12 951 952 953 954 s5 956 957 958 059 s10 s1l
Starz sl 952 953 954 955 s6 957 958 959 0510 s11 s12

5. SPEED ESTIMATION BASED ON EXTENDED KALMAN FILTER

Kalman filter is a state observer that establishes the best approximation by minimization of the
square error for the state variables of a system, subjected at both its input and output to random disturbances.
If the dynamic system of which the state is being observed is nonlinear, then the Kalman filter is called an
extended one (EKF) [10]. The development of the Kalman filter is closely linked to the stochastic systems.
The linear stochastic systems are described by:

(14)
y(t) = Cx(t) +v(t)

Where: w and v are the system and measurement noise.

{)’((t) = AX(t) + Bu(t) + w(t), x(t,) =X,
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Estimation of an error covariance matrix:

P~ (k+1) = AP(k)A +Q (15)
Computations of a Kalman filter gain:

K(k+) =P (k+1)CT (CP"(k+1C" +R) " (16)
Update of an error covariance matrix:

P(k+1) =(1 -K(k+1)C) P~ (k+1) 17
State estimation:

R(k+1) = X(k) + Kk +1)(y(k +1) -C.X(k +1)) (18)
Where:

P~ (k +1) : is a priori error covariance matrix Q and R respectively.

The extended Kalman filter implementation for a DSSM requires three basic steps:
a) Continuous DSSM model

b) Discretization of the DSSM model

¢) Simulation

5.1. Continuous DSSM Model
The model of DSSM in the «-/f reference can be written in the following from:

{)‘((t) = AX(t)+Bu(t) (19)

y(t) =Cx(t)

With:

xt)=[i, i, 4, 4, Q 0]
y=[i, i} u=[v. v]

R, -poL, 0 pQ 0 0 YL, 0 0
pQL, -R, -pQ 0 0 0 0 1L, 0
R, 0 O 0 0 0 1 0 0
A= . B=
0 R, 0 0 0 © o 1 o0
-pdy/d ppH/d 0O 0 -f/3 0 0 0 -—f/
0 0 o 0 p 0] o o 0 |

With:

¢, = Lqia +¢; cos(0)
$y = Li, + 4, sin(0)

5.2. Discretization of the DSSM Model
The corresponding discrete time model is given by:
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Xkspy) = A Xiy By U
(20)
Yy = o Xk
The conversion is done by the following approximation:
A, =eM =1 + AT,
t
B, = [e*Bd¢ =BT, (21)
0

C, =C

5.3. Simulation
Based on the previous elements, the EKF can now be built and applied to the DSSM. By derivation
of the vector function in relation to the state vector, matrix A4, By and C4 are given by:

1-TR/L, -Tpl, O Tp2 0 O T/L, O 0
Tpl, 1-TR/L, -TpQ 0 0 0 0 T/, O
TR 0 0o 0 0 0 T 0 0 10000
A = , B, = , C, =
0 TR 1 0 0 0 o T 0 01000
“T.pg/d Tpg/d 0O 1 T30 0 0 -TfJ
o 0 o o Tp 1 Lo o 0o |

The structure of DTC based on fuzzy logic control of DSSM is shown in Figure 4.

* x1j First 3-level
g®—E¢'> inverter

Three-level

E;
y_»@‘» FLDTC

Second 3-level

™ -
inverter
Ve

Voltages
estimation

>
>

pSNY
il

V1 2

-I:em = p(&afi\ﬂ 7&pi\a)
=tan 271(&/}/&1) i -
=\ +4; |
b - iy Ja

Extended Kalman
Filter Observer

Te:n “ % é

Figure 4. Three-level FLDTC scheme for sensorless DSSM (with j=1, 2, 3 or 4)

>

>

6. DIRECT TORQUE CONTROL BASED ON NEURAL NETWORK STRATEGY

The ANN has many models; but the usual model is the multilayer feed forward net work using the
error back propagation algorithm [9]. Such a neural network contains three layers: input layers, hidden layers
and output layers (Figure 5). Each layer is composed of several neurons. The number of the neurons in the
input and output layers depends on the number of the selected input and output variables. The number of
hidden layers and the number of neurons in each depend on the desired degree of accuracy.
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fffffffffff O
,,,,,,,,,,, Output layer

Input layer

Hidden layer
Figure 5. Architecture of Multilayer Neural Network

The structure of the neural network to perform the DTC applied to DSSM satisfactorily was a neural
network with 3 linear input nodes, 12 neurons in the hidden layer, and 6 neurons in the output layer, as

shown in Figure 6.
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Figure 6. Neural network structure for three-level DTC

The general structure of the DSSM with DTC-ANN using a three-level inverter in each star is
represented by Figure 7.

x1j First 3-level

¢; ‘5 > - 84 inverter

&.| Three-level
DTC-ANN
Bx2 Second 3-level [}

i inverter

Ve

Voltages
estimation

N

T = P, — 0. el i,
6, =1tan2(g,/4,) i
ENURY ) ep
- - Vol Yoy
¢nﬁ Iu/J’

Extended Kalman
Filter Observer

~
R
H

el

Q’ﬁ A
o3

Figure 7. Three-level DTC-ANN scheme for sensorless DSSM (with j=1, 2, 3 or 4)
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7. SIMULATION RESULTS

The proposed controls based on EKF observer are tested by some numerical simulations to verify its
effectiveness in the steady-state and dynamic. Parameters of EKF are chosen as following to ensure filter not
divergent.

00 0 0 0 0 0 01 0 0o 0 0 0
0 100 0 0 0 O 001 0 0 0 O
., 0 010 0 0 0 0 10° 0 0 0 012 0
[Q]=  [P]= s [R]=
0 0 0 01 0 O 0 0 0 10° 0 0 0 012
0 0 0 0 01 0 0 0 0 0 10° 0
L0 0 0 0 0 01 0o 0 0 0 0 01

The simulation results of three-level DTC-ANN of sensorless DSSM are compared with three-level
FLDTC. For this end, the controls system was tested under deferent operating conditions such as sudden
change of load torque and step change in reference speed.

Speed (rad/s) 1% Speed (rad/s)
T T T T
N Estimated speed N Estimated speed

Actual speed e : 'Acluallspeed

150

w1 1103

0.4 i i
S50 p----- Speed error |4--- - omeeeee-
(1) T . I E ___________ H H
100 f----- ] el B
04— — - : : . — —
150 0 1, 2 3; i 150 0 ¢ 1 ¢ 2 4 H
0 0.5 1 15 2 25 3 0 05 1 15 2 2.5 3
Time (s) Time (s)
Electromagnetic torgque (Nm) Electromagnetic torque (Nm)

20 i i i i i 20 i P i i i
1] 0.5 1 15 2 253 3 0 0.5 1 15 2 25 3

Time(s) Time (s)
Stator flux (Wb) Stator flux (Wb)

3 T T T T T 3 T T T T T

| | | | | | | | | |

| | | | | | | | | |

| | | | | | | | | |

215 1 : : 1 : 215 : 1 ' 1 :

| | | | | | | | | |

| | | | | | | | | |

| | | | | | | | | |

| | | | | | | | | |

| | | | | | | | | |
e Attt mintl el e Aty It

| | | | | | | | | |

| | | | | | | | | |

| | | | | | | | | |

| | | | | | | | | |

0 | 1 1 1 1 0 L L 1 1 1
0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3

Time (s) Time (s)
Figure 8. Dynamic responses of three-level FLDTC Figure 9. Dynamic responses of three-level DTC-
for sensorless DSSM ANN for sensorless DSSM
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The obtained results are presented in Figure 8 for the three-level FLDTC and Figure 9 for the three-
level DTC-ANN of DSSM without speed sensor. The DSSM is accelerating from standstill to reference
speed 100 rad/s. The system is started with full load torque (T =11 N.m). Afterwards, a step variation on the
load torque (T.=0 N.m) is applied at time t=1s. And then a sudden reversion in the speed command from 100
rad/s to -100 rad/s was introduced at 1.5 s.

Figure 8 and 9 depict that the speed response is merged with the reference one and the flux is
constant equal to its rated value. As it can be seen, the employment of three-level DTC-ANN without speed
sensor permits to obtain the same dynamic performances as those obtained with a three-level FLDTC without
speed sensor. Indeed the observed and actual speed responses are closed to their reference without any
overshoot and steady-state error.

The obtained results shown that the three-level DTC-ANN sensorless DSSM ensures good decoupling
between stator flux linkage and electromagnetic torque. Also, it can decrease the torque ripples in
comparison to the three-level FLDTC sensorless DSSM.

8.  Conclusion

In this paper, a direct torque control based on artificial neural network and fuzzy logic methods
applied of sensorless double star synchronous machine using extended Kalman filter is presented. It is
pointed out that the robustness of the controlled double star synchronous machine drive against speed and
load torque variations is guaranteed. Furthermore, the DTC-ANN control scheme decreases considerably the
electromagnetic torque ripples and assures good speed tracking without overshoot. The decoupling between
the stator flux and the electromagnetic torque is maintained, confirming the good dynamic performances of
the developed multiphase drive system. Also, the robustness of the observer, against speed and load
variations confirms the good dynamic performances of the developed sensorless multiphase drive.
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