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Abstract

This paper presents direct torque control based on artificial neu-
ral networks of a double star synchronous machine without me-
chanical speed and stator flux linkage sensors. The estimation
is performed using the extended Kalman filter, which is known
for its ability to process noisy discrete measurements. The pro-
posed approach consists of replacing the switching tables with
one artificial neural network controller. The output vector of
the artificial neural network controller is directed to a multilevel
switching table to decide which reference vector should be ap-
plied to control the two five-level diode-clamped inverters. This
inverter topology has the inherent problem of DC-link capacitor
voltage variations. Multilevel direct torque control based on a
neural network with balancing strategy is proposed to suppress
the unbalance of DC-link capacitor voltages. The simulation
results presented in this paper highlight the improvements of-
fered by the proposed control method based on the extended
Kalman filter under various operating conditions.

Keywords: Double Star Synchronous Machine, Mul-
tilevel Inverter, Direct Torque Control, Artificial Neu-
ral Networks Control, Extended Kalman Filter.

1 Introduction

Over the past decade, multiphase variable-speed
drives have attracted increasing interest from re-
searchers. Multiphase machines have major applica-
tions, such as electric ship propulsion, aircraft drives,
locomotive traction and high power industrial plants,
and require high power ratings for both the motor and
its converter [1].

Among multiphase machines, the double star syn-
chronous machine (DSSM) has two star-winding sup-
plied by two independent voltage source inverters [2].
Two-level or multilevel inverters may be used.

There are several types of multilevel inverters. The
diode-clamped, flying capacitor, and cascade H-bridge

are the prevailing multilevel topologies. In particular,
the diode-clamped inverter (DCI) has been found to
be suitable for adjustable speed drives [3]. However,
this kind of multilevel DCI suffers from DC-link capac-
itor voltage unbalance [4]. Various remedial measures
are reported in the technical literature [5], [6].

On the other hand, the direct torque control (DTC)
method is known for its simple implementation and
fast dynamic response [2]. The main advantages of
DTC are the absence of coordinate transformation
and the absence of a separate voltage modulator [7].
Common disadvantages of DTC using hysteresis con-
trollers are the large current and torque ripples and
high current distortion [8]. To overcome this problem,
many contributions have focused on artificial intelli-
gence based DTC [7], [9]. However, few papers have
yet sought to extend the DTC based on an artificial
neural network (DTC-ANN) to multilevel topologies
[10].

Several speed observers have been suggested in the
literature, such as sliding mode observer [11], adap-
tive observer, model reference adaptive system, and
extended Kalman filter [12]. The Kalman filter is a
stochastic state observer where nonlinear equations
are linearized in every sampling period. It has the ad-
vantage of providing both flux and speed estimates,
and thus avoids the limitations of the open loop pure
integration method.

In order to balance DC-link capacitor voltages and to
ensure high performance of the multiphase drive, the
five-level DTC-ANN with balancing strategy is applied
on sensorless DSSM using the extended Kalman filter
(EKF).

This paper is organized as follows: the model of the
DSSM is presented in section 2. In section 3, the
five-level DCI model is described. In section 4, the
five-level DTC strategy is illustrated. The EKF algo-
rithm is introduced in brief in section 5. The switching
tables used in conventional five-level DTC are sub-
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stituted by an artificial neural networks controller in
section 6. Section 7 is devoted to the simulation re-
sults for five-level DTC-ANN. Section 8 covers the
balancing control strategy of DC-link capacitor volt-
ages. The simulation results of sensorless five-level
DTC-ANN with balancing strategy are discussed in
section 9. Finally, conclusions are drawn in the last
section.

2 Modeling of the DSSM

The DSSM model is based on the assumption that
space harmonics and magnetic saturation are negligi-
ble, and that the two stator three-phase windings are
identical and symmetrical, with the two neutrals being
isolated. To derive a mathematical model suitable for
control, the following transformation matrix is used,
as proposed in [2].
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By using this transformation, the dynamic model
describing the machine in reference can be given
by:

Vo = Re.ig + Lq% — w.¢y.sin(0)

(2)
Vs = Rs.ig + qudif + w.¢y.cos(0)
With:
V. Vg 1 The a-B components of stator voltage.
i, ig © The components of stator current.
@s: Flux of rotor excitation.
The rotor voltage equation is given
by:
. doy
Vi :Rf.lf+7¢f (3)

dt

Where V4, is : DC voltage and DC current of rotor
excitation.

The mechanical equation is expressed by:

dQ
J—=Tep, =T — f.Q 4
= - *)
With:
Tem, ToL: Electromagnetic and load torque.
: Rotor speed.
The  electromagnetic  torque is given  by:
Tem = p(ﬂsa-i,ﬁ’ - (b,BZa) (5)
With:

®a, @p:The components of stator flux.

p: The pole-pair number.

3 Modeling of the Five-level DCI

Figure 1 shows the structure of a five-level DCI (only
one leg is presented). The voltage across each ca-
pacitor is v4c/4 and each device voltage stress will be
limited to one capacitor voltage level through clamp-
ing diodes [4].

Figure 1: Circuit diagram of a phase leg for a five-
level DCI (k=1 for first inverter and k=2 for second
inverter)

Since five kinds of switching states exist in each phase,
the five-level inverter has 125 switching states and
there are 61 effective vectors, as shown in figure 2
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Table 1:  Switching state of five-level DCI (x=a, b or c)
State Sxkl Sxk2 Sxk3 Sxk4 Sxkb Sxk6 Sxk7 Sxk8 Vxk0
4 1 1 1 1 0 0 0 0 Vc3+Vca
3 0 1 1 1 1 0 0 0 Vc3
2 0 0 1 1 1 1 0 0 0
1 0 0 0 1 1 1 1 0 -Ve2
0 0 0 0 0 1 1 1 1 (VeltVe2)

Vir1_ Vig Ve Yo Vo

Zn Iy Ty Lo

Figure 2: Space voltage vectors for a five-level diode
DCI

The function switch is modeled by a Boolean func-
tion Fy; defined by:

j=1:8
0 Sa:kj is OF

For each leg of the inverter, five connections functions
can be defined as follows:

Feor1 = Fop1-Fago - Frps-Fira
Fcsz = szQ-szS-sz4-sz5
Fc:ka = sz3~ka4~sz5~sz6
Feaka = Fupa-Fors-Fuke-Fukr
Feoks = Fors-Frre-Forr-Firors

(7)

The phase voltages vax ,Vpk , Vek can be written as:

4 Direct Torque Control Strat-
egy

The basic principle of DTC is to directly manipulate
the flux vector so that the desired torque is produced,
this control strategy permits to control directly and
independently the ux and the electromagnetic torque.
This is achieved by choosing a DCI switch combina-
tion that drives the flux vector by directly applying the
appropriate voltages to the DSSM windings [2],[13].

The stator voltage estimator is computed using:

Ua Us1
= A.
() =+(2) ©
With:
Us1 = [va1 Vb1 var] and vip = [va2 Vb i)
The components of stator flux can be estimated:
ba(t) = [y (Vo — Rs.in)dr + 64 (0)
(10)
. . ‘ .
¢p(t) = Jo (vs — Rs.ig)dr + ¢5(0)
The stator flux magnitude is given by:
6. = /32 + 3 (11)
The stator flux angle is estimated by:
é;tan21(??) (12)
Pa
The torque can be expressed by:
T;m = p((g(x-iﬁ - (bAB-Z.a) (13)

Ue3 T VeaTables 2 and 3 give the switching selection table of

Vak || Feart Fearz Fears Feaka Feaks Ue3 the conventional DTC for DSSM.
ok | = | Fevk1 Fevke Fevks Fevka Fepks
Vek Fcckl Fcck2 FcckS Fcck4 FcckS —Ue2
_(Ucl + Uc2)
(8)
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Table 2: DTC switching table applied on the first inverter

o Zi o T Zi o T Zi
4 v(i+4)L1 4 v(i+6)L1 4 v(i+8)L1

3 v(i+4)L2 3 v(i+6)L2 3 v(i+8)L2

2 v(i+4)M 2 v(i+6)M 2 v(i+8)M

1 v(i+4)S 1 v(i+6)S 1 v(i+8)S

1 0 vO 0 0 vO -1 0 vO
-1 v(i+20)S -1 v(i+18)S -1 v(i+16)S

-2 v(i+20)M -2 vy(i+18)M -2 v(i+16)M

-3 y(i+20)L2 -3 y(i+18)L2 -3 v(i+16)L2

4 y(i+20)L1 4 V(i+18)L1 4 (i+16)L1

Table 3: DTC switching table applied on the second inverter

° T Zi ) T Zi ) T Zi
4 V(i+2)L1 4 V(i+4)L1 4 vi+6)L1
3 v(i+2)[2 3 V(i+4)L2 3 v(i+6)[2
2 v(i+2)M 2 v(i+4)M 2 v(i+6)M
1 v(i+2)S 1 v(i+4)S 1 v(i+6)S
1 0 vO 0 0 vO -1 0 vO
-1 v(i+18)S -1 v(i+16)S -1 v(i+14)S
2 Wi+I8)M 2 Vi+16)M 2 W(i+14)M
3 W(i+18)[2 3 W(i+16)[2 3 W(i+14)[2
4 v(i+18)L1 4 v(i+16)L1 4 v(i+14)L1
5 Extended Kalman Filter y = [ia ig]
The Kalman filter is a state observer that establishes * ~ [v"‘ Uﬁ]
the best approximatiop by minimization of the square [ R, —pQ.L, 0 pQ 00
error for the state variables of a system, subjected at pQL, —Ry —pQ 0 0 0
both its input and output to random disturbances. If —.R. a 0 * 0 ' 0 0 0
the dynamic system of which the state is being ob- A = 0 S_ R, 0 0 0 0
served is nonlinear, then the Kalman filter is called —pbvera)J p¢azpha/J 0 0—f/J0
an extended one [8], [12]. The development of the 0 0 0 p o
Kalman filter is closely linked to the stochastic sys- -
tems. The system is described by the following equa- L 00T
tion: éqi 0
Lq
] B=|100
{x(t) = A.z(t) + B.u(t) + w(t) (18) 01 0
y(t) = C.x(t) + v(¢) 00 %f
000
Where: w and v are the system and measurement B B
noise. With:
The model of DSSM in the refer- [¢a = Lgia+ ¢s.cos(f)
ence can be written in the following |¢s = Lq.ig + ¢5.sin(0)
form:
m The corresponding discrete time model is given:
{M) A(t) + Bau(t) (15)
y(t) = Cx(t) + () {l‘(kﬂ) = Aqg- x4y + Ba-u) (16)
Yikt1) = Ca- (k)
With:

x(t): [ia iB ¢a ¢5 Q 9]

The conversion is done by the following approxima-
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tion:

Ay = et = I+ AT,
By = [y .e*B.d¢ = B.T,
Cy=

(17)

6 DTC Based on Artificial Neu-
ral Networks

While there are many types of ANN, but the usual
model is the multilayer feed forward network using
the error back propagation algorithm [7]. This neural
network has three layers: input layers, hidden layers
and output layers. Each layer is composed of several
neurons. The number of 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 [10].

Figure 3 shows a DTC-ANN structure consisting of a
neural network with 3 linear input nodes, 12 neurons
in the hidden layer, and 3 neurons in the output layer.

Figure 3: Neural network structure for DTC

The general structure of the DSSM with five-level sen-
sorless DTC-ANN is represented by figure 4.

Five-level
DTC-ANN

.= Plois=9:)
& ~n2™(4,/3,)
4-JE+2 b

o T

Extended Kalman
Filter Observer

[ e

Figure 4: Neural network DTC for sensorless DSSM

7 Simulation Results of Five-
Level DTC-ANN

The simulation results are obtained using the follow-
ing DC link capacitor values C;= Co= C3= C4= ImF
. The DC side of the inverter is supplied by a constant
DC sourcevy.=600V . The system was simulated us-
ing the DSSM parameters given in the Appendix.

The DSSM accelerates from standstill to reference
speed100rad/s 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=1 s. And then a sudden
reversion in the speed command from 100 rad/s to
-100 rad/s at time 1.5 s is performed. The obtained
five-level sensorless DTC-ANN results are shown in
figure 5.

Speed (rads)
150
! ! I Estimaed speed
Actusl spaad

It can be seen in figure 5 that the estimated and actual
speeds follow their reference value. The electromag-
netic torque returns to its reference value with a slight
error. The torque and flux responses show excellent
dynamic performances.

The instability of the four DC voltages of the interme-
diate capacitors filter can be seen. Indeed, the volt-
ages Vo and v.3 decrease whereas the voltages v g
and v increase. This result shows the problem of
the unbalance of capacitor voltages and its effect on
electromagnetic torque harmonics. In order to im-
prove the performance of the five-level DTC-ANN of
the sensorless DSSM, the five-level DTC-ANN based
on balancing strategy is proposed in the following sec-
tion.
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Figure 5: Dynamic responses for five-level DTC-ANN
without balancing strategy of sensorless DSSM cap-
tion

8 DC-Capacitor Voltage Balanc-
ing Strategy

The DC-capacitor voltage balancing strategy is based
on the minimum energy property. The idea is to
minimize cost function J, in relation to the DC-
side energy using the redundant switching states of
the five-level DCI units over a switching period [4].
The total energy of the four condensers is given
by:J, = 1.C Z?Zl AvZ;

Ji = (18)

DN | =

4
O A
J=1

Where  Ag=vg-(v4c/4) is a voltage deviation of
capacitor, and vgcis the DC-link voltage. Based
on proper selection of redundant switching states of
both DCI, J, can be minimized if the capacitor volt-
ages are maintained at their voltage reference values
of (v4c/4) [6]. The mathematical condition to mini-
mize Ji is:

4
dve; .
v TZJ :; Avejic; <0 (19)

1

Where i is the current through capacitor C;.

The capacitor currents in (19) are affected by the DC-
side intermediate branch currents i3 , ix2 , and iy

These currents can be calculated if the switching
states used in the switching pattern are known. Thus,
it is advantageous to express (19) in terms of i3 , ik2
, and ix; . The DC-capacitor currents are expressed
as:

leg = Gc3 + Zi:l 153
7:c3 = ic2 + Zi:l ikQ (20)

12 = el + Zk:] k1

The DC-capacitor currents are expressed as:

) £ (E) o
k=1 y=j \k=1

Substituting i from (21) into (19), the following con-
dition to achieve voltage balancing is deduced:

£(5)-

y=j \k=

1 3
Z‘cj :Zzy

y=1

4 1 3 2
> (130 ()
j=1 y=1 \k=1
Imposing:

4
Z AUC]' =0
j=1

Substituting Av, calculated from (23) into (25)

3 3 2
> Avg [ > ( iky> >0 (24)
j=1 k=1

y=J

Applying the averaging operator, over one sampling
period, to (24) results in:

1(K+1)T 3 2
- S Av Z(Zz‘ky) dt>0 (25)
KT = k=1

Assuming that both DCI units have the same sampling
period T , and since T is fairly short compared to the
time interval associated with the dynamics of each
capacitor voltage, capacitor voltages can be assumed
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as constant values over T and consequently, (25) is
simplified to:

23: 23:1 (K+D)T [ 2
Ave; (k) f/ ( zky> dt >0
Jj=1 y=jT KT k=1
(26)

Or

3 3 2

> Avg(k) Z( fky(k)> >0 (27

j=1 y=35 \k=1

So, the cost function at sampling period K is given
by:

3

3 2
Te=y_ Auve(k) | D (Z iky(’ﬂ) (28)
j=1 y=3 \k=1

Where: Avj(k) is the voltage drift of C; at sampling
period K , and ik, (k) is the averaged value of the y*
DC-side intermediate branch current. Currents iy, (k)
should be computed for different combinations of ad-
jacent redundant switching states over a sampling pe-
riod and the best combination which maximizes (28)
is selected.

When the tip of the reference voltage vector is located
in zone (Z;), the average values of DC-side interme-
diate branch currents are:

Uy = Tky (29)
To calculate y = 1, 2, 3, the contributions of switch-
ing states to the DC-side intermediate branch cur-
rents, and the relationship between the DC and AC
side currents iy , ipk , and ig are required. Thus, the
currents of the inverter input are expressed according
to the currents ix; , ik and ix3 by means of the func-
tions of connection of the half-arms by the following
relations:

iky = caky-iak: + Fcbky~ibk + Fccky-ick (30)
The relationship between the switching states can
also be exploited to deduce the relationships be-
tween ik 1, ik 2, ik 3 and ii , ipk .ick . For each

set of switching combinations, the currents iy, are

calculated based on (29) and replaced in (28). The
best set that fulfills the condition is selected.

A schematic block representation of the five-level
DTC-ANN including the DC capacitor voltage con-
trol block is depicted in figure 6.

1

-,V
£,
! —(Lv.
& First First
balancing [T T five-level
4 DTC-ANN Ly, el
[ Sa f
T 3
e | Second
Second L1 five-level
balancing [ L | Dba
DTC-ANN |

[

Figure 6: Schematic representation of the five-level
DTC-ANN with balancing strategy

O Simulation Results of Five-
Level DTC-ANN with Balanc-
ing Strategy

Figure7 sets out the simulation results obtained in the
same conditions as in figure 5.

Note that the actual and estimated speed responses
are merged with the reference one and the stator flux
follows its reference value. The decoupling control be-
tween electromagnetic torque and stator flux is always
confirmed. Moreover, the stator flux and electromag-
netic torque ripples are clearly reduced.

It can be observed that the proposed balancing strat-
egy is able to guarantee capacitor voltage balance
even during the abovementioned transits.
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Figure 7: Dynamic responses for five-level DTC-ANN
with balancing strategy of sensorless DSSM

10 Conclusion

This paper presents a DTC-ANN applied sensorless
DSSM using extended Kalman filter. The output
switching states vectors of the ANN controller are
used to control the two five-level DCI. This multilevel
DCI topology has the inherent problem of DC-link ca-
pacitor voltage variations. For this reason, the DTC-
ANN with balancing strategy based on minimization

of energy property is proposed to balance the voltage
across each of the DC-link capacitors. The simulation
results demonstrate that the proposed DTC-ANN can
maintain the decoupling between the flux and torque
and carry out voltage balancing. Moreover, the ro-
bustness of the observer against speed and load vari-
ations confirms the good dynamic performance of the
developed sensorless multiphase drive. Furthermore,
by means of the five-level DTC drive, it is possible to
reduce the stress of the switching devices of the DCI
and lower switching power losses, which are frequent
requirements of high power applications.
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12 Appendix

DSSM machine parameters are listed in table 4.
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Table 4: DSSM Parameters

Components Sym- Rating
bol values
Stator resistance Rs 2350
Rotor resistance Rf 303 0
d-axis stator Ld 0.3811H
inductance
g-axis stator Lg 0.211H
inductance
Rotor inductance Lf 15 H
Mutual inductance Mftd 2.146 H
Moment of inertia J  0.05Nms2/rad
Friction coefficient f  0.00INms/rad
Active power P 5 kw
Number of pole p 2
Voltage 14 232V
Frequency f 50 Hz
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