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Abstract —This paper deals with the direct torque control ofthe
salient-pole double star synchronous machine drivéed by two
five-level diode-clamped inverters. This approach aubines the
well-known advantages of the multilevel inverter wih those of a
direct torque control. The resulting control schemepresents
enough degrees of freedom to control both torque ahflux with

very low ripple and high dynamics. Unfortunately, he diode-
clamped inverter has an inherent problem of dc-linkcapacitors
voltages variations. This drawback can be solved isatisfactory
way by using multilevel direct torque control equiped by a
balancing strategy. Simulations results are givenot show the
effectiveness of proposed control approach.

Keywords — Double Star Synchronous Machine; Multi-level 8o
Clamped Inverter; Direct Torque Control; Balancingagigy.

I. INTRODUCTION

A multiphase drive has more than three phaseserst#tor
and the same number of inverter legs is in theripveside.
The main advantages of multiphase drives over aaioeal

three-phase drives include increasing the invedetput
power, reducing the amplitude of torque ripple &wering

the DC link current harmonics. Furthermore, thetipbhse
drive system is able to improve the reliabilitydéed, the
motor can start and run since the loss of one arymphiases
[1, 2]. Last two decades, the multiphase drive esyst have
been used in many applications, such as
electric/hybrid vehicles, and ship propulsion [B, 4

The multiphase machine used in electrical drivaesys are
in principle the same as their three-phase couattspThese
include asynchronous and synchronous multiphasdimes:

Synchronous multiphase machines may be with perntane

magnet excitation or with field winding excitatiofb],
among these types of machines; the salient-poldldaiar
synchronous machine (DSSM) is one of the most use#fu
multiphase machines. This kind of machine contdimsble
stators displaced by 30 degrees; the rotor is aintd the
rotor of a simple synchronous machine and it's texciby
constant current source.

The feeding of the DSSM is generally assured by tiwo-

level inverters. However, for the high power; mialel

inverters are often required. Since the advantagés
multilevel inverters and multiphase machines commglet

each other, it appears to be logical to try to cioelthem by
realizing a multilevel multiphase drive.

tractio

Several topologies of multilevel inverters have rbee
proposed in the technical literatures [6, 7]. Thedd-
clamped inverter (DCI) represents one of the mustreésting
solutions, to increase voltage and power levelstarathieve
high quality voltage waveforms [8]. This makes €l an
attractive solution to high power drive systemswdwer, a
very important issue in using a DCI is the abitilyguarantee
the stability of the DC-link capacitors voltageq. [Several
methods are proposed to suppress the unbalanc€-¢hk
capacitors voltages. Some of these methods ared base
adding a zero sequence or a DC-offset to outpuagel[10].
Auxiliary power electronics circuitry is added tedistribute
charges between capacitors [11]. SVM based DC ¢apsc
voltages balancing method, which exploits the SVM
switching vector redundancy to mitigate DC capasito
voltages drift [12]. A method based on minimizing a
quadratic parameter that depends on capacitor gastas
presented in [13].

In the other hand, many studies have been develapéadd
out different solutions for the DSSM control havirige
features of precise and quick torque response 1%4,16].
The direct torque control (DTC) has been recognaedhe
most promising solution to achieve these requirdasmeithe
DTC is based on the decoupled control of flux amdjde
roviding a very quick and robust response [3].
implicity, robustness and fast torque responseterenajor
factors make it popular in industries [1]. In tHassical DTC
scheme using two-level inverter, due to the limitednber
of voltage vectors the torque and flux ripples high. In
order to overcome this problem, many contributidrase
been made that extent DTC to multilevel topolodiés 18].

ts

To improve the performances of a double star syahus
machine, a multilevel DTC with balancing strateg@séd on
the redundancy of switching states is proposedhis giaper
in order to accomplish two objectives: balance Br@-link
capacitors voltages, and ensure a high performahdbe
multiphase drive.

The present paper structure is as follows. Thei®edt is
dedicated to the modeling of the double star syorabus
machine. A suitable transformation matrix is usedevelop
a simple dynamic model. The model of the five-leD€ll is
presented in the section Ill. In the section I1\k five-level
DTC approach is presented. Comparative study betivee-
level DTC and five-level DTC for DSSM is preseniadhe



section V. The section VI is reserved to balan@nglysis of
the proposed control strategy. In the section Mhe
simulation results related to the five-level DTCttwiand
without balancing strategy are presented and disclis

[I. MODELING OFTHEDOUBLE STAR
SYNCHRONOUSMACHINE

The following assumptions have been made in degivire
machine model:

— The MMF in air-gap has a sinusoidal repartition.
— The saturation of the iron in machine is neglected.

The stator voltage equation for six-phase can liganras:

.d
vV, =R i +— 1
S S'S dt ¢S ( )
The rotor voltage equation is given by:
Vi =R +i¢? 2)
dt

The original six dimensional system of the machiae be
decomposed into three orthogonal subsp@zeB) (z,,2,)

and(z;, z,) [5], using the following transformation.

[Xa X Xa X Xa %] F A X 3)
With
[xs]:[xal Xbl xcl xaz sz Xcz]T
Where: X, represents stator currenfls) , stator flg)
and stator voltage$v.)
The matrixA is given by:
oo ofF) 43 4] (5
sin(0) sw(z?”j sw{i;j sitfy) S|6%T+yj SIE)%Z+yJ
M=o 3] 3] e &) Eo)@)
sin(0) sw(%zj sin(zé,j sin(77-y) sir{g—y) sirES—;T—yj
1 1 0 0 0
0 1 1 1

I1.1. Machine model inr — 3 reference frame

The dynamic model describing the machinerir 8 vector
space can be given by:

v, i, I +3M 0 dli,
=R,|." |+ —. |+
Vi, i 0 e +3M |dt|i,

NeY d cos@)|. M 3cos(2 ) 3sin@ )i i, (5)
“dt|sin@)|'" " | 3sin@) - 3cos@ )dt|i,

11.2. Machine model inyz %, 7, z reference frame

The stator voltages equation is

. 0 0 0] [i,

izl
V22 :F{_" l'zz + O Ifs 0 Og !22 (6)
V,, is| |0 O Iy Oldtfig
% i 0 0 ol i

fs z4

The harmonic currents; andi,, must be as low as possible
to reduce the extra losses in the DSSM. These rigrige
only limited by stator resistance and leakage itahae.

The currentsi,; andi,, are equal to zero because the two
three-phase windings are connected with isolateitrals.

11.3. Machine model in rotor reference frame d—q

To express the stator and rotor equations in thmesa

stationary reference frame, the following rotation
transformation is adopted
cosf) -sing)
P@)=| . )7
sin(@) cos@)

With this transformation, the components of e g plane
can be expressed in theg plane as:

'The electrical equations

.. dg
v, =R i, +—-
d RS d dt Wq
. dg
Vg = Rslq +E+wd (8)
. dg
v, =R I, +—
f Rf f dt
The flux equations
@ =Lgig+*M i,
% =Lqi, 9)
@ =L +M i,
The mechanical equation
dQ
J—/—=T_ -T,-fQ 10
dt em L r ( )

The electromagnetic torque



Tem = P(@i =@ o) (11)

Ill. STRUCTUREOFFIVE-LEVEL INVERTER

Figure 1 shows a schematic diagram of a three-pfiase
level diode-clamped VSI inverter. In this circulie DC-bus
voltage is split into five levels by four seriesao@cted bulk
capacitorsC,, C,, C3, andC,. Ideally, each capacitor voltage
is equal toV=(Vad4), j = 1,... ,4and each generated phase
voltage has five levels with respect to the voltafeniddle
point "0"": -vyd2, -Vgd4, O vgd2 andvyd4 [9]. Gating signals
Suir Sw2r Seand S, (with:x=a, b or g are generated

State 2: The switching devic&,s Swa Sk and
Swe are closed. The output phase to neutral point

voltagev,,, =0 .

State 1: The switching devic&su, Sus Swe andSwr

are closed. The output phase to neutral point gelta
ka = _VCZ -

State 0: The lower switching devic8gs, Sixe Skx7
andSsare closed. The output phase to neutral point
voltagev,,, = —(V4 +V,,) .

Projection of the vectors oa-f coordinates forms a four
layer hexagon centered at the origin of thg plane. Zero

by DTC switching tables. There are four complimenta \gjtage vectors are located at the origin of thenpl The

switch pairs in each phase. For a complimentarycswpair,
turning on one of the switches excludes the ott@nfbeing
turned on. Using phase-a as an example,

complementary pairs a6, Sis) (Siazr Sias)s
(Skazs Ser),and(S,.,, Ss) - Gating signals
Siws Suer Syand S, are simply generated by inverting
S Siwz2r Syea@nds,,, , respectively.
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Fig. 1. Structure of five-level diode-clamped ineerk=1 for first
inverter anck=2 for second inverter).

Each leg of the inverter has five possible switgtstates:

State 4: The upper switching devic&s, Swo Sxa

switching states are illustrated I8y 1, 2, 3, and4 in the

figure 2.
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Fig. 2. Space voltage vectors for a five-levelddi-clamped
inverter.

For each switching devic8,,; k€1, 2, i= 1... § x=a, bor
c), a Boolean functioR,,; is defined by:

is ON
is OFF

1if Sy,
0if S,

The complementarities between upper and lower bimitc
devices of each leg impose the following equations:

= 211

kxi

Fei =1=Figiza (13)

For each leg of the inverter, five connection fimts are

and S, are closed. The output phase to neutrafiefined as follow:

point voltagev,,, =V, +v,, .

State 3: The switching devic&g,, Sxa Sxa andSws
are closed. The output phase to neutral point gelta
kao :Vc3 .



Faoa = FioaF el odf 1a

Facz = FioeF el oal s

Faoa = FioaF il o6 106 (14)
Foa = FicaF o6l o6 1o

Faos = FiosF el o e

The phase voltageg,, Vi, Vkc Can be written as:
Veg Ve,

Via Fea Fae Foa Faa Foa Vs

Vio || Fen Fae Fas Fow Fos 0 (15)
Vie Fea Fae Fae Fue Fus Vo,

Ve, +Ve,)

IV. DIRECTTORQUECONTROLSTRATEGY

The well-known DTC strategy is based on flux anthte
control using hysteresis comparators. These cdetsolise
the estimated errors of the control variables ahesampling
time of operation. The considered flux and torqoetmllers
ensure the separate control of these two variabke$or the
DC drives. When the level of torque or stator fhasses to
the high or low hysteresis limit, a suitable voltagector is
applied to bring back each variable in its corresjiog band

[5].

The DTC block diagram of DSSM supplied by five-leve
DCI in each star is represented by figure (3).nitlides
closed loop control of speed using PI controller.
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Fig. 3.Five-level DTC scheme without balancing stggt

The stator voltage estimator is based on the falgw
equation:

ot

>

(16)

With: V, =[V,, V,, V] andV, =[V,, V, V,]

Wherev,, ,k =1, 2,x = a,b,c are computed using (15).

The stator flux can be evaluated by integratingasigmated
stator voltage equation:

9, = [0, ~Ri,)dr +4,(0)
° (17)

@ = [, - R.i;)dr +¢,(0)

0

The electromagnetic torque can be estimated by:

Tow = P@i,~%i,) (18)

DTC requires accurate knowledge of the magnitudé an
angular position of stator flux [19]. The relatidretween
stator flux magnitude and its components in ptafie

given by equation (19):
4=\ + 4

The actual position of the stator flux can be deteed by
equation (20), from the orthogonal flux components:

is
(19)
; %

6. = arcta (20)
@,

Figure 4 shows the switching states of the fiveeled@Cl for
one phase.
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Fig. 4.Switching states of the five-level DCI



Since five kinds of switching states exist in egdtase, a
five-level inverter has 125 switching states aneréhare 61
effective vectors. According to the magnitude o tholtage
vectors, the five-level DCI is divide into nine @oups o),
(Vi, Vo, Va, V4, Vs, Ve),(Vaa Vas, Vaer Vaz, Vag, Vag), (Vog Vor, Vos,
Voo, Vao Va1), (Vzs, Vze, V77, Vrs, Vro, Vo, Va1, Ve, Vs, Ves, Ves,
Vge)(Ve3, Vear Ves, Voo Vo7, Veg), (Vie Viie Vizo, Vizy, Viza Vizg),
(Vioe: Vion Vios Vios Vi1 Viin, Viiz Viia Viia Viis Vite Vi17)s
(V100 V101, V102 V103 Vioa Vios)-

The conventional DTC consists to select stator agat
vectors, according to the differences between tatrsflux
linkage and electromagnetic torque and their refsze [3].

The reference values of flux and torque are contpreheir
estimated values and the resulting errors arerfada two-
level flux hysteresis comparator and a five-levetqtie
hysteresis comparator.

The switching pattern of the DCI is selected basadthe
output of a pair of hysteresis controllers for btihgque and
stator flux. In order to adjust the electromagnétijue and
the stator flux linkage, the DTC algorithm chootes stator
voltage space vector that produces the desiredgetid®].

Tables 1 and 2 present the output voltage vectbishnare
selected to change the torque angle. This is dasedoon the
instantaneous torque requirement.

® |7 | Zong(i) || ® |7 | Zong(i) || @ | T | Zong(i)
4 [ Vi 4 [ Vi 4 [ Vg
3 Va2 3 Viisop2 3 Vg2
2 | Viisam 2 | Visgu 2 | Vigu
1 1| Vs o |1 | Vies 1 1| Vigs
0 A 0 Vo 0 A
1| Visags 1| Viags 1| Viags
=2 | Vi.gm =2 | Vigu =2 | Vigu
-3 Viis2oL2 -3 Vg 2 -3 Vi 2
=4 [ Vs 4 [ Vi ugn 4 | V(g

Table 1. Switching table used in the conventionBCIof first star
for the DSSM.

|7 | Zong(i) || @ | T | Zong(i) || @ | T | Zong(i)
4 | Vi 4| Vi 4 | Ve
N 3 Viraz 3 | Vo2
2 | Vigu 2 | Visam 2 | Vigm
1 LY [ Ve o | 1| Vs Y| Veses
0 Vo 0 Vo 0 Vo
1| Viags 1| Viags 1| Vs
-2 V(i +1§M -2 V(i +16)M -2 V(i +14)M
3| Vg 3| Vg 3| Vo
=4 | Vg 4 [ Vs 4 [ Vg

Table 2. Switching table used in the conventionaCbf second
star for the DSSM

V. COMPARATIVE STUDY

To verify the validity of the proposed controlléhe system
was simulated using the DSSM parameters given in
Appendix2.

The DC side of the inverter is supplied by a camsfaC
sourcevy=600V. The simulation results are obtained using
the following DC link capacitors values
C,=C,=C,=C,=1mF.

The aim of this section is to compare the two-lIdb&IC for
DSSM with the five-level DTC for DSSM. Two situati®
are considered:

Situation 1. Step change in load torque. The DSSM i
accelerate from standstill to reference sp&étrad/s. The
system is started with full load torqu@_(= 11N.m). After
wards, a step variation on the load torqilie £ ON.m) is
applied at timet=0.8s. Finally, the load torque is reversed
(T =-1IN.m) at timet=1.3s.

As it can be seen from the figures 5 and 6, theleynpent
of a multilevel DTC permits to obtain the same dwyia
performances as those obtained with a two-levekriev
with resulting far lower torque and flux ripples.

Situation 2: Step change in reference speed. Tdhespeed
evolution of the system, the DSSM is acceleratemfro
standstill to reference speed0QQ rad/s) afterwards it is
decelerate to the inverse rated spedd( rad/s) at time
t=1.5s. The performances are presented in figures Hdad
the two-level DTC and the five-level DTC respechjvéNote
that, the decoupling control is clearly maintaingddring
speed variation. The speed response is merged thith
reference one and the flux is very similar to themmal
value.

The five-level DTC for DSSM decrease consideraliig t
torque ripple.
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Fig. 5. Dynamic responses of conventional two-I&¥EC for
DSSM.

The five-level DTC ensure good decoupling betwettos
flux linkage and electromagnetic torque. Howevegan be
seen perfectly the problem of the unbalance offélve DC
voltages of the intermediate capacitors filter. ded, the
voltagesv.; and v, decrease and the voltagesand Vs
increase. In order to improve the performance
conventional five-level DTC DSSM, the five-level OT
based on balancing mechanism is proposed.
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DSSM.



VI. DC-CAPACITORVOLTAGE BALANCING T s (2
STRATEGYBASEDON MINIMUM ENERGY i =Zzy (ZlkyJ—Z(Z' kyj (26)
PROPERTY y=1 k=1 y=j\ k=1

The voltage balancing strategy proposed in thisiceases By substitutingi,, calculated from (26) in (25), trendition
the minimum energy property and cost function J foko achieve voltage balancing, (25) is deduced as:
selection of redundant switching states of the B@l units
over a switching period. 4 13 ) 3/ 2
Su, (3393 )3 B <0 @)
j=1 y=1 k=1

In ann-level DCI, the total energlf of (n — 1) capacitor is: y=j\k=1

18 Since the net DC-link voltage is regulatedvgf
E -EZ;cjvj (21)
=
4
Where D Av, =0 (28)

j=1

n-1

_ l(vci _Vdc) =0 (22) SubstitutingAv,, calculates from (26), in (27) yields

i=

C,=C, the total energy E has its minimum of (29)

2C @2 / n-1when all capacitor voltages are equal
[10]ThIS condition is called the minimum energpmrty of App|y|ng the averaging Operator, over one Sampﬁagod,
a balancedh-level DCI, which can be used as a basis for theg (29) results in:

DC-capacitor voltage balancing and control. A cohntr

method should minimize (21) to achieve voltage heilag.

(K +1)T 3 2
By a change of variable from, (o, -v,./(n-1)) in (21) _ITl Av [Z(Ziky]]dt >0 (30)
the positive definite cost function becomes: “T YRk

Assuming that all capacitors are identicg),,= . . . G= 3 E 3 ( 2, D
Av, i
Sou, (S

y=j \k=1

o ) Assuming that sampling periofi as compared to the time
J =£CZ(VCJ- ~ Vo ] (23)  interval associate with the dynamics of capacitultages, is
2 1 n-1 adequately small, the capacitor voltages can benaed to
remain constant over one sampling period.

For a five-level inverter] can be simplified as:
Equation (30) is simplified to:

1 4
J==C chj (24) 3 3 4 (KT /£ 5
2 JZ; ZAVCJ.(K)[ZTi | [Zikyj}itzo (31)

WhereAv; is a voltage deviation of capacitoy ,
Av, =V, —(v./4). Based on proper selection of redundan®®"

vectors,J can be minimized (ideally reduced to zero) if the s
=

3 2
capacitor voltages are maintained at voltage reterevalues ZAch (K)[z( ﬂ‘yj(K )}ﬂ >0 (32)
of (v, /4) . The mathematical condition to minimiés: i=1 y=j \k=1

dv. Where:
cj

4 4

‘;—J =CY Av, o D Avy iy (25)
t i= t = Av, (K) : is the voltage drift o€; at sampling period.

Whereigg is the current through capaci@y, —the capacitor v (K ) * is the averaged value of tfleDC-side intermediate

currentsi,; in (25) are affected by the DC-side inttiate branch current.

branch currents,,, i\, andi,, . Currentsi,,, i,, and, To calculateﬂ(y y =1, 2, 3, contributions of switching states

can be calculated if the sv_vlt.chmg states usederswnchm_g to the DC side intermediate branch currents aratiogiship
pattern are known. Thus, it is advantageous toesspf25) in between the DC and AC side curreris, i, and i, are
terms of iyq, iy, and,, . The DC-capacitor currents arerequired. The influence of switching st'ates on ais{Me
expressed as: intermediate branch current and its relationshighvghase
currents, corresponding to sector | are shown iblea.
When the tip of reference voltage vectgis located in sector



I, the average values of the DC-side intermediatandir Sus

currents are ¥

pr— :ZVCA

h r: P < N irst 5-level

LS 1 Ik3 0 o First balancing B e LA i ;)5(‘11 l

iyo :1T 0 i K2 0 |IT (33) T, switching table 4_&4(:: v,

i_kl i 0 0 i o T Zong( i) N 4_’“{:: v L

il s
Switching state | i, | iy, | 1j s, i

400 ol o]0 v
410 0] 0] T N
420 0 | Kb 0 N ol | Second 5-level
430 o | 0 | O L b o — ™
440 0 0 0 switching table
411 0] 0 [Ta i _—
300 ia| O 0 ¥
421 0 | "o | I T !
310 !ka 0 Lo Fig. 7. Schematic representation of the five-l&W&C with
431 lw| O L balancing strategy.
320 il 1 | O
441 0] 0 N VILI. SIMULATION RESULTS
330 -l O 0
422 0 |7w]| O The proposed DTC control of the double star synobus
311 a| 0 | Tia machine supplied by two five-level voltage sourceerters
200 0 lha | O controlled via balancing switching table strategydsted by
432 e | ke | O digital simulation.
321 o | Too | The
210 0 | il T The obtained results are presented in figure 8tHerfive-
442 0 .| O level DTC without balancing strategy and figure @ the
331 -« | 0 lee five-level DTC with balancing strategy. The DSSM is
220 0 |[H.| O accelerate from standstill to reference spé&édrad/s. the
433 “l.| 0 0 system simulated with load torqué&_ (= 11IN.m), afterwards
322 lha || O it is step variation on the rated loa@, (= ON.m) at time
211 0 | lw | t=0.8s afterwards the load torque inversa@d £ -11N.m) at
100 0 0 s timet=1.3s.
443 ke | O 0
332 T | 1| O It is important to note that both control approaciemsure
221 0 |-, i good decoupling between stator flux linkage anduer The
110 0 OC 5 kc speed response is merged with the reference ontharftlix

is very similar to the nominal case.

Table. 3. Current for different switching statesactor I.
Referring to figure 8, it appears that the capacimtages

For the conventional five-level DTC the cost fupatiis given bywvei, w2, wesandveaare deviating from their reference

given by: voltage value \{;/4). This result shows the problem of the
unbalance capacitor voltages and its consequence on
3 s /2 electromagnetic torque harmonics.
I =ZAVCJ-(K)[Z(Ziky)(K)J (34) o o
i=1 y=i \k=1 As expected in figure 9, the proposed solution &yv

efficient to solve the above-mentioned instabiligoblem.
As result, each capacitor voltage merged with éference
voltage value. Consequently, the torque ripplereses
considerably using the proposed balancing strategy.

The currentsi_ky y=1...3 are calculated based on (33) for

each set of switching combinations, they are reguldn (34)
and the best set that fulfills the condition iseséd.

It is clear that the five-level DTC with balancirsfrategy

This study aims to demonstrate the effectivenesshef compared to the five-level DTC without balancingagtgy

proposed DTC strategy to control and prevent difDC a5 many advantages with regard to the stabilitythef

capacitor voltages. Figure 7 shows a schematicraiagf capacitor voltages and torque ripple.

the five-level DTC balancing system including theC D prom the stator flux response, it is appreciated te flux

capacitor voltage control strategy. ripple decreases when the proposed balancing gyrasein
use.
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Fig. 9. Dynamic responses of five-level DTC withdrading
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VIII.  CONCLUSION

The major problem with the five-level DCI topologg/ the
problem of voltage imbalance

presented. The authors have suggested a methcalanch

the voltage across of the DC link capacitors. s fraper, a

multilevel DTC method applied on DSSM fed by twoefi
level inverters is presented and

results. The study is focused on the balancinglprotof the
input voltages of five-level DCI using a DTC endalngy a
balancing strategy. The simulation results concliidg the
proposed DTC is able to carry out the voltage-tatantask
with no requirement for additional auxiliary powarcuitry.
Clearly, the balancing of the input DC voltages thé
multilevel DCI is necessary to improve the perfonces of
the DSSM fed by the two five-level DCI. Simulatiogsults
prove that the proposed method is suitable atofive-
level DTC drive based on diode-clamped inverter.

Appendix 1. List of principal symbols

V.., Vy, V. @ Stator voltages of the first winding.
V.., V,, V, : Stator voltages of the second winding.

ViV . a-f axis stator voltages.

Vg,V : d-q axis stator voltages.

A : Stator voltage vector.

i, 04,1, : Stator currents of the first winding.
i, 105,15  Stator currents of the second winding.
gl g . a-B axis stator currents.

iyl a : d-g axis stator currents.

i . Stator current vector.

@ B @ : Stator flux of the first winding.
Gar B @ - Stator flux of the second winding.

B
%%

. a-p axis stator fluxes.
: d-q axis stator fluxes.
. Stator flux vector.

< =»x

: DC voltage and current of rotor excitation.
: Flux of rotor excitation.

= 8

®
3

=

: Electromagnetic and load torque.

: Rotor speed.
: Rotating speed of rotor flux linkage.

: Output of the torque hysteresis comparator.
: Angular position.

: Angle between first stator and second stato
: Stator resistance.

: Rotor resistance.

}U:Uim%“‘ee'o
3
()]

a
—

a

: d-g stator inductance.

: d axis Rotor inductance.

: Pole pair number.
: Moment inertia.

o ol -

in DC capacitors. An
arrangement for balancing the capacitor voltagess w

its merits ovee th
conventional DTC approach are confirmed by simaorati

: Output of the stator flux hysteresis comparator.

f, : Friction coefficient.
M, : Mutual inductance betweahaxis for each stator
and rotor.

aAppendix 2. DSSM parameters

p=5 kW, y=232V, p=1, R=2.35%2, R=30.3Q, L4=0.3811H,
Ls=0.211H, L=15H, My=2.146H, J=0.05Nms2/rad,
f,=0.001Nms/rad,F1A.
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