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Assessment of direct torque control for induction motor drives
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Abstract. Among all control methods for induction motor drives, Direct Torque Control (DTC) seems to be particularly interesting being
independent of machine rotor parameters and requiring no speed or position sensors. The DTC scheme is characterized by the absence o
regulators, coordinate transformations, current regulators and PWM signals generators. In spite of its simplicity, DTC allows a good torque
control in steady state and transient operating conditions to be obtained. However, the presence of hysteresis controllers for flux and torgu
could determine torque and current ripple and variable switching frequency operation for the voltage source inverter. This paper is aimed t
analyze DTC principles, the strategies and the problems related to its implementation and the possible improvements.
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1. Introduction Then, the DSC strategy and some improvement to the basic

. . . TC scheme are analyzed.
In recent years, the commercial applications of the Fiela= _. . L
: . , Finally, a new technique for flux weakening implementa-
Oriented Control (FOC) of Induction Motor (IM) drives have,. . o .
) . tion in DTC drive is analyzed and a comparison between DTC
greatly increased. A number of studies has been developed_to

find out different solutions for the control of the IM drives with and FOC is presented.
two objectives, namely i) fulfilment of the requirements for a L
precise and quick control of the motor flux and torque, and- FluX control principles
i) reduction of the complexity of the algorithms involved in aLet us consider an IM supplied by a VSI. If an inverter config-
FOC. uration is maintained during a time intervat, it is possible
A new technique for the torque control of induction motorgo determine the effect of the inverter configuration on the sta-
was developed and presented by |. Takahashi as Direct Torgqe flux. From the stator voltage equation written in a stator
Control (DTC) [1-3], and by M. Depenbrock as Direct Selfreference frame we obtain
Control (DSC) [4-6]. Since the beginning, the new technique
was characterized by simplicity, good performance and robust-
ness [1-17]. The basic scheme of DSC is preferable in the hi
power range applications, where a lower inverter switching fre?y ere
guency can justify higher current distortion. (2)
Differently from FOC, DTC does not tend to reproduce the
electromechanical behaviour of a dc motor drive but is aimed Assuming the voltage drop on the stator resistance small,
at a complete exploitation of the flux and torque-producing cd1) can be rewritten as
pabilities of an IM fed by a Voltage Source Inverter (VSI). dps
The DTC scheme is characterized by the absence of Pl g U (3)
regulat(_)rs, coordinate transformations, current regulators and Then, for small values of, the stator flux at + 1)th
PWM signals generators. sampling instant can be calculated as
This paper concerns DTC, the strategies and the problems
related to its implementation. Pspyr = Psy T Vi Te (4)
Some basic relationships regarding the space vector repre;

: e ) . ingk the index of the configuration applied/ath instant.
sentation of three-phase quantities, the induction motor equa- . . S
. - . . It can be noted that the selection of a null configuration in a
tions and VSI description are shown in Appendix.

. . cycle period stops the stator flux space vector in the d-qg plane.
The basic principles of flux and torque control and th yele p P P qp

Snstead, the selection of an active configuration in a cycle pe-
switching table are firstly presented in order to accomplish tf} ' g yele p

e . N Nfod moves the stator flux space vector along the direction of

eDr;rcC(:a g??ﬁg'?{gr-rhg ;r\:\gt(lehm% S;{::gg.'ssbaaﬁ dV\fr: ‘ﬁ t:: (;Tlt"é‘hee applied stator voltage. The distance covered from the stator
: torqu ux fy 1S piitu Ux space vector in a cycle period is proportionalife and

drive behaviour are then shown. A particular attention has beﬁn being

made on the analytical relationship between the applied volt-"’

_ _ 2
age and the corresponding torque variation in a cycle period. !%M — Psi ] = ch Tc. (5)

i, B}
d‘pt‘ — 5. — R. 1, (1)

15, = 2/3 Ve active configs.
Vsl = 0 null configs.
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With an opportune selection of the sequence of the inverter From the IM equations, written in a rotor reference frame,
configurations the stator flux space vector can be driven alomge can obtain

any trajectory, with a prefixed average speed. dg 1 M
i F=—— ¢+ Ps (6)

A smaller value of the cycle period allows a more regular dt o " oL, "

trajectory to be obtained, as shown in Fig. 1.
where ) I
M
A A . .
d o=l T R

The relationship (6) is a linear differential equation of the
first order describing the behaviour of the rotor flux as a func-
tion of the stator flux.

Rewriting (6) using the Laplace transform gives

_ M/Ls
> > Pr = 1 Ps- (7)
q q +07,8
Equation (7) shows that the relation between the stator flux
Fig. 1. Stator flux trajectories with different values of the cycle peand the rotor flux represents a low pass with time constant
riod T, A sudden variation of the stator flux is followed with a delay

) ] from the rotor flux.
If a hysteresis comparator is used to control the flux, the Equation (A11) can be rewritten in the following form:
flux hysteresis band becomes the circular region in the d-q 5 M
_ p

plane emphasized in Fig. 2. In order to drive the flux within T=2 0,
the hysteresis band, the VSI applies to the motor the suitable 20LsLy 7
voltage vector in a cycle period. The radial component of the At any instant, the torque is proportional to the stator
voltage acts on the flux magnitude, while the tangential conflux magnitude, the rotor flux magnitude and the cosine of

©, COSHY. (8)

ponent determines the vector rotation (see Fig. 2). the angley (see Fig. 3).
A
d
jer
,\{ AT
\ Py
[
>
q

Fig. 3. Stator and rotor flux vectors representation

In balanced sinusoidal steady-state condition the stator and
rotor fluxes rotate at constant angular spegd= w,—w in a
rotor reference frame, which depends on the operating con-
Fig. 2. Flux hysteresis band in the d-g plane and schematic represerditions. The angley maintains a constant value, which de-
tion of the flux vector variations due to the application of two differenfpends on the operating conditions too. In this way the produced

voltage vectors torque is constant.
L ) ) , ) Starting from this condition, it is possible to analyze the ef-

The criterion of selection of the inverter configuration forfect produced from of a sudden variation of the angular speed

the flux magnitude control is intuitive. It is based on the knovv_l-of the stator flux space vector.

edge of the stator flux sector (Fig. 2). In general, at least 2 in- Taking (7) and (8) into account leads to the following re-
verter configurations satisfy the criterion. As it will be showi .

in the next Section, this degree of freedom can be utilized in i)-
order to control the produced torque.

if ¢} accelerate, thery decreases and the torque in-
creases;

. i) if @ decelerate, thery increases and the torque de-
3. Torque control principle creases.

If an inverter configuration is maintained during atime interval The angular speed of the stator flux can be modified, in
T,, itis possible to determine the effect of the inverter configeach cycle period, by an opportune choice of the inverter con-
uration on the motor torque. figuration. The tangential component of the applied voltage
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vector determines the instantaneous angular speed of the statorThe basic switching table, obtained from previous criteria,
flux in a stator reference frame. can be written in compact form introducing the paraméter
The effect on the flux magnitude of a particular voltagehat represents the number of the stator flux sector, as shown in
vector depends on the position of the flux within the sector. Table 1. The choice of the null configuration (0 or 7) is based
The effect on the torque of a particular voltage vector dean the minimization of the inverter mean switching frequency.
pends on the position of the flux within the sector and the rotor Table 1

gngijllar Zpeed- This particular behaviour will be emphasized in Switching table for a three level hysteresis torque comparator
ection 8.

cr
Co 1 0 1
4. DTC scheme +1 k+1 | Oor7 | k1
On the basis of the results obtained in previous Sections a basic -1 k+2 | Oor7] k-2

control scheme for IM drive can be derived, which is shown in
Fig. 4. 6. Switching strategies
For a prefixed switching strategy, the drive behaviour, in terms
of torque and current ripple, switching frequency and torque
response, is quite different at low and high speed [12,19]. In
> J%} this Section a detailed discussion of some possible voltage vec-
Gate signals tor selection criteria is carried out.
" Table 2 summarizes the combined action of each inverter
voltage space vector on both the stator flux amplitude and the
Flux sector motor torque. In the table, a single arrow means a small vari-
ation, whereas two arrows mean a larger variation. As can be
seen, an increment of torqug) (is obtained by applying the
space vector¥; 1 andVj. o, irrespective of the motor speed
direction. Conversely, a decrement of torqu¢ i€ obtained
by applyingVi—1 or Vi_5. The space vectorg, V3 and
the zero voltage space vectors modify the torque in accordance
with the motor speed direction as specified in Table 2.
In that scheme the error between the estimated tofiue
and the reference torqu¢ is the input of a three level hystere- . T.able 2 o
. . tator flux and torque variations due to the applied inverter voltage
sis comparator, whereas the error between the estimated stafor SpAce Vectors
flux magnitudeps and the reference stator flux magnitugdg v v TV v v T
is the input of a two level hysteresis comparator. The selection kvl | Thol L Tk L ThAL L Thea | Thes L P07
of the appropriate voltage vector is based on a switching tabl (fi 0) lll lTl T $ % lll Tll
The estimated torque in Fig. 4 can be determined by mea‘hs(w <o 1 1 T T T T T
of (A10). The stator flux, instead, is calculated by means of &
suitable flux observer, that will be analyzed in details in Sec-
tion 10.

Switching
table

C
o
>
_ ¢,
—

A

Flux and torque
estimator

s

Fig. 4. Basic DTC scheme

With hysteresis controllers having a two level output, there
are four conditions regarding the stator flux and the motor
torque voltage demands. For each condition it can be found
5. Switching table at least one inverter V(_)Itage space vector that acts in the way

of reducing the error signals. This demonstrates that a voltage
The use of a particular voltage vector selection strategy amglerter is able to regulate in a direct manner the stator flux
the amplitudes of flux and torque hysteresis bands affect tlaenplitude and the motor torque of an IM or to force them so
performance of the drive. as to track any reference.

On the basis of the previous results it is now possible to

. - . Table 3
define the criteria for the selection of the voltage vector at any Switching solutions
sampling instant. The results can be represented in a table that T T T T
becomes the “Switching Table” of the DTC algorithm. As an STA VE:TS U Vfis : Vil }0/7 U Vf 3‘2 ¢
example, with reference to the control scheme of Fig. 4, the STB | Virs Virs Vk’ V07 7
following criteria can be adopted. STC | Vis Virs Vi Vk’+3
ST-D | Viss Vieta Vi1 Vi—2

Comparator output ~ Selected VSI configuration

Several switching solutions can be employed to control the

Zi ; J_ri ;Zg:g: Egznge torque according to whether the stator flux has to be reduced
op = +1 tangential positive or increased. Each solution influences the drive behaviour in
er =0 null terms of torque and current ripple, switching frequency, and
er =—1 tangential negative two- or four-quadrant operation capability. Assuming a two
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level hysteresis comparator, four switching solutions are giveand the corresponding voltage applied to the stator will be an-

in Table 3. Upon each solution, a Switching Table (ST) can balyzed in Section 8.

built and implemented in the block of Fig. 4. The ST inputs are

the two-level demands of stator flux and torque, and the statér Influence of the hysteresis band amplitudes

flux sector, whilst the ST output is the inverter voltage spacgne amplitudes of the hysteresis bands have a significant im-

vector for the motor. _ _ pact on the drive performance [10]. In particular, the harmonic
~Depending on the ST adopted, different behaviour of thg,rent distortion, the average inverter switching frequency, the

drive are obtained. As an example, Fig. 5 reports the torque gy e pulsation and the drive losses are strongly influenced by

sponses to a pulse in the reference torque from 18 to — 18 Np, amplitudes of these bands.

for 8.8 ms, as obtained from an experimental prototype with |, gigital implementation schemes too small values of the

ST-Aand ST-D [12]. The motor under testis a4 kW, 220 V, 5,545 amplitude lead to a high value of the inverter switching

Hz, 4 pole standard IM, with a large inertia load so as t0 keepeqyency, without reducing the ripple amplitude. In fact, the

its speed practically constgnt during the torque pulse. The r&5inimum value of the ripple amplitude depends on the mini-

sults clearly document the influence of both ST and the worlg, m variation of torque and flux achievable in a cycle period

ing speed on the torque response. In particular, the reSPONS@iS: in turn, depends on the valuesiafandT..

sluggish at low speed when the zero space vectors are utilized, ‘ ’

i.e. with ST-A, while it is quick with ST-D. On the contrary,  0.40

at high speed the torque response is quick and almost identical ,

with the two STs. This explains why ST-D is convenient for

four-quadrant operation while ST-A (as well as ST-B, ST-C) is

suitable for two-quadrant operation.

[
T0.20
| ! B

|

AT/Ty =0

0.10 ~

000 T T T T T T 1
0.00 0.02 0.04 0.06 0.08 010 0.12 0.14

[
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: 0.00 0.02 0.04 0.06 0.08 010 0.12 0.14
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Fig. 6. THD factor as a function of the hysteresis band amplitudes,
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: ; /“/WV\/ N 8
? : 2
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| T 4
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e ?ﬁ?‘ 6%3'%'3;3 ?ﬁﬁ §r DR Fig. 7. Average inverter switching frequency as a function of the hys-
—E By Bl teresis band amplitudes, ST-A
SHED ORYELS : M) CHYEL SHES S0FT 08 _ :

(b) As an example, Figs. 6 and 7 give the THD factor of the sta-

Fig. 5. Torque response to a 8.8 ms pulse in the reference from + curr(_ant and the aver_age switching freque_ncy of the inverter,
to — 18 Nm, top trace: ST-D; bottom trace: ST-A, (a) motor speed: 2f£SPectively, as a function of the band amplitudes. The results
rad/s, (b) motor speed: 100 rad/s show that the hysteresis band of the stator flux mainly influ-
ences the stator current THD and hence the associated copper
To give a theoretical assessment to the torque responsesasses, giving rise a significant increase of THD when enlarg-
Fig. 5, the relationship between the incremental motor torqurg its amplitude. On the other hand, the hysteresis band of the
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torque mainly influences the switching frequency and hencasualize the effects of the applied voltage vector on the motor
the associated switching losses. In case that the motor parawrque, is drawn in Fig. 9 for zero motor speed and in Fig. 10
eters and the inverter switching characteristics are known,far the rated motor speed.
possible criterion in designing the band amplitudes consists
in minimizing the sum of the harmonic copper losses and the
switching losses.

ATy, >0
8. Motor torque-stator voltage relationship

In order to deeply analyze the basic DTC principles it is possi-
ble to determine the analytical relationships between the ap- 0\
ks

il
W

plied voltage vector and the corresponding torque and flux
variations.

For this purpose reference is made to the IM equations in a
stationary reference frame, written in the state-space form

e, _ R R M @ 1
dt oLs oLsL; s _
s | = | R.M . R, | T |: :| v, (9)
[ddiT] [ULSLT Jw — JLT] 907"‘| 0
Equations (9) can be discretized by means of the small-

signal analysis. For small values Bf = ;.1 — t; the stator
and rotor flux space vectorsit;; can be expressed as

W

Pl

/

d-axis

)

Fig. 8. Diagram of the torque variatiahT},

q-axis

_ _ R s RsM _
<psk+1 = (psk (1 - O'LSTC> + SDTR’O'TSLTTC + USch (10)

R, r. M
Tl +o, 2T,
aLr> } YT

2 Nm

—_

Prips = Pra {1 + <jwk - AT, >0
Equations (10) and (11) are the discrete-time equations of
an IM. Note that in (11) the stator voltage, does not appear
explicitly, meaning that,, acts on the rotor through the stator
flux.
Furthermore, the electromagnetic torqueat; is given

by

w

P

d-axis

AT, <0

3 M _ s
Tps1 = §paL73LT (%Hl ']%Hl) : (12)
Substituting (10) and (11) into (12) and neglecting the
terms proportional to the square Bf, the torque at;; can

be expressed as Fig. 9. Torque variations at zero speed (rated torque)

Tir1 =T, + ATkl + ATk2 (13)
where These figures report the torque variatifff}, produced by
R, R\ T. a stator voltage space vector of constant amplitude and for sev-
ATy, = =T (Ls + L'r') o (14)  eral values of its displacement with respect to the stator flux.
The segments have a length proportional to the torque vari-
ATy, = poLML [(@Sk _ jwk@sk) .j@jk] T.. (15) ation and the same direction as the stator voltage space vec-

tor. The ones in the upper part of the figures represent positive

The termAT}, has opposite sign df}, and then reduces variations of the torque while those in the lower part represent
the torque; its value is proportional to the stator and rotor reegative variations.
sistances and to the torquetatand is independent af;, and Figures 9 and 10 point out the influence of the motor speed.
the motor speed. In particular they show that along some directions the same sta-

The termATy}, is due to the stator voltage and depends otor voltage produces positive variations of motor torque at low
the operating conditions (i.e. the motor speed and the torggpeed and negative variations at high speed. This effect should
angle betweerp, andg;, ). This relationship is illustrated by be taken into account when defining ST and can lead to the
the diagram of Fig. 8 where the stator fligx, is assumed ly- use of a speed-dependent ST (ST-A at high speeds and ST-D at
ing on the d-axis, the dashed lines are parallgbtoand that low speeds). The advantages of this solution are a better torque
one crossing the g-axis at the ordinatgp,, is bold-faced. A response over the whole speed range and a reduction in the
graphical representation &7}, = ATy, + ATy, useful to torque ripple.

Bull. Pol. Ac.: Tech. 54(3) 2006 241



www.czasopisma.pan.pl P N www.journals.pan.pl

VS
D. Casadei, G. Serra, A. Tani, and L. Zarri

basis of the torque error, the modulator selects the active volt-
g-axis age vector or the zero voltage vector in order to keep the torque
within the hysteresis band.

AT, <0

Fig. 10. Torque variations at rated speed (rated torque)

9. DSC scheme Fig. 12. DSC principle

In high power electrical drives the semiconductor devices can-
not be switched at high frequency. As a consequence, a precise
control of both the stator flux amplitude and the motor torque
is not achievable. 0.50 4
The DSC scheme is aimed at minimizing the inverter ]
switchings in each supply period to the detriment of the control 1
of the stator flux amplitude [4—6]. As a matter of fact, this strat-
egy commands the stator flux space vector every sixty degrees i
of the supply period so as to move it along an hexagon. The ,
motor torque, instead, is controlled in a precise way by means 1
of a hysteresis controller like in the DTC scheme. ]

The block diagram of an IM drive controlled with DSC is _0.50 ]

drawn in Fig. 11. i
+8 AT 1
T , , l @ |
1S —1.00 T T T T T T T T T T T |
Pas _’,411;—/’ Sa ~1.00 —~0.50 0.00 0.50 1.00
—15' b, . [ Sb
kp;* @/b ébl_!?: Modulator So 4@ 20 -
3 , Jb-y 20 1
Instantaneous | ¢s 50 ]
flux calculation E 0]
P, ) ]
T Torque [«—* — lq 0
estim. > Flux i, 4
estim. - —-10
’LC -
720 —
M —-30 b
. . . —-40 T T T T T T T T T T T T T T T T T T 1
Fig. 11. DSC IM drive block diagram 0.00 0.02 0.04 0.06 0.08 0.10
Fig. 13. Stator flux space vector trajectory and current waveform of a
The flux estimator allows calculating the instantaneous val- DTC scheme with\Ap, = 0.14¢}

ues of the stator phase fluxes,s, vss, pes and the motor

torque. The fluxes are calculated and compared with the ref- According to the principle of operation outlined in Fig. 12
erence flux. The results of the comparison provide the swit@nd for a counterclockwise rotation of stator flux, before point
signals corresponding to a given voltage space vector. On thds reached, the active voltage vector utilisedfisAfter point
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A the active voltage vector utilised 1§,. The basic rule is that and torque references. Under constant rotor flux operation, it
when a phase flux exceeds the lower limit the correspondirmpcomes
switch stateS is set to 1; when a phase flux exceeds the upper I 9oL N2 /TN 2
limit the corresponding switch statéis set to 0. This control ot = S\/@;)Q + ( T> () . (19)
method is no longer valid when the reference flux is changed. M 3 p ©r
It is possible to verify that in this case the trajectory described To emphasize the high overload capability of a DTC 220V,
by the flux leaves the hexagon. However, with an opporturekW, 2-pole IM drive, with constant rotor flux, Fig. 14 shows
implementation, it is possible to prevent this occurrence.  the output torque and stator current magnitude for a step
It can be noted that the behaviour of a DSC scheme can beange in torque command from 50% to 300% of the rated
reproduced by a DTC scheme with an opportune value of thgotor torque. Figure 15 shows the stator and rotor flux loci
flux hysteresis band\p,. As an example, Fig. 13 shows theduring the same time interval.
trajectory of the stator flux space vector and the stator current As it is possible to see the rise time of the torque is about
waveform as obtained from a DTC drive withy, = 0.14¢*. 3 ms and the rotor flux locus is a circle. The stator flux locus
shows the increase in flux magnitude required to maintain the
10. Improved DTC schemes rotor flux magnitude fixed to the commanded value.

In this section some improvements to basic DTC scheme that
allow increasing the pull-out torque, to reduce the sensitivity

to parameter deviation and to obtain a constant switching fre-80 ]
guency operation, will be analyzed. Many efforts have been -
made in order to reduce the main drawbacks of DTC [19-28]. 60 ] e L

10.1. Rotor flux reference. A new DTC scheme can be de- 1
veloped assuming torque and rotor flux as references [9]. In40; et
this way, the highest pull-out torque is obtained and it is pos- - T (Nm)
sible to combine the advantages of rotor flux orientation and |
stator flux control. The strategy adopted needs neither the ro-; _
tor resistance of the machine nor the coordinate transformation -
based on the rotor flux position, leading to a high performance |
drive using a simple control scheme. 0 — :
From the IM equations, the following expressions of the 0.60 0.61 0.62 063 0.64  0.65 0.66
electromagnetic torque can be found at steady state as a func- Time (s)
tion of either the rotor flux or the stator flux:

T T T

Fig. 14. Torque and current magnitude during torque step response

3 <p2
T = Spw. 28
PR,

3 [M\? R,w,
T=-p|l—) 55— 17 1.0~
2P (L) R2 + w2(oL, )2 7" (17) ]

Note that (16) is valid also during transients. By (16)—(17), the
torque characteristic of an IM under constant rotor flux op-
eration increases linearly with,., and the maximum torque is 0.5
constrained by the maximum current allowable for the inverter. |
On the contrary, the torque characteristic under constant sta-
tor flux operation exhibits a maximum value at an angular slip2 1
speed which depends on the machine parameters. This sug% 0.0
gests to control the amplitude of the rotor flux instead of that<~ 1
of the stator flux in order to increase the overload torque capa-
bility of a ST scheme [29]. 1
From the IM equations, written in a reference frame syn- 0.5 7
chronous with the rotor flux and aligned with theaxis, the 1
space vector of the stator flux can be expressed as [30].

_ _Ls olL.2T ) (18) 10+

Ps = ‘
M ¢r 3p 1.0 05 0.0 0.5 1.0
dq (Wb)

(16)

(1+som) or + 3

T T T T T T T T

Its amplitude furnishes the reference for the stator flux am-
plitude needed by a DTC scheme, as a function of the rotor flux Fig. 15. Stator and rotor flux loci during torque step response
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10.2. Improved stator flux estimator. In sensorless applica- A block diagram of a DTC IM drive with the improved
tions the stator flux is evaluated by stator voltages and custator flux estimator and the control of the rotor flux ampli-
rents. At low speed this estimation deteriorates owing to stattude is drawn in Fig. 16. In order to emphasize the benefits of
resistance variations and current sensor offsets, leading to uhe improved stator flux estimator Fig. 17a) shows the system
desired oscillations of the stator flux magnitude, torque oscitesponse to a step torque command from 0 to the rated torque.
lations and acoustic noise. It can be noted that using a pure integrator it is not pos-
Some possible solutions are given by the use of high asible to magnetize the machine if a zero torque command is
curacy current sensors and on-line stator resistance estimatiapplied. As a consequence, a slow torque increase is observed
However, these solutions increase cost and computational timeing to the transient required to magnetize the machine when
without achieving sometimes the expected results. the torque command is applied. Fig. 17b) shows the results ob-
To maintain good performance at low speed, improved flusained when the improved flux estimator is used.
estimators have been devised [19,24,25,31,32].

+ _

A possible solution is based on correcting the flux estimate o .

on the basis of the rotor flux command. This flux estimator can—/Saro s of  +_ ApS
. —* S
be applied to both DTC and FOC schemes. T | g o [F—Q—— \i(;itiie L
schemes. | om, : or ] s

The stator flux can be determined integrating the following T . 08| AT | solection 3

stator voltage equation: i?r
dp? _ - (ps*ejg — s is Torque | @5 Stator i >
% =70, — Rsi; + g (20) — estimator : t'ﬂuxt . 2\
estimator| s
Vs

wheref is the phase angle of the rotor flux vector” is the Rotor flux i
reference magnitude of the rotor flux vector, ant the ob- estimator w
server time constant.

The rotor flux can be estimated as follows

L. B Fig. 16. Block diagram of a DTC scheme with improved stator flux
@ = M’ (P2 — o Lgi%) (21) estimator
whereag) can be derived from (21) as follows ctompen s sz
100ms fdiv
0 = arg p; = arg (¢S — o Lil). (22) ; : oS

It is evident from (20) that the estimation of the stator flux
vector can be affected by stator resistance mismatch, sensor
offsets and the inverter non-linearity (inverter dead-times, volt-
age drop on the conducting switches, etc.). However, at high
speed the estimation error is lower than that at low speed, be-
cause the input voltage becomes the most relevant term in the
second member of (20). The estimation error on the phase an-
gle 6 depends on the stator flux estimation error, the mismatch
on the leakage inductaneés and the offset of the current sen-

=Filter= =OFfset= =Record Length= =Trigger=

sors. The leakage inductance shows moderate variations with Bw LM CH.  DON  Zam: 2K Typm ! EDGE CH ¥

the stator currents and it will be assumed practically constant. ani un o (a) s on - ananang
In conclusion, the rotor flux observer depends on three ma- COP s Y P

chine parameters, nameRy, oL, andL,. /M but the effects o St i)

of this dependence can be considered negligible in the high
speed range. In the low speed range, instead, the closed loop
scheme of the flux observer can reduce the effect of the param-
eter and model mismatch, and sensor offsets.

The low-speed performance of the drive depends on the P
parameterr. An appropriate value of greatly improves the H e TRttt At

dynamic robustness of the scheme. By selecting be very &
large the filter approximate a pure integrator and the estimation

at low speed becomes difficult. On the other hand, by selecting smonining 1 ON CH1 ¢ ooy e MK Mode - AUTG

7 to be very small reduces the contribution of the rotor back- R T A

emf and the estimation at high speed becomes difficult. As a (b)

consequence, in drive systems operating in a wide speed rangg, 17. Torque step response during the start-up, upper trace: phase
good results can be achieved choosing a speed dependent valugent, 20 A/div, lower trace: measured torque, 20 Nm/div, (a) pure
of . integrator, (b) improved flux estimatar,= 0.01 s
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5ms /div

In this case, with zero torque command, the phase current 5 5 L (o)
assumes a constant value, corresponding to the magnetizing | ... NORMZIKSSS
current. As the torque command is applied to the control sys-
tem the output torque reaches the reference value in few mil-
liseconds.

10.3. Constant switching frequency DTC schemedn DTC
schemes, the presence of hysteresis controllers for flux and
torque determines variable switching frequency operation for
the voltage source inverter. This problem can be overcome by
different methods[33,34].

A solution based on Stator Flux Vector Control (SFVC)
scheme has been proposed [30,35-37]. This scheme, presented
in Fig. 18, may be considered as a development of the basic
DTC scheme with the aim of improving the drive performancerig. 20. Motor current (10 A/div) and estimated torque (18 Nm/div)
The input commands are the torque and the rotor flux, whereasin steady state conditions at rated current, 1120 rpm (5 ms/div)
the control variables are the stator flux components, according
to (18). It should be noted that the real and imaginary parts

of (18) are quite similar to the corresponding equations of thg 4. Stator flux regulator. The flux regulator determines the

traditional field oriented control based on stator currents. voltage vector, which has to be applied to the motor in order to
The principle of operation is based on driving the statogyain at any instant, a stator flux vector equal to its reference

flux vector toward the corresponding reference vector defln%Me@*_ This can be properly obtained by using a regulator in

S

by the input commands. This action is carried out by the Spacgich the input variable is the difference between the reference
Vector Modulation (SVM) technique, which applies a suitable,, 4 the estimated flux vectors

voltage vector to the machine in order to compensate the sta-
tor flux vector error. In this way it is possible to operate the Ags = @r — @s. (23)

induction motor drive with a constant switching frequency. The flux regulator equation can be expressed as follows

Compcnsﬁtmn k- ’DS = RSZS =+ ]WSSZS + KPASBS‘ (24)
Toon T . - N
ﬁjF >|Reference | 7, A9 |Stator Flux|7.” Y ¥ > | This equation shows that the flux regulator behaves as a
@, |Stator Flux| NG Regulator SVM —> . . s
—>{Calculation ; * —> proportional controller, with some additional terms compen-

sating the stator back emf and the stator resistance voltage
drop, according to (A6). In (24), represents the gain of the

- regulator.
i Flux N
Weikoning™< | PSimation R 10.5. Experimental results. The control algorithm has been
\ o } implemented on a low cost, fixed point DSP, which performs

dhe calculations and produces the PWM signals. Dead time
compensation has been included in the control algorithm.
Several experimental tests have been carried out and good
— S rdw results have been achieved in both steady state and transient
S : R Syhisth operating conditions. Figures 19 and 20 show the motor current
A R S and the estimated torque in the locked rotor tests and in steady-

Fig. 18. Block diagram of the scheme based on Stator Flux Vect
Control

state conditions, respectively. As it can be seen, the motor cur-

rent is practically sinusoidal. The estimated torque matches the

":l" LS ".; i 'r; ! MR A ""‘L"

10.6. Sensitivity investigation of a speed sensorless induc-
tion motor drive based on stator flux vector control. Reli-

able operation of SFVC schemes depends on how closely the
estimations of the stator flux and motor torque approximate
their actual values, particularly in the low speed range.

In order to evaluate the performance of the drive and its
sensitivity to stator parameter deviations and current sensor
Fig. 19. Motor current (10 A/div) and estimated torque (18 Nm/div) iroffsets, a detailed analysis is necessary, considering the equa-
the locked rotor test with rated torque and flux commands (50 ms/ditions of the whole system. In particular, the equations of the
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machine, the control system and the flux estimator can be die relationships linking the stator resistance deviation and the
veloped through the linearization at a steady state operatiogrrent measurement error with the variabtes, ;, Ap,, and
point. Then, the relationships linking the stator resistance devixy,..
ations and the current sensor offsets with the rotor flux may be
determined. In this way, both the control system stability and 50
the effects of parameter sensitivity on the drive performance ;|
can be examined.

To estimate the sensitivity of the control system, the sta- 307
tor resistance and the measured stator current are related to the 20
actual values by 10k
R,=R,+ AR, i ,=i,+ Ai,. 25) & o
The system equations have been linearized around the-10
steady-state operating point of the motor drive considered 90
without parameter mismatch.
-30
d R 40
- APrqd 50 L
=" Apra AR, 3 25 2 15 1 05 0
d —ala Bl A (26) log ()
aAQOrq = [4] $rq| +[B] lsd
d Ap, Aigg Fig. 21. Contour lines of the surface representing the real part of the
%Agbr dominant pole for a slip angular frequency of 5 rad/s
where _ o ) )
. M2 Stator resistance error.Considering a stator resistance devia-
T Wso TW0 TOLTL tion it can be verified that the rotor flux error is practically in-
[A] = *”fo 0 ) w‘“”M2 (27) dependent of the value of(Fig. 22). However, the use of the
—5. W T T Sh.oom improved estimator with low values efincreases the system
[B] = stability. In fact, using the improved flux estimator, the over-
y . Mo A estimation ofR, leads to a steady state error of the rotor flux
, 0 — - cost, — . sin67 magnitude equal to that predicted by the theoretical approach,
L Ty <A ~ . .
o ngo — LB gin 03 Lefte cos 6 as shown in Fig. 23. . . N .
Ly (M n LrRS) cos s — (M n LTRS) sin 69 On the contrary, the basu_: flux estimator ex_hlblts an oscil-
M2 ¥ro T M To T M o latory response with increasing amplitude. This behavior has
. (28)  been observed also during experimental tests with an evident
wheref; is the argument of the estimated rotor flux. increase of the noise level and the generation of a pulsating
torque.
10.7. Stability analysis. The stability analysis can be carried
out determining the eigenvalues of matrix [A] [37]. 0.7

The results show that in the case of a pure integration to ]
estimate the flux leads to limit operating conditions for theg0 65 77777777777777777777777777777777777777777777777777777777777
system stability. When the flux estimation is performed by the‘g '
“improved estimator” the system stability can be investigated 5
by solving the characteristic equation of matri][ As an ex- = 0
ample, Fig. 21 shows the contour lines of the surface repre=
senting the real part of the dominant pole as function ofand e 0.4
The figure is related to a slip angular frequency of 5 rad/s. In
Fig. 21 the dashed area represents instability regions. It can be 0.3
noted that for positive values of, the system is always stable. R
For negative values af, the instability region can be avoided Time (s)
choosing a suitable value of )

From the analysis carried out it can be noted that the sthl9:
bility of the control system is increased using the improved
estimator.

***** Flux reference
— — Basic flux estimator
—— Improved flux estimator

22. Rotor flux error due to 10% underestimation of the stator re-
sistancew = 1 rad/s,r = 0.01 s, T = 100% rated torque

Current measurement error. Considering a current measure-
10.8. Sensitivity analysis. The system of equations (26) canment offset, it can be verified that large valuesrofwhich
also be used to investigate the sensitivity of the control sysransform the improved estimator in a pure integrator, increase
tem. In particular, solving (26) in steady-state conditions yieldthe steady-state error in the rotor flux magnitude.
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— |
0.9 | G Flux reference
] I\ ! | — — Basic flux estimator
§ O-Sf | | ! | —— Improved flux estimator
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Fig. 23. Rotor flux error due to 10% overestimation of the stator r

sistancew = 1 rad/s,r = 0.01 s, T = 100% rated torque

————— Flux reference
X — — Basic flux estimator "
[N 0.62 Improved flux estimator

L N O B S S B B B H B S B S H B

T
0 1 2 3 4 5 6
Time (s)

Fig. 24. Rotor flux error due to 0.01 A offset,= 1 rad/s,m = 0.01
s,T =100% rated torque

Stopped 1997 /04728 16:04:31

T TeHz=iv CH3=20V CHA=20V ©200ms /&v
DCc 11 pC 101 pC 1m0
MORMS00S /s
S
T L R |
|||||||||||| /»\_"‘_. rchk e Libabaniond ot
’f'
e
/,pw—"t
=Filter= =0ffset= =Record Length= =Trigger=
Smoothing : ON  CHI 0.00v Main © 1K Mode : AUTO
BW : FULL CH2 : 0.00v Zoom : 1K Type : EDGE CH1 4
CH3 : 0.2v Delay : 0.0ns
CHA : 0.0v Hold OFF :  MINIMUM

Fig. 25. Transient response of the drive system, top trace: rotor angy
lar speed, middle trace: measured torque, bottom trace: line current

s total acquisition tim&A\ R, = —10%, w = O rad/s,m = 0.01 s

value and both the amplitude and the frequency of the oscilla-
tion are equal to that predicted by the theory.

The basic flux estimator shows an oscillation with the same
frequency of that obtained by the improved estimator, but
with increasing amplitude. This oscillation in turn determines
torque pulsations as it has been verified by experimental tests.

The results obtained show that in all cases the improved
estimator leads to stable operating conditions, even if the flux
level is not properly maintained and the torque is not the com-
manded value.

10.9. Experimental results. Figure 25 illustrates the exper-
imental results when a machine is firstly accelerated from 50
er'pm to 220 rpm, then decelerated to O rpm to show the drive
behaviour during regenerative braking.

11. Discrete space vector modulation for DTC
induction motor drives

The possibility to compensate, at each cycle period, the torque
and flux errors is strongly dependent on the number of avail-
able voltage vectors.

A high number of voltage vectors can be generated using
non-traditional power circuit topology as proposed in literature
[3,38-40].

In effect, the number of voltage vectors can be increased
using a standard VSI topology and introducing a simplified
space vector modulation technique [41-44].

According to the principle of operation, new voltage vec-
tors can be synthesized by applying, at each cycle period, sev-
eral voltage vectors for prefixed time intervals. In this way
a sort of Discrete Space Vector Modulation (DSVM) is em-
ployed which requires only a small increase of the computa-
tional time. The number of the voltage vectors that can be gen-
erated is directly related to the numbers of time intervals by
which the cycle period is subdivided. It has been verified that
subdividing the cycle period in three equal time intervals leads
to a substantial reduction of torque and current ripple without
the need of too complex switching tables.

In basic DTC schemes, 5 voltage vectors are usually em-
ployed to compensate flux and torque errors. Using the DSVM
technique, with three equal time intervals, 19 voltage vectors
can be used, as represented in Fig. 26.

As an example, the label “332” denotes the voltage vector
which is synthesized by using the voltage space vedtors;
andV; , each one applied for one third of the cycle period.

The voltage vector selection strategy should be defined us-
ing all the 19 voltage vectors on the basis of the criteria dis-
cussed in the Section 8. In particular it has been verified a large
influence exerted by the dynamic emfy;, . So this quantity
ltﬁégether with the actual outputs of flux and torque comparators
must be assumed as input variable to the switching tables.

The results of the analysis can be summarized in seven

Figure 24 illustrates the rotor flux error obtained in presswitching tables for the stator flux lying in a given sector.

ence of a current sensor offset. With the improved flux esti-

The first switching table is valid for low speed operation,

mator the rotor flux magnitude oscillates around the referentiee second for medium speed and the last two for high speed.
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The speed ranges are defined with reference to the value as- 30

sumed by the dynamic emf; p;, , as represented in Fig. 27. 00

333 332 223 222

[
o

|
—_
o

Stator current (a)
o

N
\
e ia e oy
|
[\
o

730 LENLLL LIS I O O |

0.00 0.05 0.10 0.15 0.20

e Time (s)

'd-axis
Fig. 29. Basic DTCA¢ = 80 us, Br = 5%, B, = 2%, fs = 2450
Hz, 100 rpm

30

20

<
555 556 665 666 ~ 107
Fig. 26. Voltage vectors obtained by using DSVM with three equalg 0_3
time intervals per cycle period g ]
5 ]
E -10
n ]
clockwise <€——4———> counter-clockwise 720_'
high medium low medium  high ]
i i i | i i i > -30 +—r T T T T T T T
WP, . . . . .
1 42 160 1/6 1/2 P WP 0.00 0.05 Ti(r)ni()(s) 0.15 0.20
Fig. 27. Speed range subdivision, p.u. of the rated voltage Fig. 30. DSVM,At = 160 s, By = 2.5%, B, = 1%, f. = 2450

Hz, 100 rpm

[ Stopped | 1998/02/25 12:15:07
) X : © CH2=100mY: : : : 20ms /div
High . DR : Tl B B : : : (20ms /div)

NORMISKS /5

speed range 337

Medium . ./,-’ 1
speed range "\SZZ QZ?/' i
_ . o L
Low | e ety
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Fig. 28. Representation of the voltage vectors used by the DSVM
technigue in the high speed range

In the high speed range two switching tables have been de-
fined, each one valid for half a sectari(and1~). This means Fig. 31. Measured motor current (8 A/div)
that the argument of the stator flux vector has to be estimated
with a resolution ofr/6, corresponding to a 12-sector angular  In order to explain how the synthesized voltage vectors are
representation. The two switching tables are necessary at higglected at high speed, we assume for the machine a counter-
speed to fully utilize the available voltage vectors. clockwise rotation and a torque increase demand. In this case
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the bold-faced line of Fig. 8, is located in the high speed ranghermore, the stator voltage equation, written in balanced si-
of Fig. 28. Then 4 voltage vectors can be employed, i.e. “333fusoidal steady-state conditions, leads to
“332”, “223" and “222". Depending on whether the flux has - |V _R.I |

to be reduced or increased, the first two vectors or the last two 65| < " g

vectors respectively should be selected. For the last step we ] ) ]
have to verify the position of the flux vector. If the flux is in  Theinequality (32) represents a constraint on the stator flux

sectorl™ the vector “333" is selected, while with the flux in Magnitude, which is a consequence of the stator voltage limit,
sectorl ~ it is opportune to select “332”. and depends on the stator flux angular frequency and the stator

(32)

Ws

The speed value required to choose the different switchirfg™ent: _
tables is not critical so, in sensorless applications, the speed 'N the high speed range the DTC algorithm keeps the torque
range can be selected from the estimation of the stator anguf§fhin the hysteresis band generally applying direct configura-
frequency. tions and_ zero vectors. As the b_ack_ emf approaches the §tator
Figures 29 and 30 show a comparison of the steady st \{gltage I_|m|t, the flux still remains inside the corresponding
behaviour obtained using the basic DTC scheme and the n%\)ysteresg band, whereas the torque deman(_:i may be not_ sat-
Is ied. This happens because the DTC algorithm, in the high

DSVM scheme. The machine is running at 100 rpm. As it i d ) L fl Ki K
possible to see an appreciable reduction of current ripple hReed range, gives priority to flux tracking over torque track-

been obtained using the DSVM technique. It should be notdg: owing to i'gs intrinsic characterist?cs. In this case, .several
that the performance improvement has been achieved WithcgnseCUt_'V? failures of the_ DTC algorithm occur in driving the
mean switching frequencyf() practically equal to that of ba- torque within the hysteresis band and the torque decreases.
sic DTC scheme.

. . . . 12.2. F keni Igorithm. On the basis of th -
Figure 31 shows the experimental results obtained with ux weakening aigorifim. ©n the basis of e pre

Vlous considerations it has been found that a suitable acoustic

rotor spe]??hof ég(\)/:&)n; .’?md rat::‘d to_rquet_c?cmrtnand. r-:- he_perf?ﬁcroscope analysis of the output of the torque hysteresis com-
mance ot the rive system IS sauisfactory, showing ?rator can provide useful information to evaluate if the drive

gahcceptablcte_ Ieve! of to.rttrq]ue and (iutrrciﬂt ?p;f:)ls and I:a;_lr_((a:duc:]lon & approaching the base speed.
€ acoustic noise with respect to that of basic SCNeme, 1 5 practical implementation of the flux-weakening algo-

particularly in the low speed range. rithm the motor behaviour is analysed for N consecutive cycle
) _ periods. If no zero vector is applied during that time, then the
12. DTC in the high speed range control algorithm assumes that the flux level is too high for

In flux controlled drives the selection of the flux reference anﬁ1e actual operating conditions. Then, a small decrease of the

of the base speed is very critical, particularly with reference o X reference is performed. On the contrary, if the DTC al-

the dynamic performance [45-50]. gorithm applies at least one zero voltage vector duringthe

. . . cycle periods, it means that the torque demand is satisfied. As a
A very interesting effort toward a robust flux weakenin yclep g

gConse uence the control algorithm makes a trial to increase the
strategy has been proposed in [51]. However, that method r; q g

. . . . 1x reference. Of course, the flux cannot become lower than a
(rleug;rueIZtlglrrge computing time and needs the tuning of several er{efixed minimum value or greater than the rated value.

) i _ This type of algorithm is useful for traction drives where

In DTC induction motor drives, a new strategy for the ﬂuxthe input command.. . is represented by the gas pedal
weakening operation, suitable.for electric vehicle applicationfmsition_ This last in the low speed range corresponds to a con-
can Ee adopted [52]. th malr& featudres of the prohposed fIant torque command, whereas in the flux weakening region
weakening strategy include no dependency on machine Parafinresents a torque command variable with the speed, so that
eters and smooth transition into and out of the flux weakemn[ge output power is constant. For this purpose, the torque ref-

mode. erence of the DTC scheme must be adjusted according to the

following relationship
12.1. Basic equationslifthe stator flux magnitude is assumed

constant, from (17) it appears that the torque reaches its maxi- T = Teommand $s (33)
mum value Ps,rated
Tar = krd? (29) In the very high speed region, this method could determine
a torque demand higher than the maximum torque (29) corre-
for the following value of the rotor angular frequency sponding to the actual flux?. As the maximum torque is pro-

portional to the square of the flux, the torque reference should

wp = Ry /oL (30) be set not greater than the following value
where s T = kr (03)%. (34)
kr = P (31) The parametet; is nearly constant in the whole flux

weakening region and can be determined as the ratio between
The torque expression (29) emphasizes an intrinsic torqtiee maximum torque at the rated flux and the square of the
limit related to the value of the stator flux magnitude. Furfated flux itself.

Bull. Pol. Ac.: Tech. 54(3) 2006 249



www.czasopisma.pan.pl P@ N www.journals.pan.pl
=

D. Casadei, G. Serra, A. Tani, and L. Zarri

12.3. Experimental results. In order to achieve good perfor- 13. Comparison between DTC, DSC and FOC
mance, it has been verified that the DTC sampling frequency schemes

should be at least 20 times greater than the update frequenm/irty years ago, in 1971 F. Blaschke presented the first paper

of the flux reference. on FOC for induction motors. Fifteen years later, in 1984-86

Figure 32 shows the behaviour of a motor during a start-up4. pepenbrock and I. Takahashi, presented the first papers on
The final speed is about 400% of the base speed. Initially, thenew control technique called Direct Self Control and Direct
torque command is zero, the motor is at standstill and the flurpbrque Control. Both FOC and DTC-DSC are today becoming
reference corresponds to the rated value. the industrial standards for induction motors torque control.

This Section is aimed to give a contribution for a fair com-
parison between the two control techniques, emphasizing ad-

. vantages and disadvantages [53]. Because DTC is intrinsically
: NORM:TKS /5 sensorless, a Direct FOC (DFOC) scheme will be considered,
; : instead of a general FOC scheme.

13.1. DFOC and DTC comparison lines.For a fair com-
parison of the two schemes the following criteria have been
adopted.

— The same DSP board for implementing DFOC and DTC
schemes.
— The same average switching frequency of the inverter.

A comparison carried out with the same cycle period is not
fair enough. In fact, the same cycle period does not allow a
suitable use of the basic characteristics of DTC scheme that
are the easy implementation and the reduced calculation time.
.22 g it o 06 up o 400 o e e e, 0 220 DFOC ¢ DTC <oneres e ey e
(1) Motor current (20 A/div). (2) Flux reference (0.30 Wb/div). (3) ’ S . .

Torque command (10 Nm/div). 4) Torque reference (10 Nm/div) at|ons_ gt low speed out of the main aim of this comparison. The
quantities employed to evaluate the performance of DFOC and
DTC, in steady state and transient conditions, are:

After the application of a step torque command of rated current and torque ripple values in steady-state operating
value, the motor starts up. Until the speed is lower than the conditions,
base speed, the torque reference equals the torque commandme response to a step variation of the torque command, at
As soon as the base speed is reached, the motor can no mordifferent rotor speeds.

generate the requested torque, and the flux weakening algo- A getailed comparison between the two solutions can be
rithm automatically reduces the flux reference and proportioRs ried out by means of numerical simulations, where sec-
ally the torque reference. ondary effects that could mask the switching behaviour are not
In the constant power speed range, the current is almqstesent. However, the effects of time discretization and delay
constant, according to the operation principle of the flux wealcaused by the sampling of signals must be taken into account.
ening algorithm. Above the constant power speed range, the The parameters used in the simulations are shown in Ta-
torque reference does not follow the behaviour of the flux refeble 4. The amplitude of the hysteresis bands have been adjusted
ence, but decreases proportionally to its square value, accoid-order to achieve a mean inverter switching frequency prac-
ing to (34). As can be seen, from a certain speed, the torque raéally equal to that of DFOC scheme. It is worth noting that,
erence assumes constant value corresponding to the maximdoe to the particular modulation strategy adopted, the mean
torque reference, and then the current amplitude decreases.switching frequency of the DFOC scheme is defined as 2/3 of

The experimental results confirm the validity of the prothe carrier frequency (6.1 kHz). For DTC, the switching fre-

posed flux weakening algorithm whose main advantages cfHeNcy can be defined as the number of switch state changes
be summarized as follows: per second divided by six. With these definitions, the switching

frequency of DTC and SVM are directly comparable.

— no need of machine parameters knowledge, Table 4

— no need of calculation of the stator flux reference as function Simulation parameters
of the operating conditions,

— no need of calculation of the base speed, which in genera
depends on the machine parameters, motor current and D

FOC Scheme DTC Scheme

ycle period = 16Qus  Cycle period = 4@Qs
. 'wo-phase modulation  Basic switching table
link voltage. Technique Resulting switching frequency = 4.1 kHz
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Steady-state performanceWith reference to the three-phaserpm. Thee results show that using the DTC scheme a better

rms current ripple the results are shown in Table 5.

Three-phase rms current ripple

Table 5

DFOC DTC
Torque Speed Speed
1440 720 144 1440 720 144
rpm rpm rpm rpm rpm rpm
26.5Nm 0.64A | 0.63A | 0.58A 1.10A | 157A | 146A
13.25Nm| | 0.64A | 0.94A | 0.47A 109A | 156 A | 1.27A
0 Nm 0.65A | 093A | 0.34A 118A | 146A | 121A

torque response can be achieved in terms of settling time and
maximum overshoot. The different dynamic behaviour is due
to the presence of PI regulators in DFOC scheme, which delay
the torque response.

From the results obtained it can be concluded that the
whole performance of the two schemes is comparable.

DTC might be preferred for high dynamic applications, but
it shows higher current and torque ripple. This last drawback
could be partially compensated by adopting a DTC-DSVM
scheme that requires only a small increase of the computation.

As itis possible to see, in all the operating conditions the, ,ithermore, the DTC scheme is simpler to be implemented,
behaviour of DFOC scheme is characterized by lower valugSqiring a very small computational time. Even in low cost

of the three-phase rms current ripple with respect to the DTggp platforms, with respect to FOC

it leaves more resources

scheme. Furthermore, it should be noted that in the high-speggl oiher tasks (reference generation, communication, manage-

range the DTC scheme operates at a switching frequency IOWSE of the user interface, etc.), that nowadays are the promi-
than 4.1 kHz, even if the amplitude of the hysteresis bands s, part of an industrial drive.

reduced. This is due to the moderate effect produced by the
voltage vector$’, andV 3 when the torque has to be increased 30
at high speed. =25
Under the assumption of the same mean inverter switchin@ 20
frequency, the amplitude of the torque ripple in DTC is slightly £ 1°
higher than that of DFOC. However, the oscillations in DFOC 10
scheme are more regular and uniform. o
With reference to the current waveforms it can be noted  °
that the harmonic spectrum of DFOC (Fig. 33) shows only
the harmonic component corresponding to the modulation cy-
cle period, whereas with DTC scheme the spectrum (Fig.
34) shows a series of harmonics with lower values, but dis- 3,
tributed all over the frequency range. According to the current— o5
spectrum, DFOC generates a high frequency uniform noisegz; 20
whereas DTC produces an irregular noise level, which is par-g 15

Torqu

—
%

Time (1 ms/div)

Fig. 35. DFOC torque step response

ticularly maddening at low speed. g 10
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Fig. 33. Stator current harmonic spectrum (DFOC), rated speed, ratalyzed
torque

The concept of the DTC-DSC technique for IM has been an-

by means of physical considerations, analytical devel-
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opments, simulations and experimental results, demonstrating
how the stator flux amplitude and the motor torque can be kept
under control through the application of the voltage space vec-
tors generated by a VSI.

As in any sensorless IM drive, the performance of a DTC
drive deteriorates al low speed. However, it has been illustrated
that the use of an improved flux estimator gives the drive good
performance even in those operating conditions.

Some improvements to basic DTC scheme have been dis-
cussed and a viable solution for flux weakening operation has

Fig. 34. Stator current harmonic spectrum (DTC), rated speed, ratbgen presented.
torque

A fair comparison between FOC and DTC, performed on

the basis of suitable criteria, concluded that the whole perfor-

Transient performance. Figures 35 and 36 show the resultsmance of the two schemes is comparable. DTC might be pre-
obtained for a step variation of the torque command, at 1G@rred for high dynamic applications. Its higher current and
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torque ripple may be partially compensated by adopting a
DTC-DSVM scheme. Furthermore, DTC is simpler to be im-
plemented, requiring a very small computational time and low

cost DSP platforms.

Appendix

Space vector representationThe “space vector” is a com-

Vo

pact and powerful tool for describing a three-phase system of

variablesay, as andas.

Lo

O
b | |

The instantaneous space vector representation is based on Fig. A1. Schematic representation of a three-phase voltage

the following transformation:

dz% a1+agej27”+agej%ﬂ}. (A1)
The zero component is defined as
ap = a1 + as + as. (A2)
The inverse transformations are
ay = % + R, [a] (A3)
@:%+&hw?} (A4)
%:%+&hf%] (A5)

Space vector representation of the in equationdJnder the

source inverter

The line-to-neutral voltage vectors corresponding to the 8
inverter states are shown in Fig. A2.

q
010) v, (110)
01y, _ 7
( )V4 000) 7, v, (100)
2 d
Ve
(001) 7 Vg (101)

assumption of no hysteresis, eddy currents and saturation of the
magnetic circuit, and the additional assumption of sinusoidal
distribution of the stator and rotor windings, the equations of
an IM, written in terms of space vectors in a stator reference

frame are o
By = Rai, + =22 (A6)
0=Ryil + df —jw@y (A7)
¢y = Lgiy + M i} (A8)
¢p = Lyiy + M i, (A9)
T=3pi i, (A10)

Combining (A10) with (A8) and (A9), the expression of the

torque can be rewritten as follows:

_3_p»M
- 20L,L,

[ps - 3 &7] (A11)

where- represents the scalar product anis the rotor angular

speed expressed in electrical radians.

Fig. A2. Inverter voltage space vectors
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