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Abstract—Finite-state predictive torque control (FS-PTC) is Moreover, PTC structure is simpler compared to the claksica
computationally expensive, since it uses all voltage vectors avail- complex switching table based direct torque control (DT&}) [
able from a power converter for prediction and actuation. The Generally, several types of power converters are employed
computational burden is rapidly increased with the number ' . .
of voltage vectors and objectives to be controlled. Moreover, to produce the voltage vectors applied t_o the motor terrajnal
designing a cost function with more than two control objectives Such as two-level VSI (2L-VSI), multilevel inverters, and
is a complex task. This paper proposes a simplified algorithm matrix converters [2]. Among them, 2L-VSI is extensively
based on a new direct torque control (DTC) switching table ysed in industry applications [1]. For medium and high power
to reduce the numbers of voltage vectors to be predicted and applications, multilevel converters—most prominentlyeti

objectives to be controlled. The new switching table also assistsI L t ferable th SL-VS|. H
to reduce average switching frequency and its variation range. evel Inverters, are more preferable than ) - however,

As a result, the cost function is simplified by not requiring to in @ three-level inverter, the numbers of admissible svinigh
include the frequency term. Experimental results show that the states are 27 and all switching states should be evaluated
average execution time and the average switching frequency for through the cost function, which is inevitably time consogi
the proposed algorithm are greatly reduced without affecting The computational burden grows rapidly with the number
the torque and flux performances achieved in the conventional L . . . .
FS-PTC. of admissible switching states of an inverter resulting in
o o _ low sampling frequency of the control algorithm. Hence,
Index Terms—Predictive torque control, simplified algorithm, o, sijevel converter strategies may not still be widely dise
execution time, average switching frequency, Torque and flux ith in ind licati f id -
ripple, induction motor (IM). wit FS_-PTC in in _ustry app !catlons. In fact, consideyati
of all eight admissible switching states of 2L-VSI becomes
computationally expensive to achieve complete benefitsh su
. INTRODUCTION as torque ripple reduction by using multiobjective optiatian
ECENTLY, predictive torque control (PTC) strategiesind/or long prediction horizotV,, > 2, of FS-PTC.
have received wide attention in research communitiesin recent years, research has been carried to reduce the
due to their intuitive features, easy implementation, aaslye number of calculations in model predictive control [9]-]16
inclusion of nonlinearities and constraints of model pcédé In [9], a computationally efficient predictive direct torgju
control (MPC) [1]-{7]. Finite-state predictive torque ¢mi control for medium voltage drives is proposed. By adopting
(FS-PTC) is one of the most attractive PTC strategies. In FSranch and bound algorithm and by discarding some optimal
PTC, torque and stator flux are predicted for the finite numbggquences, the number of switching sequences is reduced. An
of admissible switching states of a voltage source invertether reduced switching selection method is proposed ih [10
(VSI). The switching state that minimizes torque and fluwhich reduces the torque ripple by using long prediction
ripples most is finally chosen as the optimal switching statRorizon, even though the number of calculations is stilhiig
and is obtained by actuating a predefined cost function.r8everhere are several other techniques to reduce the number of
targets, variables, and constraints with weighting fectan calculations and thus to simplify the design of MPC, such as
be included in the cost function and simultaneously coledol single prediction method [11], sector distribution metffibd]],
The selected optimal switching state is directly applieth® [12], choosing a subset of adjacent vectors [13], modified
converter to produce the voltage vector to be applied to tB@itching algorithm [14], double-vector-based approath,[
motor terminal in the next sampling instant, without reqgr and graphical algorithm [16]. The former techniques hawnbe
an intermediate modulation stage [2]. Another important adpplied to power converters only for current, voltage and/o
vantage of PTC is that it has no inner current control loopower control, where the objective function is relativebsg
. . . to design. The control algorithms may not work for motor
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controller seems to be effective for a multilevel converter 1/75 = Lgis + Lumiy 3)
for a long predictive horizon{N,, > 1). However, complex - > -

calculations to find out DB voltage vector (VV) outweigh Yr = Lmis + Lrir )
the advantage of the controller for a short prediction h_miz T, = 1.5pSm {?Zi -ZZ} (5)
(N, = 1). Reference [19] has also reported a computationally ’

efficient FS-PTC for IM drive by reducing the number of dw,,

prediction vectors. The voltage vectors required for prioin J at T. -1 (6)

and actuation to find out the optimal one are called predictio = s th | 2 s th
vectors. Analysis has been carried out only for medium spe®€7€ s iS the stator voltage vector, is the stator current

operation. Moreover, drawback of the control algorithm #sd vﬁec_tor,f,,. is the rotor current ve_ctorj?s is the stator flux vector,

possible solution, average switching frequency of therteve ¥+ IS the rotor flux vector[. is the electromagnetic torque,

and its variation range, and designing of the cost functareh Ty is the load torquewn, IS the rotor angular speeq;e Is the

not been addressed in the analysis. rotor angular frequency is the number of pole pairs, and the
To date, a key issue in implementation of FS-PTC is gfghers are the system parameters.

selection of weighting factors used in the cost function [2]

The weighting factors are used to tune the importance or cost !ll. CONVENTIONAL FS-PTCMODEL AND ITS

of a particular target in relation to the other control tasge LIMITATIONS

Different strategies using online and offline search pracesi A conventional FS-PTC model comprises two steps: predic-

have been proposed in [20], [21], which are strongly deon and cost function optimization, as shown in Fig. 1. The

pendent on system parameters and require a comprehenpormance and required computational burden of the model

mathematical analysis. Moreover, when the desired contegke analyzed for a two-level voltage source inverter (2L)VS

objectives are more than two, trial and error methods aieis well known that a 2L-VSI produces eight voltage vectors

used running computer simulations, which are extremelgtiny, = {v, - - - v;}, as shown in Table I. The voltage vectors

consuming [22]-[24]. To avoid this, a multiobjective rangit are presented in stationary reference frame-(5). All the

based strategy is proposed in [25] for PTC. However, thavitching states = {s,sps.} of the inverter for three phase

computational burden is greatly increased, even for the 2[4, b, ¢} are also shown in the Table |I.

VSI, due to the use of all admissible inverter switching

states. Moreover, the aforementioned algorithm is onlyiepp TV -

for two control objectives, whereas, in general, including Predictive control ¢ ¢
switching frequency with torque and flux errors, three aaintr T Costfunctlon 8, (k) SL-
objectives are required for PTC [26]. Hence, designing & cos H o optimization >
function with appropriate weights, especially when thetoan * TW"(HI)TT” k)
objectives are more than two, is very complex. 5k ‘ 1 7 (k)

This paper presents a simplified finite-state predictiveatir l/;( ) Predlznlo "
torque control (FS-PDTC) based on a new switching table to v, (k) ] mose 2 (k)
reduce the number of prediction vectors and, thereforegto r YV, o 7
duce the computational burden. The position of stator fluk an - 3

. .. . Prediction

sign of torque deviation have been taken into account t@tess I A A
the number of voltage vectors. Two adjacent forward voltage for 2L-VSIe
vectors with an appropriate zero vector are always selexged

prediction vectors, and thus average switching frequericy o
the power converter and its variation range are reduced wifg 1. Conventional FS-PTC scheme.
compared with a conventional FS-PTC strategy. There is no
need to include a frequency term in the cost function, which

yields a simpler design of cost function compared with the TABLE |
conventional FS-PTC. In order to make a comparison with VOLTAGE VECTORS OF AZL-VSI
the existing FS-PTC scheme, also for simplicity, a 2L-VSI is Ve 5= [5a555] V=Va T Vs
employed to produce necessary voltage vectors. Vo 000 0
Vi 100 214,
Vo 110 1/3Vige + 37/3/3Vae
Il. INDUCTION MOTOR MODEL V3 010 —1/3Vge + 33/3/3Vae
. _ Va4 011 —2/3Vge
The state space model of induction motor (IM) can be Vs 001 —1/3Vae — 33/3/3Vae
described by the following equations (1)—(6): V6 i flJ i 1/3Vae *(J)\/3/3Vdc
V7
- dy,
7, = R, + 2 1) o .
dt _In FS-PTC, estimations of stator flux, and rotor flux
d 1/; . 1, are required based on the present measurements of stator
0=Ryir + dtT — Jwer (2) currenti, and rotor speed,,. Conventionally, rotor current
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model of IM is employed to estimate rotor flux. Then, thevhere T*(k + 1) is the reference torque artlP(k + 1) is
simple relation between stator and rotor flux is used to egém the predicted torquey? is the reference stator flux which is
stator flux. Hence, the estimations of rotor and stator flux calways kept constant and?(k + 1) is the predicted stator

be expressed as flux. In this study, the weighting factok, sets the relative
2 . importance of the stator flux compared with the torque. Since
dpr _ R, Lm is— (RT _ jwe> ¥ (7) the sampling time is very small, it is a common practice to
dt L, L, assumer (k) asTy (k + 1).

7 Ly7 I3 8 For average switching frequency reduction, a switching
bs = TT% +olsis (®) transition termng,, is included in the cost function and can

whereo =1 — L2, /L,L, is the total leakage factor. be defined as [27]
Using standard backward-Euler approximation, the discret

form of (7) and (8) can be obtained as Now =Y |salk+1)i = s,(k)]
z={a,b,c}
= g Lm—,v . . .
Yr(k) = p(k — 1) + T erzs(k)— wheres, (k + 1) is the probable switching state for the next

B (9) time instantk + 1, s, (k) is the applied switching state to the
(RT _ jwe(k)> Q;T(k _ 1)] inverter at the time instant, and: is the index of possible
L, voltage vectors{vy - - - v;}. The conventional FS-PTC with
- L. = ~ switching transition term in the cost function will be defihe
T/)s(k) = Lm 1/)7(k) + O'les(k') (10) as FS-PT(CfTsw).
. ' . . In order to protect over current, the cost functigrmust
Then the estimated electromagnetic torque can be Obtameqn%lude another ternt,, which is designed on the basis of
Te(k) = 1.5p3m {di(k)* 'Zs(k)}~ (11) maximum current capacity of the stator winding. Therefore,
the term1,,, can be defined as
Now the first step of predictive control is performed by o
predicting stator flux and torque. Actually, the selectidn o I {007 if |2k +1)| > Inax
variables to be predicted is dependent on the desired objec- " 0, otherwise
tives. More numbers of variables mean the controller reguir
more calculations. All possible voltage vectdrg, - - - v7} are
evaluated to predict the desired objectives. Generalatost
voltage model of IM is used for stator flux prediction and can
be expressed in discrete time steps as

Thus, the complete cost functignfor the controller is
N
ek + 1| |+ Anow + I

g:

Te(h+1) = T2(k+1)] + 4|

(16)

YLk +1) = ¥s(k) + Totis (k) — TiRsis(k).  (12)  where )\, is the weighting factor ofy,. The fourth term
In order to predict the electromagnetic torque, statoresurr Im.dO?S not need any weighting fagtor. Impo;ing of proper
is also predicted. Hence, the predictions of stator curamat Weighting factors on the other three different objectiegdry

torque can be expressed as difficult. The desired system performance may not be acHieve
B T L T due to improper selection of weighting factors.
it(k+1)= <1 + S) is(k) + ————x Hence, the drawbacks of conventional FS-PTC can be
To (7o +T5) (13) summarized as follows:

{1 [(kr — k'r‘jwe(k)> Uy (k) +ﬁs(k)}} 1) All voltage vectors available from a power converter

Ry [\ are evaluated for prediction and actuation, which is

TP(k +1) = 1L.5pSm {Jg’(k 1) ';Q(k n 1)} (14) computationally expensive. The computational burden

limits the sampling frequency.

where k. = L,,/L, is the rotor coupling factorR, = 2) When switching transition term is included in the cost
R, + k%R, is the equivalent resistance referred to stator, function to reduce the average switching frequency, the
7, = Ly /R, is the transient time stator constait, = oL computational burden is increased further. Moreover,
is the leakage inductance, angd = L,/R, is the rotor the selection of weighting factors for three different

time constant. Since the rotor time constant is much greater objectives is difficult and thus designing a cost function
than the sampling time and the rotor flux moves very slowly  is complex.
compared with the stator flux, it is a general practice to m&su
w(k) = w(k + 1) and_wr(k) = ¢, (k + 1), respectively. _ IV. PROPOSEDFS-PDTCMODEL

The predicted variables are evaluated by a predefined cost . o
function. In FS-PTC, generally, the cost function includes The structure of the proposed FS-PDTC is almost similar to
absolute values of torque errdf* — T?) and flux error the convenUor\aI FS-PTC_, gnd shown in Fig. 2. Th'e differsnce
(1;: _ Jg)_ Hence, the cost function can be defined as are the selection of prediction vectarsand the design of cost
function, wherej may be three values among= {0 - - - 7}.

g= T (k+1)—-TF(k+ 1)‘ +/\p’\z/7;‘\ — [Pk + 1)' ‘ (15) In the conventional case, all voltage vectors of a 2L-VSI are
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employed for prediction and actuation. In the proposed FS- !

. Sector 111 Sector IT
PDTC, only three—one zero and two active vectors, of the 5-axis
possible eight voltage vectors are evaluated for the ptiedic TIL, FD TI, FI e T _
and actuation. Hence, the computational burden is reduced v3(010) v (110) L e lnerease
. . v, ux 1mcrease
significantly. R TD —» Torque decrease
Y FD —» Flux decrease
Ve 0003 (100)
e (000 \ Vg .
Predictive control l l v4(011) ,,;’Emﬁ . a-axis
‘ ~ S,k s
L. Cost function 4 Sector IV~ _.~ | Sector I
H v optimization Vet E
s -,
1
77 T’ (k+1
. Tw,x (’f +'1)T Jk+ )7 D, FD
v, (k) Prediction i.(k) v5(001) ! v6(101)
w.(k) model @, (k) Sector V | Sector VI

Torque error > Fig. 3. Space distribution of all admissible voltage vecuwirs 2L-VSI.

Flux position —p|

stator fluxi),, as shown in Fig. 3. The selection of two adjacent
Fig. 2. Proposed FS-PDTC scheme. forward voltage vectors also ensures the possible conditio
of stator flux deviationdy)s > 0 or s < 0. Similarly, for
the same position of stator flux, 7, < 0, the possible
active prediction vectors are two adjacent backward vector

ve(101) andvs(00 1), and represented by dashed arrows

In this paper, a new swﬂ_ch_mg table is proposed bgseq 8” the tip of stator flux), in the Fig. 3. Generally, the active
DTC strategy [8]. The prediction vectors from the swﬂchmg .
= ectors are always employed with a zero vector for IM to

Table | are selected using the present position of stato_nﬁpx reduce the torque and the flux ripples effectively. Inclosib

and sign of torque deviatiotl, = (T¢ — T¢). The position 5 ;erg vector also satisfies the possible condition&Tpf= 0

of stator fluxd; is estimated as anddy, = 0. Hence, the total number of prediction vectors is
0. — arctan (721[33/72)043) ' (17) three, while it was seven in conventional FS-PTC. The ptessib

active prediction vectors for all the sectors are shown inlda
A 2L-VSI produces six active vectorévy,---,veg} and II.

two zero vectorgvo, vz }. In this study, onlyvo is considered It iS obvious that, ifos(k — 1) and 0(k) lie in the same
as the zero vector in the prediction and the actuation stepsSector and the signs 6ff’, (k—1) anddT.(k) are similar, then
reduce computational burden. The assumption is valid ksecaff'@imum one switching transition is possible between two
there is no switching frequency term included in the codctive vectors due to the selected prgd!ctlon vectors. elghe
function. After optimization, if the optimal voltage vectis Proposed strategy of reduced prediction vectors also esduc
a zero vector, an appropriate zero vector (eithgror vr) is the average switching frequency of the power converter.
selected based on the applied optimal switching state & tim
instantk. Space distribution of all voltage vectors in the- 3 TABLE Il

. . . . STATOR FLUX POSITION ANDTORQUE ERROR DEPENDENT ACTIVE
plane is shown in Fig. 3. The active voltage vectors change PREDICTION VECTORS
periodically by an angler/3 rad steps, as shown in Fig. 3.

A. Sdlection of prediction vectors

Accordingly, thea — 8 plane is divided into six sectors to ST, 1 1 I v Y \Y

. . . . . €

identify the direction of rotation as 5T, > 0 Voz | Vava | Vavs | Vs | Vovi | Viva
0Te <0 VsV6 | VeV1 | ViVa | V2,V3 | V3\V4 | V4,V5

2N -3)7/6<O(N)< (2N —-1)7/6 (18)
It is apparent from Fig. 3 that, another switching table dase
oné, (17) and flux erropy, instead of torque erra¥l, can be
developed. The possible active prediction vectors basédon
~ A for all the sectors are shown in Table Ill. However, reldfive
ditions of torque deviation ar&l, > 0, 6T, < 0, anddTe =0, |ower priority on stator flux (small value of weighting facto
and flux deviation ar@y, > 0, o9 < 0, and oy = 0, ) yin the cost function (20) has to be set compared with the
where §¢s = (QZJZ‘ - ’L/Js)- If ¢ is located in sector | and §7, based switching table (see Table Il) in order to achieve
the torque deviatiodT. > 0, then the voltage vectors whichsatisfactory torque and flux performance. It is becauserstat
satisfy torque increase (TI) condition, as shown in Fig. B, wflux gets priority on torque whe#), based prediction vectors
be selected as prediction vectors. Hence, the possibleeactsee Table Ill) are considered. The performances in terms
prediction vectors are two adjacent forward vectes$l 1 0) of computational burden, torque ripple, and flux ripple will
andvs(0 1 0), and represented by solid arrows on the tip dfe almost similar. HoweveiT, based prediction vectors are

where® is the sector andv =1, --- ,6.

Let us consider the stator ﬂui(S is rotating in the counter-
clockwise direction. For a particular instant, the possitxbn-
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appropriate, since the torque is estimated based on the bBthOverall control structure

stator flux and stator current, as can be seen in (11). Hencerpe complete schematic of the proposed FS-PDTC are
dT. based prediction vectors have been considered in tRisown in Fig. 4, which mainly includes four parts: rotor and
study. stator flux estimation, prediction vectors selection,cstéiux

and torque prediction, and cost function optimization ifopt

STATOR FLUX POSITION AND ;-'I’;El(_)ER ::III_UX ERROR DEPENDENT ACTIVE VOltage vector SeIeCtlon)' Rotor Speed 1S measured usmg an
PREDICTION VECTORS encoder mounted on the motor shaft. The measured rotor speed
and stator current are feedback to the predictive contrdltee
Sus o1 I 1] v v \Y measured speed is also compared with the reference speed,
5s > 0 VoV | Vivs | VaNi | Vavs | Vave | Vivs and the error is processed through a proportional-integral
51hs <0 V3\V5 | VaVe | ViVs [ VeV2 | ViVs | Va4 (PI) controller to produce the reference torque. The caorista

rated stator flux reference is commanded from the outside

] ) of the controller, as field-weakening has not been considere

B. Optimal voltage vector selection in the present analysis. Both of the aforementioned reéeren
Since two adjacent voltage vectors are selected for predigsantities are directly used in the cost function to acttiaée

tion and actuation, only one switching transition takesc@la optimal voltage vector.
at a particular time instant under the conditions mentioined
the section IV-A. Hence, the average switching frequency is
reduced, and no need to include the switching frequency term Predictive control L L
in the cost function. It also reduces the computational &rd _ - O = —— 155(K) T i

. . @,, Cost function |
of the proposed control strategy. The cost function usetién t T [7; j|+ optimization EF—> vqr
proposed FS-PDTC is as follows: o ' | TW(JHZ) TT"J(‘”) coder
m 5 e —_ fmm—————— 1
— * _ TP Wl P @, (k) —M Stator flux and LV/I Switching |!
g = T2 0+ 1) = T2+ )| + M| 1621 = [k + 1) | +(11,g.) ? oy toraue prodiction T3 _wblel” ||,
. . . L . A T TR | &s57 2@ !Prediction
It is obvious that the selection of weighting factors (19) is @, (k)—pr Rot";(’f‘,l)ux S;To‘f"(k) i gector ;d | vectors
simpler compared with (16) used in the conventional FS-PTC. VoK) 3l flux. and t’orque || error sign i selection
In a real time implementation, calculation time of a control 7 (k) —»|__estimation L calculations |,

algorithm introduces one step time delay which must be com-

pensated [28]. It is done by two steps ahead prediction. The

predicted stator flux? (k+1) (12) and stator currert (k+1)

(13) are used as the initial states for the predictions ag tirhig- 4. Proposed control system.
instant + 2. In order to predict)?(k + 1) andi?(k + 1), the

optimal voltage vectow,p¢ (k) applied to the motor terminal

at instantk is employed in (12) and (13), respectively. In this V. PROPOSED CONTROL ALGORITHM

case, for the selection of prediction vectorg(k + 1) instead  The overall control procedure can be summarized by the
of 4,(k) andT?(k + 1) instead ofT. (k) will be used for the following sequences:
calculations off; (17) anddT., respectively. Step 1) Measure: Samplingi (k), Vie(k), andw,y, (k).

Hence, for the implementation of delay compensation Step 2) Apply: Apply the optimal voltage vectov,p: (k).
scheme [28], the optimal voltage vector is selected by mini- Step 3) Estimate: Estimate the rotor f|UXZr(k) and the

mizing the following cost function =
g g stator fluxy, (k) using (9) and (10), respectively.

g+ )T T/ (k+1)

g=|T¢(k+2) =T{(k+ 2)‘ + Ap|l05] = (W8 (K + 2)’ ‘ + I Step 4) Predict: Predict the stator flux?(k+1), the stator

(20) currenti?(k + 1), and the torqu&’®(k -+ 1) using
(12)(14).
C. Average switching frequency reduction Step 5) Select prediction vectors: Select the active predic-
The selection of only one zero vector, eithgror v;, with tion vectors using Table II. .

two active vectors for prediction and actuation may incgeas Step 6) Predict and actuate: Predict the stator flux? (k+

the average switching frequency. For this reasonyifis 2), the stator currentf(k + 2), and the torque

selected as the optimal voltage vector, an appropriate zero T?(k + 2) taking one step forward of (12)—(14)

vector, eitherv, or v7, will be selected in such a way that to overcome one step delay caused by digital

only one switching transition takes place at a particulareti implementation. Then evaluate the predicted stator

instant. For example, if the applied voltage vector at theeti flux and torque by actuating a predefined cost

instantk is v, (110) and the optimal voltage vector actuated for function (20).

the next time instant+1 is vy, then the switching state “111”  Step 7) Optimize: Selectveps(k + 2) which results mini-

will be selected instead of “000” as the optimal switchiratst mumg (20) and also replace it with an appropriate

Hence, the state “000” will be selected after “100”, “010nda zero vector if selectest, ¢ (k+2) is a zero vector.

“001”, otherwise “111" will be selected as zero vector. Return to step 1.
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VI. COMPUTATIONAL EFFICIENCY OF THE PROPOSED  of 50 A. The parameters of the IM have been obtained by
FS-PDTCALGORITHM conventional tests, and listed in Table V. A permanent magne

The execution time of the proposed control algorithm ¢ Machine is used as load and coupled to the motor shaft.
reduced, since the number of prediction vectors is less. TAB incremental encoder of 50Q@rev is also equipped with
proposed algorithm requires an additional calculation wess MOtor shaft to measure the speed. The control algorithm is
not in the traditional PTC, for the stator flux position andmPlemented using dSPACE DS1104 R&D controller board
the prediction vectors selection. However, the calcutatiare With ControlDesk and MATLAB Simulink software packages.
very simple, and therefore, the required extra executioe is The contrqller parameters and the load specifications are
much less than the time reduced in the prediction and actuatP"€Sented in Table VI. The outer speed loop of the controller

steps. The execution time of the proposed algorithm congpafé S2mpled in every 2.5:is to minimize the quantization error.
For the estimation, prediction and actuation of the obhyecti

function, a sampling time is set to 56s.

36

, o L TABLE V
2l | Feomsentionat(Fou) = 3054415 e - TwZ20ms ‘ i A 415V, 3, 50 Hz INDUCTION MOTOR PARAMETERS
I I il I
R [TV TOR \ I willl it
N \"wv‘mwmem’w \U‘WMM ‘fwmm”vw\vq‘\d‘\j W«NWV\M'W\J\d\M M ““A“J“u““‘m‘v‘w\/ R, = 6.03Q Danom = 1L.OWD
é A '\ : c T’ﬁ ,:_2‘_51"‘,3, _ ' RT = 6.0852 Tnom =T74Nm
= 28 bt s Ls =0.5192H | Np =2
2 MW A A e A et L. = 05192H | J = 0.011787Kg.m>
2 oo =2 083s et 00U s Lo = 0.4893H | wy = 14157pm
24F  Torposed = 21.5p8 ! | Ty =25ms ]
I
‘ TABLE VI
CONTROLLER PARAMETERS AND LOAD SPECIFICATIONS
20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8 9
Observation time [ms] Controller parameters Load specifications
kp = 0.396, k; = 9.056 P =1.1kW,V =180V
. . . . Ap = 30, A\, = 0.05 I, = 6.9A
Fig. 5. Execution time of the proposed and the conventionaitrob e o — 1800rpm
algorithms. e -

with the conventional control algorithm is shown in Fig. 5.

It is seen that the average execution time of the converitiona VIII. E XPERIMENTAL RESULTS
FS-PTC algorithnil .o, ventione: Without switching transition ~ The performances of the proposed FS-PDTC are compared
term in the cost function is 27.68s, which is further increased with two cases of the conventional FS-PTC: without and with
to 30.54us if the switching transition term is included in theincluding switching transition term in the cost functiorll the
cost function. On the other hand, the average execution tivatage vectorqv,---v7} are evaluated if switching transition
of the proposed algorithl,,oposca IS 21.5 us. Hence, the term is considered in the cost function. Otherwise, seven
reduced average execution times with and without switchimtifferent voltage vectors are evaluated and then apprepria
transition term in the cost function are 29.6% and 22.33%ero voltage vector (eithary or vy;) is selected, as explained
respectively. Since the speed control loop is executedényevin section IV-C.
2.5ms, it is seen that the execution time is increased in everyThe following investigations were carried out to test the
2.5ms. A comparison of average execution times is shown &ffectiveness of the proposed FS-PDTC algorithm:

Table IV. a) transient capability of the FS-PDTC under rated-speed
reversal,
TABLE IV b) steady-state behavior at medium- and low-speed oper-
COMPARISON OF AVERAGE EXECUTION TIMES BETWEEN THE PROPOSED ation

AND THE CONVENTIONAL CONTROL ALGORITHMS.

c) investigation of average switching frequency,

Execution time Conventional ~ Conventional  Proposed d) robustness against external rated-load disturbance,

- : (‘?)63 (f s“’)G(g;) (”36)64 e) step rated-torque transient characteristics, and
easuremen . . . . .

Prediction and actuation 2768 30.54 20.26 f) step rated-speed transient characteristics.

Flux position 0 0 1.24

Total 38.3 42.2 30.76

A. Investigation of transient capability under rated-speed re-
versal

Firstly, a reverse speed operation of the proposed FS-
VII. PDTC system at rated speed of 1415 r/min without load is
In order to verify the performance of the proposed FS-PT@erformed, and the behavior of the control system is present
strategy, some experiments are carried out in the labgratdn Fig. 6(a). From top to bottom, the curves are the speed,
The setup is composed by a squirrel-cage IM driven by atator current, estimated torque, and stator flux. The rsfiato
IGBT based 2L-VSI of 1200 V with maximum current ratings constant at its nominal value of 1.0 Wb. For comparison,

E XPERIMENTAL SETUP
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7 the torque deviation (switching Table Il) regardless of the

stator flux deviation. During transient, the vector thatduces

more torque is selected and is applied to the motor terminal.

5 Moreover, the vector producing more torque, in most cases,

decreases stator flux and causes flux transient. One possible

solution of this problem is to set higher value of the weigbti

factor A, in (19) during transient than steady-state condition.

‘ ‘ ‘ ‘ ‘ Another possible solution is to use stator flux deviationeldas

0 | prediction vectors (switching Table I1ll). In that case,sles

-5t Toaue, , =1INm i pr.iority should be s.et.on stator flux.—s.maMp, comp_ared

10k ‘ ‘ ‘ | with the torque deviation based prediction vectors in order
to achieve satisfactory torque and flux performances.

1415rpm

m [rad/s]

THD=6.48%

E —
E Flux”pple—0,0ZWb
=

B. Seady-state behavior at medium and low-speed opera-

| | ‘ tions
0.2 0.4 0.6 0.8 1.0 1.2

Time [sec] The steady state characteristics of the proposed and the
(a) Proposed conventional control systems at a speed of 1000 r/min with
4.0 Nm have been shown in Figs. 7(a) and 7(b), respectively.
It is observed that the torque and flux ripples are very simila

o 1415rpm 1 However, the THD of stator current for the proposed FS-PDTC
5 —150- ‘ is bit higher due to lower average switching frequency. The
frequency spectra of stator current using the proposed and
the conventional control algorithms are presented in ()

and 8(b), respectively. It is observed that the averagechimig
frequency f,,, for the proposed control algorithm is lower

TH D=§.35%

5 ‘ ‘ ‘ ‘ ‘ by 16.62%, and the frequency spectrum is less distributed
T o 4 In a wide frequency range compared with the conventional
& Torque.  =1.12Nm | control algorithm. In order to reduce the average switching
SEE " | ‘ | | frequency of the conventional FS-PTC, a switching traositi

term is added in the cost function. Then a weighting factor is
§ ! e 0 019Wh imposed on the frequency term, provided that the torque and
= rorle flux ripples are almost similar. The responses of the system
= 05 ‘ ‘ ‘ ‘ and the frequency spectrum of the stator current are predent

0

02 04 Timg-?sec] 08 10 12 in Figs. 7(c) and 8(c), respectively. It is seen that the THD
of stator current is almost similar to the proposed control,
but the average switching frequency is still higher. If geea

Fig. 6. Experimental waveforms of speed, stator currentmeséd torque, Weight is imposed on the switching transition term to reduce
and estimated stator flux under rated speed (1415 r/min) edveosdition. S . .
the average switching frequency further, while keeping the
weight of stator flux error constant, the torque ripple iases.
same curves are plotted for the conventional FS-PTC whét@nce, proper selection of weighting factors is a complek.ta
switching transition term is not included in the cost fuonti In this sense, the proposed FS-PDTC is simpler compared with
as shown in Fig. 6(b). It is clearly seen that the performanc#€ conventional FS-PTC. A comparison of the steady state
in terms of torque and flux ripples are comparable. Duririggrformances is presented in Table VIL.
speed reversal, the ripples are slightly increased for both
proposed and conventional control systems. It is becauge hi TABLE VII
current flowing through the stator winding. The total harioon %gm:gg‘LschHBEEJ;"’SEVEVT‘TmE Cf'\i\(’)gg‘ﬂj’n’\'l’;; A;D:TZE]\F;;OF;%EED
distortion (THD) of the stator current,, calculated with Y ’

(b) Conventional

Ts =50 ps.
10 cycles up to 10 kHz using MATLAB powergui, for the !
proposed FS-PDTC is 6.48%, whereas it is 6.35% for theéndex Conventional {s.o)  Conventional  Proposed
conventional FS-PTC. It is noted that the average switchingHD (for i.) 5.77% 5.55% 5.75%
frequencies, calculated by the number of switching tréovsst F?J)‘(‘“riepgl'zp'e o g A
per semiconductor device per second, are 1.91 kHz and 2.1derage Switching 2.97 kHz 3.43 kHz 2 86 kHz
kHz for the proposed and the conventional control systemdrequency {s.,)
respectively.

From Fig. 6(a), it can be noted that a very small dip In order to test the low speed performance, the machine
is present in the stator flux response during speed reversaloperated at 300 r/min with 50% of the rated load. The
It is because the prediction vectors are selected based vemveforms corresponding to the proposed and the convettion
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Fig. 7. Experimental steady state waveforms of stator currestimated

torque, and estimated stator flux at 1000 r/min with 4.0 Nm load.

control algorithms are presented in Figs. 9(a) and 9(bpees

tively. It is observed that THD of stator current, torquepti
and flux ripple are very similar, provided that the switching/min, as can be seen in Fig. 11(b).
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Fig. 8. Experimental frequency spectra of stator curigneit 1000 r/min
using (a) Proposed algorithm, (b) conventional algorithnd, @) conventional
algorithm with average switching frequency reduction.

frequency term is not included in the cost function. From the
frequency spectra of stator current, as shown in Figs. 10(a)
and 10(b), it is seen that the average switching frequency of
the proposed FS-PDTC is 4.90 kHz; on the other hand, it is
4.83 kHz for the conventional FS-PTC. If average switching
frequency reduction is considered, the THD of stator curisen
increased from 5.21% to 5.60%, as shown in Fig. 9(c), yigldin
slightly higher torque ripple by 0.05 Nm. However, the agera
switching frequency is reduced, as shown in Fig. 10(c), from
4.83 kHz to 4.72 kHz. Note that the improvement of average
switching frequency, while keeping torque and flux ripples
similar, is not significant at low speed. It is particularly
important to note that the frequency spectrum for the pregos
FS-PDTC algorithm is less distributed in a wide frequency
range compared with the both cases of conventional FS-PTC
algorithms.

C. Investigation of average switching frequency

The average switching frequencies for the proposed and
the conventional control algorithms for different speedsl a
different loading conditions are presented in Fig. 11(&a)s|
seen that the average switching frequencies are compatble
very low and high speeds with 50% or higher of nominal
load. The reduction of average switching frequencies for
the proposed FS-PDTC is significant—maximum 24.56% of
average switching frequency, for the speed range of 40@-120
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Fig. 9. Experimental steady state waveforms of stator currestimated
torque, and estimated stator flux at 300 r/min with 50% of nomimedl.

D. Investigation of robustness against rated-load disturbance
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Fig. 10. Experimental frequency spectra of the stator ctirrgt 300 r/min
using (a) proposed algorithm, (b) conventional algorithnal @) conventional
algorithm with average switching frequency reduction.

control algorithms, respectively. The load, which is defmt

on rotor speed, is suddenly changed from 0 (no-load) to 7.4
Nm (full-load) at 1000 r/min. For both cases, it is observed
that the stator current THD and the torque and flux ripple are
very similar before and after added load. It is also seen that
the motor speed returns to its original value within a very
short time, and the speed responses are also identicalgdurin
load disturbance. The average switching frequencies fer th
proposed FS-PDTC algorithm before and after added load are
3.02 kHz and 2.60 kHz, respectively. Whereas, the average
switching frequencies before and after added load are 3.67
kHz and 3.09 kHz, respectively, for the conventional FS-PTC
algorithm. For both cases, during load change, the stater flu
remains constant at its rated value, which completely essur
decoupled control of torque and flux.

E. Sep rated-torque transient characteristics

Step rated-torque transient characteristics of the pexpos
FS-PDTC have been tested, and illustrated in Fig. 13. A step
rated-torque reference of 7.4 Nm is commanded. It is seén tha
the torque rise times of the proposed and the conventional
control algorithms are very close with 0/s versus 0.53
ms, respectively. Both control algorithms exhibit fast dyria
response that indicate the equivalency of the proposedhend t

The responses to external load disturbance are illustiatecconventional control algorithms under rated-torque fiemts
Figs. 12(a) and 12(b) for the proposed and the conventiorandition.
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F. Step rated-speed transient characteristics

a’

Finally, rated-speed transient behavior of the proposed C(% 1
trol algorithm is investigated and is presented in Fig. T | =
tially, the machine is started with 100 r/min, and then sudigle o095, 01 02 03 02 o5
a step rated-speed reference of 1415 r/min is command Time [sec]
Similar to the conventional control algorithm, the propbse (b) Conventional
FS'PDTC_ can track the reference Speed_ aC_CuratEIy Wlth?—%t. 12. Experimental responses to external rated loadrbstece at 1000
any significant overshoot, as can be seen in Fig. 14. Also nigin,
that the speed rise times of the both control algorithms are
comparable.

Flux . =0.023Wh
ripple

method. The proposed FS-PDTC algorithm is verified by
IX. CONCLUSION experiment. The maximum reduction of the average execution
This paper has presented a simplified FS-PDTC algorithiime and the average switching frequency of each semicenduc
that employs only three voltage vectors instead of eightlusr switch are 29.6% and 24.56% of the conventional FS-
in the conventional FS-PTC for prediction and actuatione THPTC, respectively. This was achieved without sacrificing th
number of prediction vectors is reduced without any complégrque and flux performances achieved in the conventional
calculations. A reduction of the average switching freqyen method. Good performances in terms of stator current THD,
of each semiconductor switch is achieved by not taking intobustness against load disturbance, step torque respmse
account the switching transition term in the cost functias, step speed response are also achieved by using the proposed
is the case in the conventional FS-PTC. The variation rang&-PDTC. The reduction of the computational burden may
of average switching frequency is also reduced. The redudeelp incorporation of machine parameter estimation ancemor
number of control objectives in the cost function makes theaborate inverters such as multilevel and matrix converte
selection of weighting factors simpler than the converalonwithin the FS-PTC IM drive strategy investigated in this eap
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