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Self-Learning MTPA Control of Interior Perma-
nent Magnet Synchronous Machine Drives
Based on Virtual Signal Injection

Tianfu Sun, Student member, IEEEabin Wang, Senior Member, IEEE, Mikail Koc, Student memt

IEEE, Xiao Chen, Student member, IEEE

Abstract—This paper describes a simple but effective novel
self-learning maximum torque per ampere (MTPA) control
scheme for interior permanent magnet synchronous machine
(IPMSM) drives to achieve fast dynamic response in tracking the
MTPA points without accurate prior knowledge of machine pa-
rameters. The proposed self-learning control scheme (SLC) gen-
erates the optimal d-axis current command for MTPA operation
after training. Virtual signal injection control (VSIC), which has
been recently developed asa novel parameter -independent M TPA
points tracking scheme, is utilized to train the SLC and compen-
sate the error of the SLC during its operation. In this way, the
proposed SLC can achieve the MTPA operation accurately with
fast response and the on-line training of the SLC will not affect
MTPA operation of IPMSM drives. The proposed control scheme
is verified by simulations and experiments under various opera-
tion conditions on a prototype IPMSM drive system.

Index Terms—M aximum tor que per ampere control (MTPA),
Permanent magnet synchronous machine (IPM SM), Self-learning
control (SLC), Signal injection, Signal processing, Torque control,
Virtual signal injection (VSIC)

I. INTRODUCTION

Due to the high efficiency, high power/torque density, hig
reliability and good field-weakening performance [1];[4]
the interior permanent magnet synchronous machine (IPMS
plays an important role in industrial applications especially for
electric vehicle traction. In order to control the IPMSM oper:
ating at the optimal efficiency points, the maximum torque pe
ampere (MTPA) control is proposed in [5]-[9]. However, thé

machine parameters of IPMSMs are highbrtinear due to

magnetic saturation, cross-coupling effects, and parame?@r
dependency on temperature [10]-[1R&rameter variations due
to operating conditions and temperature cause great challen

to detect the accurate MTPA point of IPMSM drives
In order to facilitate accurate MTPA operatiafslPMSM

drives, look-up tables (LUTSs) [12]-[16] and pre-defined MTP
curves are employed by [1]17] to generate d- and g-axis
current reference for MTPA operation. However, the accura
of look-up tables and pre-defined MTPA curves might great
be affected by manufacture tolerapo®terial property varia-
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tions and temperature variations. Moregyamnerations of the
look-up tables and pre-defined MTPA curves not only need
expert knowledge and skill, but also are time consuming.

To improve MTPA control accuracy, control schemes for
MTPA operation employing on-line parameter estimations are
proposed in [18] and [19]. However, the performances of these
control schemes are affected by estimation errors and uncer-
tainty in the model structure in which slotting effect and high
order magneto-motive force harmonics are often neglected

Therefore, parameter independent MTPA control technique
such as search algorithms [20]-[22] and signal injection control
schemes [23]-[28] as well as virtual signal injection control
(VSIC) [29], [30] are proposed as an alternative solution. These
control schemes are not affected by parameter uncertainty and
lead to relatively accurate MTPA operations. However, they
suffer from a slow dynamic response as it takes time for the
search based schemes to converge to MTPA operating points.

In [31], fuzzy logic is utilized to increase the converging rate
of the search algorithm. The output of the fuzzy logic controller
in steady state is the change in reference d-axis current and the
inputs are the change in power loss and the output of the fuzzy
logic controller in the previous steplthough the fuzzy logic
ﬁontroller can increase converge rate, the control schésne
sensitive to current and voltage harmonics and causes torque

,U'IB)pIe as a result of d-axis current perturbation

Another potential solution for improving the convergent rate
IS to equip these controllers with self-learning. Artificial intel-
Illgence based on neural network and fuzzy logic may serve this
urpose. However, neural network or fuzzy logic based control
Schemes in literature [32]-[40] are primarily concerned with
eed or position tracking rather than MTPA operations.
One the other handf, MTPA points can be tracked by pa-
rameter independent MPTA control schemes accurately, the
acked MTPA points can be utilized to improve the accuracy
and dynamic response of the optimal reference d-axis current

Ageneration througton-line training [41] However, study of

Seamless integration of on-line training with signal injection
based control for MTPA operations have not been reported to
ate.
Y'1n this paper, a novel curve fitting basexdtline training
self-learning control scheme is proposed. The training is based
on the virtual signal injection control given in [29] as it tracks
the MTPA points with high precision and robust to voltage and
current harmonicsThe VSIC is utilized to track the optimal
d-axis current reference for MTPA operation and the proposed



SLC scheme is trainedntline by the tracked optimal d-axis sistance is very small, its nominal value at the rated operating
current reference. After a period oft-line training, the SLC temperature will be sufficient to ensure good accuracy.
generates the optimal d-axis current reference for MTPA op-The MTPA quality indicator S can also be utilized to identify
eration with fast responsén this way, the proposed control the d-axis current reference of MTPA operation for a given
scheme not only retains the advantages of virtual signal inj§grque command. The corresponding d-axis current reference

tion control, such as parameter independence, high accurac . .
tracking the MTPA points, and robust to voltage and curre)é torque reference will be recorded as a tracked MTPA point

harmonics but also has a fast dynamic respdrsgher the of the MTPA trajectory shown in Fig. 2.

ortline training of the SLC does not affect the MTPA operation o

of the IPMSM drive. o a \
CN R F
Il. SELF-LEARNING CONTROL SCHEME FORMTPA = ; EC\:\. : :
OPERATION E80Eb IN :
340+ b idY 3
A MTPA Point Detection - P T I I P
VSIC based MTPA point tracking control scheme is de- 5_60 f 3
scribed in detail in [29]. A high frequency sinusoidal sigkal Ego b2 \’
is injected into machine current anglewith respect to the et & 3§ g\
g-axis: o li2:3 4 § 6 7
0 10 20 30 40 50 60 70
if; =-I, sin(ﬁ + Aﬁ) D Torque reference (Nh)
if; =1, cos(B + AB) (2) Fig. 2. d-axis current vs. torque for MTPA operatio

wherel, is measured current amplitude. Since the iron loss It should be noted that MTPA operation is only valid

influence on MTPA operation is negligible [42], the mechanisteady state sense. Thus, the S signalasked during d- an

cal powerP,, can be expressed as follows: g-axis current transients for a small period of 3 times of
3 current loop time constant.

bn =5 [(a = Ria)ia + (vq — Rig)ig] (3) ' B.Principle of Proposed Self-learning Control Scheme
p _3 (v, — Riy) + (g — Rid)l. ; @) Fig. 2 shows the relationship between reference torque and
L a iq alta corresponding optimal d-axis current for MTPA operation. For

) agiven reference torque there is a unique optimal d-axis current
wherev,, v, and iy, i are dig-axis reference voltages andor MTPA operation. If a sufficient number of MTPA points on
d/g-axis measured currents respectively,. is the rotor speed, the curve, do g in Fig. 2, are known, other points on the curve
andRis the phase resistance. can be approximated by interpolations among these known

Substitute (1) and (2) into (4), the electromagnetic torqysvints. The proposed self-learning control scheme is based on
associated with high frequency signal injection can be ewis idea.

pressed in (B As shown in Fig. 2, in order to have an even distribution of
p 3 (V —Ri ) (vg — Riy) recorded MTPA points, the applicable reference torque range

T,h =" = _[ 4 a’ 4 d' d idh] iqh (5) ofamachine is divided intosections and each section records
W 2 Wm lqWm one tracked MTPA point. By way of example, seven sections

are shown in Fig. .2The references torque and their corre-
ﬁ@onding d-axis currents of tracked MTPA points are recorded
as column vector¥,;p, andigyrpa- If @ Nnew MTPA point is
tracked in section m, thethelement offyrp andigyrps Will

be replaced by the corresponding value of the new MTPA point.
This process repeats during the SLC operation.

Soc8Te/0p Since MTPA points on the curve can be tracked by VSIC
accurately, the training process is performed under VSIC op-
eration. The schematic of the proposed self-learning control
scheme is shown in Fig. 3.

It has been shown in [26] thatTif" from (5) is processed by
the signal processing block shown in Fig.1, the output of t
signal processing, will be proportional t@T, /dp [29]. S can
be defined aa MTPA quality indicator

Band-pass filte
Low-pass filte

Fig. 1. Signal processing block.

T . E
If the MTPA quality indicator S is fed into an integral regu- — (T ’Idyx,\k (Tt i)
lator with a negative gain, the d-axis current reference can be i \}\‘I\‘ retdret i
generated and is adjusted by the VSIC schemedfflog = M™% (T ;\ | dsic)
0 when the MTPA point is reached. It should be noted that (5 reldsLe)
which is employed to generate the signal proportional to T Qf
dT,/dp is independent of the motor parameters except the—————| Self-learning control (T, ,ig0)

phase resistance. However, since the voltage drop on the re- _ -
Fig. 3. Schematiof the proposed self-learning control scheme.




Each newly tracked MTPA d-axis curreifrp4) Which is . T =Ty . . . 6
tracked by VSIC and the corresponding torque reference tastc = T,-T, (a1 = fa2) + laz ©)
(Turpa) are recorded in the column vectdf§rpy andTyrpa, whereT,andT, are the torque references of e ank$pec-

respectively. The two vectors which form the MTPA curve argvely, andiz,and iz, are the d-axis currents of e andf, . is
updated continuously by tracked MTPA points obtained froihe output of the self-learning control.
the VSIC. The recorded data can be used to generate d-axisOnce the control scheme is trained, the oud&SLC (i ;5,¢)
current reference instantly. Fagiven torque demantl..s, the  should approximate the optimal d-axis current of MTPA oper-
corresponding d-axis current at the MTPA point kin Fig. 3 caation If the number of sections is sufficient, the error between
be approximated by’ khrough linear interpolation between thethe MTPA d-axis current and the SLC output will be very small.
two adjacent MTPA points recordedTyp4 andigyrpa, i.€., The final d-axis current reference will be a combination of
the point e and fin Fig. 3, according to (6). igsic and an error compensation component generated from
VSIC.

VSI
processing unit

J
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Fig. 4. Schematic of proposed self-learning MTPA rror IPMSM drives.

C.Description and Features of the Proposed Scheme will beupdated according to the new reference torque based on

The schematic of the proposed self-learning control scherfe data recorded My p4 andigwrps When the integrator is
for MTPA operation is shown in Fig. 4. It consists of conventeset For the condition that the torque step is smaller than the
tional PI current control loops for tracking the reference d-axi§reshold, because the corresponding chamgeaxis current
and g-axis currents, a virtual signal injection (VSI) processirgtould be small too, thigs,c will not update and the small
unit, and a self-learning controller. The output of the VS| pra2iror will be compensated by the virtual signal injection in short
cessing unit is fed to an integratdhe d-axis current reference time. TheTyrp, andigyrps Will be updated continuously by
is the sum of the SLC output and the integrated output. the reference torque and resultant d-axis current. The exact
Before training, tB Tyrp, andigyrps are zero vectors ini- value of the predefined threshalds not important, as it only

tially, or data associated with the MTPA curve generatedffects slightly the MTPA tracking response. .
off-line using nominal motor parameters may be stoted ~ When a torque step is larger than the threst®kignal will
torque demandl,., in Fig. 4 is larger than the maximum be masked for a small period of time. After this period, the
value in VectorTyrp,, the outputiysc, of the self-learning virtual signal injection will drive the resultant d-axis current

control will equal to the elemen vectorig, »,which cor- tov(\;ard dthe MTPA Ipo;)nt ﬁnd tfh'EMTPA andiaurpa dWr|1” be |
responds to the maximum torque referencByjfng. If T,y is UPdated continuously by the reference torque and the resultant

- d-axis current Since the virtual signal injection adjusts the

located between two elementsKf;p,4, as shown in Fig. 3he . ) i
) ) ! ) . d-axis current towards the MTPA point, the resultant d-axis
igsic can be obtained through linear interpolation of the twg . . :
) . current can be considered as thgrp, in Sectionl Part B and
recorded MTPA points according to (6). Before the SLC con: . ..
. . . . the newly recorded d-axis currentiif;p4 should be very
troller is fully trained, its output may deviate from the MTPA ; . .
. . . . closer to the actual MTPA point than the previously recorded in
point by a large margin. However, any error will be adjusted hy

the integrator output until the outpud, of VSI processing '4MTPA: Therefore, the accuracy of SLC output will continu-

block approximate to zero, i.e., the MTPA operation is realize sly be improved. Moreover, a more accurate S.LC output will
[29]. also accelerated the convergent rate of the d-axis current to the

Since the integrator in Fig. 4 will accumulate value, in ordef%Ctual MTPA point. Therefore, although the MTPA d-axis

to increase d-axis current response, at each time when the & rents recorded ifyrp,4 May initially have large error, they

- -will eventually approach the ideal MTPA d-axis currents.
solute value of rgference torque step s larger than a pre_den%onsequentlyythggroposed SLC can be trained on-line, and the
threshold ¢, the integrator will be reset. Meanwhile tiye, training of the SLC will not affect the MTPA operation. ’



The g-axis reference current in Fig.4 is generated frgm (ihcreased.

base on the torque reference and d-axis current reference. : [ : :
14 140
Tre . 12 Resultant torque (Ixh) 120
iqref =3 (7) 10 —Reference d-axis current (2 00%
—p[lzum + (Ld - Lq)ldref] ~ 80 —SLC output H80 =
2 IS ] T c
. . Z 60 i 60 o
whereLgy, Lyand¥,in are d- and g-axis inductances and per- g 40 40 5
manent magnet flux linkage, respectively. The machine pa- £ 28 50 2
rameters employed in (7) can either be the nominal machine = | ] 208
parameters or obtained from look-up tables as functions of d-  -40 _|\ -40
and g-axis currents. It should be noted that if the parameters in ~ -60 \_ -60
(7) are inaccurate, the g-axis current will not yield the exact % 10 20 30 40 50 60 7620
torque reference, and there will be torque control error. How- Time (s)

. . . . . Fig. 5. Variations of resultant torque and d-axis refegecurrent from SLC.
ever, since the sign@" in (5) which corrects the d-axis cur- g d

rent is independent from these parameters, the resultant d-axighe simulation results of the MTPA quality indicator, S, and

current still ensures that the motor operates on the MTRAayis current reference generated from the proposed
points for the actual torque. The gap in the reference.and ac lf—learning control scheme under the same operating condi-
torquecanbe corrected by the speed feedback loop in a spegg¢ o5 Fig. 5 are shown in Fig. 6. It can be seen from Fig.6

servo drive. For EV tractions however, the feedback correcti : . ;
will be performed by a human driver. Of course, if high fidelit}?)%fore the proposed self-learing control scheves trained,

. 1.e., 1<35s, at each torque reference step, the output of the signal
model parameters are stored in a look-up table, the torqué . S
. processing blocks initially large and then converged to zero
control accuracy can be improved . :
gradually. This $ because the large error of untrained SLC
. SIMULATION OF THE PROPOSEDCONTROL SCHEME output apd the t_racklr_1g_ of _the MTPA d—_aX|s current referer_uces
. . by the virtual signal injection has relatively slow converging
To verify the performance of the proposed self-learnln%;e_ After the proposed self-learning control schenssbban
control scheme, simulations were performed employing a hlg ined, the output of the signal processing block bso

fidelity norHlinear IPMSM machine model which representssma” and the d-axis reference current responds quickly to the

the real electromagnetic behaviors of the BN¥ The high torque change. Moreoves always converges to zero, which
fidelity model is flux linkage-based and captures altinear . qt ge. , y 9 ' .
effects and high order space harmonics as described in [4I plles that_ t_he d-axis current converges t_o the MTPA point
The machine specifications are listed in Table k fiotorwas and the training of the proposed self-learning control scheme

controlled in torque control mode in simulatiofiéie applica- P2S€ on the virtual signal injection control is accurate.

3
ble torque reference range of a machine is divided3&tsec- g ig ‘Reference d-axis current (ASS
tions. The g-axis reference current was calculated based on (7) % 80 ——SLC output o=
and the machine parameters in (7) were obtained from prede- 2 ¢g — Signal processing block Outp%t <
fined look-up tables as functions of d- and g- axis currents. @ 40 [V l/ ]fj 7_105
2 20 3
“TABLE | R — | — Ions
IPMSM Parameters 5 -20 '40;‘
Number of pole-pairs 3 g 40 || i
Phase resistance 51.2mQ & 60 " |10
Continuous/Maximum current 58.5/118 A -800 10 20 30 40 50 60 7660
Peak power below base speed 10 kw Time (s)
DC link voltage 120 v Fig. 6. The simulation result of S and d-axis curreference generation.
Based/maximum speed 1350/4500 rpm
Continuous/peak torque 35.5/70N'm ; ; ; ;
Peak power at maximum speed kW The resultant torque and the output of integrator in Fig. 4 is

shown in Fig. 7. The threshold to reset the integrator in this

Fig. 5 shows the variations of the resultant torque and d-ai8pPer is set to 2Nn. As shown in Fig. 7, before the proposed
current reference together with the SLC output when the torgé@ntrol scheme is trained, i.e., t<35s, the values accumulated in
varied between 9Nm and 68Nm in steps periodically. the integrator are large and the integrator will be reset in every

When t<35s, the SLC output was equal to the d-axis currdffdue step. However, after the proposed control scheme is
reference recorded iyyp, Which is corresponding to the trained, the optimal d-axis current can be d_|rectly generated
maximum torque reference B,,p,. The error between MTPA from the SLC and _th_e output of integrator is close to zero.
d-axis current for the torque refererigg-and SLC output was '(Ia'frf\:(r:(tafore whether it is reset or not will no longer has much
compensated by the VS|Gilbeit its response was slow. '

However, when the proposed self-learning control scheme was
trained, i.e., when t>35s, the output of SLC approximated the
MTPA d-axis current and the approximation error was small.

This error was still compensated by the VSIC. The speed of
tracking response of the proposed contedtieen significantly



[ [ [ 50 The simulag¢dtorque and g-axis current responses under the
13 _IRfsu'tim t”?“et M1 same operating conditions as Fig. 8 are shown in Fig. 9. Due to
10 regraler ovtpo 130 2 the change in the PM flux linkage, the torque error imeca
g 70 { 3 significant If continuous operation is thermally sustainable, the
2 40 120 5 error can be compensated by the speed loop in a speed con-
g 10 110 £ trolled drive system. While in EV traction, the loop is closed by
° g the vehicle driver.
F ook \ 0o £ e vehicle drive | | |
-50 = - 1-10 55 @ MTPA point
-80 \ 20 WV VSIC result
0 10 20 3$_ (4)0 50 60 70 _ —+—Decreased PM flux linkage
ime (s £ 50 —5Origi i i
Fig. 7. Resultant torque and the output of integrat = Original PM flux linkage
()
>
At t=70s, the permanent magnet (PM) flux linkage in the £ 45 W
machine modelas reduced to 80 percent of its original value F
while the parameters in (7) used to compute the g-axis curren —
reference were not changed. This may represent the combine i ——
effect of temperature increase and partial demagnetization 0 55~ 50 45 40 35 30 25 20
the machineThe change in the PM flux linkage caused the new d-axis current (A)

MTPA point to deviate from the original MTPA point and theFi_g. 10. Constant current amplitude curves and VSIC tragkiaerformance
VSIC compensated the deviation. Meanwhile Thgp, and With inaccurate g-axis current.

lamrps are updated according to nigwidentified MTPA Fig. 10 illustrates the constant current amplitude curves for

points. different PM flux linkages and compares the simulation results
12 ~ Resultant torque () ,128 obtained from the original PM flux linkage and reduced PM
11 — SLC output 1110 _ flux linkage for the reference torqué 45N-m. It can be seen
~ 0 Reference d-axis current(ljo § from Fig. 10, although the machine parameter in @ not
g gg - ™ m:wng @ accurate and the resultant torque was not equal to the torque
g 30 ™ = e o 3 reference, the VISC can still track the MTPA point accurately.
g 10— - 10 2 Fig. 11 shows the simulation results when the reference
= %8 o L :%83 torque step is smaller than the threshdlhen t<35s, the
-50 — "_‘ _‘=\\_ -50 proposed control scheme is not trained while the reference
:gg = 1:78 torque slowly increased with a 2NVs gradient. Under this
40 60 80 100 120 148 condition, the integrator in Fig. 4 will not be reset &ngl. will

Time (s)

Fig. 8. SLC behavior after machine parameter changes not be updated. The d-axis reference is generated from the

integrator based on the virtual signal injection and the proposed

It can be seen from Fig. 8 that in the first cycle after the pgontrol scheme is still trained under this condition. When t>35s,

rameter changed (from t=70s to t=105s), the d-axis curréhe optimal d-axis current is generated from the SLC directly
reference was obtained from the sum of SLC output and VSY@th fast response.

with relatively slow respons®uring this period, the proposed 18 Resultant mr‘que (Im‘) 7180
: ; 16 1160
SLC was trained by the newly tracked MTPA d-axis current 14 — Reference torque () 140~
referencesin the second cycle after the machine parameter A%g — Reference d-axis current (A ggf-
change ( t>105s), the proposed Sllts adapted itself to the g 80 SLC output g0 &
new machine parameters and the output of the SLC reached the g 28 P ?8 3
MTPA d-axis current reference tracked by VSIC of the new £ 29 - — 20 £
operation condition with fast respongend the training of the . _28 e B g s 0 ?20 S
SLC dd not affect MTPA operation of the IPMSM drive, albeit -40 e -40
: -60 =1—1{-60
the torque control error increased. -80 I~ I e
K [ : 270 0 10 20 30 40 50 60 70
13 Resultant torque () 1230 ) o Time (s)
10 —— Reference torque (M) 170 Fig. 11. Training performance when reference torduaeges slowly
— —Reference g-axis current (A190= . . . "
£ 70 Mg o et 08 Simulations were also performed for the operating condition
g 40 ™ fj - s when the reference torque changes rapiyshown in Fig. 12,
g 10— = M ~L _J__J__’llog the reference torque changes in steps between 20aNd 40N
~ . .
-20 - T 370 & -m in every 2s. Before the proposed control scheme is fully
50— ] ] 130 trained, i.e., t<6s, the virtual signal injection adjusts the d-axis
80,5 0 80 100 0 1id° current toward the MTPA d.—aX|s curre_nt and the cqrrespondmg
Time (s) reference torque and d-axis current is recordeB,in, and

Fig. 9. Simulation results of torque reference, testitorque as well as g-axi igurpa. At each torque step, the integrator is reset meanwhile
current. the SLC output is updated based on the data recordggjn



andigyrpa, SimultaneouslyAs it can be seen in Fig. 12, thekept constant was measured for each payload torque. The actual
accuracy of the SLC output continuously improves and eveRFTPA points are obtained through curve fitting of the meas-
tually equal to the optimal values. The speed of tracking rared torque data and they are represented in Fig. 14 by squares.
sponse of the proposed contrakhbeen significantly increased Meanwhile, the proposed control was implemented by initial

after the training. disable the SLC unit. Hence, the d-axis current references were
generated by the virtual signal injection control scheme and the
10 oo et 100 g-axis current were generated according to (7). The VSIC based
80 esultant torque (W) o) MTPA points tracking results are represented by circles.
—Reference torque () z
£ 60 —Reference d-axis current (A0 = . . .
Z 40 ~~~SLC output 20 9 70 @ MTPA point
g |_| 3 v VSIC result
> o
g 20 20 o _ 60 > Test point
oo 0o % 50 — Constant current amplitude locus
[ . < |
-20 IS -20 e I SR A0 e —
= 8 EE——— e
-40 -40 g B,
0 2 4 6 8 10 12 14 S 30 YO
Time (s) = o RO,
Fig. 12. Training performance when reference toxuenges rapidly 20 R A
Do
10 oo
IV. EXPERIMENTRESULTS -60 -50 -40 -30 -20 -10 0

) ) d-axis current (A)
TO verify the proposed self-learning control sc.heme, €X5g. 14. Experimental result of VSIEMTPA tracking performance
peiments were performed on a 10kW IPMSM drive whose

specification is given in Table I. The test rig for the experi- Table Il compares the resultant torques of the VSIC and the
ments is shown in Fig. 13he motor was control in torque measured torquex the MTPA points. It can be seen from Fig.
control mode and loaded by a dynamometer. The resultd® and Tabldl that the VSIC can always track the MTPA
torque was measured by a high precision torque transducer. Plénts with high accuracy and the torque error between the
frequency and amplitude of the virtual signal injection wameasured MTPA points and VSIC is less than 0.2%. It is also
1000Hz and 0.001rad, respectively. Andtaofder band-pass evident that the measured output torque under the VSIC is
filter with a band width of 1Hz at the center frequency of thslightly lower than the torque reference. This is because the
virtually injected signal was adopted by the VBhe applica- parameters in (7) are not accurate and presence of friction
ble torque reference range of the machims divided into35 torque in the real machine.
sections as those in the simulations. The threshold to reset the
integrator in this paper is set to 2. TABLE Il

= Comparison between Resultant Torque of VSIC and Torque of

MTPA Points at 1000r/min

Torque gen-

Torque Current ampli- erated by MTPA Torque
reference tude VSIC torque error
10N'm 17.26 A 9.85N'm 9.86N'm 0.10%
15N'm 25.67 A 14.74N'm 14.7MN'm 0.20%
20N'm 34.00 A 19.6(N'm 19.6NN'm 0.20%
25N'm 4228 A 24.4N'm 24.4NN'm 0.16%
30N'm 50.55 A 29.2N'm 29.2MN'm 0.07%
35N'm 58.87 A 34.0N'm 3404N'm 0.06%
40N'm 67.10 A 38.7N'm 38.7N'm 0.00%
45N'm 75.47 A 43.42N'm 43.42N'm 0.00%

B. Performance of Proposed Control Scheme during Payload
Torque Gange.

To validate the performance of the proposed self-learning
control scheme during payload torque chandgee proposed
control scheme was firstly tested with torque reference varia-
tions from ONm to 35Nm in a step of 5Nm at 1000r/min.
The proposed scheme was trained during this proSedsse-

) _ guently, the torque reference was decreased from 33N ON
A MTPAPoints Tracking Performance ‘m in a step of 5Nm and the s, -was generated from the

The MTPA points tracking performances in steady state atigicked MTPA points which were recorded Th;p, and

illustrated in Fig. 14. As shown in Fig. l#he payload torque j, ... Finally, the torque reference was increased fronn@N

was increased from Nom to 4N'm in a step of B'm at 4 2gN-m in a step of 5Nm at 1000r/min so that the references
1000r/min. To determine MTPA points experimentally, torqug, ot coincide with the training data in ordewalid the SLC
variation with current angle when the current amplitude was

Fig. 13. Experimental tt—rig.



performance at the operation conditions which the drive had not
experienced previously.

Fig. 15 shows the measured d-axis current together with
measured torque and estimated torque when the torque refel
ence is stepped from 20kh to 35N m in steps of 5Nm and
back to 20Nm in the same step3he estimated torque was
basedon the high fidelity machine model and measured d- and
g-axis currents

As shown in Fig. 15when torque reference stepped from
25N-m to 30N m during the time t80s, the SLC had not been
trained at 30Nm torque reference but had been trained at the

60 : : : c : 15
50 Estimated torque () |
—Measured torque (W) 110 =
— — Integrator output =
% 1 i i 15 3
£ 30 phoss 5
> | \ S
3 20/ 0 5
S o\ E
--J N 45—
0
-10

Time (s)

0 20 40 60 80 100 120 140 160 180 200 22-&0

25N-m. The output of the SLC was equal to the elenient Fig. 16 Integrator output together with the measwaed estimated torque

igurpa Which corresponds to the maximum torque reference |
Tyrpa, €.9., the MTPA d-axis current @N-m. The error
between the output of SLC and the MTPA d-axis current for
30N -m torque reference was compensated by the VSIC albel
the d-axis current responded to the torque steplsl&imilar
result can be observed when the torque reference is step

from 30N-m to 35N m.

ﬁSpOﬂSGS.

Fig. 17 shows the variations of the measured torque and the

mgasured g-axis current which corresponds to the d-axis cur-

rent reference variations shown in Fig. 15. Before the 88

ﬁ{g@ed, the g-axis current always had large over shoot due to
e slow d-axis current response. However, after the 8&€

When the torque reference is stepped from -36Ko 30N
m, since the SLC had been trained at 3@Norque reference
before, the output of the SLC approximated to the optimal
d-axis current for the MTPA operation. As shown in Fig, 15
the speed of tracking response of the proposed control was
significantly increased and similar results can be observed
when the torque reference is stepped from 30No 25N m.

The integrator output is shown in Fig. 16 for the purpose of
illustration. Once the controller is trained, the d-axis reference
current is directly generated from the SLC, and hence the in-
tegrator output from the VSIC is closed to zero. It should be

trained, the over shoot was significantly reduced.

Time (s)

60, ——————— 105
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£ m 5
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) 165 2
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o >
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0
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noted that the torque ripple in the measured torque is smalfég: 17. The estimated/measured torque and the meagpardsl current

than that in the estimated torque due to the low-pass filter effect

in the torque transducer and its signal conditioning system.

The torque reference was also increased fronm3dd 28N
m in a step of 5Nm at 1000r/min during the tests. Although the
SLC was not trained at these torque references, since they were
located between trained torque references, the SLC can still
generate the d-axis current references for MTPA control ac-

Fig. 18 illustrates the d-axis current response when the
torque reference is stepped from-8hto 13N m after the SLC
has been trained. From Fig. 18, a fast d-axis current response as
well as measured torque response can be observed. This illus-
trates that the proposed SLC can produce the MTPA d-axis

75 T T T r r r 40
65 Estimated torque (%) gg
55 — Measured torque () 25 z
= s Measured d-axis current (§ g = curately
g i -=-SLC output 110 & '
o 3° ] . 5 5
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2 15r 103
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Fig. 15. d-axis current and estimated/measured torgsgonse to torque

Time (s)

command step from 20 to 35N m then step back to 20R.
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current even for the torque reference which it has not experi-
enced before
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Fig. 18. d-axis current and estimated/measured torgsgonse to torque
command step from 8iin to 13Nm.



CONCLUSION

[14]

S. Jung, J. Hong, and K. Nam, “Current Minimizing Torque Control of
the IPMSM Using Ferrari’s Method,” IEEE Trans,Power Electron., vol.

The proposed self-learning control scheme employs curve 28, no. 12, pp. 5605617, 2013.

fitting to establish the relationship between the torque and tli€] Y. S. Kim and S. K. Sul, “Torque Control Strategy of an IPMSM
d-axis current for MTPA operation. The proposed control
scheme is trained from the MTPA points tracked by the virtu IG]
signal injection control scheme during drive operation. After
the proposed control scheme has been trained, the d-axis cur- Control,” IEEE Trans,Industry Appl., vol. 46, no. 1, pp. 229, 2010.
rent command for MTPA operation is directly generated frort’]
the self-learning control scheme for a given torque reference
Meanwhile, the virtual signal injection control scheme can still
be utilized to compensate any error between the d-axis curré® P. Niazi, H. a. Toliyat, and A. Goodarzi, “Robust maximum torque per
command generated by the SLC and the ideal d-axis current for
MTPA operation The simulation and experiment results shovylg]
that the proposed SLC scheme can generate accurate d-axiSvector Controller for IPMSM Drive System,” IEEE Trans,Energy
current command to ensure MTPA operation with fast response. Convers., vol. 21, no. 3, pp. 6384, Sep. 2006.

The proposed control technique offers accurate MTPA trackiféf!
with fast torque response while being independent of machine
parameter variations, and hence provides an effective meanaq A. Dianov, Y. Kk. Kim, S. J. Lee, and S. T. Lee, “Robust Self-Tuning
efficient operation of IPMSM drives.
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