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 
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 as a novel parameter-independent MTPA 
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—Maximum torque per ampere control (MTPA), 
Permanent magnet synchronous machine (IPMSM), Self-learning 
control (SLC), Signal injection, Signal processing, Torque control, 
Virtual signal injection (VSIC) 

I. INTRODUCTION 

ue to the high efficiency, high power/torque density, high 
reliability and good field-weakening performance [1]-[4], 

the interior permanent magnet synchronous machine (IPMSM) 
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 per 
ampere (MTPA) control is proposed in [5]-[9]. However, the 
machine parameters of IPMSMs are highly non-linear due to 
magnetic saturation, cross-coupling effects, and parameter 
dependency on temperature [10]-[12]. Parameter variations due 
to operating conditions and temperature cause great challenges 
to detect the accurate MTPA point of IPMSM drives.    

In order to facilitate accurate MTPA operations of IPMSM 
drives, look-up tables (LUTs) [12]-[16] and pre-defined MTPA 
curves are employed by [1], [17] to generate d- and q-axis 
current reference for MTPA operation. However, the accuracy 
of look-up tables and pre-defined MTPA curves might greatly 
be affected by manufacture tolerance, material property varia-
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tions and temperature variations. Moreover, generations 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 step. Although the fuzzy logic 
controller can increase converge rate, the control scheme is 
sensitive to current and voltage harmonics and causes torque 
ripple 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-
ligence based on neural network and fuzzy logic may serve this 
purpose. However, neural network or fuzzy logic based control 
schemes in literature [32]-[40] are primarily concerned with 
speed or position tracking rather than MTPA operations.  

One the other hand, if  MTPA points can be tracked by pa-
rameter independent MPTA control schemes accurately, the 
tracked MTPA points can be utilized to improve the accuracy 
and dynamic response of the optimal reference d-axis current   
generation through on-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 
date.  

In this paper, a novel curve fitting based, on-line 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 harmonics. The VSIC is utilized to track the optimal 
d-axis current reference for MTPA operation and the proposed 
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SLC scheme is trained on-line by the tracked optimal d-axis 
current reference. After a period of on-line training, the SLC 
generates the optimal d-axis current reference for MTPA op-
eration with fast response. In this way, the proposed control 
scheme not only retains the advantages of virtual signal injec-
tion control, such as parameter independence, high accuracy in 
tracking the MTPA points, and robust to voltage and current 
harmonics but also has a fast dynamic response. Further the 
on-line training of the SLC does not affect the MTPA operation 
of the IPMSM drive.  

II. SELF-LEARNING CONTROL SCHEME FOR MTPA 

OPERATION 

A. MTPA Point Detection 

VSIC based MTPA point tracking control scheme is de-
scribed in detail in [29]. A high frequency sinusoidal signal οߚ 
is injected into machine current angle ߚ with respect to the 
q-axis: ݅ௗ௛ ൌ െܫ௔ ߚሺ݊݅ݏ ൅ οߚሻ (1) ݅௤௛ ൌ ௔ܫ ߚሺݏ݋ܿ ൅ οߚሻ (2) 

where ܫ௔  is measured current amplitude. Since the iron loss 
influence on MTPA operation is negligible [42], the mechani-
cal power ܲ௠ can be expressed as follows: 

௠ܲ ൌ ͵ʹ ൣሺݒௗ െ ܴ݅ௗሻ݅ௗ ൅ ൫ݒ௤ െ ܴ݅௤൯݅௤൧ (3) 

௠ܲ ൌ ͵ʹ ቈ൫ݒ௤ െ ܴ݅௤൯ ൅ ሺݒௗ െ ܴ݅ௗሻ݅௤ ݅ௗ቉ ݅௤ (4) 

whereݒௗ ǡ ௤ݒ  and ݅ௗ ǡ ݅௤ are d/q-axis reference voltages and 
d/q-axis measured currents respectively. ߱௠ is the rotor speed, 
and R is the phase resistance. 

Substitute (1) and (2) into (4), the electromagnetic torque 
associated with high frequency signal injection can be ex-
pressed in (5): 

௘ܶ௛ ൌ ௠߱ܲ௠ ൌ ͵ʹ ቈ൫ݒ௤ െ ܴ݅௤൯߱௠ ൅ ሺݒௗ െ ܴ݅ௗሻ݅௤߱௠ ݅ௗ௛቉ ݅௤௛ (5) 

It has been shown in [26] that if ௘ܶ௛ from (5) is processed by 
the signal processing block shown in Fig.1, the output of the 
signal processing, S, will be proportional to ߲ܶ ௘ Τߚ߲  [29]. S can 
be defined as a MTPA quality indicator.  

 

Fig. 1.  Signal processing block. 
 

 

If the MTPA quality indicator S is fed into an integral regu-
lator with a negative gain, the d-axis current reference can be 
generated and is adjusted by the VSIC scheme until ߲ ௘ܶ Τߚ߲ ൌͲ when the MTPA point is reached. It should be noted that (5) 
which is employed to generate the signal proportional to ߲ ௘ܶ Τߚ߲  is independent of the motor parameters except the 
phase resistance. However, since the voltage drop on the re-

sistance is very small, its nominal value at the rated operating 
temperature will be sufficient to ensure good accuracy. 

The MTPA quality indicator S can also be utilized to identify 
the d-axis current reference of MTPA operation for a given 
torque command. The corresponding d-axis current reference 
and torque reference will be recorded as a tracked MTPA point 
of the MTPA trajectory shown in Fig. 2. 

 
Fig. 2.  d-axis current vs. torque for MTPA operation. 
 

It should be noted that MTPA operation is only valid in 
steady state sense. Thus, the S signal is masked during d- and 
q-axis current transients for a small period of 3 times of the 
current loop time constant.  

B. Principle of Proposed Self-learning Control Scheme 

Fig. 2 shows the relationship between reference torque and 
corresponding optimal d-axis current for MTPA operation. For 
a given reference torque there is a unique optimal d-axis current 
for MTPA operation. If a sufficient number of MTPA points on 
the curve, a to g in Fig. 2, are known, other points on the curve 
can be approximated by interpolations among these known 
points. The proposed self-learning control scheme is based on 
this idea.  

As shown in Fig. 2, in order to have an even distribution of 
recorded MTPA points, the applicable reference torque range 
of a machine is divided into n sections and each section records 
one tracked MTPA point. By way of example, seven sections 
are shown in Fig. 2. The references torque and their corre-
sponding d-axis currents of tracked MTPA points are recorded 
as column vectors ܂ெ்௉஺ and ܑௗெ்௉஺. If a new MTPA point is 
tracked in section m, the mth element of ܂ெ்௉஺and ܑௗெ்௉஺ will 
be replaced by the corresponding value of the new MTPA point. 
This process repeats during the SLC operation.  

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. 

 
Fig. 3.  Schematic of the proposed self-learning control scheme. 
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Each newly tracked MTPA d-axis current (݅ௗெ்௉஺) which is 
tracked by VSIC and the corresponding torque reference 
( ெ்ܶ௉஺) are recorded in the column vectors ܑௗெ்௉஺ and ܂ெ்௉஺, 
respectively. The two vectors which form the MTPA curve are 
updated continuously by tracked MTPA points obtained from 
the VSIC. The recorded data can be used to generate d-axis 
current reference instantly. For a given torque demand ௥ܶ௘௙, the 
corresponding d-axis current at the MTPA point k in Fig. 3 can 
be approximated by k’ through linear interpolation between the 
two adjacent MTPA points recorded in ܂ெ்௉஺ and ܑௗெ்௉஺, i.e., 
the point e and f in Fig. 3, according to (6). 

݅ௗௌ௅஼ ൌ ௥ܶ௘௙ െ ଶܶଵܶ െ ଶܶ ሺ݅ௗଵ െ ݅ௗଶሻ ൅ ݅ௗଶ (6) 

where ଵܶand ଶܶ are the torque references of e and f, respec-
tively, and ݅ௗଵand ݅ௗଶ are the d-axis currents of e and f. ݅ ௗௌ௅஼  is 
the output of the self-learning control.  

Once the control scheme is trained, the output of SLC (݅ ௗௌ௅஼) 
should approximate the optimal d-axis current of MTPA oper-
ation. If the number of sections is sufficient, the error between 
the MTPA d-axis current and the SLC output will be very small. 
The final d-axis current reference will be a combination of ݅ௗௌ௅஼  and an error compensation component generated from 
VSIC. 

 

Fig. 4.  Schematic of proposed self-learning MTPA control for IPMSM drives. 
 
C. Description and Features of the Proposed Scheme 

The schematic of the proposed self-learning control scheme 
for MTPA operation is shown in Fig. 4. It consists of conven-
tional PI current control loops for tracking the reference d-axis 
and q-axis currents, a virtual signal injection (VSI) processing 
unit, and a self-learning controller. The output of the VSI pro-
cessing unit is fed to an integrator. The d-axis current reference 
is the sum of the SLC output and the integrated output. 

Before training, the ܂ெ்௉஺ and ܑௗெ்௉஺ are zero vectors ini-
tially, or data associated with the MTPA curve generated 
off-line using nominal motor parameters may be stored. If  a 
torque demand, ܶ௥௘௙  in Fig. 4, is larger than the maximum 
value in vector ܂ெ்௉஺, the output, ݅ௗௌ௅஼ , of the self-learning 
control will equal to the element in vector ܑௗெ்௉஺which cor-
responds to the maximum torque reference in ܂ெ்௉஺. If   ܶ ௥௘௙ is 
located between two elements of ܂ெ்௉஺, as shown in Fig. 3, the ݅ௗௌ௅஼  can be obtained through linear interpolation of the two 
recorded MTPA points according to (6). Before the SLC con-
troller is fully trained, its output may deviate from the MTPA 
point by a large margin. However, any error will be adjusted by 
the integrator output until the output, S, of VSI processing 
block approximate to zero, i.e., the MTPA operation is realized 
[29].  

Since the integrator in Fig. 4 will accumulate value, in order 
to increase d-axis current response, at each time when the ab-
solute value of reference torque step is larger than a pre-defined 
threshold, İ, the integrator will be reset. Meanwhile the ݅ௗௌ௅஼  

will be updated according to the new reference torque based on 
the data recorded in ܂ெ்௉஺ and ܑௗெ்௉஺ when the integrator is 
reset. For the condition that the torque step is smaller than the 
threshold, because the corresponding change in d-axis current 
should be small too, the ݅ௗௌ௅஼  will not update and the small 
error will be compensated by the virtual signal injection in short 
time. The ܂ெ்௉஺ and ܑௗெ்௉஺ will be updated continuously by 
the reference torque and resultant d-axis current. The exact 
value of the predefined threshold İ is not important, as it only 
affects slightly the MTPA tracking response. 

When a torque step is larger than the threshold, S signal will 
be masked for a small period of time. After this period, the 
virtual signal injection will drive the resultant d-axis current 
toward the MTPA point and the ܂ெ்௉஺  and ܑ ௗெ்௉஺  will be 
updated continuously by the reference torque and the resultant 
d-axis current. Since the virtual signal injection adjusts the 
d-axis current towards the MTPA point, the resultant d-axis 
current can be considered as the ݅ௗெ்௉஺ in Section II  Part B and 
the newly recorded d-axis current in ܑௗெ்௉஺  should be very 
closer to the actual MTPA point than the previously recorded in ܑௗெ்௉஺. Therefore, the accuracy of SLC output will continu-
ously be improved. Moreover, a more accurate SLC output will 
also accelerated the convergent rate of the d-axis current to the 
actual MTPA point. Therefore, although the MTPA d-axis 
currents recorded in ܑௗெ்௉஺ may initially have large error, they 
will eventually approach the ideal MTPA d-axis currents. 
Consequently, the proposed SLC can be trained on-line, and the 
training of the SLC will not affect the MTPA operation. 



 

The q-axis reference current in Fig.4 is generated from (7) 
base on the torque reference and d-axis current reference. ݅௤௥௘௙ ൌ ௥ܶ௘௙ଷଶ ௠ߖൣ݌ ൅ ൫ܮௗ െ  ௤൯݅ௗ௥௘௙൧ (7)ܮ

where ܮௗ ǡ ௠ߖ ௤andܮ  in are d- and q-axis inductances and per-
manent magnet flux linkage, respectively. The machine pa-
rameters employed in (7) can either be the nominal machine 
parameters or obtained from look-up tables as functions of d- 
and q-axis currents. It should be noted that if the parameters in 
(7) are inaccurate, the q-axis current will not yield the exact 
torque reference, and there will be torque control error. How-
ever, since the signal ௘ܶ௛ in (5) which corrects the d-axis cur-
rent is independent from these parameters, the resultant d-axis 
current still ensures that the motor operates on the MTPA 
points for the actual torque. The gap in the reference and actual 
torque can be corrected by the speed feedback loop in a speed 
servo drive. For EV tractions however, the feedback correction 
will be performed by a human driver. Of course, if high fidelity 
model parameters are stored in a look-up table, the torque 
control accuracy can be improved.  

III.  SIMULATION OF THE PROPOSED CONTROL SCHEME 

To verify the performance of the proposed self-learning 
control scheme, simulations were performed employing a high 
fidelity non-linear IPMSM machine model which represents 
the real electromagnetic behaviors of the IPMSM. The high 
fidelity model is flux linkage-based and captures all non-linear 
effects and high order space harmonics as described in [43]. 
The machine specifications are listed in Table I. The motor was 
controlled in torque control mode in simulations. The applica-
ble torque reference range of a machine is divided into 35 sec-
tions. The q-axis reference current was calculated based on (7) 
and the machine parameters in (7) were obtained from prede-
fined look-up tables as functions of d- and q- axis currents. 

 
. TABLE I 

IPMSM Parameters 
Number of pole-pairs 3 

Phase resistance 51.2 mȍ 

Continuous/Maximum current 58.5/118 A 
Peak power below base speed 10 kW 

DC link voltage 120 V 
Based/maximum speed 1350/4500 rpm 
Continuous/peak torque 35.5/70 N∙m 

Peak power at maximum speed 7 kW 
 
Fig. 5 shows the variations of the resultant torque and d-axis 

current reference together with the SLC output when the torque 
varied between 9Nѿm and 68Nѿm in steps periodically. 

When t<35s, the SLC output was equal to the d-axis current 
reference recorded in ܑௗெ்௉஺  which is corresponding to the 
maximum torque reference in ܂ெ்௉஺. The error between MTPA 
d-axis current for the torque reference ௥ܶ௘௙and SLC output was 
compensated by the VSIC, albeit 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 control has been significantly 

increased. 

 
Fig. 5.  Variations of resultant torque and d-axis reference current from SLC. 
 

The simulation results of the MTPA quality indicator, S, and 
d-axis current reference generated from the proposed 
self-learning control scheme under the same operating condi-
tions as Fig. 5 are shown in Fig. 6. It can be seen from Fig.6, 
before the proposed self-learning control scheme was trained, 
i.e., t<35s, at each torque reference step, the output of the signal 
processing block is initially large and then converged to zero 
gradually. This is because the large error of untrained SLC 
output and the tracking of the MTPA d-axis current references 
by the virtual signal injection has relatively slow converging 
rate. After the proposed self-learning control scheme has been 
trained, the output of the signal processing block becomes 
small and the d-axis reference current responds quickly to the 
torque change. Moreover, S always converges to zero, which 
implies that the d-axis current converges to the MTPA point 
and the training of the proposed self-learning control scheme 
base on the virtual signal injection control is accurate. 

 
Fig. 6.  The simulation result of S and d-axis current reference generation. 
 

The resultant torque and the output of integrator in Fig. 4 is 
shown in Fig. 7. The threshold to reset the integrator in this 
paper is set to 2Nѿm. As shown in Fig. 7, before the proposed 
control scheme is trained, i.e., t<35s, the values accumulated in 
the integrator are large and the integrator will be reset in every 
torque step. However, after the proposed control scheme is 
trained, the optimal d-axis current can be directly generated 
from the SLC and the output of integrator is close to zero. 
Therefore whether it is reset or not will no longer has much 
effect. 
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Fig. 7.  Resultant torque and the output of integrator. 
 

At t=70s, the permanent magnet (PM) flux linkage in the 
machine model was reduced to 80 percent of its original value 
while the parameters in (7) used to compute the q-axis current 
reference were not changed. This may represent the combined 
effect of temperature increase and partial demagnetization of 
the machine. The change in the PM flux linkage caused the new 
MTPA point to deviate from the original MTPA point and the 
VSIC compensated the deviation. Meanwhile the ܂ெ்௉஺ and ܑௗெ்௉஺  are updated according to newly identified MTPA 
points. 

 
Fig. 8.  SLC behavior after machine parameter changes. 
 

It can be seen from Fig. 8 that in the first cycle after the pa-
rameter changed (from t=70s to t=105s), the d-axis current 
reference was obtained from the sum of SLC output and VSIC 
with relatively slow response. During this period, the proposed 
SLC was trained by the newly tracked MTPA d-axis current 
references. In the second cycle after the machine parameter 
changed ( t>105s), the proposed SLC has adapted itself to the 
new machine parameters and the output of the SLC reached the 
MTPA d-axis current reference tracked by VSIC of the new 
operation condition with fast response. And the training of the 
SLC did not affect MTPA operation of the IPMSM drive, albeit 
the torque control error increased. 

 
Fig. 9.  Simulation results of torque reference, resultant torque as well as q-axis 
current. 
 

The simulated torque and q-axis current responses under the 
same operating conditions as Fig. 8 are shown in Fig. 9. Due to 
the change in the PM flux linkage, the torque error became 
significant. If continuous operation is thermally sustainable, the 
error can be compensated by the speed loop in a speed con-
trolled drive system. While in EV traction, the loop is closed by 
the vehicle driver.  

 
Fig. 10.  Constant current amplitude curves and VSIC tracking performance 
with inaccurate q-axis current.  
 

Fig. 10 illustrates the constant current amplitude curves for 
different PM flux linkages and compares the simulation results 
obtained from the original PM flux linkage and reduced PM 
flux linkage for the reference torque of 45N∙m. It can be seen 
from Fig. 10, although the machine parameter in (7) was not 
accurate and the resultant torque was not equal to the torque 
reference, the VISC can still track the MTPA point accurately. 

 Fig. 11 shows the simulation results when the reference 
torque step is smaller than the threshold. When t<35s, the 
proposed control scheme is not trained while the reference 
torque slowly increased with a 2Nѿm/s gradient. Under this 
condition, the integrator in Fig. 4 will not be reset and ݅ௗௌ௅஼  will 
not be updated. The d-axis reference is generated from the 
integrator based on the virtual signal injection and the proposed 
control scheme is still trained under this condition. When t>35s, 
the optimal d-axis current is generated from the SLC directly 
with fast response.  

 
Fig. 11. Training performance when reference torque changes slowly.  
 

Simulations were also performed for the operating condition 
when the reference torque changes rapidly. As shown in Fig. 12, 
the reference torque changes in steps between 20 Nѿm and 40N
ѿm in every 2s. Before the proposed control scheme is fully 
trained, i.e., t<6s, the virtual signal injection adjusts the d-axis 
current toward the MTPA d-axis current and the corresponding 
reference torque and d-axis current is recorded in ܂ெ்௉஺ and ܑௗெ்௉஺. At each torque step, the integrator is reset meanwhile 
the SLC output is updated based on the data recorded in ܂ெ்௉஺ 

0 10 20 30 40 50 60 70
-80

-50

-20

10

40

70

100

130
T

or
qu

e
 (

N
m

)

Time (s)

 

 

0 10 20 30 40 50 60 70
-20

-10

0

10

20

30

40

50

In
te

gr
a

to
r 

ou
tp

ut

Resultant torque (Nm)
Integrator output

40 60 80 100 120 140
-90
-70
-50
-30
-10
10
30
50
70
90

110
130
150

T
or

qu
e

 (
N

m
)

Time (s)

 

 

40 60 80 100 120 140
-90
-70
-50
-30
-10
10
30
50
70
90
110
130
150

d-
a

xi
s 

cu
rr

e
nt

 (
A

)

Resultant torque (Nm)
SLC output
Reference d-axis current (A)

40 60 80 100 120 140
-80

-50

-20

10

40

70

100

130

T
or

qu
e

 (
N

m
)

Time (s)

 

 

40 60 80 100 120 140
-10

30

70

110

150

190

230

270

q-
a

xi
s 

cu
rr

e
nt

 (
A

)

Resultant torque (Nm)
Reference torque (Nm)
Reference q-axis current (A)

-55 -50 -45 -40 -35 -30 -25 -20

40

45

50

55

d-axis current (A)

T
or

qu
e

 (
N

m
)

 

 

MTPA point
VSIC result
Decreased PM flux linkage
Original PM flux linkage

0 10 20 30 40 50 60 70
-80
-60
-40
-20

0
20
40
60
80

100
120
140
160
180

T
or

qu
e

 (
N

m
)

Time (s)

 

 

0 10 20 30 40 50 60 70
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

d-
a

xi
s 

cu
rr

e
nt

 (
A

)

Resultant torque (Nm)
Reference torque (Nm)
Reference d-axis current (A)
SLC output



 

and ܑௗெ்௉஺, simultaneously. As it can be seen in Fig. 12, the 
accuracy of the SLC output continuously improves and even-
tually equal to the optimal values. The speed of tracking re-
sponse of the proposed control has been significantly increased 
after the training. 

 

 
Fig. 12.  Training performance when reference torque changes rapidly.  
 

IV.  EXPERIMENT RESULTS 

To verify the proposed self-learning control scheme, ex-
periments were performed on a 10kW IPMSM drive whose 
specification is given in Table I.  The test rig for the experi-
ments is shown in Fig. 13. The motor was control in torque 
control mode and loaded by a dynamometer. The resultant 
torque was measured by a high precision torque transducer. The 
frequency and amplitude of the virtual signal injection was 
1000Hz and 0.001rad, respectively. And a 4th order band-pass 
filter with a band width of 1Hz at the center frequency of the 
virtually injected signal was adopted by the VSI. The applica-
ble torque reference range of the machine was divided into 35 
sections as those in the simulations. The threshold to reset the 
integrator in this paper is set to 2Nѿm.  

 
Fig. 13.  Experimental test-rig.  

A. MTPA Points Tracking Performance 

The MTPA points tracking performances in steady state are 
illustrated in Fig. 14. As shown in Fig. 14, the payload torque 
was increased from 10N∙m to 45N∙m in a step of 5N∙m at 
1000r/min. To determine MTPA points experimentally, torque 
variation with current angle when the current amplitude was 

kept constant was measured for each payload torque. The actual 
MTPA points are obtained through curve fitting of the meas-
ured torque data and they are represented in Fig. 14 by squares. 
Meanwhile, the proposed control was implemented by initial 
disable the SLC unit. Hence, the d-axis current references were 
generated by the virtual signal injection control scheme and the 
q-axis current were generated according to (7). The VSIC based 
MTPA points tracking results are represented by circles.  

 
Fig. 14.  Experimental result of VSIC’s MTPA tracking performance 
 

Table II compares the resultant torques of the VSIC and the 
measured torques at the MTPA points. It can be seen from Fig. 
14 and Table II  that the VSIC can always track the MTPA 
points with high accuracy and the torque error between the 
measured MTPA points and VSIC is less than 0.2%. It is also 
evident that the measured output torque under the VSIC is 
slightly lower than the torque reference. This is because the 
parameters in (7) are not accurate and presence of friction 
torque in the real machine. 

TABLE II  
Comparison between Resultant Torque of VSIC and Torque of 

MTPA Points at 1000r/min 

Torque 
reference 

Current ampli-
tude 

Torque gen-
erated by 

VSIC 

MTPA 
torque 

Torque 
error 

10N∙m 17.26 A 9.85N∙m 9.86N∙m 0.10% 
15N∙m 25.67 A 14.74N∙m 14.77N∙m 0.20% 
20N∙m 34.00 A 19.60N∙m 19.64N∙m 0.20% 
25N∙m 42.28 A 24.43N∙m 24.47N∙m 0.16% 
30N∙m 50.55 A 29.25N∙m 29.27N∙m 0.07% 
35N∙m 58.87 A 34.02N∙m 34.04N∙m 0.06% 
40N∙m 67.10 A 38.72N∙m 38.72N∙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 Changes.  

To validate the performance of the proposed self-learning 
control scheme during payload torque changes, the proposed 
control scheme was firstly tested with torque reference varia-
tions from 0Nѿm to 35Nѿm in a step of 5Nѿm at 1000r/min. 
The proposed scheme was trained during this process. Subse-
quently, the torque reference was decreased from 35Nѿm to 0N
ѿm in a step of 5Nѿm and the ݅ௗௌ௅஼was generated from the 
tracked MTPA points which were recorded in ܂ெ்௉஺ and ܑௗெ்௉஺. Finally, the torque reference was increased from 3Nѿm 
to 28Nѿm in a step of 5Nѿm at 1000r/min so that the references 
do not coincide with the training data in order to valid the SLC 
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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 refer-
ence is stepped from 20Nѿm to 35Nѿm in steps of 5Nѿm and 
back to 20Nѿm in the same steps. The estimated torque was 
based on the high fidelity machine model and measured d- and 
q-axis currents.  

As shown in Fig. 15, when torque reference stepped from 
25Nѿm to 30Nѿm during the time t<60s, the SLC had not been 
trained at 30Nѿm torque reference but had been trained at the 
25Nѿm. The output of the SLC was equal to the element in ܑௗெ்௉஺ which corresponds to the maximum torque reference in Tெ்௉஺ , e.g., the MTPA d-axis current of 25Nѿm. The error 
between the output of SLC and the MTPA d-axis current for 
30Nѿm torque reference was compensated by the VSIC albeit 
the d-axis current responded to the torque step slowly. Similar 
result can be observed when the torque reference is stepped 
from 30Nѿm to 35Nѿm.  

When the torque reference is stepped from 35Nѿm to 30Nѿ
m, since the SLC had been trained at 30Nѿm torque 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 30Nѿm to 25Nѿm. 
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 
noted that the torque ripple in the measured torque is smaller 
than that in the estimated torque due to the low-pass filter effect 
in the torque transducer and its signal conditioning system. 

 

 
Fig. 15.  d-axis current and estimated/measured torque response to torque 
command step from 20Nѿm to 35Nѿm then step back to 20Nѿm. 
 

 
Fig. 16 Integrator output together with the measured and estimated torque 
responses. 

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

measured q-axis current which corresponds to the d-axis cur-
rent reference variations shown in Fig. 15. Before the SLC was 
trained, the q-axis current always had large over shoot due to 
the slow d-axis current response. However, after the SLC was 
trained, the over shoot was significantly reduced. 

 
Fig. 17.  The estimated/measured torque and the measured q-axis current.  
 

The torque reference was also increased from 3Nѿm to 28Nѿ
m in a step of 5Nѿm 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-
curately. 

Fig. 18 illustrates the d-axis current response when the 
torque reference is stepped from 8Nѿm to 13Nѿm 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 
current even for the torque reference which it has not experi-
enced before.  

 
Fig. 18.  d-axis current and estimated/measured torque response to torque 
command step from 8Nѿm to 13Nѿm. 
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CONCLUSION 

The proposed self-learning control scheme employs curve 
fitting to establish the relationship between the torque and the 
d-axis current for MTPA operation. The proposed control 
scheme is trained from the MTPA points tracked by the virtual 
signal injection control scheme during drive operation. After 
the proposed control scheme has been trained, the d-axis cur-
rent command for MTPA operation is directly generated from 
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 current 
command generated by the SLC and the ideal d-axis current for 
MTPA operation. The simulation and experiment results show 
that the proposed SLC scheme can generate accurate d-axis 
current command to ensure MTPA operation with fast response. 
The proposed control technique offers accurate MTPA tracking 
with fast torque response while being independent of machine 
parameter variations, and hence provides an effective mean for 
efficient operation of IPMSM drives. 
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