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Self-learning Direct Flux Vector Control of
Interior Permanent Magnet Machine Drives

Tianfu Sun, Student Member, IEEE, Jiabin Wang, Senior Member, IEEE, and Mikail Koc, Stuc
Member, IEEE

Abstract—This paper proposes a novel self-learning control
scheme for interior permanent magnet synchronous machine
(IPMSM) drivesto achieve maximum torque per ampere (MTPA)
operation in constant torque region and voltage constraint
maximum torque per ampere (VCMTPA) operation in field
weakening region. The proposed self-learning control scheme
(SLC) isbased on the newly reported virtual signal injection aided
direct flux vector control. However, other searching based
optimal control schemes in the flux-torque (f-t) reference frame
arealso possible. Initially thereferenceflux amplitudesfor M TPA
operationsaretracked by virtual signal injection and thedata are
used by the proposed self-learning control scheme to train the
reference flux map online. After training, the proposed control
scheme gener ates the optimal reference flux amplitude with fast
dynamic response. The proposed control scheme can achieve
MTPA or VCMTPA control fast and accurately without accur ate
prior knowledge of machine parameters and can adapt to
machine parameter changes during operation. The proposed
control schemeisverified by experimentsunder various operation
conditions on a prototype 10 kW IPM SM drive.

Index Terms—Maximum torque per Ampere (MTPA)
operation, Permanent magnet synchronous machine (IPMSM),
Self-learning control, Signal injection.

I. INTRODUCTION

saturation and have better performance in field weakening
region [11]

Currently, MTPA operations for f-t frame based control
schemes are mainly achieved by controlling the reference flux
amplitude. The optimal reference flux amplitude can be
generated through mathematical model [12] or pre-defined
look-up tables which are obtained from experiments or
numerical machine model [13]. However, the f-t frame based
MTPA control schemes are affected not only by the errors in
the reference flux amplitude due to the machine parameter
uncertainty and nonlinearity [6], but also by the flux observer
errors in the flux control loop [14]. Thus, compared with d-
frame based MTPA control schemes, f-t frame based control
schemes are vulnerable to flux errors in the reference and
observe [5].

In order to reduce the dependency on motor parameters for
MTPA operations with the f-t frame based control of IPMSM
drives, a search algorithm was, therefore, proposed in [15]
Although this scheme does not depend on the knowledge of
machine parameters, its accuracy was affected by voltage and
current harmonics and load torque disturbance. In [16], a signal
injection based MTPA point tracking scheme was proposed
based on the principle of extremum seeking control (ESC) [17]
[18]. The MTPA tracking is based on the fact that the rate of
change of current amplitude with respect to injected reference

nterior permanent magnet synchronous machines (IPMSKiyx perturbation at MTPA points is zero. Instead of injecting
have many attractive advantages such as high efficiengfusoidal signal at fixed frequency [0], this control

high power/torque density,

high reliability and goodmnethod injects a random signal into the reference flux

field-weakening performance [1]. In order to control IPMSMeMplitude to avoid the residual torque harmonic at the injected
operating at the optimal efficiency points, the maximum torqu@gnal frequency. However, as a result of the injected signal,
per ampere (MTPA) control [2}4] and voltage constrained this method causes additional copper/iron loss and additional
maximum torque per ampere (VCMTPA) control [5] ardorque ripple. Moreover, the errors in flux observer may also
proposed in constant torque and field weakening regiorfégteriorate the MTPA control quality.

respectively. In literature, to control the IPMSM, either field To address the problems associate with the f-t frame based
oriented control in the rotor synchronous (d-q) frame [3]pf6] control methods described previously, a novel concept that
direct torque control or direct flux vector control [7] in the fluxutilizes d-q frame based searching techniques to compensate
|inkage Synchronous (f-t) frame HII_O] are proposed_ the MTPA control errors of the f-t frame based control schemes
Compared with the d-q frame based control, the f-t frame bas&@s proposed in [14]. This control scheme utilizes the virtual
control can regulate the stator flux amplitude directly and c&#gnal injection to track the MTPA points in the f-t frame and is
manage motor voltage in field weakening region withoufobust to flux observer error and motor parameters inaccuracy
look-up tables of current or flux references. Therefore, the fn tracking MTPA points. Since this control scheme does not
frame based control scheme can easily cope with voltagdect real signals into the motor drive, it will not cause

additional iron loss and copper loss. However, this control
scheme also suffers from the slow converging rate and poor
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In order to improve the converging rate and dynamic
performance, a self-learning control scheme based on virtual
signal injection was proposed in the d-q frame [21]. Since the
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virtual signal injection can track the MTPA points accurately . d¥ 1
this control scheme uses the tracked MTPA points to establish vr = Rip + dt 1)
the relationship between the optimal d-axis current and torque . dé
command through on-line training. After training, the control ve = Rip + ¥ (pw + E) )
scheme generates the optimal reference d-axis current with fast 3 )
response. However, in the field weakening region, the optimal T = zquslt ©)
d-axis current is dependent on both torque and rotor speed. 5 .
Therefore, this control scheme will no longer be effective in the lim = I 2 i 4)
field weakening region. 3

In this paper, self-learning control for IPMSM drives is >P¥s /Iﬁm -} =T, (5)
proposed based on virtual signal injection based direct flux 1
vector control in the f—t_ frame. The prc_)posed c_ontrol scheme _[ vE, — (Rif)z — Rit] >y, (6)
achieves MTPA operation through on-line learning in constant pwm

torque region and directly limits stator flux amplitude forg Relationship Between Optimal Stator Elux Amplitude and
VCMTPA operation in field weakening. In this way, the-l-' P P P

proposed control scheme not only has the advantages of virtug\[que ) ) )

signal injection aided direct flux vector control such as OF @ giventorque command, in constant torque region, there

insensitive to machine parameter inaccuracy, robust to curréht@ unique optimal stator flux amplitude for the MTPA

and voltage harmonics, high accuracy in tracking the MTP@Peration [14]. The relationship between torque command and

and VCMTPA points, and no additional iron and copper lossdée optimal stator flux for MTPA operation is showp in Fify. 2

but also has fast dynamic responses in both constant torque Hrsufficient number of MTPA points are tracked online, other

field weakening regions and can adapt to machine paramepgints on the curve can be approximated by interpolations

changes automatically among these tracked points. The proposed self-learning control
scheme is based on this simple but effective concept.

II. PRINCIPLE OFPROPOSEDCONTROL SCHEME

0.145
A Mathematical Model of IPMSM in f-t Frame :ﬂ""f@“@ﬂ@;
The relationship between the flux linkage synchronous (f-t) — o4l A
reference frame and the classic (d-q) frame is illustrafed id Fig. = A E
In the f-t frame, the f-axis is aligned with the stator flux 3 & 1] ‘
vector while the t-axis leads the f-axis by 90 degrees. The = 0.135 /3‘
angular displacements of the f-axis with respected to the d-axis f /%f di |
and the stationary-axis ares andd, + &, respectively, where = o A | ] !
6, is the angular displacement between the d-axis and the o ol il ! 5
. e s A T
o-axils. pd 1 e 2
£ w3 25(J 10 20 30 40 50 60 70
I Torque (N-m)

Fig. 2. Relationship between torque command and the optirtarstux for
ag ‘ MTPA operation based on machine parameters in Taldlad.point d is the
optimal flux amplitude corresponding Ty and the poin#’ is the interpolated
flux amplitude based on points ¢ and e, which wilbkgailed in Section IlI

When the motor drive is operating in the field weakening

7 region, the stator voltage is constrained by the maximum
voltage [Fig._3 shows the variations of torque and voltage
Fig. 1 a-p reference frame, f-t reference frame and d-q reerérame. amplitudes with stator flux amplitude for a given current

. amplitude when the required voltage for the MTPA operation is
For the f-t frame based control scheme, the flux amplltuc1§rger than the voltage limit. The derivative of torque with

can be controllled or limited directly. The mathematical mOd%spect to the current angig,/aB, is also shown i3

of an IPMSM in the f-t frame can be express ) The current anglgs, is the angle between the g-axis and the
andv, are the f- and t-axis voltages, i, are the f- and t-axis ¢yrrent vector as shown As the flux amplitude
currents, R is the stator phase resistanfg,is the increases towards the MTPA point, the resultant torque and
electromagnetic torque, p is the number of pole p#rss the yoltage amplitudey;, will increase. Therefore, the voltage
stator flux amplitude and,, is the rotor angular speeff,, constrained maximum torque per ampere (VCMTPA)
and vy, are the maximum current amplitude and voltageperation point is the point at which the voltage amplitude is
amplitude, respectively. The direct flux vector control schemgqual to the voltage limit [5]. At the VCMTPA point, the
[14] can be achieved by controlling tiieand¥; under the maximum torque at the intersection is achieved for the given
condition that the stator flux vector is estimated by a flugurrent amplitude and voltage limit.

observer.
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other searching based optimal control schemes in the f-t frame

= 60 - \ Constant current amplitude locus \ is also possible. The virtual signal injection aided direct flux
< 40 OTeloB>0 2 DA vector control combines the direct flux vector control scheme
P e i e finii e [7] and the virtual signal injection compensation [14]. The
o :VCMTPA ; . ; ;
£ 20 L i direct flux vector control can limit the current amplitude in the
=7 f-t frame and easily cope with the voltage limit, and hence has
0 better performance in the field weakening region [7]. Moreover,
| : 1 ‘ i (‘i ‘ the virtual signal injection compensation is parameter
< 60 Pl Voltage amplitude | insensitive and robust to flux observer error [14]. Therefbee, t
Py i — virtual signal injection aided direct flux vector control
50 i 17/ . .
£ a0 : e — UG inherently has the advantages of both the direct flux vector
(o] : . . .. . .
= /— Voltage limit (v control and virtual signal injection compensation.
20 A Direct Flux Vector Control

006 008 01 012 014 016 _ . .
Flux amplitude (Wb) The schematic of the direct flux vector control scheme is

Fig. 3. Torque and voltage amplitude variations with flumgditude for given shown in part | and more details can be found in [7].
current amplitude. [22], [23]. The reference flux _amplitud&, ., is generated
_ ) ) from the proposed selt-learning control scheme which will be
According td (6). the maximum flux amplitude under thejescribed in part C of this section. The output of the
voltage constraint is parameter-independent except for tBgif-learning control scheme is limited [oy ](6) to ensure the
phase resistance. However, the voltage drop across tP&ISM drive operates within the voltage limit. The reference
resistance is relatively small compared with the voltage limitorque is limited b (§)The t-axis current is calculated [by](3)
Therefore, by assuming the nominal value of the phased limited by (4) to ensure the IPMSM drive operates within
resistance at a representative temperature, the optimal flime current limit. As proposed in [7], the stator flux linkage is
amplitude for VCMTPA operations can be obtained (adirectly regulated by the f-axis voltage and the t-axis current is

directly. regulated by the t-axis voltage through two PI controllers. The

flux observer in this paper is the conventional flux observer

lIl. IMPLEMENTATION OF THE PROPOSEDCSELF-LEARNING described in [14] and [24]. However, other observers are also
CONTROL SCHEME applicable.

The proposed self-learning control scheme is based on
virtual signal injection aided direct flux vector control, albeit

. I . . S
- Part I1I: Self-learning controller i Part II: Virtual signal injection
i MTPA | compensation
|
Speed i
I

: " Virtual signal
—> Self-learning controller L — Verror=Viim — Va

1 .
| !
| 1
i l Tiim . profile
| ;
I .
1
I .
I
I

Flux observer i [

. * *
. Part I: Direct flux vector control Vgl Vg

Verror, . Verror injection
. t compensation unit

R R S ! e .Af'f_.}__.;%.%.%.][_ .......
LTiTdTITITs AT T T LTIT AT AT R el R i ol o s ol |
I * * * . . -
i P for training Tg vg vq ig ig om !
| 1
I . AP, B .
: ¥sic Flux limit S@ £ms W, and i, FL_Ye g i
i T, for training Ea 6 ¥ ° PI ; to v; t (? SVPWM !
! controller>% dq —> abe 7| Inverter !
X Torque limit NS la !
I _ A < !
| 72 -l Be @) ——— Bl B @ o— |5 &0, R l
H e 4 T c a@ % | ig (o | ~
: ©c=13p2)  iclimit " |if dgq [ IPMSM 0
| 1
I -

]

Fig. 4. Schematic of the proposed control scheme.

. o . . compensation unit are showi in Fig. 5. The inputs of thealirtu
B. Mrtual Signal InJectlon_Compensatlon Unit ) signal injection compensation unit are the d- and g-axis
In order to generate optimal reference flux amplitude befoggference voltagevf;, v;), the measured d- and g-axis currents
the self-learning controller is trained, the self-learning contr?ld i.), the measured rotor speed.,() and the voltage error
7 q 7

output, ¥, -, is conditioned by the virtual signal injection ; -
compensation as shown in Part I[ of Fi. 4. The details of ithgerror) given i@
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Verror = Viim — Vi (7) The low-pass filter (LPF) ih_Fig.]5 will eliminate the high
wherev; is the amplitude of the generated reference voltageequency term ind@)and its output, SPO, will be proportional
andv,;,,, is the maximum achievable voltage amplitude. Thto 8T./d. This signal is used by the PI controllef in Fil). 5 to
output of the virtual signal injection compensation unit is thadjust the reference flux compensation ted#, , until
reference flux amplitude error compensation tepi,j. AT;  9T./9B = 0, i.e., the MTPA point is tracked. Sino&,/dp
ande in[Fig. § are the change in the reference torque angshould be equal to zero at the MTPA point, SPO signal can be

pre-defined threshold, respectively, which will be discussed fffined as a MTPA quality indicator. Sifcel]]is based on the
part C of this section. command voltages and measured currents in the d-q reference

il il vel vt frame, the flux observer error will not affect the accuracy of the
‘il "l "l ”’l I Signal processing scheme MTPA tracking performance. Indeed, the error petwee_n the
optimal flux amplitude and the reference flux amplitude will be
we a{ Eq. (11)
il

}—i—{BPF]—)X . SPOecdTe/of compensated by the output of the virtual signal injection

compensation unid\¥;, shown in Fig. 5. The details about the
effects of flux observer error on the virtual signal injection were
L Asin(wpt) discussed in [14]

if Vorrop <0 In field weakening region, the voltage limit will be reached

OUtPUL= Vgrror beforedT,/dp = 0. Thus, the virtual signal injection should be
else ) suspended in the field weakening region and the stator flux

" AT > ¢ output=5PO amplitude should be limited py (6). However, due to voltage
‘ im‘ﬂgmtor drop in the inverter, phase resistance deviation from the
T nominal value and flux observer error, the voltage saturation
Verror may still occur. To avoid the voltage saturation, the voltage

error, v,,-or, IS fed to the PI controller instead of SPO to reduce
AY, whenv,,.., IS negative, i.e., when the amplitude of the
; : ; : : i ter reference voltage is greater than the voltage limit.
As described in [5], [6], a high frequency signag, is 'MVErer! , _
injected into the current angle through the mathematical The sign ofvr, determines whether SP® Verror IS fed.
fto the PI controller. I§,,,,, =0, the drive voltage amplitude is
Relow the voltage limit, the signal SPO will be fed to the

fundamental component and other harmonics on the output''E%‘_egr_""tor controller '5 to a(_jjustf’s untl the_MTPA
oint is reached or the voltage amplitude equalsg;to, i.e., the

the virtual signal injection, the frequency of the injected sign X — .

. . . A <
should be as high as possible but the maximum frequency |CMTPA pomtshqwn i Fig. B is reached.varmT O, Verror
- . will be fed to the integrator controller add’; will decrease
limited by the sample rate of the controller. In this study, the .. A L .
- . ) until v,,-or =0, i.e., the VCMTPA point is realized. Therefore,
injected signal frequency is 1 kHz.

the virtual signal injection aided direct torque control can

Fig. 5. Details of the virtual signal injection compation unit.

, Ap = Afi"(“’ht) (8)  always guarantee that the motor is operating on the MTPA or
ig = —I sin(B + AB) (9)  VCMTPA point.
it = I,cos(B + AB) (10)

The resultant torque with high frequency componEhtcan C. Selftlearning Controller )

be calculated @[6]. It is worth noting thaT’!* is obtained In' order to generate accurate optlmal‘ reference flux
from the mathematical calculations and no real signal fnplitudes for MTPAand VCMTPA control with fast response,
injected into the motor current angle, therefore, this method 1% pmpos.ed Self'leamm.g Con.tml scheme utilizes curve fitting
termed as virtual signal injection. to approximate the rela}tlonshlp between ref;rence torque and

N i . ] optimal flux amplitude in constant torque region and utlhzes@
Th(B + AB) = ; [(vq — Rig) n (Vq. - Rld) it [ 1y to limit flux amplitude in field weakening region. The details of

wm

q

lqWm the proposed control scheme will be illustrated below.
Based on Taylor's series expansion, the left hand Jidéyf (

1) In constant torque region

can be expressed TR As shown in the inputs of the self-learning controller
ThB + AB) = T,"(B) + —= A sin(wpt) include the voltage error, Vg.o.-, the reference stator flux

n 0B amplitude, ¥y, the limited reference torque, T, and the

1 i aT, A% sin?(wpt) + - (12) maximum reference torque of MTPA operation for a given

208\ 0B " speed, T}, . The outputs of the self-learning controller is

As shown ip Fig. b, the®1. 39 and other higher order terms indenoted as ¥s;.. Any error in ¥, due to curve fitting or
[(12)]are removed by the band-pass filter (BPF) whose cent@fperfect learning will be compensated by AY¥; to generate an
frequency is equal t@,. The output of the BPF is further accurate flux amplitude reference ¥, for MTPA or VCMTPA
multiplied bysin(w,t) and the result will contain a constantoperation as described previously.[Fig. 2shows the relationship
component which is proportional &7, /3p as shown ih13)]  between optimal flux amplitude and corresponding reference

aiT, 1 oT, 0T, torque in constant torque region. If a sufficient number of
mﬁA sin”(wpt) = EmA e ﬁmA cosCwnt) (139 yirpp points, e.g., a to g in[Fig. 2] are recorded, other points on

the curve can be approximated by interpolations among these



recorded points. These optimal flux amplitude and
corresponding torque command are recorded in the two column
vectors Woyres and Tasrpy, respectively. In order to have an even
distribution of the recorded MTPA points over the applicable
torque range, the torque command range is divided into N
sections and each section records one tracked MTPA point. For
example, the torque command region inis divided into
seven sections. If a new pair of optimal flux amplitude and
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process repeats during the self-learning operation. In this way
the proposed control scheme can always adapt itself to machine
parameter variations during operation.

The schematic of the proposed self-learning control is shown
in and the flow chart of the self-learning control
algorithm for MTPA operation is shown in Two column
vectors Wasrpe and Tuyrpq record the tracked stator flux
amplitude, ¥y, and the corresponding torque reference, T, ,

torque command for MTPA operation is tracked in section M,
the M™ elements of Wyres and Tares will be substituted by the
corresponding values of the newly tracked MTPA point. This

respectively. u is a pre-defined threshold to determine whether
Wrrps and Tarps should be updated or not.

Set initial il MTI’_}A Speed
X dw profile < —
Te Tyrpa and Woprrpa Tiim
Speed
Verror ——3  if Uppror =1t && Ty < M
T+ update Tyrp,s and Wspyrpa
[ —

else ¥
stop updating Typpa and Woyrpa

Tyrpa 4 Ysyrpa

If 75 > max(Typpa)
Te Weer=the element in Wsprp,4 which is corresponding to max(Tyrpa)
else

calculate s, according to (14)

Te Vs ]
IfAT /<&
~Cdlculdtc AT¢ keep ¥scpnot changed until AT, > &
reference torque clse
B update ¥ and reset ntegrator
Fscr, l
. A% Compensates error of
VSI processing unit
Yoo by VSI -
si[. I}’ W
s J,

[ Limit ¥, according to (6) |

yr

Fig. 6. Flow chart of self-learning control algorithm.

Before training,Wswrea and Turpa may be assigned with same time when the integrator is reset. When the torque step is
nominal values or data for MTPA operation generated off-linemaller than the threshold, because the corresponding change in
If a torque demand,,, is located between two elements ofthe reference flux amplitude should be small t8g will not
Twrea, €.9.,T; andT, in, the corresponding MTPA point update and the small error will be compensated by the virtual
d can be approximated lay throug The error between signal injection in short time. In both conditiofsrra and
Ys.c and¥ can be compensated A,. Wsmrra Will be updated continuously by the reference torque
T, —T, and resultant reference flux amplitude.

T, —T, #r—¥)+ ¥, When a torque step is larger than the threshdi O signal

If T is larger than any recorded torque referencBima,  Will be masked for a small period of time, e.g., 3 times of the
the output of the proposed self-learning control scheme will fgxis current loop time constant. After SPO is masked, virtual
equal to the element W, p, Which corresponds to the signal injection will drive the resultant reference flux amplitude
reference flux amplitude associated with the maximum torqiieward the MTPA point, whileTurea and Wswrea Will be
reference inTupa, i.e.,Max(Tyrp4). The error betweeWs, - updated continuously by the reference torque and resultant
and optimal?; can also be compensated ;. reference flux amplitude._Due to virtual signal injection tends

The output of the integrator p_Fig.] 5 will have ani© drive the reference flux amplitude towards the MTPA points,
accumulative value of\¥, that compensates the optimalthe newly recorded reference flux amplitudefgurea should
reference flux error for a given torque. When the absolute val@8 closer to the actual MTPA point than the one which is
of the torque ste@T;, is larger than a pre-defined threshald, Previously recorded iWsurea Therefore, the accuracy of the
the integrator will be reset. This is to ensure the integrator caxC output will continuously increase. Moreover, a more
adjust itself more quickly against the new torque referenc@¢curate SLC output will aIsp accelerate the convergent s.peed
Meanwhile,¥, . will update according to the new referencef the reference flux amplitude to the actual MTPA point.

torque based on the data recorded jifira and Weurea at the 1 NErefore, although the reference flux amplitudes recorded in
Wsurea May initially have large errors, they will eventually

Ysre = (19
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approximate the ideal MTPA flux amplitudes. Consequenthgccuate optimal reference flux amplitude for a given torque
the proposed SLC can be trained on-line, and the training of themand.

SLC will not affect the MTPA operation.

2) In field weakening region

Since the flux amplitude for the field weakening control is
not only dependent on reference torque but also on speed,
therefore, the curve fitting based self-learning is not effective in
the field weakening region. Thus, the online training of the
self-learning control scheme should be suspended in the field
weakening region when v, is smaller than a pre-defined
threshold u or if the motor speed and reference torque exceed a
pre-defined region, i.e., when T, = Ty, , whereTy;, is the
maximum torque at a given speed as shown i In order to
achieve accurate VCMTPA operation in the field weakening
region with fast response, the reference flux amplitude is
limited by @ directly and it is independent of machine
parameters except for stator resistant R. The error between the
flux amplitude generated from [(6)] and the optimal flux
amplitude for VCMTPA operation is also compensated by AY;.

IV. SIMULATION RESULTS

14

12 Resultant torque (%)

10! ——Reference torque (k) I °
= g0 Reference flux amplitude (W;bI]_gSs
% —SLC output S
g % 1 1 ] =
> 40 { { | {
=3 £
'9 20 1 1 1 1 1 ! 70.1452

Oj;;j:_:_f—_f—j E

_20v

40J 095

) 2 4 6 8 10 17

Time (s)

Fig. 7. Responses of torque and stator flux amplitude to rafederece torque
changes.

B. Reference Torque Step Smaller Than the Threshold

shows the simulation results when the reference torque
step is smaller than the threshald As shown ifi Fig. B, when
t<35 s, the proposed control scheme is not trained, the reference
torque slowly increased with a 2 N-m/s gradient. Under this
condition, the integratorfin Fig] 8 will not be reset &fg- will
not update. The reference flux amplitude is generated from the

Simulations of the self-learning control for both MTPACombination of ¥, andA¥;. However, the proposed control

operation and VCMTPA operation have been performed basééheme is still under training during the process. When t>35 s,
on a high-fidelity IPMSM model which accounts all non-lineate SLC generates the optimal reference flux amplitude directly
effects and high order spatial harmonics as described in [28jth fast response.

The machin_e specifications are listed in Taple l. The motor is 16 Resultant mrqué ) :

controlled in torque control mode in simulations. The " ~ Reference torque (W) 02455
applicable reference torque range of the machine is divided into ~ 19 Reference flux amplitude (WH) s
35 sections, i.eN=35. The thresholdy, to suspend the online g 8 ——SLC output —0_195§
training of the self-learning control scheme is set to 2V. The % j Hyﬁ =
threshold of torque step, is set to 2 N-m. Before training, E 2 Qfg §
Twreais set to a zero vector and all element¥ifrraare set to 0 I s R
the nominal value of 0.1Whb. 2 (

TABLE | 5 ‘ 9.0
IPMSM PARAMETERS °o 0 2 :?ime (2? 0T
Number of pole-pairs 3 Fig. 8. Responses of reference flux amplitude and SLC outputeveference

Phase resistance 51.2mQ  torque changes slowly.

Continuous/Maximum current 58.5/118 A

E%alli(nio\\llglat;gtebase speed 11025\<v/ C. Automatic Adaptation to Machine Parameter Change
Base/maximum speed 1350/4500 r/min The adaptation of the proposed SLC to significant PM flux
Continuous/peak torque 35.5/70 Nm change is also investigated by simulation. As shojvn in Fig. 9, at
Peak power at maximum speed 7KW _ =70 s, the permanent magnet (PM) flux linkage in the machine

model is reduced to 80 percent of its original value while the
parameter in the flux observer is not changed. This may

A Reference Torque Fast Changes - !
represent the combined effect of temperature increase and

Simulations were performed for the operating Cond't'orlﬁartial demagnetization of the machine. The change in the PM

when reference torque changed rapidly. As sh0|g. 7 Hix linkage causes the new MTPA points to deviate from the
reference torque steps between 20 N-m and 40 N'm in every

i iginal MTPA point d the diff ted b
second AT, > ¢). Before the proposed control scheme is full prging POINts and the dinerences are compensated by

. y he virtual signal injection. MeanwhilB,p, andW¥g,rp4 are
trained, i.e., t<6 s\¥; compensates the error &, and the dated according to newly tracked MTPA points continuously.

corresponding reference torque and reference flux amplituﬂgCan be seen frofn Fig] 9 that in the first cycle after the

are recorded iffyy4 aNd¥yyrp4, respectively. At each torque parameter change when %0$ <105s, the reference flux
step, the integrator is reset meanwhile_ the SLC output a'l"?nplitude is obtained from the sum of ihe SLC outputiHd
u_pdalted bas<|ed :n_ the dbata re-cqrdFe_d‘M?PAhand‘PMTpA, f nd changes slowly in response to the torque changes while the
simultaneously. As it can be see Lin Fip. 7, the accuracyeo t%ershootwf the reference flux amplitude can also be observed.
SLC output contlnuously_ increases and th(_-:- SLC outpy uring this period, the proposed SLC is trained by the newly
eventually equal to the optimal values. After training, i.e., Whett;l

t > 6 s, the proposed control scheme can instantly generate gﬁ:ked MTPA reference flux amplitude.
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In the second cycle after the machine parameter change wisgatial harmonics as described in [25]. Consequently, the motor
t >105s, the proposed SLC has adapted itself to the newitage is not sinusoidal and its interaction with the voltage
machine parameter and the outputs of the SLC quicklynit gives rise to current distortion and hence significant
converge the new MTPA reference flux amplitudes. Thimcrease in torque ripple at high speeds. The details of the cause
training of the SLC does not affect MTPA operations of thef the large torque ripple are given in [25].

IPMSM drive, albeit the torque control error increases due to 14 : : : : ]
the i . - Resultant torque (h) 10.26
e inaccurate machine parameter in the flux observer. 12 P o
However, if the flux observer is machine parameter 10 ___Reference torque (W) I
. ! P ..~ 80 — Reference flux amplitude (Why 51 =
independent, such as voltage model based flux observer with & &g = ] = g
. . . = 3
ideal inverter voltage drop compensation, the torque error can g 40 = jﬂ JI o 16%
20 = =l
be reduced. g2 T T e
140 ' : = ~ 20 E
5 Resultant torque (N-m) 10.11F
]ﬁo. i H _40
100- ! Reference torque (N'm) 4 = 60
~ 80 — Reference flux amplitude (Wb) | % -80 — VY 06
£ o L= ! 7§ 0 20 40 60 80 100 120 140
s 40 i [y e | o : = Time (s)
g 20; : ! £ Fig. 10. Responses of reference torque and resultant torgere sgeed steps
e 0 o between 1000 r/min and 3000 r/min.
-40! . . | =
-60 . i
800 e 70 e V. EXPERIMENTAL RESULT
Time (s) ~ 1
Fig. 9 Responses of reference torque, reference flux amplmndeesultant The proposed self-learning coptrol scheme has been tested
torque before and after PM flux linkage changeQ@Q1r/min. on a prototype IPMSM drive. The IPMSM whose

specifications are listed in Table I was mounted on the test-rig
D. Transition Between Constant Torque Region and Field as shown in The IPMSM was controlled in torque
control mode and loaded by a dynamometer. The resultant

Weakening Region torque was measured by a high precision torque transducer. The

The performances of the proposed control scheme, Whgf\es of 4, & N and the initial values of Tazes, Woures in the
operation conditions change between the constant torque regiQBeriments are the same as those used in simulations. The
and field weakening region, were also simulated. As shown Jayp0sed self-learning control is implemented in a DSP-FPGA

the reference torque varies between 9 N'mand 68 N'm  pgaged controller shown in Fig. 11 with a sampling frequency of
in steps, periodically. When t <35s, the proposed contrgli,.

scheme has not been fully trained, the reference flux amplitude
is generated from the combination ¥f,. and A%, and
converge gradually to the MTPA points. Between t =35s and t
=70s, the proposed control has been trained and the
convergence of the reference flux amplitude to the optimal is
significantly quick. At t =70s, the rotor speed changes in step
from 1000 r/min to 3000 r/min and the drive enters in iblel f
weakening region. Under this condition, the self-learning
control is suspended afiy;;p, andW¥yrpa are not updated.
The reference flux amplitude is directly limited [by](6) and =
compensated by¥;. The reference torque, the resultant torque - x
and the reference flux amplitude are shovjn in EjjSince the | '
maximum torque is limited by the peak torque profile in the ll“ e
field weakening region, thus the resultant torque is limited at 3%. 11. IPMSM test-rig.
N-m between t = 95s and t = 105s when the speed is 3000 r/mim.

At t=105 s, the speed decreases from 3000 r/min to 1000 r/an
and the self-learning control is activated. The accurate - ) )
reference flux amplitude is directly approximated by the SLC The motor drive was first tested by increasing reference
with almost no delayit should be noted that the step changes iffT44¢ from 10 N-m to 35 N'm in steps of 5 N-m at 1000 r/min.
speed in the foregoing simulation are exaggerated to illustratdting this period, the self-learning control scheme was
the robustness of the proposed control in response to riggned. After the trgmmg, the reference torgue decreased from
change of operating conditions between constant torque ahyy M to 10 N'm in steps of 5 N-m to verify the performance
field weakening regions. In reality, step change in speed 9§ the proposed self-learning control scheme. During  this
unlikely due to mechanical inertia and finite torque. It is alsBeriod, the SLC output, ¥, ¢, of the proposed self-learning was
seen that the torque ripple increases significantly in the fiefgnerated from[(14)lbased on data in Wawrrs and Tasres recorded
weakening region. This is because the flux linkage in a re'4) tramning. ) o

machine which is represented by the high fidelity model is a Since the actual flux amplitude is difficult to measure, the

non-linear function of the currents and contains high ord&peasured d-axis current is utilized instead of flux amplitude to
illustrate the self-learning performance of the proposed control

N
4l AR
minss l

x‘ha}

Self-learning Performance



scheme. |Fig. 12]illustrates the measured d-axis currents, the
ideal MTPA d-axis currents, the measured torque when
reference torque increases from 20 N'm to 35 N'm and
decreases from 35 N-m to 20 N'm in steps of 5 N-m.

As shown in[Fig. 12] when the reference torque steps from 20
N'm to 35 N'm when t <100 s, the proposed self-learning
control has not been fully trained and ¥, is set to the flux
amplitude associated with the maximum torque reference in
Tures. The d-axis current slowly converges to the optimal
d-axis current with the compensation of A¥;. However, after
the proposed control scheme has been trained, i.e., when
t >100s, the optimal reference flux amplitude is directly
approximated byand the small error of the approximation
is compensated by A¥; instantly. The speed of MTPA tracking
response of the proposed control has been significantly
increased. As a result, the d-axis current can reach the optimal
value without much delay.

10 : ; :
===Reference torque (hh)
80 - 160
Measured torque () z
= 60 d-axis current (A) a0 =
\Zi ---MTPA d-axis current (A) &
) =t e »
S op === Ty 0 X
[ X - ©
Untrained | Trained e 5
07"——---|l | jm———— 'n 4-20
| wessen
2% 50 100 150 200 0
Time (s)

Fig.12. Responses of resultant d-axis current and idealAMiFBXxis current to
reference torque changes.

The resultant MTPA quality indicator SPO and the resultant
d-axis current under the same operation conditiofis ofig.

are shown ip Figl3] As can be seen frdm Fi#j3| before the

proposed control scheme is trained, i.e., when t <100s, SPO is
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proposed control scheme has not been trained at 18 N-m torque
command previously.

30 T : : 15
— Reference torque (k)
25| : 110
d-axis current (A) —_
220 ---MTPA d-axis current {5 <
c
<15 o 8
g 3
510 )
F 3
5 '-10_6
0 1 1 | |
| | | | |
- 12 t 12 r L1 9
50 5 10 15 20 25 30 35 0

Time (s)
Fig. 14. MTPA d-axis current and response of resultant d-axis current to
reference torque change from 13 N'm to 18 N-m.

The measured torque and reference torque under the same
operation conditions §s_Fig4]are compared The
reference torque is filtered by a low-pass filter to limit the rate
of change of torque. The measured torque follows the reference
torque well. Since the torque is generated basdd dn (3), the
dynamic response of torque depends on the bandwidth of the
t-axis current control loop. Therefore, the torque response of
the self-learning control should be the same as the torque
response of the conventional direct flux vector control
proposed in [7] and [22].

20 Measured torque (W) ||
===Torque reference ()
T T

’g 18 o ;
= o
g {
S 16 /
k

14 ';

_______ T
1%2 62.5 63 63.5 64 64.t
Time (s)

initially large after at each torque step and then convergesFig- 15 Measured torque in response to reference torquegeha

zero gradually. This is because of the large error bet#ifgen

and the optimal flux amplitude as well as the slow convergenBe Transition Between Constant Torque Region and Field
of A%, through the integral action. However, after the proposatfeakening Region

control Sc_heme has begn tramed’_ SPO converges to zero MUCe,m|ess transition from the constant torque region to field
fast. The improvement in the d-axis current response due 10 3&kening region was also tested. In the field weakening

proposed self-learning control scheme can be clearly see

=

-4
5 6x 10 ‘ ‘ |
55 — Signal processing block output 730
g 4 " d-axis current (A 20 ~
% 3 axis current (A) j20 2
= ; 10 =
= 2 : =
2 | l 0o £
Z0 3
é | Untrained : Trained -10 g
e — Z
£-2 - i 20 §
= -3 — "
E [ s L _30
&0 -4 ——— A
£ s 5 40

0 50 100 150 200

Time (s)

Fig. 13. MTPA quality indicator SPO and resultant d-axigrent.

Fig. 14| shows the resultant d-axis current and reference
torque when the torque command increases from 13 N-m to 18
N-m after the tests described previously. As shown in|Fig. 14
the resultant d-axis current can track the ideal MTPA d-axis
currents accurately with fast response even though the

" dBion when v,,,,, is smaller than the pre-defined threshold u

or T, = Tjiy, Wsmrea and Tyrpq updates will be suspended.

Y, c is still generated from the data recorded¥aea and
Twrea according th 74)] however, it will be limited bl (8) in
field weakening region.

Fig. 16]illustrates the transition from the field weakening
region to the constant torque region when the reference torque
is 20 N'm and the speed decreases from 1750 r/min to 1550
r/min. When speed is 1750 r/min, the motor is running é th
field weakening. Under this condition, the reference flux
amplitude W, generated frofnid)]is limited by (6}. As the
speed decreases, the resultant d-axis current increases (its
magnitude in the negative d-axis direction decreases). When
the motor speed reaches 1640 r/min, the stator flux amplitude or
measured d-axis becomes a constant with further reduction in
speed. This implies the transition from the field weakening
operation to the constant torque region takes place at 1640
r/min and the smooth transition between field weakening
region and constant torque region can be inferred. A similar test
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was also performed when the motor speed was increased from 4 :
the constant torque region to the field weakening region, and a 5

T

Measured torque (M)

smooth transition was also obtained. R ="~ Torque reference ()
190 r r : £ 3
180 —Speed (r/min) |35 <
d-axi t (A) 8 25
N axis current (A)log @ = i
€170 put 5] i
g ~—— 15 ¢ g2
= 160 — =
o S—b 3 15
2 150 15 o
& S 1
140 -15% 0 20 40 60 80 100
1300 ‘ } 105 . . Time (s)
i i Fig. 18. Comparison between reference torque and measuguketaovhen
120 5 10 15 20 25 30 35 -35 referenceorque increased from 20 N'm to 25 N-m at 3000 r/min.
Time (s)
Fig. 16. Speed and measured d-axis current during transitiom
field-weakening region to constant torque region. VI. CONCLUSION

A self-learning control for direct flux vector controlled
MSM drives has been described. The online-learning is based
) ) ] . on the virtual signal injection which tracks MTPA or VCMTPA

In the field weakening region, the fast dynamic response ‘ﬁgints without prior knowledge of the machine parameters. It
the reference flux amplitude can be achievefl by (6) directiss been shown that after training, the proposed control
instead of¥s,c. The error of the reference flux amplitude dugyenerates optimal reference flux amplitudes for MTPA and
to inaccurately observed t- and f-axis currents or the inaccurgieMTPA control in constant torque and field weakening
nominal stator resistance can be compensateip§Fig. 17] regions, respectively, without much delahe proposed
shows the maximum voltage amplitude, the reference voltaggntrol scheme facilitates efficient operation of IPMSM drives
amplitude and the measured d-axis current when the referengg can adapt to machine parameter changes through
torque steps from 20 N'm to 25 N'm at 3000 r/min (more than  e]f-]earning. It has also been shown that the transition between

two times the base speed). A fast responses of d-axis currgRtconstant torque and field weakening operations is smooth

can be observed frdm Fi@i7] Moreover, the reference voltageand automatic. The performance of the proposed control
amplitude is essentially equal to the maximum voltaggcheme has been validated by simulations and experiments.
amplitude, which means that the motor operation is kept at thie concept of the proposed self-learning control is also
VCMTPA point. The small error between the reference voltagghplicable to other search based optimal control schemes in the

amplitude and the maximum VOltage amplitude is due to thq reference frame to improve dynamic response.
combined effect of the inverter voltage drop and the virtual

signal injection which always tends to drive the reference REFERENCES
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