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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Virtual Signal Injection Based Direct Flux
Vector Control of IPMSM Drives

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

Abstract— This paper describes a novel virtual signal
injection (VSI) based direct flux vector control (DFVC) for
maximum torque per ampere (MTPA) operation of interior
permanent magnet synchronous machine (IPMSM) in
constant torque region. The proposed method virtually
injects a small high frequency current angle signal for
tracking the optimal flux amplitude of MTPA operation.
This control scheme is not affected by the accuracy of flux
observer and independent of machine parameters in
tracking the MTPA points and will not cause additional iron
loss, copper loss and torque ripple as a result of real signal
injection. Moreover, by employing a band-pass filter with a
narrow frequency range the proposed control scheme is
also robust to current and voltage harmonics, and load
torque disturbances. The proposed method is verified by
simulations and experiments under various operating
conditions on a prototype IPMSM drive system.

Index Terms— Direct flux vector control, interior
permanent magnet synchronous machine (IPMSM) drives,
maximum torque per ampere (MTPA), signal injection,
virtual signal injection (VSI).

I. INTRODUCTION

based control scheme are well studied. However, the MTPA
control strategies for f-t frame based control schemes are less
reported. Different from d-q frame based MTPA control
schemes, the performances of f-t frame based MTPA control
schemes are not only dependent on the accuracy of commands
generated by the MTPA control schemes, but also dependent on
the accuracy of flux observer.

Currently, the MTPA operations for f-t frame based control
schemes are similar to the d-q frame based schemes. However,
instead of controlling d-axis current or current angle iq d-
frame based MTPA control, the MTPA operation for f-t frame
based control schemes is mainly achieved by controlling the
reference flux amplitude. The reference flux amplitude for
MTPA operation can either be calculated based on
mathematical model [13] or generated from pre-defined
look-up tables which are obtained from numerical machine
model or experiments [8]. However, in real applications, the
parameters of IPMSM are highly nonlinear and uncertain [14]
Therefore, it is almost impossible to obtain accurate reference
flux amplitude according to predefined look-up tables or
mathematical model.

Recently, new methods base on the principle of extremum
seeking control (ESC) [15]17] for tracking the MTPA points
by injecting high-frequency current signals into machines have

NTERIOR permanent magnet synchronous motors (IPMSNpeen reported. In [18], a signal injection based MTPA point
have many attractive advantages in high performance dritracking scheme in the f-t frame was proposed. In order id avo

applications due to their high power density, high efficiency [1he residual torque harmonic at the frequency of the injected
and wide constant power speed range [2]. To control tisgnal, a random signal was injected into reference flux
IPMSM, either field oriented control (FOC) in the rotoramplitude instead of the pure sinusoidal signal injection. And
synchronous reference (d-g) frame or direct torque contrtle MTPA points were tracked based on the fact that the current
(DTC) [3]-[6] and direct flux vector control (DFVC) [7]9] in  amplitude variation with respect to injected reference flux
the flux and torque (f-t) reference frame can be adoptegmplitude perturbation at MTPA points is zero [18]. However,
Compared with d-g frame based control schemes, the f-t fraithés method may induce additional iron/copper loss as well as
based control schemes not only can manage motor voltageafiflitional torque ripple as a result of the injected signal.
field weakening region without look-up tables of current or flufMoreover similar to other f-t frame based control techniques,
references [10] but also has better performance in fieldis method did not consider the influence of flux observer error
weakening [11], fast torque response [12], and higher torqae MTPA operations.
control accuracy. In this paper, a f-t frame based control scheme employing the
In order to operate IPMSM in constant torque regionewly reported virtual signal injection (VSI) [£9P1] in dq
effectively, the maximum torque per ampere (MTPA) control isame is proposed for the MTPA operation of IPMSM drives in
necessary. In literature, the MTPA strategies for d-q fran@@nstant torque region. Without loss of generality, the direct
flux vector control scheme is selected to demonstrate the
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proposed control scheme. The proposed control scheme retains
the advantages of the f-t frame based control schemes but
eliminates the problems associated with real signal injection.
Moreover, the proposed control scheme is robust to flux
observer error and motor parameters inaccuracy in tracking
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MTPA points. 3 ]
P oW B =2 =T, ®)

Il. PRINCIPLE OF PROPOSED CONTROL SCHEME An f-t frame based control scheme can be formulated by

Control schemes of IPMSM drives can be based on the figntrolling s andi, when the stator flux is estimated by a flux
and torque (f-t) reference frame whose relationship with resp&iserver. The reference flux amplitude for MTPA operations
to the classic (d-q) frame is illustrated in Fig. 1. The f-axis i§ay be generated from a numerical model of the IPMSM and
aligned with the stator flux vector while the t-axis leads thé&€ data is stored in the controller in a look-up table. However,
f-axis by 90 degrees. Both the d-q frame and f-t frame rotatellie reference flux amplitude may deV|'ate from the MTPA value
synchronism with the rotor and their angular displacemen{1en the flux map of the actual machine differs from the model
with respected to the stationaeyaxis ared, andé, + &, because of temperature variation and o.ther modeling errors.
respectively. Although this problem may partly be circumvented by the

signal injection control proposed in [18], the flux observer error
B may bring additional control error which affects MTPA
operations. Further, in the field oriented control, a deviation of
, d-axis current from its true MTPA point only affects the second
/ term in (3). Hence the resulting torque control error is relatively
small. With the f-t frame based control, error&jn whether it
is generated from the reference or from the observer, will cause
larger torque deviation as is evident from (6). Therefore, the
MTPA operation in the -t frame is more sensitive to flux errors
and the accuracy of MTPA control is more difficult to be

Fig. 1. a-B reference frame, f-t reference frame and d-q reference guaranteed.
frame.

B. Relationship between ¥y rp4 and Buyrpa

A. Mathematical model of IPMSM For a given current amplitudg,, in (9), the relationship
&\etweenTe and the current anglg, defined in (10), can be

The mathematical model of an IPMSM in the d-q referen ;
expressed in (11).

frame can be expressed in {d)3) when high order harmonics

are neglected.; andL, in (1) to (3) are the d- and g-axis 1, = fiﬁ + i (9)
inductancesy, andv, are the d- and g-axis voltages, dpd i
andi, are the d- and g-axis currents, respectivély.is the B = arccos <I_q) (10)
flux linkage due to permanent magnets, R is the stator 3p 1 a
resistance, p is the number of pole paifs, is the T, =7[1Pm1a cos(B) _E(Ld —Ly)I2 sin(Zﬁ)] (11)
electromagnegc_: torque amaj, is rotor angular speed. The optimal current angl@yrp4, for MTPA operation is
v, = Lg g + Rig + pwmLaia + pwn¥ (1) obtained whedT,/dp is equal to zero. The MTPA stator flux
dt di amplitude ¥, yrpa, for given current amplitude is expressed in
Vg = Ly d—: + Rig — pwpLyig (2 (12).
7, =3P [Wnig + (Lg — Ly)igia] 3) Foes (12)
e = 5 LTtmlq a — Lq)lqla _ _ , 2 2
In the field ozriented control scheme, for a given torque \/[Wm laka sin(Burpa))? + [laLq <05 (Burra)]

demand, there is a unique set of optimal d- and g-axis currelf{§@nwhile, under MTPA operatiod7, /9 = 0, according to
for MTPA operation, and the optimal d- and g-axis currents af&l), the relationship betwedyp, andl, can be expressed

controlled by two current feedback loops. by (13). _
To achieve the direct control of stator flux and torque, the [ = ¥ Sin(Burra) (13)
mathematical model of an IPMShkanbe expressed in thet f- * (Lg = Lg)[1 — 2sin?(Buyrpa)]

reference frame in (4) to (8) [22], whergandv, are the f-and  Substitute (13) into (12), the relationship betwggn,, and
t-axis voltages, and- andi, are the f- and t-axis currents, ¥syrps Can be expressed by (14).

respectively¥; is the stator flux vector amplitude, aads the Worpa = a2+ b (14)
angle of the stator flux vector with respect to the d-dxis.is where,
the current limit. in2
aw, a=w, - lmedS”'”L Z(BMTPA) (15)
vy = Rig + s (4) (La = Lq)[2sin?(Burpa) — 1]
Ri +W dé (5) _ ¥iLq” cos® (Burpa)sin® (Burpa) (16)
ve = Rie+ ;(p“’"‘ + dt) (La = Lg) (2500 Bugrea) — 112 o
T, = —p¥i, (6) It _foIIov_vs from (14) that for givenl, there is unique
2 relationship betweeWyrps and Byrpa. Therefore Woyrpa
/Ilzim — i}g > i, (7) can be obtained through adjusting the current afigte its
optimal value and vice versa.
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By way of example, Figs. 2 (a) and (b) show the variation @onstants over the period of the injected high frequency signal
B and the variation of, with the stator flux amplitude, as indicated in [19]. The torque fluctuation given by (20) as a
respectively, for a prototype IPMSM wlmspecification is result of the VSI forms the basis for extractiifl,/df as
given in Table I. described subsequently.

As it is shown in Fig. 2 (b), when the stator flux amplitude . . .
increasesT, initially increases and reaches a maximum beforeD' 97 /88 information extraction
decreases. This maximum condition corresponds to MTPA Based on Taylor’s series expansion, the left hand side of (20)
operation. It is also evident from Fig. 2 (a), #g,rp4 can be Can be expressed in (21).

found by adjusting such tha®T,/df = 0. TR (B + Asin(wyt)) = T,"(B) +

aT"’hA ] t) +
3F sin(wy,
180

< i Current angle || li aTeh 2 oin?2
%;D 160 g 2 aﬂ aﬁ A° sin ((,l)ht) + (21)
g 140 MTPA The first order term of (21) contains the information of
E 120 5 ” ' oT,/0p and it can be extracted by a band-pass filter (BPF)
3 1002 A whose center frequency is equal @q . If the output of
006 008 01 012 014 016 band-pass filter is further multiplied Byn(wyt), the result
Flux amplitude (Wb) can be expressed in (22).
@ maTeAs'nz( t) 1mA T _OT. mAcosQuwyt) (22)
i ‘ ; ‘ ——Asin“(wyt) == — W
o 60 ‘ Constant current amplitude locus ‘ 6,3 ) " 2 op 6.8 h
Z 10 OT/oP>0 g mis the gain Qf the band—pags f|I'teraa;. Thg first term of
g A — the right hand side of (22), which is proportionab® /ap,
2 20 can be extracted by a low-pass filter (LPF). In this way the
=77 Prrres information which is proportional t8T,/dg in (20) can be
Jos 008 01 o012 o0l o016 extracted by the signal processing. When the output of the
Flux amplitude (Wb) signal processing unit is equal to zero, the MTPA operation can
(b) be inferred. Otherwise the information af,/df can be

Fig. 2. (a) Relationship between flux amplitude and current angle. (b)

Relationship between flux amplitude and resultant torque. utilized to adjust the stator flux amplitude reference until it

reaches the optimal value. Details about this adjustment will be
From Figs. 2 (a) and (b).T, /4B will be negative when the given in Sectiorll. _ o _

stator flux amplitude is smaller thafy,»,, and vice versa. ~ The proposed virtual signal injection for tracking MTPA

This characteristic obT,/dp is utilized by the proposed POINts is parameter independent and is robust to current and

control scheme to track the MTPA point. voltage harmonics which are always present in a real IPMSM
) ) o drive. Moreover, the virtual signal injection does not cause
C. Virtual signal injection undesirable torque ripple, nor incur additional iron/copper

The concept of the virtual signal injection (VSI) is brieflylosseslt is worth noting that due to the inverter voltage drop,
outlined and more details can be found in [I2]]. Since iron the reference d- and g-axis voltages may not equal to the actual
loss has negligible influence on MTPA operation [19], thd- and g-axis voltages applied to motor. The voltage drop can
electromagnetic torque of an IPMSM can be expressed in (1B compensated by inverter voltage drop compensation
Wherev; andv; are the reference d- and g-axis voltages withchemes [23]. Additionally, the inverter nonlinearity effects

inverter voltage drop compensation, respectively. can be avoided by measuring the inverter output voltages
3 (v* —Ri ) (v — Riy) directly. The measured voltages are filtered by low-pass filters
e=3 4 - 4 o Iq|iq (17)  and converted into d- and g-axis voltages. After the effect of the

m q%Ym

It Il hiah f . al si — Asi ; filters is compensated, the actual d- and g-axis voltages can be
a small high frequency sinusoidal sigigl = Asin(wj,t) obtained. Thereford," also can be evaluated from (20) when

is mathematically injected to the stator current anglethe vs. 7] in (20) are substituted by the measured d- and g-axis

resultant d- and g-axis currents with the high frequenc : -
component can be 2xpressed in (18) and (@g)s tﬁe angﬂlar \Y(;Itages. However, this needs additional hardware such as
voltage sensors and low-pass filter circuits. In practical

frequency of the injected signal. I . . . L
i = _I_ sin(B + AB) (18) applications, since the virtual signal injection tracks MTPA

h points by detecting the sign d@T,/df and the MTPA
) lg = la COS(E +46) ) (1_9) operation is robust in d-frame, therefore, even without
Substitute (18) and (19) into (17), the fluctuatiooivith i erter voltage drop compensation, the influence of inverter
respect ta\g can be calculated by (20). voltage drop on the proposed control scheme is still small.
3[(vg — Rig) N (vj — Rig) ih] i

T,"(B + Asin(wpt)) = -
e (B (@nt)) 2 Wi lqWm dfta Ill. IMPLEMENTATION OF THE PROPOSED CONTROL SCHEME

) . ) (20_) _In this section, the details for implementing the propose
Although (20) is obtained from a mathematical calculation, gontrol scheme are described. The proposed control scheme can

is equivalent to the effect of a real signal injection siige—  pe divided into two parts, as shown in Fig. 3. The first part is a
Riy)/wy, and(vg — Rig)/(i;wn) in (20) can be considered as conventional direct flux vector control scheme proposed in [8]
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which is utilized to generate nominal reference flux linkagés a compensation loop based on the VSI to correct the errors of
Y..ain,» and reference t-axis current for MTPA operation witthe reference flu¥,,,;, and the observed flux.
fast response. The second part of the proposed control scheme

Torque limit Model based
T MTPA flux
reference

v —
¥, and i; EBNIY d

o vt | to to Bl SVPWM

1

I

I

I

contrullch dg abe]” Inverter 1
§ F i T |

v Ii: abc ] ‘lhl- ) :
SRR

1

generator
‘4 i HEqualion (7}\{ = ‘N = o [
C=1/(3p/2) iy limit % it dgq o {[IPMSM | T

Part I: Direct Flux-oriented Control : -'T'

Fig. 3. Schematic of proposed control scheme.

perturbations with the injected high frequency signal are

. ) calculated from (18) and (19). The resultant torque variation
The direct flux vector control (DFVC) scheme {[] is 7 1 js ghtained from (20) based on the output of (18) and (19),

adopted by the proposed control scheme as an example of Ff,’;, the filtered d- and g-axis reference voltages, the filtered

f-t frame based control scheme shown in Part | of Fig. 3. 16 .
ensure the IPMSM drive operates within the current anag) and g-axis currents, and the measured rotor speed. In@rder

voltage limits, the reference torque, is limited by (8). A extract the first order term_of (21), the torque perturbafidn _
predgfined look-up table is utiliggg to produce t);le( |)1omin §f|ltered b)_/a_band-pass filter (BPF). _The output of the BPF is
reference flux amplitude?,, .. The input of the look-up table urther multiplied bysin(wyt) before being fed to the low-pass

is the limited reference torqug;,,, generated from (8). The gl;we;a%enoted as LPF 1 to obtain the signal proportional to
look-up table is computed off-line from a high fidelity” ¢ ' .

nonlinear IPMSM machine model based on FE analysis [24 Jh_?_r?mpli't of tfhehLFI;IT Lis us”ed by a Pl co_ntrol!er to przodu?]e
The t-axis reference currenf, is generated according to (6)~"s° ﬂe galnslp ; € c0r|1|tro Er are negatl\(]e S|n§:e|\:/y egt €
and limited by (7). The observed flux amplitude and t—axiﬁgator ux amplitude is smaller théfyrp, as shown in Fig.

current are denoted W andi, respectively. As proposed in ), 9T./9f > 0 and vice versa. Thus, the PI controller will

[7], the stator flux linkage is directly regulated by the f-axi djust the referen_ce flux '°‘_mp"t“d£‘5v such tha’? when it is
voltage while the t-axis current is regulated by the t-ax gwer than¥gurpa, it Will be increased, or otherwise decreased

voltage. More details for the DFVC can be found in [7]. until 07, /9 = 0, i.e., the MTPA point is reached. In this way,
However, due to machine parameters variation arffl® €7TOr Of #man is compensated bW¥;. ¥ is the

uncertainty, the accuracy . .., generated from the look-up cOmpination of the¥,,,;, and theA¥;. , _

table cannot be guaranteed. Moreover, due to errors in the ﬂé»!t is worth noting that the voltages and currents in (20) are in

observer¥, andi, ard the observed angle between the f-axis_ and_q—aX|s components, there_fore, the .VSI. based feedback
oop will not be affected by the inaccuracies in the observed

ar_1d the d-axisy, may not equal to their actual _val_u_es, Wh'cmuantities, such as f- and t-axis currents, flux amplitude and the
will also affect the MTPA control performance significantly. In led. Therefore, although flux observer error may cause

order to compensate these errors, an error compensa
: torque control error, the accuracy of the proposed control
termA¥; is needed. . . ) !
scheme in tracking MTPA operation of actual torque will not be
B. Flux amplitude reference error compensation affected. This property will be demonstrated by simulations and

The reference flux amplitude compensation tert# is €xperiments in SectiolV and Section V, respectively.
generated from Pal of Fig. 3 according to the VSI and < Fux observer
dT, /0B information extraction described in Sectibn

As shown in Partl of Fig. 3, the measured d- and g-axis
currents are filtered by a low-pass filter denoted as LPF 3
eliminate high order harmonics. The filtered d- and g-ax
currents are transformed into the polar coordinate system by
and (10) to obtaind andl,. The d- and g-axis current

A. Direct flux vector control

For the f-t reference frame based control, a flux observer is
eded. In this paper, the conventional observer introduced in
5] is adopted. The block diagram of the flux observer is

wn in Fig. 4. However, other kinds of observer are also
ssible for the proposed control scheme.
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significantly with currents because of magnetic saturation.
andw, in Fig. 4 are set to 0.707 andrbtad/s, respectively.

The crossover frequency of #@ad/s is selected because it
corresponds to 500 r/min rotor speed and the accuracy of the
voltage model based observer is satisfactory above this speed.
The¥,,.in is generated from a predefined look-up table.

Current Model

Ly u]

[vf;
vp

25+ 28 TABLE|
PT controlier IPMSM PARAMETERS
"""""""""""""""" Number of pole-pairs 3

Fig.4. Flux and torque observer.

Phase resistance 51.2mQ
. . . . Continuous/Maximum current 58.5/118 A
The flux observer in Fig. 4 consists of a voltage model given Peak power at base speed 10 KW
in (23) and a current model given iB4), where¥, and¥; are DC link voltage 120V
_ Ay * * Base/maximum speed 1350/4500 r/min
the observed- andfg-axis flux componentsz; andv, are the Continuous/peak torque 25570 N-m
a- andg-axis reference voltages, andiz are the measuree Peak power at maximum speed 7 kW

andp-axis currents and, is the rotor angular position.

1 . ) The influences of the flux observer accuracy on direct flux
E (va - Rla)

78 _ 23 vector control and the effectiveness of the reference flux

v,Tfﬁ |1, ] (23) amplitude compensation terdw, are studied by simulation
;(Vﬁ - Rlﬁ) when the drive operates in the constant torque region with 45

7 c0s0, —sinb,|[Laiq + ¥n N-m reference torque at 1000 r/min. A high fidelity IPMSM
[,}gﬁ = [sin@e COSQe][ Lqig ] (29 model with due account of temperature effects on phase

The voltage model is parameter-independent except for theesIstance and permaqent magnet flux Imkage IS e”.‘p'oye.d to
represent more realistic machine behavior in the simulation.

phase resistance. However, at high speed, the voltage d %iations of the PM flux linkage and the d- and g-axis

across the resistance is relatively small, and the voltage mode . : .
; . L Inductances, at hominal operating temperatur@®fC, with
based observer is accurate at high speeds while its accuracy . . :
. . currents are mapped in the flux observer and the inverter is
bgcqme poor at low speeds.slnce inverter voltage drop i2sumed to be ideal. Thus, the observer will be accurate in
zll?tmiftlciznt-;’gfng:;]erltegterlzddeelr:ts rq_?lr: 3%;?;;61%2&;2ﬁet%%éady-state if the phase re,sistance, d- and g-axis inductances
voltage mpodel based oF:)server. and the current model baa('eg)é1 the PM flux linkage used in the observer are the same as
9 ) . Those in the machine model. However, observer errors can be
observer is used by a PI controller to achieve the b

e&t. . ; . .
S - eliberately injected in the simulations.
combination of the twaj’ andw, of the Pl controller in Fig. 4 Fig. 5 syhodvs simulation results when the observed flux

are the damping ratio and crossover frequency, respectivel . Py .
associated with the combination of the two outputs. The volta p!|tuge,5Us » and the obseA:rv_ed angle betwe(?r_1 the f-axis and
-axis,d, are accurate, whéb, is 10% lower bub is accurate,

model will be dominant above the predefined crossov

frequency while the current model will be dominant below th@nd wher; is accurate buf is 10% lower. The MTPA points
crossover frequency [25] tracked by the proposed control scheme are denoted by the
and ,

The observed d- and g-axis fluxe&, ., can be triangles and the control results of the DFVC witht¥t are

obtained through?, , @, andé,, as shown in Fig. 1. The denoted by the squares. The corresponding constant current

) i N amplitude loci with the ideal MTPA points marked by the
estimated angle between the f-axis and the d-axiean be jrcles are also illustrated in Fig. 5. As can be seen, when the
calculated fromZ5):

flux observer is accurate, both control schemes operate at the

o 7
8 =tan =L (25
¥y
The observed flux amplitud®, can be calculated fror2@):

P, = /@dz +@° (26)

The observed t-axis curreiif, can be generated frorgd7)

with the measured d- and g-axis curreffsandi, .
I =i cosé —igsind

(27)

IV. SIMULATION STUDIES

MTPA point and the output torque equals to the reference
torque. Torque control errors occur when the observed flux
deviates. For example, whéh is 10% lower, the resultant
torque is greater than the reference of 45 N-m becaese th
reference t-axis current generated by (6) is greater than what is
required. On the other hand whénis 10% lower, the
magnitude of the t-axis current is correct, but its angle is
inaccurate. Consequently, the net torque production component
is reduced and hence the resultant torque is lower than the
reference. However, the proposed control scheme is still
capable of tracking the reference flux amplitudes to the actual

Simulations were performed based on a prototype IPMSMTPA flux amplitude despite of large torque errors. In contrast,
drive system. The motor specification is given in Table litndthe observer magnitude error cause a significant deviation from
is designed for distributed traction of a micro-size electrihe MTPA point with the direct flux vector control without flux
vehicle with peak power of 10 kW at base speed of 1350 r/migmplitude compensation, which will increase copper. loss
The d- and g-axis inductances and the permanent magnet fluxt should be noted that torque control error is inevitable when
linkage of the machine are highly non-linear and vanhe observed flux vectds not accurate. However, the torque
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error can be corrected by the speed feedback loop in a speedtrol mode. The torqueras measured by a high precision
servo drive. For EV tractions, the feedback correction will brque transducer. The frequency and amplitude of the virtual
performed by a human driver. signalwas 1000 Hz and 0.001 rad, respectively. A arder
band-pass filter with 1 Hz band width at the center frequency
® MTPA point was employed. Thé,, L, ¥, in the current model of the flux
65~ ¥ Proposed MTPA tracking result [ observer are set to their nominal values, i.e., 0.64 mH, 1.84 mH
= Without VSI compensation and 0.1132 Wh, respectively.andw, in Fig. 4 are set to 0.707
""" Cangtant entrent amplimde Jocus| and 50z rad/s, respectively. Th#,,.., is generated from a
predefined look-up table.

70

)
(=]

]

£

o 55 | = 0.9,
f:_,— ‘--—.,.--‘7——‘--"“9-----—- 9044 __
S

n
o

s
n

e TOBIAL s
T 746 A el

Torque transducer =

0 b Ll |
® 0.13 0.135 0.14 0.145 0.15 0.155 0.16

Flux amplitude (Wb)
Fig. 5. Influence of the observed flux amplitude error and angle error on
MTPA tracking of proposed control scheme and DFVC without VIS.

The temperature influence on the proposed control scheme
has also been studied by employing a temperature dependent
machine model. From the design data of the prototype machine,
the stator resistance increases 39% perrCo@mperature rise
and the remanence of the permanent magnets decreases 12%
per 100°C temperature rise. However, machine parameters in
flux observer and the model for generatifg,;, assumes a
constant temperature of 20. The influence of temperature on
MTPA point tracking performance of the proposed control
scheme is simulated. The simulation result is shown in Fig. 6
where the stator temperature in the machine model is changed
from 20°C to 120°C at t=15 s. Due to the machine parameter
variations with temperature, the flux observer is no longer
accurate. Consequently, the torque and the optimal flux -
amplitude decrease when the temperature is increasE: 7- Experimental test-rg.
However, ¥’ which is generated by the proposed control
follows the optimal MTPA flux amplitude of the new machine A. Validation of machine parameters independent
parameters closely. It follows from the simulation results MTPA control

shown in Fig. 5 and Fig. 6 that the proposed control scheme is=or the conventional look-up table based direct flux vector

robust to flux observer errors in tracking MTPA points. control [8], i.e., Part | in Fig. 3, the accuracy of MTPA
operation is highly depend &4,,,;, and the accuracy of flux
0.14 —— Resultant flux amplitude (W55 observer. However, the proposed virtual signal injection based
= ] - ==MTPA flux amplitude (Wb) direct flux vec_tor co_ntrol can au_tomatlcal_ly and accurately track
2 0.147 — Torque (Nm) 49 _ the MTPA points without knowing machine parameters except
3014 g for the nominal machine parameters in flux observer expressed
> = .
£ 1435 in (24).
g 014 g In order to verify the MTPA tracking performance of the
; 0.141 3re proposed control scheme, experiments were first performed by
O s it i 131 sgtting?’mam as a constant yalue, & ain = .0.1 Whb. The
' drive was tested at 1000 r/min and torque varied fromrb g
0.137; 13 12 15 16 17 185 35 N-m. Since the actual flux amplitude is difficult to measure,

Time (s) the measured d-axis current is utilized instead of flux amplitude

Fig. 6. MTPA point tracking performance when temperature changes at  to illustrate the MTPA tracking performance of the proposed
1000 r/min. control scheme. As shown in Fig. 8, the drive is enabled with 5
N-m reference torque at time=4 s. At beginning, due to the
inaccurateé?¥,,..», the resultant d-axis current is quite large,
about -30 A. However,A¥; in Fig. 3 automatically

The proposed direct flux vector control scheme has beeompensates the error of reference flux amplitude until the
tested on the prototype IPMSM drive. The motor whos®ITPA point is reached. Moreover, as shown in Fig. 8, for each
specifications are given in Table | is mounted on theyrque step, the proposed control scheme always tracks the
experimental test-rig as shown in Fig.During the tests, the MTPA points accurately although a small overshoot can be
motor was loaded by a dynamometer and controlled in torqushserved in the measured d-axis current. The response of the

V. EXPERIMENTAL RESULT
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proposed control scheme can be improved by a more accurélfg,;,, . This will lead to large copper loss and inefficient
Y ain- operation.
When reference torque steps to 5 N-m, the resultant d-axis

9 ; : : 60 current of the proposed control scheme follows the MTPA
—Reference torque (i) 150 .
501 — d-axis current (A) 140 ~ d-axis current accurately, however, the error between the
—~ 30 ===MTPA d-axis current (A) ¢ I 130 § MTPA d-axis current and the resultant d-axis current of the
é 10 — 120 © conventional DFVC withoud®; remains large. The high
g 110 3 MTPA tracking accuracy of the proposed control scheme is due
S 108 e L . 10 % to the fact thah¥; in Fig. 3 automatically compensates the
F -30) B e ™ ::;815 errors in both¥,,,;, and flux observer.
-50r PR
i w30 40 : : : [ [ : 35
% 50 100 150 200 250 0 3o |~ Reference torque (W) 130
Time (s) d-axis current of DFVC without VSI (A) z
Fig. 8. Measured d-axis current, MTPA d-axis current, and reference ~ 20 d-axis current of proposed control schemef(#) =
torque. % 10— ==-MTPA d-axis current (A) H20 &
o 0 1 [ 1 155
. o . . =] } } [
Fig. 9 shows the variation of d-axis current with the output of £ 3 102
LPF 1 which is utilized to generat#’;. As shown in Fig. 9, at F o0 5 &
each torque step, the output of LPF 1 is initially large then 30 0
. . . . . = S ——
decrease to zero, which indicates that the MTPA point is o =
tracked gradually, unt#-aT,/dp = 0. “% 5 10 15 20 25 30 35
Time (s)
¥ 10° Fig. 10. Comparison between proposed control scheme and
9 - : 60 conventional control scheme at 400r/min when reference torque steps
—Output of LPF 1 50 from ON-m to 5N-m.
S d-axis current (A) 40
L ~==MTPA d-axis current (A)30 = The MTPA tracking performance of the proposed control
—_ ,_I\_,J\LM 120 %’ scheme was also tested at various speeds and reference torques
= ! 7(1)0 ° in steady state. Fig. 11 and Fig. 12 show the MTPA control
g ([T e 110% performances of the proposed control scheme and the DFVC
© -6 "'_"----_____| 120© without4%; when the motor drive operates at 400 r/min and
Bl e R 1000 r/min, respectively. At both speeds, the motor drive was
115 50 100 150 200 250 40 _tested by varying the reference torque from 10 N-m to 35 N-m
Time (s) in steps of 5 N-m. Again, th&,,;, in both control schemes
Fig. 9. The output of LPF 1 and measured d-axis current. were generated by the same pre-defined look-up table as

described previously. The MTPA tracking results of the
B. Independence of flux observer error in MTPA proposed control scheme are denoted by triangles in Fig. 11 and
operation Fig. 12, whereas the control results of the DFVC withB#t

SincedY, is based on measured currents in the d-q fram@€ denoted by squares. Tests were also performed by varying
the flux observer error does not affect the MTPA trackint€ current vector angle_ while its magnitude was kept constant.
performance of the proposed control scheme. In order to verifj€ results are shown in the curve marked by the crosses. The
the independence of flux observer error, the proposed contf3f2ct MTPA points, denoted by the circles, can be obtained by
scheme and the conventional DFVC withdd, were tested at using curve-fitting of the constant current amplitude loci for the
400 r/min when the reference torque was stepped from 0 N-nfifjérent reference torques. ,
5 N-m. The¥,,,;, in both control schemes were generated by Comparing Fig. 11 with Fig. 12, it can be seen that the
the same pre-defined look-up table which was obtained fronl&l PA tracking errors of the DFVC without¥; are dependent
high fidelity nonlinear IPMSM machine model [24]. The higrPn both torque and speed. Sirfg,;, generated from the
fidelity IPMSM machine model was generated from numericaPOk-Up table for a given reference torque in constant torque
analysis of electromagnetic field based on finite elemefg9ion is independent of speed, the deviations of the control
analysis. results must be caused by _observer errors. However, although
Because of inverter nonlinearity and voltage drop, the fluk'® ¥main @nd flux observer in the proposed control scheme are
oberver illustrated in Fig. 4 may have large error at lo4€ Same as those in the DFVC withdd# under test, the
reference torque and low speed, i.e., low current amplitude api@Posed control scheme can track the MTPA points accurately
low voltage amplitude. The comparison between propos&fd consistently. Therefore, the flux observer independence of
control scheme and the DFVC withati¥, is shown in Fig. 10 the_proposed control scheme in tracking MTPA points can be
As can be seen, when the reference torque is 0 N-m, pesified.
resultant d-axis current of the proposed control scheme is 0 A,
being the same as the MTPA d-axis current. However, the
resultant d-axis current of the DFVC withall¥; is about 10 A
which is caused by the errors in both the flux observer and
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o MTEA Do : C. Performance of proposed control scheme during
60 poin I
Vv Proposed MTPA tracking result payload torque Change
~50 O Control result of DFVC without VS The MTPA tracking performance of the proposed control
£ = Test point scheme during payload torque changes is shown in Fig. 14. The
540 - — Constant current amplitude locus| motor was operated at 1000 r/min and a step change in
P A T e .
£30 — ] reference torque fror80 N-m to 3 N-m was applied The
e WB—e ; :
e O , dashed line represents the actgal MTPA d-axis currents at 30
S| N-m and % N-m at 1000 r/min. It can be seen that the
10 =Nl corresponding d-axis currents generated by the proposed
40 30 20 10 0 10 control schgme are very close to the actual MTPA d-axis
d-axis current (A) currents during the torque step change.
Fig. 11. Comparison of MTPA tracking performance of proposed control
scheme and conventional DFVC at 400 r/min. 50, ' _— . 10
| =Reference torque (N-m) -5
° MTP[A point : . 45/ d-axis current (A) 0
60 . 40" ) ! | ——— akis L =
Vv Proposed MTPA tracking result g 40/ " AR £ uiets witoe ok A 1l o
__50 O Control result of DFVC without VS Z 35 10 g
= x Test point g . ’ =15 35
Z 10 ' | 530 g
> — Constant current amplitude locus Gl = 1202
S e 5] T8 o 253
5 L e ——— T TS e TR ATV 30
— X_J:L—A@H@_)H 20 |
20 e -35
O 15, ! : ‘ ! ‘ .40
' e 5 10 15 20 25 30 35
10 W :
Time (s)
-40 -30 -20 -10 0 10 Fig. 14. MTPA tracking response of proposed control scheme to step
d-axis current (A) change in reference torque at speed of 1000 r/min.

Fig. 12. Comparison of MTPA tracking performance of proposed control

scheme and conventional DFVC at 1000 r/min. Fig. 15 shows the response of LPF 1 to the step change in

To illustrate the quality of MTPA tracking of the propose eference torque. The output of LPF 1 is propquona_I FO
control scheme, the experiment results of torque per curren Zf/aﬁ' As can be seen, the torque change results n deviation
1000 r/min obtained from the proposed and convention pm the MTPA. operation, an_d consequenﬂy’e_/a,b’ IS no
DFVC withoutA, are compared with the MTPA points in Fig. onger zero but it is used to adjgst_the flux amplltude reference
13. Again, the good MTPA tracking of the proposed contr(HnF'l dT./9p becomes zero again, i.e., reaching the new MTPA
scheme can be observed. It is worth noting that since the MTBRN
points are obtained from curve-fitting of the measured constant 45 [ [ [ -0.06
current amplitude loci and the machine parameters varies with — Reference torque (N)
temperature during the measurement, the MTPA points in Fig. 40 Output of LPF 1 10
13 may contain small errors.

w
[4)]

B a
= 10.03 =
: : : : : 30 It
—~ ? Torque per ampere of MTPA point > 10.02 2
<062 | s =3
2 Torque per ampere of proposed control schen '2 25 5
: 0.61 [] Torque per ampere of DFVC without VSI i 10.01 0
5 ne [ [
s o0 - T N T
S 05 P Y s | | | | Lo.01
3 8 ! | | ! 10 15 20 25 30 35
% 0.58*@* } I | | Time (s)
Z 0.57 ‘ Fig. 15. Response of LPF 1 to torque step change at 1000 r/min.
S 0.56
- . .
0.55 1 Fig. 16 shows the measured and estimated torque responses
10 15 20 25 30 35 40 ; ; :
Reference torque (N) to a step change in referer_1ce torque. The estlmate_d torque is
Fig. 13. Comparison of torque per ampere variations of proposed and ~ Calculated from the machine parameters stored in look-up
conventional control schemes at 1000 r/min. tables with the measured d- and g-axis current. It can be seen

i , i that the torque responds fast and the small error between the
Since the MTPA tracking performance of the DFVC withOUfgference and measurement may be caused by the combined

VSl is mainly dependent on the accuracygfain and¥s. AN effect of the observer error and friction torque which is not
inaccurate?;, ,;, and ¥ may cause large deviation from theaccounted in the torque reference.

MTPA point as shown in Fig. 8 at t=4 s. Hence, due to the

nonlinearity and uncertainty of machine parameters, the MTPA

control performance of the DFVC without VSI is difficult to

guarantee. However, the MTPA control accuracy can always be

guaranteed by the proposed control scheme.
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