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An Improved Sideband Current Harmonic Model of
Interior PMSM Drive by Considering Magnetic
Saturation and Cross-Coupling Effects

Abstract—The sideband current harmonics, as parasitic char-
acteristics in permanent magnet synchronous machine drie
with space vector pulsewidth modulation technique, will ircrease
the corresponding electromagnetic loss, torque ripple, Wration,
and acoustic noises. Therefore, fast yet accurate evaluati of the
resultant sideband current harmonic components is of parttular
importance during the design stage of the drive system. Hower,
the inevitable magnetic saturation and cross-coupling eécts in
interior permanent magnet synchronous machine drives woul
have a significant impact on the current components, while ta
existing analytical sideband current harmonic model neglets
those effects. This paper introduces a significant improveent
on the analytical model by taking into account these effectsith
corresponding nonlinear factors. Experimental results ae carried
out to underpin the accuracy improvements of the predictiors
from the proposed model over the existing analytical one. Té
proposed model can offer a very detailed and insightful reviation
of impacts of the magnetic saturation and cross-coupling &cts
on the corresponding sideband current harmonics.

Index Terms—Bessel function, cross-coupling effect, interior
permanent magnet synchronous machine, Magnetic saturatig
sideband harmonic, space vector pulsewidth modulation.

current harmonic components, whose frequenciegemerally
located nearby the carrier frequency and its multiples| wil
be inevitably induced during the intrinsic switching preses
engendered by the SVPWM technique. These undesirable
sideband harmonic components will not only increase the
electromagnetic losses [4]-[6] including winding resistioss,

iron core loss, andPM eddy current loss, but can also
deteriorate the characteristics efectromagneti¢orque [7],

[8], vibration, and acoustic noise [9], [10] in the drive &ss.
Consequently, fast yet accurate analytical evaluatiorsuoh
sideband harmonic components are of particular importance
during the design stage of the drive system. These andlytica
studies have been mainly concentrated on the derivation of
sideband voltage harmonics by using various methods [11]-
[14], while the analytical derivations of the sideband current
harmonic related coefficients, such as harmonic distortbe
[15], peak ripple value [16], and flux harmonic distortion
factor [17], [18] havealso been developed in the literature.
Meanwhile various methods such as special switching se-
quence [19], [20], multilevel inverter topologies [21],2]R

and random pulse width [23], have been introduced to miigat

NOMENCLATURE the sideband harmonic components in the drive systems with
0 The t(t)}:que angle. , SVPWM technique.
T Thek -qrdpr Bessel fu.nct|on. Not until quite recently have there been particular ingssti
La The d-ax!s _mcremental _mductance. tions on full direct analytical developments of sidebaniage
Lq The g-axis mcremental_ mductance._ and current harmonic components in the induction machine
Magq Thed—gq axes mutl_JaI incremental |nductance[.24] and PMSM [25] drive systems with SVPWM technique.
M The modulation ratio. However,theseanalytical derivations of the sideband current
b The d-ax!s component of stator current VeCtOlh armonic components are all based on éissumption of no
K The g-axis c_omponer_1t_of Stator current VeCtormagnetic saturation in the corresponding electric machida
M Cross-coupling coefficient. the other hand, interioPM (IPM) configuration is normally
Ude Direct current bus voltage. referred for PMSM to increase both flux concentration and
td Thed-ax!s component of stator voltage vecto rotor saliency so that the correspondiR$ induction and
ta Theq-a>§|s component of stator voltage Vectorreluctancetorquescan be boosted and harnessed to further
We Mod_ulanon angular speed. improve the overall torque performance [26]. Theherent
Ws Carrier angular speed.

I. INTRODUCTION

features ofIPM structure and nonlinearity of ferromagnetic
material will inevitably bring about magnetic saturatiomda
cross-coupling effects in the machine, especially undeyela

OWADAYS, the immense advancements of high-strengtbad conditions. These unavoidable effeetdl impose the
permanent magnet (PM) material, high-efficiency powaronlinear dependency of machine inductance on the armature

electronic device, and high-performardigital signal proces-

current. It amounts to that the mutual inductance betw&en

sor, have been contributing in building up the momenturand ¢g-axes will appear, and all the synchronous inductances
of developing exquisite variable-frequency permanentmaag are no longer constants and depend on the magnetic state of
synchronous machine (PMSM) drives for various existing artde machine [27], [28]. Such nonlinear chageagstics of he
emerging applications [1]-[3]. Meanwhile, the space vectinductances will have a significant impact on not only the low
pulsewidth modulation (SVPWM) technique is widely im-order current harmonics but also the high order sideband one
plemented insuchPMSM drive systems in order to achieven interior PMSM drives, which are neglected by the existing
great dynamic performances. However, sideband voltage arhlytical sideband current harmonic model [25].
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It can be expected that the dirdoiplementof the existing and the initial phasey,_13, ¢4 13, @4 26, andp, 26 IN equa-
analytical sideband current harmonic model can potentialions (1) and(3) can be expressed as

introduce large errors tdhe corresponding predictions in

interior PMSM drives with load conditions. Consequently, Od 15 = T + arctan (Ci4 — Cr2) tand

this paper proposes an improved sideband current harmonic - (C1a + Ch2) 6)
model by incorporating the nonlinear factors so that the-mag (C14 + Ci2) tand

netic saturation and cross-coupling effects in interior§his Pq_13 = arctan (Cra—Cra)

are taken into considerations. Besides the common influence

factors, the proposed model can offer a very detailed and (Ca5 + Cor) cot d

insightful revelation of impacts of the magnetic satunatimd ¥d_26 = arctan (Cas — Can)

cross-coupling effects on the corresponding sidebanceotirr (Cas — Ca7) cot § @)
harmonics. Section Il introduces the analytical expressiaf pg_26 = T+ arctan (Cos + Co7)

main sideband voltage harmonic components nearby the first
and second carrier frequency induced by symmetrical sainplehe detailed analytical expressions of coefficie@ts, C12,
SVPWM technique in rotor synchronous frame. In Section 11,14, Ca2s, and Cy7 are provided inthe Appendix. Hence,

the improved analytical model of the corresponding sidebathose major sideband voltage harmonic components can be
current harmonic components are derivedbioth therotor promptly evaluated by using the direct current bus voltage
synchronous and stator stationary frames by consideriag #&nd corresponding SVPWM modulation ratio.

magnetic saturation and cross-coupling effects. Sechbis |
devoted to the validations on accuracy improvements of the
proposed method over the existing one by experimentalteesul
from a prototype interior PMSM with two different control

strategies, followed by the concluding remarks in Section V Based on the those sideband voltage harmonic components,
the analytical models of corresponding sideband current ha

monics in PMSM drive systems have been obtained [25]. How-
ever, these models are merelglid for the surface mounted
PMSM drive systems or the interior PMSM ones with rela-

The analytical derivations of the sideband voltage harewnitively light load conditions as they are developed basechen t

induced by common three-phase two-level voltage sourlependency of machine inductance on the armature current

inverter (VSI) with SVPWM technique have been introducefowever, the armature inductances are highly influenced by
in detail with Fourier series analysis and coordinate tran&'€ inevitable magnetic saturation in interior PMSM esakii

formation [24], [25]. The resultant main sideband voltagender heavy load conditions. Moreover, the cross-coupging
harmonic components, whose frequencies are located nea{ﬁﬁ}s will occur under extreme saturation conditions arsilte

the first and second carrier frequency, can be expresstie in N @n indispensable mutual inductance betwéeand ¢-axes.
rotor synchronous frame as Consequently, it is essential to improve the existing aiy

model for accurate sideband current harmonic predictians i
interior PMSM drive systems with considerations of magneti
saturation and cross-coupling effects.

. | MPROVED ANALYTICAL SIDEBAND CURRENT
HARMONIC MODELING

II. ANALYTICAL EXPRESSIONS OFSIDEBAND VOLTAGE
HARMONICS IN THE ROTOR SYNCHRONOUSFRAME

Ug_(w, +3w.) = 0.5U4.U4_13 cos ((ws & 3we)t £ 0q_13)

Ug_(w,+3w.) = £0.5U4:U4 13 sin ((ws £ 3we)t £ ©q_13) 0
1

. A. Rotor Synchronous Frame
Ug_(2,) = —UqcC21 sin 6 cos(2wst) ] ) )
(2 Due to the high frequency nature, the sideband harmonic

reactance will be much greater than the winding direct curre
resistanceHencethe sideband voltage drops over the winding
Ug (200, 6) = 0-5UacU_6 c0s (2w & 6w, )t £ a_26) resi;tancescan be n.eglected. Moreover, the corr.esponding
motional electromotive force (EMF) due to the inductance
Ug_(20,+6w,) = £0.5UacUq 26 sin ((2ws & 6we )t = 0g 26)  variations are very trivial and negligible. Therefore, & i
3 justifiable to assume that the sideband voltage harmones ar
where all consumed by the corresponding induction EMF. By taking
into account magnetic saturation and cross-coupling &ffec
the sideband voltage and current relation in rotor synabusn
(4)  frame can be approximated as

Ug_(20,) = UdeC21 cos § cos(2wsst)

Uiz = \/C% + C%, + 2C12C14 cos(26)

Uji13z = \/0122 + 0124 —2C12C14 COS(Q(S)
Ud_wy = JWik(Laid_w, + Magiq_wy)

8

Ug_wy, = JWk(Lgiq_wy, + Magia_w,)

Ud_26 = \/C3% + C2; + 2C25C25 cos(26)
() where thed-axis and g-axis incremental inductances and
incremental mutual inductance betwedn and ¢g-axes are

Uq_26 = \/0225 + 0227 - 2025025 COS(Q(S)




current dependent, and they can be derived as where the coefficientd/, |5, U; 13, Uj 55, andU, »4 can be
expressed as
O (ia,iq) g (id,lq)

L = 5 e 7. 2
d Oig 1 Oig 9) o VU d 13+ Crnd_ 13 Uq_13 + Cng_13
My, = 0P (ia,ig) — Mg (ids iq) 415 (1—0%) q 1B (1—03y)
9= 0, Dig . (15)
772 UZ 26 + Cng_26
These incremental inductance parameters could be obtained”, ,, = Uiz + fmd—%, ! 05 = =20 5 !
from nonlinear finite element analysis (FEA) of the machine (1 —=a%) - (1 —=o%)

(16)
and the initial phase angles, |5, ¢, 13, }; 26, ANy 55 CAN
be determined by

with different d-axis and g-axis currents. Nonlinear FEA
sweeping can be carried out with differeqyt, i,, and rotor
positions and the correspondidgxis andg-axis flux linkages

can be obtained accordingly. As a result, two four-dimemasio ) (C1z + Ch4) (Mgqsin§ — L, cos 6)
(4-D) flux linkage tables are derived and the corresponding | ¢©8¥a_13 = 5
incremental inductances can be attained as three 4-D thples \/L Uiz + Cma_r3)
implementing numerical current-partial differential ogtons ~ (C12 — C14) (Mgqcosd + Lgsin6)
on the flux linkage tables. Since the sideband current haignon | 511 ¥d_13 = \/L 07 .10 )
prediction is for steady state conditions in this papere¢hr d_13 7" ~md_13 (17)
three-dimensional(3-D)inductance tables can be obtabyed | =, _ (Cia — C14) (Mggsind + Lgcosd)
taking average over the rotor positions for the proposed Ya13 = \/ L2 (U LC 13)
analytical modelNormally, the mutual one can also be defined c c M13 5""’ . 5
as Sin g, 15 = (Ci2 + Cha) (Mgq cos 4sind)
\/L2 (U 13 + Cmq 13)
]\qu = O0OM Lqu. (10)
By rearranging (8), the sideband current harmonics could be| cos ¢, ,5 = (Cos — Cr) (Lg sind + Mag cos9)
presented as \/L (U7 36 + Crmd_26)
5 L, o—M 1)
; Lyug g, — Mggug o, sin 90:1 06 = (C25 + Car) (Lq co8 dg 511 8)
Aoy, = — - L2(U2 46+ Cr
Juwp (Lqu - ]ng) (Ud 26 d_26) (18)
(11) , (Car + Ca5) (Mgq cosd — Lgsind)
i _ Laug wy, — Magua_w, COS Py 26 =
qwr —
k jwk (LdL ]\/qu) \/L ( q_26 + Cmq 26)
sin (p/ - (027 — 025) (]\qu s1n6 + Ld COS (5)
i i i q_26 —
The main sideband current harmonic components nearby \/L2 (Uq 26 T Cmg_ 26)

the first and second carrier frequency can be derived by
substituting the respective voltage models (1), (2), apdn® where,C,,4 13, Cimq_13, Cma_26, andCy,, 26 are the compo-

equation (11) as nents caused by the coupling factor, and can be determined
by
UacUy 3 sin ((ws + 3we)t + ¢ 45)
ld_(wst3we) = = Q(WS T 3we)Ld = o s = Al(?qu 13 4012614]V1dq[/q sin (26)
ma_ts 2
) _ FUacUqg_y3 cos ((ws & 3we)t £ @ 13) Lg (19)
Lg_(wsE3we) = Z(Ws + 3WE)L(1 o B ]\/[(%qU(%_13 - 4012C14quLd sin (2(5)
(12) mq_13 — L21
a
; ~ —UacCo1 (Lgsiné + Mg cos ) sin(2wst)
d_(2ws) W (LdL - M2 ) C e — ]ijqu_zﬁ — 4025027quLq sin (25)
md_ - )
; UacC21 (Lgcosd + Mggsin ) sin(2wst) Lg (20)
(2ws) = 2772 .
@ 2 (Lqu _ ]qu) Gz = M3, Uf 5 4025C227]v1qud sin (20)
- L
(23) d
TP UacUg g6 8in ((2ws =+ 6we)t £ @y 56) B. Stator Sationary Frame
R 2(2ws £ 6we)La The (ws % 3we)- (2ws)- and (2w, + 6w, )-order sideband
. FUacU 96 c0s ((2ws £ 6we)t £ ¢, 96) current harmonics in the rotor synchronous frame from (12)-
lq_(2w.£6w.) = 2(2ws, + 6w )Ly (14) can be converted into (ws + 2w.)- and (ws +4w,)-, (2w, +

(14)  we)-, and (2w + Sw,)- and (2ws + 7w,.)-order ones in stator



Fig. 1. Experimental setup of the prototype interior PMSN/arsystem

phase current. The respective amplitudes of those harsonic
in the stator stationary frame can be accordingly derived as

Uder/ M3 + N7 + 2M3 Ny cos(26) + Rio
4(ws £ 3we) (1 — 0%))
Uder/ M2 + N2 + 2M7 Ny cos(25) + Ria
4(ws £ 3we) (1 — 0%))

Z's_(uug +2we) =

Z.s_(u.;s +dw.) =

(21)

. UqcCo1 sin? & n cos? §
1g =
s-(2ws we) dws (1 — 0’%/1) Lfl L2

+ Ro1 (22)

q

.  Uger/MZ + N2 + 2M4N3 cos(26) + Ras
s-(2wsLBwe) = 42wy + 6we) (1 — 02,)

; B Udc\/M:?+N42+2M3N4COS(25)+R27
o-(2waETwe) = 42wy + 6we) (1 — 02,)

(23)
where R1», R14, R21, Ros, and Ry7 can be obtained as
402,C%,  4M3My,C14
Ryo — 20M™14 q in(26
27 L, TaL,  Sn(20)
40’%/10122 4N2qu012 .
= — 20
R4 Lal, oL, sin(29)
2
On 1 1 qu .
= —_ 4+ = 20 24
Ry Lqu—l—(Ld—l—Lq) Lqusm( ) (24)
402,C3. AMyMy,Co7
R — M>~27 q in(28
= L, TaL,  Sn(20)
40’%/1025 4N4qu025 .
= 20
Ro7 LaL, LaL, sin(29)
and My-M,, N1-N, are given by
012 012 012 Cl2
M, =222 X2 g iz T2
""" Ly Ly P Ly L
C C: C: C
My=—"2_22" jp=-%5,4-%
u o om o @
N, — 24 x4 14, Mid
L S Sy PR 9
027 027 027 C’27
No — 227 227, 227, 227
T Ly Ly YT Ly L,

TABLE |
KEY DESIGNPARAMETERS OF THEMACHINE

Machine Parameter| Value Machine Paramete Value
Phase number 3 Pole number 10
Stator outer diameteff 76 mm | Axial active length 70 mm
DC link voltage 42V PWM frequency 4 kHz
Phase resistance 050 PM flux linkage 0.048 Wb
Rated speed 300 rpm | Maximum Torque 5.5 Nm
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Fig. 2. The incremental inductance parameters under eiffeoperational
condition: (a) MTPA vector control; (b); = 0 vector control.

IV. EXPERIMENTAL VALIDATIONS

A. Experimental Interior PMSM Drive System

The experimental tests on a prototype interior PMSM drive
system under different control strategies and load comsti
are comprehensively carried out in order to validate the ac-
curacy improvements on the main sideband current harmonic
predictions of the proposed method over the existing one. Th
actual experimental setup of the proposed interior PMSMedri
testing systems is depicted in Fig.1, while the main pararset
of the drive are given in Table |. For the experimental
validations, the prototype machine is driven by a common
two-level VSI with SVPWM technique under botly = 0
and maximum torque per ampere (MPTA) control algorithms.

The nonlinear FEA models are employed to obtain the
corresponding incremental inductance parameters forrnthe i
proved model in order to account for the magnetic saturation
and cross-coupling effects under different operationai-co
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Fig. 3. Experimental phase current waveforms and their bamnspectra under different conditions, (a) Current waxef under no load operation; (b)
Current waveform under MTPA control; (c) Current waveformdari, = 0 control; (d) Current spectrum under no load operation; (ejréht spectrum
under MTPA control; (f) Current spectrum undigr = 0 control.

ditions. Although the incremental inductance parameters areThe phase current waveforms and relevant sideband har-
dependent on not only stator currents but also rotor peostio monic spectrum of the prototype interior PMSM under no
the variations for different rotor positions are relatiwsimall load at 600 rpm, 4.9 Mn load at 300 rpm with MTPA
in practice. Without loss of generality, the incremental incontrol, and 4.7 Nm load at 300 rpm withi; = 0 control
ductance values in this paper are calculated wijtlranged from experimental tests are captured and illustrated in3Fig
from -10 to O A andi, ranged from O to 18 A under only With a gentle contribution from the reluctance torque, ¢arg
one particular rotor position which aligns théaxis with overall torque output has been realized in the machine with
one stator phase winding in order to significantly reduce ti@TPA control with the same current amplitude as shown in
computational time. 50 current steps are taken for higth Fig.3(b) and Fig.3(c). From figures, it is well validatedtttize
and i, so that the computational errors for the numericalv; £ 2w.)-, (ws &+ 4we)-, and (2w, £+ we)-order components
partial differential operations can be minimized. As a hesuare the major components for the sideband current harmonics
three 3-D tables for incremental inductances are obtaioed fiearby the first and second carrier frequency. In addition,
the proposed prototype. With the correspondipgndi, in there are also noticeabl@w; + 5w, )- and (2w; + 7w, )-order
torque-current characteristics curves from MTPA dpd= 0 harmonics in the second carrier frequency domain. However,
control strategies, the resultant inductance-torqueesican the amplitudes of these current harmonics are relativelgllsm
be compiled from the 3-D incremental inductance tables aadd usually can be neglected except under large modulation
illustrated in Fig.2(a) and Fig.2(b), respectively.can be index conditions. As expected, tie;+2w.)- and(ws +4w, )-
easily observed from the figures thatandg-axes incremental order components in the machine with= 0 control is much
inductances will decrease as the output torque rises uradler bmore significant than the ones with MTPA control due to
control algorithms due to the aggravating magnetic saturat corresponding more severe magnetic saturation.
in the machine. Since the demagnetizing currents generated
by the MTPA control can prevent the prototype from magnet%l Experimental Validations under Different Loads
saturation to some extent, the corresponding inductarares
iq = 0 control will decline much faster than the ones for The experiment tests of the prototype interior PMSM with
MTPA control. And for the same reason, the cross-coqué‘”OS load conditions are carried out to quantitativeljdate
effects, which can be represented by the mutual inductar}Bé Proposed improved model. First, the experimental tests
betweend- andg-axes, barely occur under MPTA operations‘?f the machine with no load conditions at different speed
but can reach quite noticeable level undgr= 0 operations. ranged from 0 to 900 rpm are comprehensively conducted and
Generally,i; = 0 operations will result in smaller inductancghe resultant current characteristics are captured arrédsto
parameters as shown in Fig.2, which implies that more sevar@e (ws & 2we)- and (w, =+ 4w, )-order components in first
sideband current harmonics can be expected. carrier frequency domain an@w; + we)-, (2w; + 5w,)-, and
(2ws £ Tw,)-order ones in second carrier frequency domain
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Fig. 4. Sideband harmonics under different operationaditmms, (a) First order components under no load opersfiin) First order components under
MTPA control; (c) First order components undgr= 0 control; (d) Second order components under no load opesti@) Second order components under
MTPA control; (f) Second order components undgr= 0 control.(l-improved analytical model; E-Experimentasuéis; A-Existing analytical model)

are derived based on the stored current information, caupliemployed to approximate the region beyond that value. The
accordingly, and given in Fig.4(a) and Fig.4(d). The figureamagnetic flux density of pole shoes of the prototype interior
demonstrate excellent agreements between experimerdal BMSM under heavy load conditions can well exceed that
estimated results have been achieved. Moreover, the sesuéilue, thus potential estimation errors can be expected. Th
from the existing and proposed improved analytical modeissistance variations caused by the temperature risegitimn

generally coincide in the figures as tlig, and L, can be experimental tests can result in corresponding voltage dro
considered to be constant with no load operation with dsffier changes on the circuit and hence induce errbtsthermore,

speed, and\/,, is also negligible. the incremental inductances of the prototype machine depen

_ ) on not only the stator currents but also rotor positions. The
Nevertheless, the neglect of magnetic saturation and -Croggjyctance values used for the analytical methods in thiepa

couple effects in the analytical model can potentially leagte derived from one particular rotor position in order to
to large error in the prototype interior PMSM under loageduce the computational efforts. This simplification \ailso
conditions. The main sideband current harmonics of the M@troduce some errors to the predicted results. the whole,
chine under different load conditions with MTPA control argne estimation accuracy has been significantly amelioriayed

heavily affected by the _co_rresponding magnetic saturatige proposed improved model over the existing analytical on
Consequently, large deviations between the results froen th

existing analytical model and experimental tests are itedea Furthermore, more distinct errors between the results from
in Fig.4(b) and Fig.4(e), especially under large load cbod$. existing analytical model and experimental tests existhé
The incremental inductance parameters used in the existmgchine under heavy load conditions with = 0 vector
analytical model are linear and generally larger than tto®ntrol, for all five sideband current harmonic componests a
actual ones, hence analytical results are well underetgtma demonstrated in Fig.4(c) and Fig.4(f). This is due to theanor
On the other hand, the discrepancies between the ressksere incremental inductance decline and extra influences
from the proposed improved model and experiment resuftem the cross-couple effects from machine with = 0
have been effectively mitigated for all the first and secongector control. Consequently, theys + 2w.)-, (ws + 4w.)-,
order sideband current harmonic components. The predicti®w; + 5w, )- and (2w, & 7w, )-order sideband current harmon-
accuracies have been significantly improved particulaoly fics in the machine witli; = 0 control are much larger than the
the (ws &+ 2w,)-, (ws £ 4w.)- and (2w, + w.)-order ones. The ones with MTPA control under the same load conditions, as
remaining small errors are primarily caused by the errors expected. However, th@w, +w.)-order ones are very similar
the incremental inductance parameter evaluations as wellfar both control algorithms. As the sharp current inclinelen
the experimental measurement errors. Generally, B-H charheavy load conditions will result in large winding voltage
teristics of the lamination material in FEA models coveryonldrop, the associated modulation index will be significantly
up to 2.0 T, and empirical formula based on curve fitting imcreased. On the other side, tf&v, + w.)-order sideband



components will start to decrease as the modulation index APPENDIX

reaches up to around 0.619 [24]. When the modulation indexne parameter€'s, Cia, Ca1, Cos, and Coy in equations
exceeds that particular value under heavy load conditiore§)_(5) are determined by

the (2w, + w.)-order sideband current harmonics will decline

rapidly and the impacts of the magnetic saturation and €ross - ﬁ(J (MTr)J (MTrf) " (@)J (M7r§))
coupling effects will gradually diminish. Under the coridits 12 gy DT
of light output torque, the incremental inductance paranset O i} (MTr)J (ng)
of the machine with both control algorithms are quite close, | '~ 7“1\ 79 /71179
seen from Fig.2. the slightly smaller inductance valueswit B 2 .
is = 0 control, together with slightly larger power angles ) €21 = — - (J1(Mm)Jo(MnE) + Jo(Mm)Jy (M)
with MTPA control, eventually make th@w; 4+ w.) sideband " "
current harmonics of the test drive with both control algoris —Ja(Mm)J1 (MmE))
have the similar values. The resultant errors between the 2 /
results from the improved model and experimental tests are Ca5 = _;J2(M7T)J1(M7r§)
somewhat satisfactory, particularly the trend of all major 2
sideband harmonic components under extreme conditiores hav Cor = _;J‘l(M”)Jl (ME).
been accurately reflected. (26)
where
3v3
§=73" (27)
V. CONCLUSION and thek!" order Bessel formula can be expressed as
— (=1)" 1 Z\2n+k
Ju(z) =) )7 (@9
By taking into account the magnetic saturation and cross- n=0 nl T(k+n+1)"2

coupling effects, an improved analytical model for sidabannere
current harmonic components in interior PMSM powered

by two-level VSI with regular sampled SVPWM technique L(k+n+1)=(k+n) (29)
has been proposed and developed in this paper. Instead of
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