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Abstract?2 Phase current reconstruction (PCR) strategy
can improve the fault tolerance of permanent magnet
synchronous motor (PMSM) drives. The PCR precision is
largely affected by the unmeasurable zone s and
time-sharing sampling errors. The upper limit ( Timit) of PCR
allowable range can reflect the requirement of different PCR
methods for the minimum sampling time (  Tmin). With a
longer Timit, there is sufficient time for sampling, even if Tiimit
is halved due to the symmetrical waveform. Therefore, the
extension of Timit IS the key to eliminate the unmeasurable
zones and time-sharing sampling errors. In this paper, a
method to increase Timit iS proposed, which introduces the
suitable auxiliary vectors (AVs) in different regions to
extend the duration time of the sampling vectors. With the

protection. For the propose of improving the fault tolerance and
reducing cost, the phase current reconstruction (PCR) strategy
with a DC-link current sensor has been studied.

In the PCR technology, feedback currents are reconstructed
by extracting the DC-link current when sampling vectors (SVs)
are acting. However, there are mainly two factors that cause
degradation of the reconstruction currents accuracy in this
extraction process.

The first factor is that the actual DC-link current cannot
follow the applied SV as immediatefgthe idealong which is
illustrated in the middle of Fig. 1(a). To sample effectively, the
durationtime of SVs must exceed minimum sampling time
(Tmin) [13] that depends on the hardware of the current,loop

help of a longer Timit (12.5%Ts), LWV SRV ¥linh@eiallWw R which can be expressed as

the unmeasurable zones and time-sharing sampling errors,
relieve the pressure on the hardware of current loop,
improve the sampling accuracy, and facilitate the reliable
operation of the drive. Besides, the switching action times
of IGBTs can be reduced by about one-third in the high
modulation area. The proposed method is finally proved to
accurately reconstruct the phase currents by the
experimental results on the PMSM prototype.

Index Terms? Permanent magnet synchronous motor
(PMSM), phase current reconstruction (PCR), minimum
sampling time ( Tmin), auxiliary voltage vectors (AVs), pulse
width modulation (PWM).

I. INTRODUCTION

Toi Tdead T

min delay T TAIZ (l)
where Tgead IS the dead time for the pass-through protection
which is provided by the driver boarTelay is the delay time of
IGBTSs to turnen or turn-off Tse is the settling time which is
mainly determined by the motor inductance and also affected by
the sampling process, afidp is the sum of sampling time and
A/D conversion time which depends on the controller.

In the maximum modulation circle, the areas that fail to be
accurately reconstructed are called unmeasurable zones. The
upper limit of PCR allowable range is definedlas:, which can
reflect the requirement of different PCR methodsT@h. Tmin
must be less thafimii, otherwise, the modulation area will be
reduced. Therefore, both decreasiig and increasiniimi: can
avoid unmeasurable zones. The limit factors of decredsing

sett

ERMANENT magnet synchronous motor (PMSM) has beeare shown in Fig. 1(a). First, the pass-through protection time of

widely used in industrial applications becauseitsfhigh
and efficiency [1]-[9].insufficient protection time might cause a short circuit of the

reliability, power/torque density,

the driver board requires a strict design for decreaking but

Conventionallytwo current sensors are installed to measure tligverter. Then the inverter must have higher performance
phase currents, and a DC-link current sensor is installed f@quirementsto reduceTaeiay Such as the faster turn-on and
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turn-off time Moreover, to shorteser, a higher bandwidth
current sensor is required to measure current signals, and the
current sampling board is also designed to shorten delay time,
accelerate response, and reduce interference. ittatlecrease
Tap, the performance of controller needs to be improved, and the
sampling time should be shortened. As is mentioned above,

1RUWKZHVWHUQ 3RO\W;iKRGhmMking 3@Lcannotl eliminate3d the unmeasurable zones but

increases the cost and design difficulty of the hardware
Therefore, enlargin@imi might be a useful method to eliminate
the unmeasurable zones.

To find a method to expandiimi, various advanced PCR
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unmeasurable zones in the low modulation area, which leads to
inaccurate sampling. Ir2f)], the problem of unmeasurable zones
poriomeancel  curen Andlog Hgg‘i’;fe is addressed by an independent current reconstruction strategy
Requirement|  sgnais_y . M Senso&ms Challenge without null switching states, leading to an independence of

PCR. But the modulation area may be reducebhasncreases.

‘ Higher Bandwidth Req uiremeﬁt

o === loc_ideal
3 —ipc_acua
@‘ Rt e . T!e.t — ﬁ Therefore, modifying the algorithm seems to be the valid way to
PMSM Driver Sampling Board increaseTiimit.
Dme‘\ . il Diaal . The second factor is thqt the thrge—phase currents cannqt be
sianals Tdfad fio currents simultaneously obtained with one single current sensor, which
'&Saggivcvgrgt 3?;55—* ! 2 S;_rﬁilsing introduces the time-sharing sampling errd@6].[ These errors
Protection Timé e o lor Time causle current Evaveformfﬂuctuztions similarr] to offset Ijitter,
resulting in the waveform distortion shown in31].
e OO ® o RV | Unfortunately, the time-sharing sampling errors cannot be
| 2 c ! [ Asymmetrical| | SVs Insertion Methofil9] |
ot T 3 s § compensated by a constant value, because they are related to the
s  Modifying SvPWM § current slope, the voltage vector, and its duration time.
;&‘Tw/on bt A e % = Vo Assuming that the current slopes are identical under the same
L"L’civ’v’é{’ciﬁdbb}h’gi ,,,,,,,, M ocitying  PWM Phase St et | vector in th_e same PWM cycle [36], the symmetr_lca_ll sampling
lCarnerFrequency oy — — method using symmetrical PWM waves can eliminate these

B 2 E——— errors simply and effectively. However, owing to the haigh,
AT\ § TommTin 3 it is difficult to generate symmetrical PWM waves while

e — R IRRA | ensuring sufficient duration time for . The current prediction
S — N g suff t duration t for SV. Th t predict
i P — i . . . .
- e s L | method is often selected irB(-[37], even if the variable
777777777777777 Epandng Carer Gyde | vt ves v, oo parameters affect the prediction results and the computational
© burden is heavy.
Fig. 1. Eliminating unmeasurable zones by hardware and software: (a) Based on the above analysis, the extensichiafis the key
limit factors of decreasing Tmin, and (b) methods of increasing Tiimi. to eliminate all the unmeasurable zones in the maximum

methods 10]-[29] are discussed. By using the differentmodulation circle and time-sharing sampling errors by the
observers, the current in the unmeasurable zones can shfmetrical sampling methodrig. 1(b) shows the cause of
estimated in literaturelD]-[12]. However, this method fails in unmeasurable zones in the low modulation of sector | and the
the low modulation area due to the lack of two-phase curremiethods of increasinGimii. Timit is determined by the algorithm
information at the same time, and the unmeasurable zones stilihe controller, including PCR algorithm and carrier frequency.
exist in the maximum modulation circle. To accurately measupdthough Timi can be enlarged by modifying the SVPWM
rather than estimate the current in unmeasurable zones, varigiglrithm in the above-mentioned methdghi: cannot exceed
advanced methodd 3|-[29] have been proposed, which can bejosTs without affecting the maximum modulation circle. The
generally divided into two categories according to the locatidfarsh Timi makes it difficult to generate symmetrical PWM
of the current sensor. In the first method, the current sensofngves. Meanwhilgto ensure the reliable current samplifigi,
uninstalled at the DC-link side 13]-[18], and theDC-link s set as 5 uslf]. With the carrier frequency of 10kHz, there are
current corresponding to the voltage vector must be changegl unmeasurable zones within the maximum modulation circle.
Although changing the position of the sensor is flexible anbecreasing carrier frequency is another method to expand
simple, the unmeasurable zones may just be transferred to o\V@fen T;,; is not equal to zero, with the decrease of the carrier
positions in the maximum modulation circle, i.e., thdrequency Timt increases appropriately, but the waveform is
unmeasurable zones might not be eliminatedTandis equal to distorted and the operation of PMSM is affected. Thus, it is
zero. To turn things around, the second method is put fotwardnecessary to bring forward a method with a loriges. As well
modify the seven-segment space vector pulse width modulatigg reducing the burden on the hardware circuit, a simple
(SVPWM) algorithm with a single DC-link current sensorsymmetrical sampling method can also be used to eliminate the
[19]-[29], where three typical examples are shown in Fig..1(bjime-sharing sampling errors.

By inserting three SVs that are added up to zero, literat®e [  Aiming at expandingiimit, @ method is proposed in this paper,
and P0] eliminate the unmeasurable zones in the maximumhich introduces different auxiliary vectors (AVs) for
modulation circle, andlimt probably does not exceed 4% prolonging the duration time of SVs. With the help of a larger
Works [21]-[26] move the pulse width modulation (PWM) T, it is possible to generate symmetrical PWM waves, thereby
waveforms without changing the duty cycle to obtain enougéimply eliminating time-sharing sampling errors by the
sampling time. These methods also have different and strigtimmetrical sampling method. Moreover, a longBimi
constraints onTmin. And Timic iS stipulated in literature2P],  (12.5%T) allows to relieve the pressure on the hardware of
which is 3.5%s approximately. The hybrid SVPWM methodscurrent loop, produce a more stable current waveform during
are raised ing7]-[29], which compensate for the duration timesampling, and improve the sampling accuracy by multiple
of SVs by introducing new vectors. 12§, a method adopts sampling. Besides, the switching times of IGBTs can be reduced
correspondingly comprehensive strategies for reference voltageabout one-third in the high modulation area.

vectors V). However, there may still be some stubborn This article is organized as follows. In Sectifirthe features

0278-0046 (c) 2021 IEEE. Personal use is permitted, but rePuincation/redistribution re%uires IEEE permission. See http://www.ieee.org/publications_standards/public:
Authorized licensed use limited to: University of York. Downloaded on July 18,2022 at 11:30:54 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation inforr
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 3
of AVs in the existing PCR method are analyZgdsed on the \ Vo, (SV)
analysis, the proposed PCR method with different AVs i W
presented in Section Ill. The calculationTaf;: for the proposed 'm
PHWKRG LV VKRZQ I &ectiod B VéxpRrineatal Vv, vy
results are presented. Conclusions are given finally. & A o)

Il. FEATURES OF AVS IN EXISTING PCR METHOD
A. Principle of Unmeasurable Zones Elimination Vs Ve \VAd Vs

@ (b)

Eight basic voltage vectors of the inverter are defined as thig. 2. Output vector area with one AV: (a) with Vs, and (b) with V.

zero vectorsYooo (Vo), Vi11 (V7), and six active vector¥igo (V1),
Vi10 (V2), Voo (Va), Vo1 (Va), Voor (Vs), Vios (Ve). The DC-link  increases, the area shrinks. It can be clearly illustrated from Fig.
current (pc) is related to the three-phase curreigsy(andic) in 2. When there is a fixeBhin, the output vector area is reduced by
different switching states2B]. The sum of the three-phase@ certain percentage. To generate symmetrical PWM waves,
currents is 0, so at least two SVs are indispensable for obtainf¢h duration time of SVs must be greater thBm.2With this
the three-phase currents with a DC-link current sensor in edbRit, the output vector area is further reduced. However, it can
PWM cycle. Furthermore, it is necessary to introduce one 8fill guarantee that there remamsunmeasurable zone with the
more basic vectors to assist in the synthesig«f increase offmin in some specific areas. In order to expangk,
Taking Fig. 1(b) as an example, each segment duration timellp¢ sector is divided into different regions in the proposed
SVs (]—Vl, TVZ) is shorter thaﬁ—min- The reconstruction currents methOd, and the different AV is used in the different region.
(ia iv) cannot be accurately sampled, therefore, modifying the However, as shown in Fig. 2(b), as longTas exists, there
SVPWM algorithmis proposed to eliminate the unmeasurabl@ust be unmeasurable zones in the low modulation area.
zones. Three typical examples in Fig. 1(b) are analyzed in detdinerefore, two AVs\, Vs) are introduced at the same time, and
Literature [L9] introduced three SVs whose sum is 0, and th@n output area appears, as shown in Fig. 3(a). Both form two
three-phase currents are thus obtained. Two sets of vector p4ftgtors paired with SVs in the opposite directions, i\, \(s)
Vi andVa, V> andVs with opposite directions are used to replace@nd V2, Vs). It is stipulated thafvi, Tvz, Tva, andTvs represent
part of the zero vectors i2J]. Literature P9 usesVa, V4 andVe the duration oW1, V,, V4, andVs. However, the output vector is
to replace all zero vectors. In the maximum modulation area, tAgly related to the values @1 minusTvs andTva minusTys,
duration time of shortest SV is equal T, S0 extending the resulting in a non-unique synthesis method. To solve this
duration time of SVs is the key to extefighi. The above three Problem, the duration of two vector pairs is specified byr0.5
typical examples essentially replace part or all of the zefld the output voltage area is shown in Fig. 3(b). The
vectors by adding active vectors to extdigk. In this paper, the Constraints can achieve a more balanced duration time of SVs
active vectors are used as AVs to replace all the zero vectd¥dd AVs, which can benefit the stability of motor control and
meanwhile, the two adjacent vectors of each sector are specifi@$e the computational burden. Meanwhile, as lofig.asioes

as SVs, which can guarantee the longest duration time of Sv§lot exceed 25%, it can be guaranteed that theis no
unmeasurable zone in the low modulation area, and the addition

B. Influence of AVs on Output Vector Area of restriction conditions has no effect on this range.
The introduction of AVs is regarded as an important methos V3 Va2, (sV)
to reduce the unmeasurable zones, i.e., superimposing differe
AVs can eliminate the unmeasurable zones of a specific part.
expandTimit, the features of AVs are studied. The addition of
different AVs has a special effeat ¥'s generated by SVs. If the 5
angle between AVands LV OHVV WKDQ ®&swilwK
increase theoretically, and the angle wsfift to the boundary of
WKH VHFWRU 6LPLODUO\ LI WKLV D
length ofVs will shorten and the angle will shift to the boundary @ b)
or low modulation area. Fig. 3. Output vector area with two AVs: (a) without restriction, and (b)
Combining the above analysis, the output vector area aftduration time of two vector pairs is equal.
introducing different AVs in sectoiAs represented in Fig.,2
where SVsadjig HQW WR WHRWRSéctorl® WM GLYL
into two parts by its angle bisectigr and the angle between the o .
upper partans LV OHVV WKDQ & 8 Y£5thieU ?dtfg'l\—f'dﬁ I%")%th @
output vector area expands in the boundary area of higﬁ)rtunatel ; Sectos

Vs¥ (AV) Ve

Feature of Each Sector

Ec'é'o%ing to the above analysis, each sector must be
a'g(ﬁs [P\FF algorithm more complicated
an coincide with sector | by rotating

modulation, as shown in Fig. 2(a). The angle between the upp¢ TABLE |

part andVs LV PRUH WKDQ & 8 Q G/ theW K RESULTS OF CONVERT Vger TO SECTOR .

output vector area expands towards the boundary area of lo iecéob _ Igl IEI

modulation, as shown in Fig. 2(b). Similarls andVes have the R RU ((-1ya+3klb])/2 (-17"'3Ka+ ]2

same effect as above on the lower part of the area. a RU a  (jaj+3b])i2 (3Klal T]o)/2
Ideally, the output vector area is the largest. AndTas k _WDQ &
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(s & FORFNZLVH V&dabe ldQuivblenDi@A TSV. The sum of output voltage areas of five regions is
in sector | for unified calculation. The equivalent projectedisplayed in Fig. 4(b).

valuesA andB for convertingVies to sector | are given in TABLE ~ Generally to ensure the smooth operation of the moYag,

I, where §| and Ip| are the unit lengths ai. andu, ands falls into the maximum modulation circle, i.e., the inscribed
represents the number of the sector. For example, Wheis circle of the regular hexagon. Therefore, if these two triangular
located in sector W , u , AandB are legibly shown in Fig. 2(a). areas are outside the maximum modulation circle, the stable
After the unified calculation is completed, the requikég can operation of the motor cannot be affected.

be generated according to the sector nuraber The modulation area is divided into three parts, and the
boundaries from the inside to the outside are named as low,
[ll. PROPOSED PCR SCHEME WITH DIFFERENT AVS medium, and high modulation circles, as shown in Fig. 4(b),

A harshTim: raises the higher performance requirements where the high modu[ation circle_is idgntical with .the maxim_um
PMSM drive systems. Meanwhil@m: limits the generation of ©ne In Fig. 5, the radius of the circle in low, medium, and high
symmetrical PWM waves, which makes it unfeasible to use tRedulation areas ar©, b, and Qd| respectively, and
simple symmetrical sampling method to eliminate th&artesian coordinate system is created.
time-sharing sampling errors. To exteMghi, a method with
different AVs is proposed to divide each sector into five regions
which is described in detail in this Section.

A. Region Division Method

Based on the analysis of the position characteristics and
HITHFWV RI WKH VL[ DFWLYH YHFWRUV
which is introduced in Fig. 4(ay1 and V- arecalled SVs, ani/s Fig. 5. Calculation of region division boundaries.
to Vs are named AVs. The AVs of region 1 afgandVs, and
Vief In region 2 or 3 can be synthesized by introdudipgr Va.
Likewise, Vs or Vs are used to synthesi¥e of region 4 or 5.

-GHG

The equation of the linek, I1, 12, 1z andls can be easily
obtained as follows:

N iy %/3 2)
Over Modulation Area . .
Medium < —47) ? |l X TS/2 Tmin (3)
Modulation /~ ’,f .
Circle 7>~ Ly \/§X/3 \/—3]—5/3 2/—a—min/ < (4)
|3 : y \/éTmin (5)
Low . . High. I4 : y \/éX 2\/—3]—”“” (6)
Moé‘i‘r"c‘;‘;“’“ VAV MOS#LTSOH Combining the above equations of (3) to (6), the coordinates

a) (b) v of pointsa andb can be obtained. The values 08, |Ob| and

(
Fig. 4. Redivision method of sector I: (a) defined five regions, and (b) |Oc| can be obtained as follows:
sum of output voltage areas of five regions.

joa| 2/3r,
The generation of symmetrical PWM wave leads to the ° -
reduction of Timit. TO extendTimit @S much as possible while g’pbl \/_31;/ 3 2/_3rmi”/ b @
generating symmetrical wavesonetime SV (OSV) is placed 4Oc| J_3T;/2

in the middle of the waveform, araltwo-time SV (TSV) is
divided into two parts on both sides of OSAV, OSV, TSV
corresponding to regions 1to 5arteD OXVWUDWHG L cﬁr‘?%‘%}%e}'}

In addition, regions 2 and 3, regions 4 and 5 are separated by
tséhe product®fand the unit value ofief. Vief falls

TABLE Il to region' 1 wherR is shorter thar(a|; it falls into region 2 or

BASIC VECTOR USED IN FIVE REGIONS FOR SECTOR |. 3 as long aRis longer thanQa| but shorter thaiop|. If A! ¥3B,
Basic Vectors ~ Region AV(s)  OSV TSV it falls into region 2, otherwise, it falls into region 3; Suppose

VoV, 1 Vo, Vs VilVe  ViIV: thatRis longer thanQb|, Vief falls into region 4 or 5. IA | ¥3B,

Vs Ve 2 Vs V2 Vi it falls into region 4, otherwise, it falls into region 5.

3 V4 V]_ V2
Vi, Vo 4 Ve Va Vi B. Duration Time of Applied Vectors
V3, VG 5 V3 V]_ V2

There are three constraints to decompagse

To ensure the accuracy of sampling, the duration time of 081\) The sum of vectors in the horizontal direction is equal to the

and TSV must be longer thahin and Zmin respectively. And horizontal prOJectlon_of/ref'. . o

the total durations of the vectors are equaTdoAccording to 2) Thel sum of vectors in Ithe vertical direction is equal to the
Part B of Secton® WKH GXUDWLRQV RI Wz REVRHRRYONOHs -yyv DUH

specified by 0.%s. Tv1 andTy- are also required to surpask. The sum of the durations of vectors are equakto

simultaneously to produce a symmetrical output voltage area for! N€ durations of OSV, TSV and AV in region 2 to 5 can be

dealing with their nondistinctive correspondence to OSV arftpSly calculated with the above three conditions, which are
required to generate the expected PWM waveform. The

calculation results are shown in TABLE III.
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In region 1, there are four active vectors used. In addition tc WM W . TAB'-BE v S Ao R

the above three conditions, it is also necessary to specify that tt A AT O e o SECTOR TANDREST OF
durations of the two vector pairs are T.5Therefore, the Sector - - A N
durations of the four vectols, V2, Vs andVs are calculated as: PWM P B a a a a

- 1 S iSe Sc iSa Se iSc

T Y4 A2 \/éB/ 6T 2 Se iSc Sa iSe Sc iSa

o 3 S iSa S iSe Sa IS

T, 14 J3B/3T, < - : -

® (8)  time-sharing sampling errors could be eliminated by generating

ZTV4 Y4 A2 \/?35/6 L the symmetrical PWM waves and replacing the current at the

intermediate moment with the average current under the
symmetrical duration of TSV. The location and information of
. the current sampling points are explicitly shown in Fig. 6.
C. PWM Synthesis Method Although the symmetrical sampling points change with the

To obtain a unique symmetrical PWM waveform, th&ajues ofT, andTs, the calculation method of PWM comparison
following constraints must be satisfied. OSV must be placed {ye is simple and fixed, i.eT4Ts)/2.

the middle of each PWM cycle, and TSV must be bisected andjn part C of Section Il, to conve¥es t0 Vief, Sectors can

placed on both sides of OSV. In region 2 to 5, AV is bisected @$incide with sector | by rotating{ & FORFNZLVH 7K}
both ends of the PWM cycle. Besides, the AVs are placed 9 converseViet back to Vier, SVs need to rotate counter
ensure the minimum switching times of IGBTs in each PWN|ockwise by ¢ & JRU H[DPSQRK lodtct @

s Y4 J3B/3T,

cycle of region 1. _ region 3 of sector Il, OSVid and TSV (k. QHHG WR URWI
After calculating the durations of TSVs and AV, T2 and  counter clockwise, corresponding teandis respectively.
Ts can be obtained, which can represent the transition time of tl AT AT
PWM signals. There are two AVs and three turning points it SLA'Tl—sj T, SZA'Tz—Sj
region 1, wherelys and TystTya are defined ad: and Ty, s T N ! :
respectively. And the duration time of the third vector can bt T o T —
calculated byTs=T»+Ts i1, whereTy, T, andTs are marked in Sl [T S
Fig. 6(a) From region 2 to 5T is equal to OT> is the duration la e la la b"° la
time of AV, andTs is defined as the total durations of AV and . @ . ® X
TSVin TABLE & Z K H4BHdT; are marked in Fig. 6]. S 3 T ST\ S ——— N —
TABLE Il S 1 [ Sel ! [ | SeC 1
DURATION TIME OF TSVS AND AVS IN SECTOR |. Do b —I b F s i b i
Region Duration time of TSV Duration time of AV(s) S 4; ‘ I+ AI,_ S i* ‘ ? ‘ ? o= 4; ‘ I+ ‘ +I ‘
1 Tu1 = 0.5T5(0.5+A ikB) Ivs = g.isgg.g::iﬁ)m °(C)a ¢ 2 @ ¢ e C(e) a e
2 Tv1=Ts (ATKB) T:: = 0:5|'Z(1.I'A ikB) Fig. 6. ‘PWM synthe_sis strategy gnd current sgmpling points in sector I:
3 Tvo= 2T kB Tva= 0.5Ts (1 iA ikB) (a) region 1, (b) region 2, (c) region 3, (d) region 4, and (e) region 5.
4 Tn=Ts ( i1+2A) Tve= Ts(l iA ikB)
5 Tve =T ( |1+A+3kE) s QTstE = Ts(LiA ikB) IV. CALCULATION OF Tumr, FLOWCHART AND

DiscuUssION FOR PROPOSED PCR METHOD

According to the abovementioned requirements, whe®, Calculation of Timi

Ts=100 s, Tmin=10 s, Vief enters unmeasurable zones of five |, the proposed method with different AVG;in must be less
regions by the seven-segment SVPWM method. Using thesn 1, as well, otherwise, some unmeasurable zones will

proposed method, the PWM signals\é in five regions are form in the modulation area. Without reducing the modulation
shown in Fig. 6(a)-(e), which eliminate previously unmeasurable. it is critical to calculatinGim.

zones. Through _the queform relationship of each seéotor e pointse, f andg are the intersections of linés |7 andls
TABLE a, combined with the number of the sector, the PWNiy, le, and pointd is the intersection of linek and y-axis,
waveform can be converted to the sector wheg€alls, where \\hich are all marked out in Fig. 7(a).
the negative signi} represents the complementary waveform
andx represents the number of regions.

D. Sampling Methods

Two-phase currents are reconstructed and the third pha
current is obtained indirectly through calculation in this method
Three sampling points are required in one PWM cycle, includin
two symmetrical sampling points under the duration time o @ )

TSV, and a midpoint under the duration time of OSV. Therig. 7. Range of Tmn: (@) calculation of Timg, and (b) output voltage
effects of random errors can be mitigated by continuouareas of maximum Tini.

samplingm (m>1) times at each sampling point. Suppose the
carrier frequency i&, and the sampling frequency im8. The

Establishing the coordinate system as illustrated, the
equations ofs to lg are expressed as follows:
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g0y \/§X+\/_3Ts/2 4\/'3|-min (9) C. Discussion
. 1) Switching frequency of inverter
lo-y \/§T5/4 (10) The switching frequency of inverter is described by the upper
iy 3x/3 J3r/3 a/[3,./¢ (1)  bridge arm IGBT switching frequency. Each branch has a
. different switching frequency, depending on the positioxaf

lg: /2 J3r_./2 12

RN 5/ V3 m'”/ (12 Compared with the seven-segment SVPWM method, one of the

g1y /3x 13 three branches switches twice in one PWM cycle of low

It is easy to access the coordinates of poilyte andf by modulation area, and one branch does not switch in one PWM
combining formulas (9) to (12) with formula (13), and the valuesycle of high modulation area. Besides, when the sector or

of |Od|, Od, [Of], [Og| can be obtained as follows: region changes, the switching state of a branch may get changed,
jod| \/’31;/2 4/‘3]-min Ieac!ipg to an .increas_e in the number.of switches. The number of
Oe| T/2 additional switches in each branch is related to the speed and
3@ 14 modulation area of the motor. The power frequency of motor is
Oof | T, 2T, f=np/60, wheren is the motor speed, amis the number of
3rOg| T T motor pole pairs. In one electrical period, each branch is

There is no nely-formed unmeasurable zone as long as thitched one, three and five extra timaddw, medium, and
length of Pd, f| and Pg| are longer tharO@l, Ob| and Od| high modulation areas, respectiveljhe switching frequencies

respectively and the link is invariably above the link, i.e., °f three modulation areasTi;eL:tl/own in the TABLE

lod' pﬂ' pgl are Ionger tha|0|a|, pbl’ DCI respectively, and SWITCHING FREQUENCIES OF DIFFERENT MODULATION AREAS.
|Od| is greater than 0. According to the above four constraint Modulation Areas Proposed Method
the value ofTimit/Ts is 0.125 by calculation. Therefore, whén Low 43 +np/60

is fixed andTmin is less thanTimi, i.e., 12.5%, thereis no Medium fo+np/20
unmeasurable zone in the maximum modulation circle, as sho\ High 2f/3 +np/12

in Fig. 7(b). Meanwhile, a larg€efimi: brings the following
benefits to the PMSM drive system:

1) Higher accuracyf the current sampling information.

2) Higher allowable PWM switching frequency

3) Lower hardware requirements of the current loop.

Compared with the traditional method, the switching times of
IGBTSs increase a lot in low modulation area. Since the motor
system is usually designed to work in medium or high
modulation area, this algorithm is acceptable.

2) Currentripple in capacitor
The current ripple in the capacitor can be reflected by the

DC-link current. In the seven-segment SVPWM method, the

DC-link current is zero under th@éuration time ofVy and V.

| Feedback three phase currents |

¥ : Especially in the low modulation area (longer action time of zero

| Generate/ey, a”dvca'w'ate Its sector | vector), theDC-link current ripple is small. However, the zero

| CONVErsd/;er 10 Vief (TABLEI) | vector of the proposed method is synthesized through the active
v

vectors. The currents are opposite to each other when the vectors

Divide th ies of regiors;. ) ) L .
ide the boundaries of regiors. 7, act in opposite directions, therefore, a large DC-link current

and calculate the region gt

v fluctuation must be generated with the long duration time of zero
Select SVs and AV(S) O (TABLEIN), vector compared with the traditional method.
and calculatd+sy andTay(S) (TABLE 1)
v
CalculateTy, T, andT;, and generate PWM wave o V. EXPERIMENTAL RESULTS
Veer and SamFl'ing pOnt&Fig.6) To validate the correctness and effectiveness of the proposed
Get PWM wave 0¥ (TA8LE Iv), and correspond PCR scheme with different AVs, an experiment platform is set
sampling point to relevant phase up, which is shown in Fig. 9. In Fig. 9(a), the power source
- X - - component is supplied by the AC grid through an isolated
Sgrr?é)laeszg:'anﬁglrifgnéﬁ:::rf fosg?;sg?]? Sr?;gt: transformer anq_then convgd:to .the DC yoltage source (220 V)
¥ by using a rectifier. The driver is supplied with a rectifier and a
| Reconstruct three phase currents | DC-link capacitor. A controller, a sampling board, an inverter,
END andadrive board are used in the control platform to complete the
Fig. 8. Flowchart of proposed PCR scheme with different AVs. closed-loop control of the motor drive. The controller (DSP
TMS320F28379D) receives the feedback information from the
B. Flowchart for Extracting Phase Currents sampling board and resolver decoder, and produces drive signals
The Speciﬁc steps of the proposed method are clarified @ the drive boards of the inverter. The DC-link current sensor
Section Ill. To clearly illustrate the proposed method, thd-A 25-P) is installed on the sampling board. The drive unit
flowchart to reconstruct the phase currents from dc-link curre@glopts the Infineon IGBT module (FS100R12KT4), which
is shown in Fig. 8. generates the same switching frequency (10 kHz) as that by the

PWM carrier. PMSM in the experiment with a resolver can
provide the position signal of the rotor, and is loaded byhamot

0278-0046 (c) 2021 IEEE. Personal use is permitted, but rePuincation/redistribution re%uires IEEE permission. See http://www.ieee.org/publications_standards/public:
Authorized licensed use limited to: University of York. Downloaded on July 18,2022 at 11:30:54 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation inforr
Transactions on Industrial Electronics
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 7

motor, with its main parameters given in TABLE Meanwhile lower 5 kHz carrier frequencies are recorded, respectively. The
the experimental platform architecture is shown in Fig. 9(bfurrent measurement methods are shown in Fig. 8(b), where the
where the oscilloscope measures the signals from DAC, drigetual currentsi{ a, in_a, ic_a) Of the motor are measured by the
board, current clamps, and torque senstie DSP is used to current clamps, and the reconstructed ones i r ic r) in the
obtain the DAC signals, which can produce three DACs at ti¥SP are output by the DAC. The waveform&af iy a, ic »and
same time. The output signal of DAC and the input signal of thgr iv_r ic r are consistent. The results are shown in Fig. 11,
oscilloscope in Fig. 9(b) are just for illustration, and the outputhere the motor speed is 850 r/min under the rated loads. The
of different signals depends on different experiments. carrier frequencies of Fig. 11(a) abi{b) are 10 kHz and 5 kHiz

Fig. 10 shows the PWM signals of different sectors of eactespectively. The current ripple in Fig. 11(a) is smaller, and the
modulation area. The information of sector and region ak®ltage utilization in Fig. 11(b) is higher. Reducing the
marked in Figl0, andSs, Ss, and are the signals that control switching frequency does not affect the reconstruction accuracy.
the action of the upper power switches of the three bridge armsThe actual driving performance is affected by the accuracy of
Fig. 10(a) shows the PWM signals when tigs falls into the the reconstructed currents and the fluctuation of the motor speed.
low modulation areaxE1). One cycle of each sector is extracted o explore the effect of the errors between the measured and
and amplified to verify the correctness of the PWM signals. Figeconstructed currents on the drive performance under different
10(b) shows the PWM signals in the middle vector are2 or loading conditions, the actual midpoint currenf ) and
3). Similarly, a PWM cycle of different regions in each sector iszconstructed currenta(gr) of phase A are compared under no,
enlarged and displaced, verifying the correctness of the resuhialf, and rated loading conditions. The errors currentd and
Fig. 10(c) shows the PWM signals in the high modulation areaotor speed are obtained, as shown in (a), (b), and (c) of Fig. 12,
(x=4 or 5), and the result of two-fold magnification of the signaiespectively. The waveforms df g and ia m are basically
Si is shown in this figure as well. Compared with the traditionadoincided in three different loading conditions, and the root
SVPWM algorithm, the switching times are reduced by abomtean square (RMS) @firorsis 0.2017A, 0.2671A, and 0.3079A
onethird in the high modulation area.

To verify the correctness and feasibility of proposed PCR
method with different carrier frequencies application, the actua
and reconstructed currents of the motor with higher 10 kHz ant

vy .n Region Resolve:l‘_
TMS320F28379D |p Sector Decode ‘ h
Proposed PCR Scheme é o r i il
with different AVs Tc R
iDC PWM Signal PWM Signals| Oscil
- 0y
Sampling Drive .b’:f sciloscope
2 ; Board Board Ton”
e DC-link Toc A, |
Currlgnt Drive |[Curren Torqu n (b)
. [ Sensor ignalg Clamp Senso ¢ i : :
Ipc @ ~ i : : : A
T Capacia] | INVerte —‘j—% PMSM ;»— Region . ‘
(b) L — TR
Fig. 9. Experimental setup: (a) experimental components, (b) UL L ARAXRRNRYYNIIN
experimental platform architecture. T T T VUV UW UL L g
IR A, SRS A
TABLE VI " -
MAIN PARAMETERS OF PMSM FOR EXPERIMENT. = ESa Do S :
Parameters Value Parameters Value Phoar oo T
Rated Power 1.0 kW Line Resistance 1 . | ) ! !
Rated Voltage 220V Line Inductance 2.64 mH i Time (2 ms/div)
Rated Current 4A Rated Speed 2000 rpm (c)
Rated Torque 5N-m Pole Pairs 4 Fig. 10. PWM signals of three modulation areas: (a) in low modulation

area, (b) in medium modulation area, and (c) in high modulation area.
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Fig. 13. Waveforms of DC-link current and three-phase currents in
region 1 of sector b

TABLE VII
COMPARISON OF TWO SAMPLING METHODS.

Sampling Method i, (A) Ua(A) ib (A) Gip (A)

Actual Current 0.76 0.67
Single Point 0.21 -0.55 1.27 0.60
Proposed 0.89 0.13 0.59 -0.08

one calculated above, angr which is used for closed-loop
: : -~ control may be more precise. Compared with the first method of
PEVGV VNV VNNV VT PCR [13]-[18], although the accuracy of the proposed method is

Time (20 ms/div) slightly lower, the wiring of this method is simpler and the
Fig. 11. Actual and reconstructed(?:)urrent waveforms: (a) with 10 kHz modulation area does not reduce. Compared with the Sec.ond
car.rier frequency, and (b) with 5 kHz carrier frequency. mEthOd [19]-[29], the pl’OpOSQd method Pr°|°”93 .the durat'_on
21572/ (vAalade aweinda ans aats aadesndasasnny time of SVs and weakens the influence of time-sharing sampling
ISR S USSR S errors, which hash higher reconstruction accuracy.
N Doliie ] Whenthe WHFWRU IDOOV LQWR WhasldRi@e R
PHOO0rpmidiy: A close to 0, the actual DC-link curreribd ») and the actual
e TratEER EECTERERRE three-phase currents (, in_a, ic_a) are shown in Fig. 13The
L1....;....;....i....i..S.P.‘?‘?F?;....i....i....;....i current waveforms of one PWM cycle are marked with the
) Time (10 ms/div) yellowish shadowed area, where the AWs:(, Voor) and SVs
N C (V100 Vi10) are used. When TSW(yo) is generated, current
§10Nd'V; ;iaiM! l ' ' ! ' ] samplings are performed on TSthd TSR, when OSV Y119 is
TN NS s NS generated, one sampling is performed on OSP. The average of
ATy iejm b Itsprandlrsp2(ia R is used to estimate the midpoint currént,
E D] losp(-ic_r) is used to estimate the midpoint current, andiy ris
o speed: reconstructed by, r andic r. Compared with the traditional
< Time (10 ms/div) single-point sampling method, the errors of the two methods are
shown in TABLE VII. The sampling method of symmetrical
points is simple and effective to eliminate the time-sharing
sampling errors. In addition, the duration time of the SVs is
greater than one-eighth of the cycle, and the DC-link current at
the sampling point is relatively stable.
r To verify the effect of the proposed method at low speeds, the
£ Time (10 ms/div) target speed is set to vary between 5_0 rpom and 200 rpm (rated
© speed 2000 rpm)._ -The Wavgfornjs QIA and speed undgr
Fig. 12. Waveforms of i, g, ix_w, ierors, and speed under different loading different load conditions are given in Fitd, where the load is
conditions: (a) at no loading condition, (b) at light loading condition, and applied at 200 rpm. The motoanrun stably at low speed. To

(c) atrated loading condition. verify the range of the maximum modulation area, the speed

under no, light, and rated loading conditions, respectiviely,s target is set to the rated speed (2000 rpm), and the waveforms of
decreases as the load decreases. The motor &pbadically torque, speed, the actual curregt, and the reconstruction
stable at 850 rpm. These errors do not have significant impact@#rentsia r are shown in Fig. 15. The rated speed can be
the actual drive performance at different loading conditions. THgached, and the waveformigfz follows ia_a accurately.

proposed method has no unmeasurable zones in the maximumho compare the effect of introducing AVs on the current
modulation arederorsis generated by the measurement errors dfpple in the capacitor, the motor is driven by the traditional
current sensor and the sampling errors of current samplifyPWM method and proposed method, respectively. The
hardware circuit. Besideshese errors may be introducedDC-link current waveforms for six electrical cycles in different
through the DAC output, therefoligyorsmay be smaller than the modulation areas are generated by the traditional SVPWM
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Fig. 14. Waveforms of i, a and speed under different load conditions.

SNemvdiv - -

TE : : ]
PEa000rmpidiv T [ Torque

“}P”

: 10A/dIV --g----g----

Time (4.5 ms/div)
E (c)
Time (4 ms/div) Fig. 16. DC-link waveforms of traditional SVPWM method (ipc 1) and
proposed reconstruction method (ipc_g): (&) in low modulation area, (b)
in medium modulation area, and (c) in high modulation area.

Fig. 15. Waveforms of torque, speed, ia_r and ia_» under 2000 rpm.

method (pc_1) and proposed methodh¢ r) respectively, which

are shown in (a), (b) and (c) of Fifge. The sample standard Vi
deviation (SD) is used to measure the magnitude of the ripple. In o '
the low modulation area, the SD gk r andioc T is 2.1530A To eliminate the unmeasurable zon€si,, must be shorter
and 0.9828 A, respectively. In the medium modulation area, tH&&nN @ harshTimi, which raises the higher performance
SD ofipc g andipc Tis 2.3094 A and 1.5265 A, respectively. |nréquirements on PMSM drive systems. Meanwhile, a shorter

the high modulation area, the SDigé r andioc 1 is 1.1652A Timit limits the generation of symmetrical PWM waves, which
and 1.2933 A, respectively. Larger ri_pples are generated in |d0akes it unfeasible to use the symmetrical sampling method to
and middle modulation areas witVs instead of zero vectors. €liminate the time-sharing sampling errofBherefore, the
The ripple in the high modulation area is attenuated Mitls. exten_sion ofl'nn_qit is the kgy to eliminate the unmeasurable zones
To compare the efficiency value of the proposed method, tR8d time-sharing sampling errofto extendTimi, @ method is
seven-segment SVPWM without AV is chosen. Under the sarREPPosed which adopts different AVs for prolonging the
working conditions, the output power of two methods is equagllura'uon_tlme of SVs in different regions. The following merits
and their input power can reflect the difference in efficiencyré obtained. _
Therefore, a DC power supply can be used to compare the A longer Timit (12.5%Ts) allows to relieve the pressure on
efficiency of the two methods. The motor is controlled under the  the hardware of current loop, produces a more stable current
same working conditions by two methods, respectively. The Waveform durlng Samp'mg, and improve the sampling
output current of the DC power supply is recorded, and the @accuracy by multiple sampling. _ o
efficiency of the two methods is compared with the outpit) The time-sharing sampling errors can be simply eliminated
current. The DC power supply provides 310 V DC, and the bPY generating a symmetrical PWM waveform, which can
motor speed in the low, medium and high modulation area is 500, effectively prevent the distortion of the reconstructed
1000, and 2000 rpm, respectively. The output current of the Current waveforms. _ .
seven-segment SVPWM method is 0.594 A, 1.386 A, and 263) The switching times of the inverter can be reduced in the
A in the low, medium, and high modulation areas, respectively. Nigh modulation area, which could greatly reduce the losses
The output current of the proposed method is 0.683 A, 1.452 A, ©f the inverter. _ _
and 2.621 A in the low, medium, and high modulation areas, " conc!usmn, the presented _method provides a new solution
respectively. Because the number of switching times in the IRy modifying the SVPWM algorithm for the PCR technology.
or middle modulation area is larger, the method with AVs is less
efficient. However, in the high modulation area, the proposed REFERENCES
PCR method of introducing AVs instead of zero vectors is mofd K. Yu,Z.Wang,X..DQJ DQG = onfnX fluxQimation for dual

- _ three-phase SPMSM drives using position-offs@t\ H F VR ERRTgaris.
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