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A Simplified Predictive Current Control of Open-End
Winding Permanent Magnet Synchronous Motor

Sagar Gajanan Petkar

Abstract—Model predictive current control (MPCC) of a 4-level
inversion fed open-end winding permanent magnet synchronous
motor (OEW-PMSM) using 37 voltage vectors (VV) suffers from
the disadvantage of the increased computation burden. A high
computation burden on the processor puts a limit on the selection of
the minimum sampling time. In this article, a novel method is pre-
sented for reducing the computation burden. The proposed method
reduces the number of candidate VVs from 37 to a maximum of
4 and a simple cost function is proposed to select the optimal VV.
The proposed method calculates the change in stator current (CSC)
needed to obtain the required change in the stator flux. The CSC
vector is in the direction of the required change in the stator flux,
which is used to shortlist the candidate VV for the reduced control
set. The required change in the flux is obtained using the reference
stator current of the next sample. The multiple predictions of the
d-q currents are eliminated and a simple cost function based on
the difference between per-unit CSC and candidate VV is used to
simplify the calculations. The proposed method is experimentally
tested and compared with existing MPCC. The results confirm the
effectiveness of the proposed scheme.

Index Terms—Permanent magnet synchronous motor drive,
predictive current control.

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has

wide industrial applications due to multiple merits like high
power density, simple structure, high efficiency, and wide speed
range [1], [2], [3], [4]. The power delivered by the PMSM would
be restricted owing to the inverter power handling capacity. This
deficiency is overcome with the introduction of the open-end
winding configuration of PMSM (OEW-PMSM). The OEW-
PMSM is achieved by opening the neutral point of the PMSM
and connecting a second inverter across it [5]. The stator winding
of OEW-PMSM is supplied simultaneously by both the inverters
connected on two sides. This doubles the power capacity of
the PMSM system and can be conveniently used in high-power
applications [6]. Also, the OEW-PMSM is characterized by the
multilevel phase voltage, which leads to precise torque control
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and fewer harmonics in the stator current [7]. The OEW-PMSM
drive can be classified into two types depending on whether
the dc voltage sources used for two inverters are common or
separate, i.e., OEW-PMSM drives with a common dc voltage
source [8] and OEW-PMSM with an isolated dc voltage source
[9]. In OEW-PMSM with isolated dc voltage sources, different
multilevel voltage effects can be achieved by selecting the proper
ratio of dc link voltages [10]. This arrangement of two isolated
dc voltage sources makes the drive more complex and costlier.
In OEW-PMSM with a common dc source, both the inverters
share the same dc voltage source and the drive requires only
one dc voltage source. In this configuration, a zero-sequence
loop is inherently present due to a direct connection between
two inverters with a common dc link [11]. This would result
in zero-sequence current (ZSC) to flow in the zero-sequence
loop under the presence of zero-sequence voltage. The most
commonly used configurations of OEW-PMSM are three-level
and four-level inversion fed OEW-PMSM. A 3-level inversion
fed OEW-PMSM uses 19 voltage vectors (VV) that are pro-
duced through different switching conditions and with equal
dc-link voltages of the dual inverters. The 4-level inversion fed
OEW-PMSM uses 37 voltage vectors which are produced by the
dual-inverters with dc link voltages in a ratio of 2:1.

Direct torque control (DTC) is a simple and popular control
method for the PMSM drive. However, DTC suffers several
drawbacks like high ripples in the torque and stator flux. Recent
advancements in digital signal processors have started the exten-
sive use of model predictive control (MPC) methods for obtain-
ing the elevated performance of PMSM [12]. MPC has several
merits like a fast response, high accuracy, and simple structure.
Based on the control variables, MPC is classified into model
predictive torque control (MPTC) and model predictive current
control (MPCC) [13]. MPCC is simpler as compared to MPTC
and does not involve any weighting factor in the cost function
thereby eliminating the problem of the tuning of the weighting
factor. The application of MPCC to three-level and four-level
inversion fed OEW-PMSM drive involves the prediction of stator
currents for every available VV during each sampling interval.
The predictions of stator currents for a four-level OEW-PMSM
are complex and put a huge computation burden on the digital
processor.

Siami et al. [14] presented a computationally efficient MPC
of a matrix converter fed PMSM drive to reduce the prediction
VVs from 25 to 10. In [14], a look-up table is proposed to
reduce the count of VVs. The proposed look-up table in [14]
uses the position of the input VV, the direction of the stator flux
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vector, and the torque demand. The method presented in [14]
has reduced the computation burden by 40%. In [15], the branch
and bound method is proposed to reduce the execution time of
the MPTC-operated PMSM drive. The technique presented in
[15] enables the use of MPTC over a long prediction horizon to
improve the steady-state response of the PMSM drive.

The predictive torque control of a five-phase induction motor
drive using selective VVs is presented in [16]. The control
performance in [16] is the same as that of the conventional
MPTC of a five-phase induction motor. The control set of the
VVs is reduced by using the sector information of the stator
flux vector and the torque error. As the VVs in the control set
are reduced from 32 to 16, there is a considerable reduction in
the computation time of the MPTC algorithm. A novel MPCC
of the open-end winding induction motor drive in the A-B-C
reference frame is presented in [17] for improving the algorithm
complexity. The open-end winding induction motor in [17] has
used dual inverters with a common dc-link. In this method, the
reference currents in the A-B-C reference frame are found. The
stator currents in the A-B-C frame for the next sampling instant
are predicted with the possible stator phase voltage as +Vpc, 0
or —Vpc. The method presented in [17] has successfully reduced
the computation burden on the controller through the reduction
in the total number of predictions from 27 to 9. This method has
also suppressed the zero-sequence current in the motor.

A simplified MPTC of four-level inversion fed open-end
winding induction motor drive to alleviate the computation time
is presented in [18]. The shortlisting of the VV is based on the
nearest VV selection. A total of 12 VVs nearer to the optimal
VV of the previous sample are shortlisted to form a reduced
control set. The technique presented in [18] has shortlisted the
VVs in the control set from 37 to 12. The shortlisting of the
VVs has reduced 25 prediction calculations in every sampling
interval. This method has reduced the computation burden by
43%. Authors in [19] have presented a less complex deadbeat
MPCC of OEW-PMSM drive with ZSC suppression. In [19], the
components of a reference VV are found based on the deadbeat
theory. A reduced control set of candidate VVs is formulated
by using the components of the reference VV. A VV present
in the control set and matching the reference vector is selected
as an optimal vector based on the optimization criteria. This
method has considerably reduced the computation burden on
the controller.

Luo and Liu [20] have proposed a less complex model of
predictive flux control for a six-phase PMSM. In [20], a look-up
table is used to exclude useless VVs for reducing the computa-
tion burden. The look-up table uses the sector number in which
the flux vector is located along with the torque error, which is the
difference between the reference torque and the actual torque.
The computation time with [20] is reduced by 28.3%. An indirect
reference VV-based MPC method is proposed in [21] for reduc-
ing the computation burden of the model predictive controlled
PMSM drive. In [21], instead of calculating the reference VV
in the traditional manner, the reference vector is found using
two two-level hysteresis comparators. The complex -/ plane
is divided into six triangular regions. The six VVs are selected
for the predictions which are present in the same region as the
reference vector.

A computationally efficient and simple weighting factor less
MPTC of two-level inverter fed induction motor is proposed
in [22]. Based on the previous VV, a group of four VVs is
selected for the predictions. The predictions and evaluation of
cost function are reduced from seven per sample to four per sam-
ple, thereby causing a 5% reduction in the computation burden.
The improved MPC schemes of PMSM with better response are
presented in [23], [24], and [25]. In the presented MPC methods
[23], [24], [25], there is a reduction in the computation burden
along with the reduced ripple in the torque. The motivation
for this article is to further reduce the computation burden in
a four-level OEW-PMSM drive.

This article proposes a technique for reducing the heavy com-
putation burden in a four-level inversion fed MPCC of OEW-
PMSM drive. The proposed technique in this article reduces
the existing control set of 37 VVs and forms a further shorter
control set which includes a maximum 4 VVs. A space vector of
the required change in stator current (CSC) is calculated from
the predicted current of the next sample, which is obtained from
the speed proportional-integral (PI) controller. The complex «3-
plane is divided into 12 equal sectors and each sector is split into
3 zones. The sector number and the zone number are found in
which the required CSC vector is located. Both the sector number
and zone number are used for deciding the candidate VVs of the
reduced control set. The per-unit candidate VV in the reduced
control set, which is nearer to the per-unit required CSC vector,
produces the change in the stator flux needed to achieve the
predicted current. Therefore, this VV is selected as an optimal
VYV for the next sampling interval. The proposed method of this
article decides the optimal VV without multiple predictions of
the stator currents corresponding to each candidate VV. The
absence of multiple predictions and a considerable reduction
in the count of candidate VVs of the control set contributes to
the reduction in the number of arithmetic operations, thereby
reducing the computation time. The major contributions to this
article are indicated in the following.

1) Unlike the existing methods which are based on the ref-
erence voltage calculation for reducing the calculation
efforts, the proposed method calculates the required CSC
vector for shortlisting the VVs. The proposed scheme is
simple and effective and considerably reduces the count
of the candidate VVs in the reduced control set.

2) The response of the reference VV-based methods for re-
ducing the computation burden depends on the accuracy
of the stator resistance. The proposed method does not
require the stator resistance magnitude for the calculation
of the CSC vector and the drive response is not affected
by the changes in the stator resistance magnitude due to
the temperature variation.

3) A new cost function without a weighting factor is intro-
duced in this article, which directly compares the per-unit
CSC vector with per-unit candidate VVs for selecting
the optimal VV. With the introduction of the new cost
function, the time-consuming stator current predictions
for different candidate VVs are eliminated.

4) In the proposed scheme, the calculation complexity is
reduced considerably due to the reduced control set and
elimination of the current predictions, thereby causing a
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Fig. 1.  Circuit topology for four-level inversion fed OEW-PMSM.

substantial reduction in the computation time of the MPCC
algorithm.

This article is organized as follows. Section II presents the
mathematical model of the OEW-PMSM. The conventional
MPCC of the OEW-PMSM drive is discussed in Section III.
Section IV explains the proposed MPCC of the OEW-PMSM
drive. Experimental results are indicated and discussed in Sec-
tion V. Finally, Section VI concludes this article.

II. DYNAMIC MODEL OF PMSM

The topology of dual inverter fed OEW-PMSM is illustrated
in Fig. 1. In this topology, two different two-level voltage source
inverters (VSI) are used. The two VSI are fed with two isolated dc
voltage sources (Upci and Upcz). To obtain four-level voltage
across PMSM, the dc voltage magnitude of Upc; and Upcs is
setintheratioof 2:1 (i.e., Upc1 =2Upc/3 and Upco = Upc/3).
In this OEW-PMSM configuration, if each VSI is operated
independently with eight different switching combinations, the
pole voltages corresponding to each inverter are presented as per
the following equations:

Uao S,

a 2U a

Uy | = ( SDC> Sh (1)
UcO Sc
U 0 S /

a’ U a’
Upy | = (;C) Sy )
UC'O’ SC’

The phase voltage across stator winding of OEW-PMSM is
given by

Uaa’ 2/3 o 1/3 a 1/3 Ua() - Ua’()’
Uw | = 71/3 2/3 71/3 Upo — Upo | . (3)
UCC’ — ]./3 — 1/3 2/3 UCO — UC’O’

The stator voltage of PMSM in the stator reference frame is
presented by

aT.

_>
Us = R Ly
* dt

+7 ¢rw7 4)

where 1? =1, e/, and R, and L, are the per-phase stator
resistance and inductance of the PMSM. U and I are the space
vectors of the stator voltage and stator current. The magnitude
of the rotor flux linkages is ;.. w,. and 6, are the rotor speed in
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Fig.2. Control diagram of MPCC of OEW-PMSM.

electrical rad/sec and rotor position angle in electrical radians,
respectively.

From (4), the differential equation of d and g axes stator cur-
rent in the rotor reference frame are presented by the following
equations:

. 1 R, Yy
- = — s I TI s
@ = 1, Vo g e morlas = ©)
dlgs 1 Ry
= 7 s —1 s rI s 6
7 I Uds — 7.k + wr g (6)

where Uy, and Uy, are the d and g axes components of stator
voltage space vector in the rotor reference frame. I, and I, are
the d and ¢ axes components of the stator current space vector
in the rotor reference frame, respectively.
The speed-torque dynamics of the PMSM drive are presented
by
dw, P

@~ oy Ma— M)

where M| is the load torque, J is the polar moment of inertia of
the PMSM drive, P is the number of poles in the PMSM, and
M ; is the torque produced by the PMSM and can be indicated

by
My = <z) <§> wrlqs.

The above equations characterize the complete dynamic
model of the OEW-PMSM drive fed with dual inverters having
isolated dc sources.

(N

®)

III. CONVENTIONAL MPCC orF OEW-PMSM

The MPCC of four-level inversion fed OEW-PMSM is ex-
plained in this section. The control diagram of MPCC of OEW-
PMSM is indicated in Fig. 2. The dual inverters are fed with the
isolated dc voltage sources whose magnitudes are in the ratio of
2:1. In this configuration, 37 distinct VVs can be realized across
the stator winding of the OEW-PMSM. The location of the volt-
age space vectors in the complex aS—plane is shown in Fig. 3.
These voltage space vectors along with their real and imaginary
components are listed in Table I. In the MPCC of OEW-PMSM,
the d and g axes stator currents are the basic control variables and
there is no requirement for the estimation of the electromagnetic
torque and stator flux. In PMSM, the electromagnetic torque is
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Fig. 3. Voltage space vectors for four-level inversion fed OEW-PMSM.

a function of the g-axis stator current. Therefore, the variations
in the g-axis stator current produce proportional changes in the
electromagnetic torque. The speed PI controller generates the
reference for the g-axis stator current. Similarly, the changes in
the d-axis stator current create proportional changes in the stator
flux. The permanent magnets on the rotor are responsible for the
generation of the flux. Therefore, the reference for the d-axis
stator current is set to zero.

The dc voltage and stator currents are sensed and the space
vectors for the stator voltage and stator current are found. The
sampling of a signal and its analog to digital conversion involves
afinite delay. Therefore, to compensate for the introduced delay,
one-step delay compensation is performed.

The stator current space vector in the stator reference frame
after one-step delay compensation can be represented by

L () =T )+ = (Totn = 1)
BT ()=t () €*)  (9)

where IQ—T: is the stator current space vector found using the
measured instantaneous stator currents. 7’ is the sampling time
and 7 is the sample number.

After delay compensation, both of the control variables (i.e.,
I4s and 1) are predicted for 37 different VVs as per the
following equations, which are obtained after discretizing (5)
and (6) using the Euler’s first-order approximation:

Iys (n+1) =145 (n)+ Z—Z (Ugs — Lgs (n) Ry

Ll () wr (n) (10)
Tye (04 1) = Toe () + 1 (U — Lo () Ry

- Lolay (W) ey (0) — o (). (1)

TABLE I
VVs FOR FOUR-LEVEL INVERSION FED OEW-PMSM

Space VSI-1 VSI-2

Vector Switching Switching U U
U, State State * b

(Saysbasc) (Sqaasqbps,c)

U (0,0,0) (0,0,0) 0 0
U (0,0,0) 0,1,1) (2/9)Upc 0
Us (0,0,0) 0,01  (1/NUnc  (/3/9) Unc
Us; (0,0,0) (1,0,1) (=1/9)Upc (3/9) Upc
U, (0,0,0) (1,0,0) (—=2/9)Upc 0
Us (0,0,0) 110 (=1/9Upc  (—/3/9) Upc
Us (0,0,0) (0,1,0) (1/9)Upc (=V3/9) Upc
U, (1,0,0) 1,1,1) (4/9)Upc 0
Uy (1,0,0) (1,0,1) (1/3)Upc (\/§/9) Upc
Uy (1,1,0) (1L1L1) 2/9Upc  (2v3/9) Upc
Uy (0,1,0) 0,1,1) 0 (2v3/9) Upe
Ui (0,1,0) L1y (=2/9Upc  (2v/3/9) Upc
Un, 0,1,0) (1,1,0) (=1/3)Upc (/3/9) Upc
Ujs 0,1,1) (1,1,1) (—4/9)Upc 0
Un (0,0,1) (1,0,1)  (-1/3)Usc  (=v3/9) Upc
Us (0,0,1) (1,1,1) (=2/9Upc  (—2/3/9) Unc
Uss (0,0,1) 0,1,1) 0 (—=2v/3/9) Upc
Uy (1,0,1) L1 (2/9Upc  (=24/3/9) Upc
Uss (1,0,0) (1,1,0) (1/3)Upc (=V3/9) Upc
Uy (1,0,0) 0,1,1) (2/3)Upc 0
Uz (1,0,0) 0,01  (5/NUsc  (3/9) Unc
Uy (1,1,0) 0,1,1) (4/9)Unc (2/3/9) Unc
Uz (1,1,0) 0,0,1) (1/3)Upc (3/3) Upc
Uy (1,1,0) (1,0,1) (1/9)Upc (v/3/3) Unc
Uy (0,1,0) (0,0,1) (=1/9Upc  (\/3/3) Upc
Uss 0,1,0) (1,0,1) (—1/3)Upc (3/3) Upc
Uz 0,1,0) (1,0,0) (=4/9DUpc  (24/3/9) Upe
(%% 0,1,1) (1,0,1) (=5/9)Upc (/3/9) Upc
Uss 0,1,1) (1,0,0) (=2/3)Upc 0
() 0,1,1) (1,1,0) (=5/9)Upc (=V3/9) Upc
Us 0,0,1) (1,0,0) (—=4/9)Upc (—V3/9) Upe
Uy (0,0,1) (1,1,0) (=1/3)Upc  (=3/3) Unc
Us, (0,0,1) (0,1,0) (=1/9)Upc (_\/§/3) Upe
Us; (1,0,1) (1,10 (1/9)Upc (—V3/3) Upc
Us, (1,0,1) (0,1,0 (1/3)Upc (—V/3/9) Upc
Uss (1,0,1) 0,1,1) (4/9)Upc (_2\/3_)/9) Upc
Uss (1,0,0) 0,1,0) (1/3)Upc (—V3/9) Upc

A cost function (X), defined by (12), is evaluated for every

pair of predicted currents, and the VV, which minimizes the cost
function, is selected as the optimal VV. The selected optimal VV
is applied across the OEW-PMSM in the next sampling interval.

X =}, —Iis(n+ 1) +

I, —Ips (n+1)|. (12)

In 4-level inversion fed MPCC operated OEW-PMSM, 37
prediction calculations of d-g axes current, corresponding to
every available VV, take place in each sampling interval. The
prediction process in the conventional MPCC is time-consuming
and puts a heavy burden on the digital processor. Because of this
reason, there is a minimum limit on the selection of the sampling
period.

IV. PROPOSED MPCC or OEW-PMSM

An MPCC-operated 4-level inversion fed OEW-PMSM re-
quires 37 predictions of d-g axes currents in every sampling
interval. Each of the 37 available VVs is considered for the
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Fig. 4. Control diagram of proposed MPCC of OEW-PMSM.

prediction of the currents. The prediction process is time-
consuming and places a heavy burden on the digital processor.
This also puts a minimum limit on the selection of the sampling
period. In the proposed MPCC, the number of calculations is
significantly reduced, thereby achieving an extensive drop in
the computation burden of the digital processor. In the proposed
scheme, the computations are reduced in two steps. In the first
step, the count of VVs used for the predictions is reduced and
up to four VVs are shortlisted for the modified control set. The
space vector of CSC is calculated. The magnitude and direction
of the CSC vector are used for obtaining the reduced control
set. In the second step, the complex predictions of the control
variables are eliminated and the VV from the reduced control
set which is nearer to the CSC space vector is selected as an
optimal VV.

The control diagram for the proposed MPCC fed OEW-
PMSM is shown in Fig. 4. The circuit structure of the proposed
scheme is the same as that of a conventional four-level inversion
fed OEW-PMSM. The control technique for the proposed MPCC
is explained in steps and contains two parts: 1) shortlisting of
VVs for the proposed control set and 2) selection of optimal VV.

A. Shortlisting of Voltage Vectors (VV) for the Proposed
Control Set

The active VVs produced by the dual inverters include 6
small vectors, 12 medium vectors, and 18 large vectors. In this
article, the count of VVs is reduced from 37 to a maximum of
4. The space vector for the stator current at the nth sampling
instant is found from the sensed currents and one-step delay
compensation. The error between the reference and the actual
speed is processed by the speed PI controller to generate the
reference magnitude for the g-axis stator current. Maximum
torque per ampere (MTPA) of the stator current is achieved for
the PMSM by continuously having the d-axis stator current as
zero. During MTPA, the g-axis stator current is varied to produce
the required torque. Therefore, the reference g-axis stator current
(I;) is selected as the current for the next sampling interval. The
magnitude of [ is obtained from the speed PI controller.

<_Ids*= 0 d
. PI —8 ° e
I i L
()

excited DC
generator

AV (n)=AI(n)L,
Ly (n)

o Ty,

Ll y(n)

— — — — — 0-axis

Fig. 5. Phasor diagram of the proposed MPCC-controlled PMSM.

The phasor diagram of the proposed MPCC-controlled
PMSM is shown in Fig. 5. The change in the rotor flux angle in
one sampling interval is w, Ts. As the change in the angle of rotor
flux is very small, the magnitude of the change in the rotor flux
space vector in one sampling interval is approximately given by

=1, sin (W, Ts) = w,Tsy.

a4, (13)

The direction of the vector for the change in the rotor flux
A1), is perpendicular to 1,.(n). In one sampling interval, the
position of the rotor flux vector is shifted. From Fig. 5 and (13),
the rotor flux vector for the (n+1)th sampling instant is given by

— — —
U (n+1) =1, (n)+ At (14)

For a surface PMSM, the space vector of stator flux in the
stationary reference frame is found from the following equation:

— — —
¥s (n) = Ls I (n) + 1y (n).
Similarly, from Fig. 5, the stator flux space vector for the
(n+1)th sampling instant is given by

ersz
Ly

15)

ej(er(n)-i-%) + ,(Z (n).
(16)

Ur (n+1) =L, |IZ, (n) +
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The change in the stator flux vector in one sampling interval
(A1) can be obtained by subtracting (15) from (16) and given

by the following equations
'rTs T j z
a7)

Ay, (n) =AT, (n) L, (18)

where A_I: (n) is the CSC calculated at the nth sample. A—I:(n)
is given by

—

AL (n) = |I%, (n) (0 +F) T (n)

19)
Since the stator flux changes in the direction of the applied

w’l‘Tsz
UL

S

VYV, the optimal VV is nearer to the space vector ofﬁys(n).
Also, from the (18), it is clear that the CSC vector Alg(n) is

in the direction of A—’(/JZ (n). Therefore, the direction of the CSC
vector is used for the selection of the candidate V'V of the reduced
control set. In the proposed scheme, the complex af3-plane is
divided into 12 equal sectors. Sector 1 is defined between 0° and
30°. Similarly, 11 other sectors of 30° span are defined. Each of
the 12 sectors is divided into 3 zones at equal intervals (i.e.,
zone 1, zone 2, and zone 3) as indicated in Fig. 6. The VVs
indicated in Fig. 6 are the per-unit vectors, which are obtained
after dividing their original magnitude by %UDC. Similarly, the
per-unit CSC vector is obtained from

—
APt AL (n) (20)

S (n) = Ajgnax (n)
where
2l:]DCT‘s

AL (n) = =52
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TABLE II
VOLTAGE VECTORS FOR THE REDUCED CONTROL SET OF THE
PROPOSED MPCC
Sector Zonel Zone2 Zone3
Number
1 (UOl Ul) (Uli U7' U8) (U7' UB' U19' UZO)
2 (UO’ UZ) (UZr US' U9) (US' U9r U21' U22)
3 (Uo, U3) (Uz, Uy, Uyp) (Us, Ur0, Upz, Up3)
4 (UO’ U3) (U3' UlOr Ull) (U10' Ull' U24! UZS)
5 (Uo, U3) (U3, Uz1, Us2) (U11, U1z, Ups, Uze)
6 (UO! U4) (U4r Uer U13) (U12: U13' U27’ U28)
7 (Uo, Uy) Uy, Usz, Uy) (Us3, Uy, Upg, Uzo)
8 (UO' US) (USr U14r UlS) (U14_, U151 U30' U31)
9 (Uo, Us) (Us, Uss, Use) (Uss, Uy, Usq, Usp)
10 (UO' U6) (U6r Ulﬁr U17) (Ulﬁl U17l U33' U34)
11 (Uo, Ug) (Us, U7, Usg) (U17,Uyg, Usy, Uss)
12 (Up, Up) (U, Uz, Uyg) Uz, Uy, Usg, Use)

The angle of the CSC vector is used to select the sector number
in which it is located. The VVs are shortlisted for the reduced
control set from the sector number and the zone number. The
radial width of each zone is 0.33 units. If the per-unit CSC vector
has amagnitude between 0 and 0.33, then zone 1 will be selected.
If the per-unit CSC vector has a magnitude between 0.33 and
0.66, then zone 2 will be selected. Similarly, if the per-unit CSC
vector has a magnitude between 0.66 and 1, then zone 3 will be
selected. Table II indicates the candidate VVs for the reduced
control set, as per the sector and zone in which the CSC vector is
located. The first zone selects two VVs for the reduced control
set, whereas zone 2 and zone 3 select, respectively, three and
four VVs.

B. Selection of Optimal Voltage Vector (VV)

The reduced control set of the proposed MPCC includes a
maximum of four per-unit VVs. In the proposed control scheme,
the prediction of the control variables (i.e., 145 and I,s) for
different candidate VVs is absent. A new cost function (G) is
introduced in the proposed scheme. The cost function contains
the absolute value of the vector difference between the per-unit
CSC vector and the per-unit candidate VV. The per-unit CSC
vector is compared with each of the per-unit candidate VV of
the reduced control set. The VV that minimizes the cost function
G is selected as an optimal VV (Ugpt)

T
G = AP () — UF (n+ 1) 1)
where U?; (n+ 1) is the per-unit candidate VV of the reduced
control set for the next sampling interval which is given by

H
0 (n+1) = U’Z“éz;;)

A flowchart for the proposed method is shown in Fig. 7.
The selected optimal VV also minimizes the error between the
reference and the actual d-q axes stator currents. The effect of
the introduced cost function and the selected optimal VV, on
the stator currents, is the same as that of conventional MPCC.
The conventional 4-level inversion fed MPCC of OEW-PMSM

(22)
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Apply one step delay
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{ Evaluate the cost function (G)
Calculate the CSC vector as for each candidate voltage
0T ] @ vector of reduced control-set
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Al (n) =

. Select th didate volta;
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AL (n) = 3ch : Apply the optimal
i voltage vector in next
* sampling interval
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zone number in which the per- -
unit CSC vector is located

Fig. 7.  Flowchart for proposed MPCC of OEW-PMSM.

uses 37 VVs for the prediction of the stator currents. In the
proposed MPCC-operated OEW-PMSM, the candidate VVs are
shortlisted from 37 to a maximum 4, using the location of CSC
vector in the complex a/f-plane. With I/, as the predicted
current, the CSC vector is proportional to the required change
in the stator flux. Any VV produces the change in the stator
flux in the same direction as that VV. Therefore, the CSC
vector is used for shortlisting the candidate VVs of the reduced
control set. The proposed cost function selects an optimal VV
nearer to the per-unit CSC vector. The selected VV, when
applied for the next sampling interval brings the stator current
nearer to the reference current. The conventional MPCC and
the proposed MPCC minimize the error between the reference
current and the actual current in every sampling interval. The
proposed method selects the optimal VV with considerably
fewer computations.

V. EXPERIMENTAL RESULTS

The proposed scheme using a reduced control set is exper-
imentally tested and compared with the conventional MPCC
and the MPCC of the OEW-PMSM as presented in [19], i.e.,
MPCC [19]. The results obtained in the experimental testing
are analyzed and discussed in this section. The parameters of
the PMSM used for experimentation are listed in Table III.
The OEW-PMSM is fed through two two-level inverters with
each inverter connected to an isolated dc voltage source. The
PMSM is loaded through a coupled dc generator connected to
the variable resistive load. The dc-link voltage and the stator
currents are sensed by the Hall effect sensors. The position of
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TABLE III
PMSM AND CONTROL PARAMETERS

Parameter Value
Stator winding resistance 1.12 Q
Stator winding inductance 0.0105 H
Rated speed 1500 r/min
Rated RMS voltage 415V
Permanent magnet flux 0.7 Wb

Number of rotor poles 4
Sampling time 150 ps

\
LEM Sensors
% LV-25 and LA-25

_w/ma/dsmcnz

E%7)
Resistive Load

Fig. 8.

Experimental arrangement of the drive and the control hardware.

the rotor is sensed through a 1024 point incremental encoder.
dSPACE DS-1104 is used for the implementation of the control
logic. A sampling time of 150 us is used in the experiment
for both the control methods. To obtain a fair comparison, the
gains of the PI controllers are kept unchanged while testing each
control scheme. The experimental arrangement of the drive and
the control hardware is shown in Fig. 8.

In the beginning, the steady state response from the OEW-
PMSM is obtained at 400, 800, and 1400 rev/min with 35% load-
ing. The steady-state response of the torque, stator flux, current
and speed is plotted through a digital storage oscilloscope. Fig. 9
shows the steady-state response of OEW-PMSM drive with each
of the considered control methods. It can be observed from the
steady-state response of the PMSM that the peak-to-peak torque
ripple and flux ripple generated by the PMSM is almost equal
at every speed. No variation in the steady-state performance of
the proposed scheme was shown and the drive operates with the
identical torque and flux ripples as in the conventional MPCC
with 37 VVs and MPCC [19]. The OEW-PMSM is tested under
the transient conditions of the speed reversal and step change
in the load. The response of the OEW-PMSM under a transient
state is plotted using a digital storage oscilloscope. The dynamic
response of the OEW-PMSM, when controlled with each of
the considered methods, is shown in Fig. 10. For both control
methods, the speed reversal is performed from —500 to 500
rev/min at no load. It can be seen from the transient response
of Fig. 10, that the conventional MPCC, MPCC [19] and the
proposed MPCC take identical time (0.45 s) to reverse the speed
of the PMSM.

A step change in the load from 0 to 5 N-m at 1000 rev/min is
applied to the PMSM when controlled with each control method.
PMSM takes around 0.4 s to supply the applied load in each
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Fig. 9. Steady-state response of conventional, MPCC [19] and proposed MPCC operated four-level inversion fed OEW-PMSM drive at (a) 400 rev/min, (b) 800
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TABLE IV
COMPARISON BETWEEN CONVENTIONAL MPCC, MPCC [16], MPCC [19], AND PROPOSED MPCC

Conventional MPCC

MPCCI[16]

MPCCJ19] Proposed MPCC

Variables used in
reducing the vector count

No reduction in the
vector count

Count of voltage vectors 37
in reduced control set

Percentage reduction in
the turnaround time

No reduction

Steady state response Unchanged

Control variables used in
the cost function

Stator d-q axes current

Torque error and Sector
information of stator flux vector

Unchanged

Stator flux, torque and x-y axes

Sector information of the
reference voltage VV

Magnitude and sector
information of CSC vector

9 2-4
43 55
Unchanged Unchanged

af0-axes stator voltages Per-unit CSC and stator

current voltage
Dependency on the R, Ly, and v, R, Ly, and v, R, Ly, and v, L, and y,
PMSM parameters
o . Fundamental (13.3Hz) = 3.06, Fundamental (13.3Hz) = 3.16, Fundamental (13.3Hz) = 3.15,
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control scheme. It is clear that both the control methods have
shown similar dynamic responses and there is no change in the
response times.

The PMSM drive is tested for parameter sensitivity when
operating with the conventional MPCC, MPCC [19] and the pro-
posed MPCC schemes. The stator inductance and the rotor flux
linkages are disturbed with a 15% increment. The steady-state
response at 700 rev/min is obtained with and without parameter
variations of the PMSM. The obtained results for the parameter
sensitivity are indicated in Fig. 11. Itis clear from Fig. 11 that for
the control methods with 15% parameter variation, the PMSM
has shown a very minor deviation in the response. Therefore, the
OEW-PMSM drive operates robustly when controlled with the

Fig. 12.  Frequency spectrum of stator current at 400, 800, and 1400 r/min for
(a) conventional MPCC, (b) MPCC [19], and (c) proposed MPCC.

proposed MPCC. The harmonic spectrum of the stator current
at different speeds is obtained and indicated in Fig. 12. The
percentage of total harmonic distortion (THD) in the stator
current of the proposed MPCC is almost identical when com-
pared to the conventional MPCC and MPCC [19]. A comparison
between conventional MPCC, MPCC [16], MPCC [19], and the
proposed MPCC is tabulated in Table IV. The computation time
is measured for the conventional MPCC, MPCC [19] and the
proposed MPCC-operated OEW-PMSM and the average value
is calculated. The average execution time for the control methods
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TABLE V
EXECUTION TIME FOR CONVENTIONAL MPCC, MPCC [19], AND PROPOSED
MPCC oN DSPACE DS-1104 CONTROLLER

Control Method Execution Time

Conventional MPCC using 37 vectors 128.6 4S
MPCC [19] 74.13 1S
Proposed MPCC 57.25 uS

implemented on the dSPACE DS-1104 controller is shown in
Table V. The execution time for the proposed scheme is reduced
by almost 55% and 12% when compared to the conventional
MPCC and MPCC [19] respectively. The proposed MPCC s less
time-consuming and it is possible to implement it on a processor
with less computation power.

VI. CONCLUSION

This article has proposed a simple predictive current control
scheme for a four-level inversion fed OEW-PMSM to lower the
computation burden on the processor. The proposed technique
has successfully reduced the number of VVs in the control set
from the original 37 to a maximum 4. The shortlisting of the
VVsis obtained by using the location of the per-unit CSC vector.
The per-unit CSC vector is in the direction of the vector for the
required change in the stator flux with g-axis stator current as
the next sample current. The proposed cost function successfully
selects the optimal VV. With the elimination of the predictions of
the stator currents for different VVs and with the implementation
of a simple cost function, the proposed algorithm’s complexity
is considerably reduced. With the CSC vector as the selection
criterion for the candidate VV and with the proposed cost
function, the error in the stator current is minimized similar
to the conventional MPCC. In the experimentation, the PMSM
drive is successfully tested with conventional MPCC using 37
VVs, MPCC [19], and the proposed MPCC using a maximum of
4 VVs. The different responses obtained during the experimental
testing of each of the methods are identical. However, with the
proposed scheme, the computation burden on the processor is
lowered by 55% and 12% when compared to the conventional
MPCC and MPCC [19]. With the successful reduction in the
computation time, it is possible to implement the proposed
MPCC scheme using a lower sampling period.
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