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Abstract—In order to suppress zero-sequence current (ZSC)
for open-end winding surfaced permanent magnet synchronous
machine (OEW-SPMSM) drives with single dc voltage source,
many methods have been employed. Actual solutions imply ei-
ther proportional-integral-based control or direct torque control
cannot present the characteristic of fast dynamic responses and
low torque ripples at the same time. Hence, finite-state model
predictive current control (FS-MPCC) based on a cost function
with ZSC suppression was proposed. To suppress model parameter
mismatch, many previous works have proposed related strategies
but few work considered zero-sequence parameter disturbances
such as zero-sequence inductance, resistance, and rotor flux link-
age disturbances. This article improves the ZSC prediction model
based on the previous ZSC errors and zero-sequence voltage devia-
tions, and at the same time ZSC is reduced. A comparison between
the conventional FS-MPCC and the improved one is carried out
in simulation and experiment to verify the effectiveness of the
proposed FS-MPCC scheme.

Index Terms—Finite-state model predictive current control
(FS-MPCC), open-end winding surfaced permanent magnet
synchronous machine (OEW-SPMSM), parameter mismatch,
zero-sequence current (ZSC) suppression.

NOMENCLATURE

ωe, ωm Electrical and mechanical angular speed.
Te, Tl Electromagnetic torque and load torque.
J, B Inertia and viscous friction coefficient.
p Number of pole pairs.
Rs Motor stator resistance.
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Ls Motor stator inductance.
Ψm Motor rotor flux linkage.
Rs Initial nominal zero-sequence resistance.
L0 Initial nominal zero-sequence inductance.
Ψ3m Initial nominal zero-sequence flux linkage.
Ts System sampling time.
θr Electrical rotor angle.
Ψs Motor stator flux linkage vectors.
L0 Motor zero-sequence inductance.
Ψ3m Motor zero-sequence flux linkage.

I. INTRODUCTION

THE open-end winding machine (OEWM) faced a grow-
ing interest owing to its high power output, good fault-

tolerance, and wide speed range capability [1]. The OEWM
is realized by opening the neutral point of the stator wind-
ing and connecting each side of it to a power converter. This
kind of OEWMs are mainly divided into three parts, namely,
OEW-reluctance [1], OEW-induction [2], and OEW-permanent
magnet synchronous machines (OEW-PMSMs). Since OEW-
surfaced permanent magnet synchronous machines (OEW-
SPMSMs) possess the merits of simple control mode and high
torque density, they are regarded as a control object in this
article [3]. Several control strategies for the OEWM have been
proposed and will be reviewed in Section II. Section III describes
the OEW-SPMSM drive system specifications. Considering that
the main challenges for the application are the suppression of
the zero-sequence current (ZSC) and fast dynamic response,
Section IV presents a conventional finite-state model predictive
current control (FS-MPCC) [25] and [26]. However, the existing
FS-MPCC literatures only focused on the reduction of weight
factors and calculation. In Section V-A, it can be seen that
zero-sequence model parameter can affect the current control
performance. Therefore, this article addresses this problem in
the red color area of Fig. 1. The contribution is that without
employing observers to evaluate a zero-sequence model [30]–
[32] or utilizing compensators to eliminate the disturbances
cause by zero-sequence model [15]–[17], a novel zero-sequence
model based on the previous ZSC and zero-sequence voltage
(ZSV), stored in a memory space is proposed. The detailed
procedure of the proposed algorithm is described in Section V-B.
To validate the effectiveness of the proposed method, the per-
formance of conventional FS-MPCC scheme and proposed
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Fig. 1. Diagram of literature review.

FS-MPCC scheme is observed in Sections VI and VII. Finally,
the conclusions are derived in Section VIII.

II. LITERATURE REVIEW

Fig. 1 shows a summary of some specific methods presented
in the literature. From the perspective of power supply mode, the
OEWM topology is mainly divided into a common dc bus, two
isolated dc voltage sources, and mixed power supply topology.
The mixed power supply topology consists of a capacitor and
dc voltage source [4]. The OEWM with two isolated dc voltage
sources needs to employ two sets of dc voltage sources, but can
avoid the generation of zero-sequence path [5]. However, this
topology leads to high size and cost. OEWMs with common dc
bus only need one set of dc voltage source, but zero-sequence
path in the system cannot be avoided. In the OEWMs with
common dc bus, it can be categorized into several types, namely,
a combination of a semicontrolled inverter and full controlled
inverter [6] and [7], combination of two full controlled inverters.
Due to more voltage vectors available, OEWMs drives with the
combination of two full controlled two-level converters have
received more attention. Zhang and Wang [8] noted the presence
of both ZSV and third harmonic sinusoidal back-electromotive
force (EMF) in the zero-sequence path. ZSC is forced to be
generated by the ZSV sources. It cannot improve the control
performance, but increase the losses of the machine and inverter.

To suppress ZSC, many researchers have proposed effective
methods. The pioneering work of Dr. M. R. Baiju adopted
a central hexagon modulation pulsewidth modulation (PWM)
(CHPWM) strategy to eliminate ZSC [9]. It has been noted
that there are six vertexes of a hexagon that cannot generate
ZSV in the zero-sequence path. In this case, hexagon voltage
vectors are only employed to compose the desired voltage vector,
which can reduce the amplitude of ZSC. However, some extra
voltage vectors cannot be utilized and the maximum voltage
dc bus utilization cannot be achieved. Somasekhar and Srinivas
[10] noted that the placement of two zero vectors can cause
different value of ZSV. Within one switching period, the appro-
priate distribution time of zero vectors can force the average
value of ZSV to zero based on the principle of volt-second

balance. On this basis, subhexagonal center PWM scheme was
proposed to suppress ZSV. Somasekhar and Srinivas [11] added
the appropriate distribution time of zero vectors into decoupled
space-vector PWM scheme to annihilate ZSV. Un and Hava [12]
proposed a novel near-state modulation strategy to reduce the
ZSC. Enhancing system efficiency, Kiadehi et al. [13] presented
an adapted SPWM modulation strategy to suppress ZSC. Zhou
and Nian [14] noted that the machine rotor flux linkage contains
rich harmonic ripples, which can leads to high order terms of
zero-sequence back EMF. Wang et al. [15] established an active
compensator to suppress zero-sequence back EMF. The active
compensator consists of two main parts, namely, a third har-
monic phase-locked loop and new current regulator. However,
this method was only applied in a half-controlled converter based
on an OEW-permanent magnet synchronous generator. Hwang
and Wei [16] employed a ZSC estimator to predict ZSC and
suppress zero-sequence back EMF. Nian and Hu [17] adopted a
q-axis current injection method and proportional resonance reg-
ulator to suppress zero-sequence EMF and ZSC. Oleschuk et al.
[18] presented a PWM with phase-shift-based to suppress ZSV.
However, in [19], it has been noted that the phase-shift-based
synchronous modulation would lead to extra ZSV due to in the
dead time inverters.

Compared with classical proportional-integral (PI)-based
control [20], predictive control has gained widely visibility in
recent years owing to the characteristic of the fast dynamic
response. Moreover, predictive control scheme can avoid the
process of tuning PI coefficient [21]. Direct torque control has
a good dynamic response but the torque ripples are high [22].
In pioneering works with predictive current control, the main
classification given is: FS-MPCC and deadbeat predictive cur-
rent control (DPCC) [23] and [24]. The principle of FS-MPCC
is to predict future motor behavior and then select an optimum
voltage vector based on cost function minimization. Zhu et al.
[25] proposed a novel FS-MPCC based on A–B–C frame to sup-
press ZSC and avoid weight factors. Moreover, the computation
burden is reduced significantly. Chong et al. [26] presented a
novel FS-MPCC based on a flux vector prediction observer, but
the topology is two isolated dc voltage sources. In a conventional
DPCC, the predicted voltage is applied in inverters through
space vector pulse modulation without any cost functions, and
the switching frequency is fixed [27]. The performances of FS-
MPCC and DPCC mainly depend on model parameters. Once
model parameters are inaccurate, the performance of torque
ripples and currents is deteriorated dramatically [28] and [29].
Some researchers have presented many methods to suppress
the disturbances caused by parameter mismatch [30] and [31].
However, there are few works to suppress zero-sequence model
parameter disturbances. Yuan et al. [32] presented a novel adap-
tive sliding mode observer to suppress the zero-sequence model
parameter disturbances, but this method is only applied in DPCC
scheme.

III. OEW-SPMSM DRIVE WITH COMMON DC BUS

A. Topology of OEW-SPMSM Drive With Common DC Bus

The OEW-SPMSM is constructed by opening the star point,
leaving the six terminals of the stator winding available. In this
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Fig. 2. Single dc-link dual-VSI fed OEW-SPMSM.

Fig. 3. Equivalent zero sequence circuit.

article, dual two-level voltage-source inverter (VSI) topology is
adopted and total possible switching combinations in the dual
inverter can reach to 64 (23 × 23). The OEW-SPMSM drive with
common dc bus is illustrated in Fig. 2. Because OEW-SPMSM
drive is supplied by single dc voltage, there is a zero-sequence
path in the system, which is presented in Fig. 3.

B. Mathematical Model of OEW-SPMSM

In this article, to simplify the mathematical model, some
factors such as the cogging torque, magnetic saturation, and
magnetic hysteresis losses are neglected. In addition, because a
zero-sequence path exists in the system, the mathematical model
of OEW-SPMSM equations in αβ0 stationary frame is differ-
ent from that of traditional SPMSMs, which can be presented
as [24]

Us = Rsis +
dψs
dt

(1)

ψs = Lsis + ψme
jθr (2)

U0 = Rsi0 + L0
di0
dt

+ e0 (3)

i0 =
iA + iB + iC

3
(4)

e0 = 3ωeψ3msin(3θr) (5)

Te = 1.5p (ψmis − 6ψ3msin(3θr)i0) . (6)

is and Us stand for stator currents and voltage vectors, re-
spectively; iA, iB , and iC denote the a, b, and c phase stator
currents. In the zero sequence path, U0 and i0 denote ZSV and
ZSC, respectively; e0 denotes zero-sequence back EMF. The

mechanical equation of OEW-SPMSM is presented as

Te − Tl = J
dωm
dt

+Bωm. (7)

IV. FS-MPCC SCHEME WITH ZSC SUPPRESSION FOR

OEW-SPMSM DRIVE

A. Current Prediction With Delay Compensation

According to (1) and (2), the voltage equation in stationary
αβ frame is presented as

Us = Ls
dis
dt

+Rsis + jψmωmpe
jθr . (8)

In digital controlled converters, discrete control is used. For
the control realization, the system must be discretized. Ac-
cording to the first-order Euler discretization, the stationary
prediction equation on αβ frame is presented as

is(k + 1) = is(k) +
Ts
Ls

(
Us(k)−Rsis(k)

− jψmωm(k)pejθr(k)
)
. (9)

Since ZSC exists in the system, according to (3)–(5), ZSC
prediction equation can be presented as

i0(k + 1) = i0(k) +
Ts
L0

(U0(k)−Rsi0(k)

− 3ωe(k)ψ3msin(3θr(k))) . (10)

Generally, there is a one-step control delay in the practical
control system. Delay compensation needs to be considered in
ZSC and stator currents, and these currents prediction equation
are presented as

is(k + 1) =
Ts
Ls

(
Us(k)−Rsis(k)− jψmωm(k)pejθr(k)

)

+ is(k) (11)

is(k + 2) =
Ts
Ls

(
U sw=i
s (k + 1)−Rsis(k + 1)

− jψmωm(k + 1)pejθr(k+1)
)
+ is(k + 1)

(12)

i0(k + 1) =
Ts
L0

(U0(k)−Rsi0(k)

− 3ωe(k)ψ3msin(3θr(k))) + i0(k) (13)

i0(k + 2) =
Ts
L0

(
U sw=i
0 (k + 1)

− 3ωe(k + 1)ψ3msin(3θr(k + 1)))

+ i0(k + 1)−Rs
Ts
L0
i0(k + 1) (14)

where sw = i means that the conducting mode in inverters is i. It
should be noted that i ∈ {0, 1, . . . , 25, 26}. U sw=i

s (k + 1) and
U sw=i
0 (k + 1) denote a selected stator voltage vector and ZSV

with i conducting mode, respectively.
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Fig. 4. Voltage vectors of dual-VSI in the view of αβ and α0 plane.

B. Conducting Mode of OEW-SPMSM

In Fig. 4, it can be found that 18 nonzero vectors are located on
the vertexes of three hexagons, including ABCDEF, HJLNQS,
GIKMPR, and a zero vector O. There are seven different values
of ZSV in α0 plane (abcdefg), namely ± Udc/3, ± 2Udc/3,
±Udc, and 0. For example, the zero vector 0 can generate
three types of ZSC with different switching combinations. The
pioneering literatures have noted that the seven switching com-
binations OHJLNQS will not generate ZSV [9]. Table I shows
27 switching states and voltage vectors in stationary αβ0 frame,
where Sa = 1 means a phase leg of one inverter is conductive
whereas Sa = 0 means a phase leg of one inverter is closed. It
can be seen that some vectors in stationary αβ frame can be
linked with two different amplitude of ZSV in Table I.

C. Cost Function Minimization With ZSC Suppression

ZSC needs to be considered in the cost function and the FS-
MPCC cost function g(i) is given as

g(i) =
∣∣irefs (k + 2)− is(k + 2)

∣∣
+ w0

∣∣iref0 (k + 2)− i0(k + 2)
∣∣ (15)

where irefs (k + 2), iref0 (k + 2), is(k + 2), and i0(k + 2) are the
stator reference αβ frame currents, reference ZSC, predicted
αβ frame currents, and predicted ZSC at the (k + 2)th instant,
respectively; w0 is a weight factor of the cost function. Increasing
w0, the ZSC suppression turns to be major in the control object.
To select the minimum value of the cost function, an optimal
switching state can be obtained. In this case, U sw=i

s (k + 1) and
U sw=i
0 (k + 1) can be obtained according to Table I.

TABLE I
CONDUCTING MODE OF OEW-SPMSM

Fig. 5. Conventional FS-MPCC scheme with zero-sequence suppression for
OEW-SPMSM drives.

Since the OEW-SPMSM is surface mounted, the inductance
on dq-axis is the same, namely, Ld = Lq = Ls. Therefore,
id = 0 control is adopted in FS-MPCC scheme and diagram
of conventional FS-MPCC scheme in stationary αβ0 frame is
presented in Fig. 5.
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V. PROPOSED FS-MPCC SCHEME WITH ZERO-SEQUENCE

PARAMETER DISTURBANCES SUPPRESSION

A. Parameter Sensitivity Analysis for the
Zero-Sequence Model

In the conventional FS-MPCC scheme, parameter distur-
bances can deteriorate the FS-MPCC scheme performance.
Many previous methods have been employed to alleviate the
disturbances caused by the parameter mismatch. However, in
OEW-SPMSM drives, zero-sequence model parameters are
also vital, and any inaccurate parameters can increase the
value of ZSC. In addition, according to experimental results in
Section VI, inaccurate zero-sequence parameter also can lead to
large torque ripples and deteriorate dq-axis currents.

According to (10), it can be seen that Rs, Ψ3m, and L0 are
zero-sequence parameters. As the stator temperature increases,
the value of Rs rises. Vazquez et al. [27] and Feng et al. [28]
have mentioned that high temperature in magnet can affect the
variation ofΨ3m. In addition, the value of L0 can be affected with
the stator current increasing. Therefore, in a practical situation,
(10) needs to be turned into

ip0(k + 1) = i0(k) +
Ts

L0

(
U0(k)−Rsi0(k)

− 3ωe(k)ψ3msin(3θr(k))
)
. (16)

ip0(k + 1) is the predicted ZSC based on inaccurate zero-
sequence model at the (k + 1)th instant. In (16), it can be
seen that there are deviations between the actual zero-sequence
parameters and model parameters. This would lead to a nonop-
timal switching state, which can deteriorate the FS-MPCC
performance.

B. Novel Zero-Sequence Model

To deal with the aforementioned problem, a novel FS-MPCC
scheme with zero-sequence parameter disturbances suppression
is realized. The specific procedure of the proposed FS-MPCC
scheme is presented as follows.

First, a current error between a measured current and predicted
current based on the zero-sequence model at the kth instant need
to be obtained. Subtracting (14) from (16) at the kth instant, the
current error E0 (k) can be presented:

E0(k) = ip0(k)− i0(k)

=

(
Ts

L0

− Ts
L0

)
U0(k − 1)−

(
TsRs

L0

− TsRs
L0

)
i0(k − 1)

+

(
Tsψ3m

L0
− Tsψ3m

L0

)
3ωe(k − 1)sin(3θr(k − 1)).

(17)

Subtracting E0 (k − 1) from E0 (k), the error between E0 (k)
and E0 (k − 1) can be presented in the following equation:

E0(k)− E0(k − 1) ∼=
(
Ts

L0

− Ts
L0

)
(U0(k − 1)− U0(k − 2)).

(18)

It should be noted that compared with ZSV terms variation at
the adjacent sampling instant in (18), ZSC terms variation and
electrical angular frequency terms variation plays a marginal
role, which is explained as follows. First, electrical angular
frequency cannot change significantly between adjacent sam-
pling instants under the assumption of large motor inertial in
low-speed machines. Thus, electrical angular frequency terms
variation at the adjacent sampling instant can be approximately
equal to zero. Second, in Table I, it can be seen that the min-
imum variation of ZSV between adjacent sampling instants is
±Udc/3 except for 0 (the same ZSVs between adjacent sampling
instants). Because the value of ZSC variation is quite smaller
than the minimum variation of ZSV, ZSV terms variation in
(18) is much larger than the ZSC terms variation. Hence, the
variation of ZSC can be neglected in contrast with the variation
of ZSV between adjacent sampling instants. The explanation for
(18) is also presented in the simulation results in Section VI.

Considering the aforementioned note, a new parameter is
defined as l in the proposed method. To get the l parameter,
(19) can be presented:

l =
Ts

L0

− Ts
L0

=
E0(k)− E0(k − 1)

(U0(k − 1)− U0(k − 2))
(19)

where l is linked with the inductance variation between the real
and initial nominal inductance. However, the value of dc-link
voltage is not fixed in the operation, and it can lead to the fault
for the estimated l. The reason is that, in (19), parameter l cannot
be obtained when the denominator of (19) is zero. However, in
the practical system, the denominator of (19) is not equal to
zero when there are the same variation of ZSV at the adjacent
instants. In this case, the estimation of the parameter l will be
wrong. To avoid this, a new mechanism is introduced to solve
the problem. Thanks to the minimum variation of ZSVs is Udc/3
from Table I, the variation of ZSVs at the adjacent instant is
approximately equal or larger than Udc/3, when in theory the
variation of ZSVs is not equal to zero. The acquisition of the
parameter l is presented in Fig. 6.

Second, a zero-sequence model involved in stator resistance
and third harmonic rotor flux linkage will be built based on
the ZSC error at the adjacent instant. The detail procedures are
introduced as follows. After obtaining the parameter l, the new
predicted ZSC equation at the (k + 1)th instant can be obtained
as

i0(k + 1) = ip0(k + 1)− E0(k + 1). (20)

According to (18), the current error E0 (k+ 1) can be obtained
as

E0(k + 1) ∼=
(
Ts

L0

− Ts
L0

)
(U0(k)− U0(k − 1)) + E0(k).

(21)
It should be noted that E0 (k + 1) contains the information

of stator resistance and third harmonic rotor flux linkage, which
can suppress the disturbances caused by the resistance and third
harmonic rotor flux linkage mismatch. Substituting (21) in (20),
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Fig. 6. Flowchart of the acquisition of the parameter l.

the predicted ZSC at the (k + 1)th instant can be obtained as

i0(k + 1) = ip0(k + 1)− (E0(k) + l (U0(k)− U0(k − 1))) .
(22)

To consider the one-step delay compensation, the current error
E0 (k + 2) can be obtained as

E0(k + 2) ∼=
(
Ts

L0

− Ts
L0

)(
U sw=i
0 (k + 1)− U0(k)

)

+ E0(k + 1). (23)

The new predicted ZSC equation at the (k + 2)th instant can
also be obtained as

i0(k + 2) = ip0(k + 2)− E0(k + 2). (24)

Substituting (21) and (23) in (24), the predicted ZSC at the (k
+ 2)th instant can be obtained as

i0(k + 2) = ip0(k + 2)

− (
E0(k) + l

(
U sw=i
0 (k + 1)− U0(k − 1)

))
.

(25)

After obtaining the predicted ZSC at the (k + 2)th instant,
an optimal switching state can be obtained according to the
minimum value of cost function in (15). The diagram of the
improved FS-MPCC scheme and the time sequence in the pro-
posed method are shown in Figs. 7 and 8, respectively.

VI. SIMULATION STUDY

The proposed FS-MPCC (Method 2) and conventional FS-
MPCC (Method 1) are validated in MATLAB/Simulink soft-
ware. The current sampling time and control period are set to
50 μs. OEW-SPMSM parameters are listed in Table II. Because
SPMSM is adopted as a control object, id = 0 current control

Fig. 7. Improved FS-MPCC scheme with zero-sequence parameter distur-
bance suppression.

Fig. 8. Diagram of the time sequence for the improved FS-MPCC scheme.

is adopted to validate the correctness of the two methods in the
simulation and experiment.

First, to testify the aforementioned assumption that the value
of the variation of ZSC at the adjacent sampling instant is
much smaller than the value of the minimum variation of ZSV
at the adjacent sampling instant, E0(k)− E0(k − 1) (Term
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TABLE II
OEW-SPMSM PARAMETERS

Fig. 9. Simulation results of the comparison from to 1500 r/min. (a) Value of
terms 1 and 2. (b) Value of terms 1 and 2. (c) Value of terms 1 and 3. (d) Value
of terms 1 and 3.

1), (TsRs

L0
− TsRs

L0
)(i0(k − 1)− i0(k − 2)) (Term 2), and

(Tsψ3m

L0
− Tsψ3m

L0
)(3ωe(k−1)sin(3θr(k − 1))− 3ωe(k − 2)sin

(3θr(k − 2))) (Term 3) is observed in Fig. 9. Fig. 9(a) denotes
the Rs = 10Rs, L0 = 2 L0 condition from 0 to 1500 r/min
in Method 2; Fig. 8(b) denotes the Rs = 0.1Rs, L0 = 2 L0

condition from 0 to 1500 r/min in Method 2; Fig. 9(c) denotes
the Ψ3m = 2 Ψ3m, L0 = 2 L0 condition from 0 to 1500 r/min
in Method 2; Fig. 9(d) denotes the Ψ3m = 0.5 Ψ3m,L0 = 2 L0

condition from 0 to 1500 r/min in Method 2. From the results,
it can be found that the value of Term 1 is larger than the value
of Terms 2 and 3 under different conditions, while the adjacent
ZSVs are different. Therefore, the assumption of (18) can be
satisfied in the simulation results.

In addition, the parameter l in Method 2 is observed in Figs. 10
and 11. In the figures, l is computed according to Fig. 6 and
the reference l is computed through the term Ts

L0
− Ts

L0
, which is

accurate. From these results, it can be found that the parameter l
can track the reference parameter l well underL0 = 2 L0, L0 =
0.5 L0, L0 = L0/3, and L0 = 3 L0 conditions, which can val-
idate the correctness of the new mechanism.

Finally, to observe the performance at transient and steady
state, the results of two methods under L0 = 0.5 L0 condition
are presented in Fig. 12. The load torque is 1 N·m at 0.02 s.
After that, it is set from 4 to 2 N·m. The normalized mean
square errors of d-axis currents for both methods are 0.25 and

Fig. 10. Simulation results of the comparison of the parameter l and reference
parameter l under L0 = 2 L0, L0 = 0.5 L0 condition.

Fig. 11. Simulation results of the comparison of the parameter l and reference
parameter l under L0 = L0/3, L0 = 3 L0 condition.

Fig. 12. Simulation results of the comparison at 600 r/min. (a) Current in
d-axis. (b) ZSC. (c) Current in q-axis.

0.14, respectively. The normalized mean square errors of q-axis
currents for both methods are 0.44 and 0.21, respectively. It
can be seen that the zero-sequence model can affect the dq-axis
currents performance. Moreover, the normalized mean square
errors of ZSC are 0.25 and 0.11, respectively. In addition, the
response time (2 ms) is almost the same for the two methods at
transient state, and the value of transient oscillation in Method
1 is little bit larger than that in Method 2. Therefore, Method 2
can suppress the disturbance and have better performance with
respect to Method 1.
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Fig. 13. Diagram of the test rig for OEW-SPMSM drives.

Fig. 14. Experimental results of the comparison of the parameter l and refer-
ence parameter l under L0 = 2 L0, L0 = 0.5 L0 condition.

Fig. 15. Experimental results of the comparison of the parameter l and refer-
ence parameter l under L0 = L0/3, L0 = 3 L0 condition.

VII. EXPERIMENTAL RESULTS

Methods 1 and 2 are also carried out on a dual two-level
inverter OEW-SPMSM test rig. Fig. 13 shows the test rig that
includes a load motor, OEW-SPMSM, OEW-SPMSM con-
troller, power supply (310 V/10 A), auxiliary power supply
(15 V/2 A), oscilloscope, DSP emulator, Siemens controller,
which is applied to control the load motor, and two PCs. The
controller’s main control chip is TMS320F28377d, and a type
of FNC42060F is used as a power devices.

Similar to the simulation, the value of parameter l in Method
2 is observed in Figs. 14 and 15 under different conditions. In
Fig. 14, the speed is set to 900 r/min and load torque is set to

Fig. 16. Experimental results of the comparison at 600 r/min under
L0 = 0.5 L0 condition. (a) Current in d-axis. (b) ZSC. (c) Current in q-axis.

Fig. 17. Experimental results of the comparison at 600 r/min under
R0 = 0.1 R0 condition. (a) Current in d-axis. (b) ZSC. (c) Current in q-axis.

3 N·m, it can be seen that the parameter l can track the actual
value well under L0 = 2 L0, L0 = 0.5 L0 condition. It should
be noted that the initial nominal zero-sequence parameters are
determined offline. When the test under parameter mismatch
needs to be done, zero-sequence parameters can be modified to
satisfy the test parameter mismatch condition. When the speed
is reduced to 400 r/min, the parameter l also can track the actual
value well under L0 = 3 L0, L0 = L0/3 condition in Fig. 15.
It should be noted that there are some ZSC and ZSV measure-
ment errors in the practical system, which can deteriorate the
parameter l performance compared with the simulation results.

To observe the performance at transient and steady state, the
results of two methods under different conditions are presented
in Figs. 16–18. The load torque begins from 1 to 4 N·m and then
it is turned to 2 N·m. In Fig. 16, it can be seen that zero-sequence
parameters can actually affect the performance of ZSC and
dq-axis currents in Method 1 too much under zero-sequence in-
ductance parameter mismatch condition. The normalized mean
square errors of ZSC are 1.44 and 0.78, respectively. In Fig. 17,
the normalized mean square errors of ZSC and dq-axis currents
in Method 2 are also smaller than that in Method 1 when
resistance parameter mismatches. The normalized mean square
errors of ZSC are 1.77 and 0.75, respectively. In Fig. 18, a better



5004 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Fig. 18. Experimental results of the comparison from 600 r/min under
Ψ3m = 2Ψ3m. (a) Current in d-axis. (b) ZSC. (c) Current in q-axis.

Fig. 19. Experimental results of the comparison from 400 to 900 r/min under
Ψ3m = 2Ψ3m,R0 = 10 R0, and L0 = 2L0 condition. (a) Current in d-axis
in Method 1. (b) Current in d-axis in Method 2. (c) ZSC in Method 1. (d) ZSC
in Method 2. (e) Current in q-axis in Method 1. (f) Current in q-axis in Method
2. (g) Speed in Method 1. (h) Speed in Method 2.

current performance is in Method 2 when the zero-sequence flux
linkage parameter mismatches. The normalized mean square
errors of ZSC are 1.59 and 0.81, respectively. Therefore, it can
testify that Method 2 can suppress the disturbances caused by
zero-sequence parameters. From Fig. 19, the speed is set from
400 to 900 r/min and the current is set to 4 A. Compared with
method 2, it can be seen that there are some current peaks in
Method 1 under R0 = 10 R0, Ψ3m = 2 Ψ3m, and L0 = 2 L0

condition. The parameter mismatch disturbances can be effec-
tively suppressed in Method 2. From Fig. 20, it can be seen
that the performance is improved when Method 1 is switched
to Method 2 under Ψ3m = 0.5 Ψ3m, R0 = 0.1 R0, and L0 =
2 L0 condition. Furthermore, to assess the performance of torque
ripple suppression, a mean absolute errorMT as referred to [30],
is defined as the assessment criteria:

MT =
1

N

N∑
k=1

|eT (k)| = 1

N

N∑
k=1

|Tload(k)− Te(k)| (26)

where Tload (k) and Te(k) represent the target torque and mea-
sured electromagnetic torque, respectively; N denotes the total
number of sampling points. From Fig. 21(a), the load torque is

Fig. 20. Experimental results of the comparison from 600 r/min under
Ψ3m = 0.5 Ψ3m, R0 = 0.1 R0, and L0 = 2 L0 condition. (a) ZSC. (b)
Current iA in A phase stator current. (c) Current in d-axis. (d) Current in q-axis.

Fig. 21. Experimental results for MT under different conditions and the load
torque is set to 4 N·m. (a) Ψ3m = 2 Ψ3m, R0 = 10R0, and L0 = 2L0

condition. (b) Ψ3m = 0.5 Ψ3m , R0 = 0.1 R0, and L0 = 0.5L0 condition.

Fig. 22. Experimental results of the comparison at 600 r/min without param-
eter mismatch. (a) ZSC. (b) Current in d-axis. (c) Current in q-axis.

set to 3 N·m, and the lowest torque ripples occur in Method 2
under different speed conditions. In addition, From Fig. 21(b),
it can be seen that the torque ripples are reduced dramatically
underΨ3m = 0.5 Ψ3m, R0 = 0.1 R0, and L0 = 0.5 L0 condi-
tion in Method 2. Therefore, Method 2 demonstrated the ability
to suppress torque ripples caused by zero-sequence parameter
disturbances. The steady-state current performance is shown
in Fig. 22. It can be seen that the values of dq-axis currents
and ZSC are approximately equal in the two methods without
parameter mismatch, which can testify that the proposed model
can almost have the same current performance with the accurate
zero-sequence machine model.
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VIII. CONCLUSION

The academic contributions of this article regarding the sup-
pression of zero-sequence parameter disturbance for OEW-
SPMSM are summarized as follows. 1) A novel zero-sequence
model is proposed to enhance the proposed FS-MPCC robust-
ness. It can be seen that the novel model parameter can be
estimated precisely without using any zero-sequence model pa-
rameters in the simulation and experimental results. It is impor-
tant step toward improved performance drives. 2) An improved
FS-MPCC scheme with ZSC suppression is proposed. From the
comparative results, the conventional FS-MPCC scheme with
ZSC suppression cannot suppress parameter mismatch under
different conditions. Moreover, it can be seen that the zero-
sequence parameters can deteriorate the torque ripples and the
ZSC performance, respectively. On the contrary, the proposed
FS-MPCC scheme possesses the capability of zero-sequence
parameter disturbances suppression and can be experimentally
applied in practical systems, which is a significant step towards
FS-MPCC scheme with ZSC suppression for SPMSM drives.
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