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Abstract—Finite control set model predictive current control
(FCS–MPCC) has attracted increasing attention in recent years.
However, large current ripples, torque ripples, and computational
effort limit its widespread application. To address aforementioned
problems, an improved MPCC method is proposed for open-
winding permanent magnet synchronous motors herein. First,
FCS–MPCC method based on deadbeat principle (FCS–MPCC–
DB) is presented to reduce the computational effort. During the
process, zero-sequence voltage is considered separately, avoiding
enumerating all feasible voltage vectors (VVs). Second, an opti-
mization strategy is proposed to reduce current ripples, torque
ripples, and suppress zero-sequence current simultaneously. The
switching state of one of two voltage-source inverters (VSIs) system
is fixed, and the optimal vector duration ratios of the other VSI
are obtained from a novel cost function. In other words, only one
VSI system applies a fixed switching state, and a zero VV and an
active VV are applied in the other VSI, so we name it half-FCS–
MPCC–DB. Finally, several simulation and experimental results
are presented to prove the effectiveness of proposed method.

Index Terms—Deadbeat (DB) control, model predictive current
control (MPCC), open-winding permanent magnet synchronous
motor (OW-PMSM).

I. INTRODUCTION

THE permanent magnet synchronous motor (PMSM) has
been applied in many fields owing to its high torque density,

high efficiency, and high-power density [1]. Recently, open-
winding PMSM (OW-PMSM) has obtained plenty of attention
because of its many merits, such as open-circuit fault tolerance,
multilevel output voltage, and high dc bus utilization, compared
to traditional PMSM [2].
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In terms of power supply modes, OW-PMSM drive systems
can be divided into two categories, namely the common dc bus
topology [3] and the isolated dc bus topology [4]. The topology
with isolated dc bus always has more weight and higher cost, so
systems with a common dc bus is applied in some fields with
requirements of power density and cost [5].

However, zero-sequence loop (ZSL) exists in the topology
with common dc bus. The zero-sequence current (ZSC) in
ZSL could reduce the efficiency of the system, so it should be
suppressed [6].

With the development of powerful digital controller, many
advanced control methods are implemented in drive system.
Since model predictive control (MPC) method has a satisfac-
tory dynamic and steady-state performance, it has been studied
recently [7]. Based on if there exists a modulator, MPC can be
classified into two groups: continuous control set MPC [8] and
finite control set MPC (FCS–MPC) [9]. In FCS–MPC, a cost
function, which synthesizes the control objectives, is defined
to choose optimal voltage vector (VV) among all available
vectors. The concept of FCS–MPC is easy to understand and the
method is easy to implement [10]. However, all feasible VVs are
enumerated, which means large calculational effort, especially
multistep prediction is implemented [11]. In traditional PMSM,
there are only eight VVs. However, because the existence of dual
inverters, the number of VVs of OW-PMSM is up to 64. Even
overlook redundant vectors, there are still 27 VVs. The more
VVs always means long computation time, and then sampling
frequency is restricted, which influences the performance of the
control system. Meanwhile, large current and torque ripples also
exist in FCS–MPC [12]. To solve the aforementioned problems,
many control strategies have been studied.

To reduce the computational effort, two lookup tables are
established based on torque deviation and the positions of
voltage and stator flux. As a result, the number of candidate
VVs is reduced from 27 to 10, which relieves the computational
burden effectively [13]. In [14], an improved prediction method
based on a new cost function is proposed and it addresses the
complex tunning work of weighting factors. Since it is focused
on OW-PMSM with isolated dc bus drive system, the problem
of ZSC suppression is not taken into consideration, and it cannot
be applied to OW-PMSM with a common dc bus topology
directly. Zhu et al. [15] presented a novel FCS–MPC based on
A-B-C frame to avoid weighting factors, resulting in a total of
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nine evaluations to find the optimal VVs. The authors in [16],
[17], and [18] used sector distribution strategy to reduce the
number of available VVs to reduce computational burden. In
[16], the FCS model predictive torque control is combined with
deadbeat (DB) control principle. According to DB, the desired
voltage of next instant is calculated and only few VVs adjacent
with it are considered as candidate VVs, avoiding the complete
enumeration for testing all feasible VVs. Different from [16], the
FCS model predictive current control (FCS–MPCC) is proposed
in [17], of which control variables are currents. In [18], the whole
voltage plane is divided in 24 triangles to reduce the calculation
of possible cost functions. Compared to traditional FCS–MPC,
the calculation time of [13], [14], [15], [16], [17], and [18] has
reduced clearly; however, the large current and torque ripples
still exist in these systems.

To reduce current and torque ripples, a duty cycle control
strategy using more than only one VV in one control period is
proposed in [19], [20], [21], [22], and [23]. In [19], an active
selected VV and one zero VV is used in each interval, which
has a good performance in reducing torque ripples. In [20], two
active VVs and one zero VV are applied in one control period.
To minimize the error between the desired VV and the synthesis
VV, the duration ratios of optimal vector can be obtained from
the cost function, then switching sequence is obtained. It is also
effective in reducing current ripples. But both [19] and [20] are
aimed at traditional PMSM rather than OW-PMSM. In [21], a
two-target MPCC method is applied to reduce the torque ripple.
Besides, it analyzes the limitation of the inverter. However, it
requires large calculational efforts in choosing optimal factor in
cost function. A novel three-vector predictive control strategy
based on energy storage model for hybrid-inverter OW-PMSM
system is proposed in [22]. The duty cycle can be obtained and
current ripples can be suppressed in it. However, there is no ZSL
in the system, so ZSC is not considered.

In OW-PMSM system with a common dc bus topology, the
ZSC in ZSL can negatively affect the performance of the system,
which should be suppressed effectively. In [23], the causes of
ZSC have been analyzed and identified, but it concentrated
on OW induction motor rather than OW-PMSM. In [24], the
zero common-mode VV is selected to eliminate the ZSC for
nine-phase OW-PMSM. Different from [23] and [24], the ZSL
back-EMF is another main source of ZSC in three-phase OW-
PMSM, so the methods in them are not suitable for three-
phase OW-PMSM. Several VVs are applied to suppress ZSC
and synthesize desired voltage in [25], but the calculational
effort has increased by varying remaining times of vectors. In
[26], a quadrature-signal generator that generates a 90°-lagging
signal is applied to generate the zero-sequence voltage (ZSV)
reference, but the parameters should be found according to a
large table, increasing the complexity of the system. In [27],
ZSC in three-phase OW-PMSM system with a common dc
bus is systematically analyzed, and a mathematical model of
equivalent zero-sequence circuit considering parasitic effects of
switching devices and the cross-coupling voltages is proposed.
A cost function which contains ZSC is defined in [28] and [29],
and Yuan et al. [29] can avoid the deterioration of ZSC in the case
of ZSL parameter mismatch, but unsatisfactory ZSC and torque

Fig. 1. Topology of OW-PMSM system with a common DC bus.

Fig. 2. Zero-sequence loop in OW-PMSM with common DC bus.

ripples still exist in these articles. Therefore, in FCS–MPCC in
OW-PMSM with a common dc bus topology, ZSC suppression
should be taken seriously. However, not adequate research has
been focused on it.

From all abovementioned papers, we can find that there are
not many control methods that can address the calculational
effort, reduce current and torque ripples, and suppress ZSC
simultaneously for OW-PMSM with a common dc bus topology.

In order to relieve the computational burden, reduce the
current and torque ripples, and suppress the ZSC for OW-PMSM
with a common dc bus, in this article, a novel FCS–MPC method,
termed HFCS–MPCC–DB, is proposed. The most significant
contributions can be summarized as follows:

1) Considering DB principle and sector distribution strategy,
a cost function is defined to reduce the computation time
of FCS–MPCC. In the cost function, ZSV is overlooked
and then considered separately. The number of feasible
VVs is only 5, which reduces a lot computation time.

2) Based on (1), to make the system have a better perfor-
mance, another novel cost function is defined to obtain the
optimal ratio duty of one of two voltage-source inverters
(VSIs) system, and the ZSC, the current, and torque ripples
have been suppressed effectively. The effectiveness of the
proposed method is validated based on several simulation
and experiments results.

The rest of this article is organized as follows. Section II
presents the mathematic model of OW-PMSM with a common
dc bus. Sections III and IV, respectively, illustrate traditional
FCS–MPCC and proposed HFCS–MPCC–DB. In Sections V
and VI, the results of the simulation and experiments are shown,
respectively. Finally, Section VII concludes this article.

II. OW-PMSM SYSTEM WITH COMMON DC BUS

A. Topology of OW-PMSM System With Common DC Bus

The topology of OW-PMSM system with a common dc bus
is presented in Fig. 1. There are two VSI systems and one power
supply. The inherent ZSL is shown in Fig. 2.
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B. Mathematical Model of OW-PMSM

In order to reduce the times of coordinate conversions, the
mathematical model of OW-PMSM equations in αβ0 stationary
frame can be described as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Uα = Rsiα + Ls
diα
dt

− ωrψf sin (θ)

Uβ = Rsiβ + Ls
diβ
dt

+ ωrψf cos (θ)

U0 = Rsi0 + L0
di0
dt

+ e0

(1)

⎧⎪⎨
⎪⎩
U0 =

1

3
(Ua + Ub + Uc)

i0 =
1

3
(ia + ib + ic)

(2)

Te = 1.5p ∗
(
ψf is +

2e0i0
ωr

)
(3)

where Uα, Uβ , and U0 represent voltages of α-axis, β-axis,
and ZSL, respectively; iα, iβ , and i0 stand for currents of α-
axis, β-axis, and ZSL, respectively; Ls, Rs, Ψf, θ, L0, p, ωr, and
e0, denote the stator inductance, stator resistance, fundamental
rotor flux-linkage, electrical rotor position, ZSL inductance, the
number of pole pairs, electrical rotor angular speed, and zero-
sequence back EMF, respectively; U0 and i0 can be obtained by
(2), and Ua, Ub, Uc, ia, ib, and ic are the phase voltages and
phase currents, respectively. The torque model can be expressed
as (3). Since the third harmonic is the main content of e0, e0 can
be expressed as (4), where Ψ3f is ZSL flux-linkage [24]

e0 ≈ − 3ωrψ3f sin(3θ). (4)

III. TRADITIONAL FINITE CONTROL SET MODEL PREDICTIVE

CURRENT CONTROL

In traditional FCS–MPCC, the best VV is selected by min-
imizing a cost function among all feasible vectors. According
to the first-order forward Euler discretization, one-step current
prediction is presented as

îα (k+1) =
Tk
Ls

(Uα (k)−Rsiα (k)

+ωr (k)ψf sin (θ (k))) + iα (k)

îβ (k+1) =
Tk
Ls

(
U

β
(k)−Rsiβ (k)

−ωr (k)ψf cos (θ (k))) + i
β
(k)

î0 (k+1) =
Ts
L0

(U0 (k)−Rsi0 (k)

+3ψ3fωr (k) sin (3θ (k))) + i0 (k) (5)

where îα(k+1),̂iβ(k+1), and îo(k+1) denote the estimations
of the (k+1)th instant α-axis current, β-axis current, and ZSC,
respectively. Uα(k), Uβ(k), iα(k), and iβ(k) represent the selected
VV and measured current in α-axis and β-axis at kth instant,
respectively. We assume thatωr(k)≈ωr(k+1), θ(k)≈θ(k+1), and
apply the delay compensation method in [30], then (k+2)th

TABLE I
VOLTAGE VECTORS OF OW-PMSM WITH COMMON DC BUS

instant current can be described as

îαi (k+2) =
Tk
Ls

(
Uα(i)−Rsîα (k+1)

+ωr (k)ψf sin (θ (k))) + îα (k+1)

îβi (k+2) =
Tk
Ls

(
U

β
(i)−Rsîβ (k+1)

−ωr (k)ψf cos (θ (k))) + î
β
(k+1)

î0i (k+2) =
Ts
L0

(
U0 (i)−Rsî0 (k+1)

+3ψ3fωr (k) sin (3θ (k))) + î0 (k+1) (6)

where i = 1, 2, …, 26, 27 represents the available VVs in
VSI system. Based on the principle that the least upper bridge
arm switching state is turned ON and overlook the redundant
VVs, 27 vectors are presented in Table I and shown in Fig. 3.
U0 represents inherent ZSV of the switching state and can
be calculated by (7), where Vdc is the dc voltage and Si (i
= 1,2 …5,6) is the switching state of upper bridge arm in
Fig. 1. “1” means the upper bridge is turned ON and “0” means
turned OFF

U0 =
1

3
((S1 − S4) + (S2 − S5) + (S3 − S6))× Vdc. (7)

For a simplified representation, use 0, 1, 2, 3, 4, 5, 6, and 7
to denote the switching state (000), (100), (110), (010), (011),
(001), (101), and (111), respectively. i and j’ (i, j = 0, 1, …6,
7) denote the switching state of VSI-1 and VSI-2, respectively.
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Fig. 3. Twenty-seven voltage vectors in the system.

Fig. 4. Diagram of traditional FCS–MPCC.

For example, (2-3’) represents switching state 2(110) in VSI-1
and 3’(010) in VSI-2.

The cost function is defined as follows [29]:

g(i) =

⎧⎨
⎩
∣∣∣iref
α (k)− îαi (k+2)

∣∣∣+
∣∣∣iref
β (k)− îβi (k+2)

∣∣∣
+
∣∣∣iref
0 (k)− î0i (k+2)

∣∣∣ (8)

where g(i) is the value of cost function, iαref, iβ ref, and i0ref are the
current references in α-axis, β-axis, and ZSL, respectively. Ac-
cording to the principle of minimizing cost function, the optimal
VV could be selected. The diagram of traditional FCS–MPCC
is shown in Fig. 4. It is clear that there are 27 candidate VVs
that need to be calculated in the (k+2)th current prediction and
cost function, which has a large computational burden.

IV. PROPOSED FINITE SET MODEL PREDICTIVE CURRENT

CONTROL BASED ON DEADBEAT PRINCIPLE

In this section, to reduce the computational burden in tra-
ditional FCS–MPCC, an improved voltage selection strategy,
which combines FCS–MPCC and the principle of DB control, is
proposed in SectionⅣ-A. After that, to solve the current ripples
and suppress ZSC, half-FCS model predictive current control
(HFCS–MPCC–DB) is proposed in Section VI-B. Besides, the
theoretical analysis is also presented in Section VI-B.

TABLE II
SECTOR INFORMATION OF DESIRED VOLTAGES

A. Improved Voltage Selection Strategy

First, as (9), the desired voltage is calculated according to the
principle of DB control [17]

U ref
α (k+1) =

Ls

Tk

(
iref
α (k)− îα (k+1)

)

+Rsîα (k+1)− ωr (k)ψf sin (θ (k))

U ref
β (k+1) =

Ls

Tk

(
iref
β (k)− îβ (k+1)

)

+Rsîβ (k+1) + ωr (k)ψf cos (θ (k))

U ref
0 (k+1) =

L0

Ts

(
iref
0 (k)− î0 (k+1)

)

+Rsî0 (k+1)− 3ωr (k)ψ3f sin (3θ (k)) (9)

wherêiα(k+1),̂iβ(k+1), and îo(k+1) are the same as those in
(5). Uα

ref(k+1), Uβ
ref(k+1), and U0

ref (k+1) are (k+1)th instant
desired voltages in α-axis, β-axis, and ZSL, respectively.

As shown in Fig. 3, the entire VVs region is divided into six
sectors by blue line, namely Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ, and Ⅵ. The phase
information of desired voltages is presented in (10). It has to be
mentioned that Us

ref = Uα
ref + j×Uβ

ref

θDB = tan−1

(
Uβ (k+1)

Uα (k+1)

)
. (10)

To avoid calculating the θDB using (10) in the hardware and
reduce the number of possible VVs, the selection method, as
shown in (11), (12), and Table II, is applied to get the sector
information of the desired voltages in this article⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Va = Uα (k+1)

Vb =

√
3

2
Uβ (k+1)− 1

2
Uα (k+1)

Vc = −
√
3

2
Uβ (k+1)− 1

2
Uα (k+1)

(11)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Se = 0;

Se = Se+ 1; (Va > 0)

Se = Se+ 2; (Vb > 0)

Se = Se+ 4; (Vc > 0).

(12)

After getting the sector information, the cost function is
defined as

g(i) =
∣∣U ref

α (k+1)− Uαi

∣∣
+
∣∣U ref

β (k+1)− Uiβi
∣∣+ ∣∣U ref

0 (k)− U0i

∣∣ (13)

where i = 1, 2 …7, 8 denotes the VVs adjacent to the desired
voltage. As shown in Fig. 5, there are only five active VVs and
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Fig. 5. Voltage vectors selection principle.

TABLE III
SWITCHING STATE IN SECTOR Ⅰ

three zero VVs need to be considered in one sector. For example,
when Us

ref is located in Sector II, V4(1–5’), V5 (0–5’), V6 (2–0’),
V7 (2–5’), V8 (3–5’), V25 (0–0’), V26 (7–0’), and V27 (0–7’)
are considered as candidate vectors. Compared to traditional
FCS–MPCC, it can reduce calculational burden effectively. In
order to further reduce the amount of calculation, g(i) can be
defined as

g(i) =
∣∣U ref

α (k+1)− Uαi

∣∣+ ∣∣U ref
β (k+1)− Uiβi

∣∣ (14)

where i = 1, 2 …4, 5. In (14), ZSV part is overlooked. The
optimal voltage which only considers α-β voltage is selected.
Then, redundant vector is applied reasonably to address the ZSV.
The number of candidate VVs is reduced from 8 to 5 and g(i) is
simpler than that in (13). However, not all VVs has redundant
vector. The VVs selection principle in sector Ⅰ is presented in
Table III, where n = 1

6 Udc and m = 1
2 Udc, respectively, presents

the midpoint of possible ZSV of the redundant vectors. The VV
selection principle in other sectors is the same as it. Then, the
selected vector can be implied in the control system directly. We
name this selection principle as improved FCS–MPCC based on
DB (IFCS–MPCC–DB).

B. Half-Finite Control Set Model Predictive Current Control
Based on Deadbeat Principle

IFCS–MPCC–DB has reduced the computational burden of
FCS–MPCC effectively. However, large current and torque
ripples, and bad ZSC performance still exist in the system.
To address the aforementioned problems, in this part, HFCS–
MPCC–DB is proposed. After selecting optimal VV by (14), the

TABLE IV
CANDIDATE VVS IN HFCS–MPCC–DB

Fig. 6. Candidate VVs in sector I.

switching state of one side of VSI is fixed and the other side is
adjusted to suppress the ZSC and current ripples. In order to have
a maximum adjustment range, the number of upper bridge arms
should be turned OFF as much as possible. The VV candidates
are presented in Table IV. We still use Sector I as an example,
which is shown in Fig. 6.

The selected VV has an inherent ZSV, which is denoted as U0
i

in Table IV. Comparing the inherent ZSV and U0
ref to determine

which VSI’s switching state should be fixed and by contrast,
switching state of the other VSI should be adjusted. More specif-
ically, if inherent ZSV U0

i > U0
ref(k+1), the switching state of

VSI-1 is fixed, and one zero vector “7”(111) and selected vector
are applied in VSI-2. When U0

i < U0
ref(k+1), the switching
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state of VSI-2 is fixed, and the zero-vector “7”(111) and selected
vector are applied in VSI-1.

We introduce the variables Ufα, Ufβ , Uaα, and Uaβ to denote
the voltage in α-β frame that fixed VSI system and the adjusted
VSI system can be produced by selected VV, respectively. For
example, if the selected VV is a-b’ (S1 S2 S3–S4 S5 S6) and
inherent ZSV is U0

i. When U0
i > U0

ref(k+1), the switching
state of VSI-1 is fixed, and the switching state of VSI-2 needs
to be adjusted ((S4S5S6) + (111)). The distribution factor xt is
defined as

xt =
T(111)

Ts
(15)

where T(111) denotes the effective time ratio of zero voltage
(111) in VSI-2. Then, effective duration ratio of b’ is (1 − xt).
h(xt) is defined as

h(xt) = |(Uα (k+1)− Ufα)− (1− xt)Uaα|2

+ |(Uβ (k+1)− Ufβ)− (1− xt)Uaβ |2

+
∣∣U0 (k+1)− (1− xt)U

i
0 − αxt

∣∣2
= Axt +Bx2t (16)

A =

⎧⎪⎪⎨
⎪⎪⎩

(
U ref
α (k+1)− Ufα

)
Uaα − U2

aα

+
(
U ref
β (k+1)− Ufβ

)
Uaβ − U2

aβ + αU i
0

−(
U i
0

)2 − αU ref
0 (k+1) + U i

0U
ref
0 (k+1)

⎫⎪⎪⎬
⎪⎪⎭

B =
(
U2
aα + U2

aβ + α2 − 2αU i
0 +

(
U i
0

)2)
(17)

where α denotes the ZSV when switching state of adjusted VSI
is (111). To ensure that h(xt) has a minimum value, a reasonable
xt must be obtained, which means following equations should
be satisfied:

∂h

∂xt
= A+Bxt (18)

⎧⎪⎨
⎪⎩

∂h
∂xt

= 0 ⇒ xt = −A
B (B �= 0) (0 ≤ xt ≤ 1)

xt = 0 (B = 0 and A ≥ 0)

xt = 1 (B = 0 and A < 0) .

(19)

After obtaining xt, the durations of S1, S2, S3, S4, S5, and S6
can be expressed as (20).

For example, if the selected VV is 1–5’(100–001), the inherent
ZSV is 0 (U0

i = 0Udc). We assume that 0 > U0
ref(k+1), then

the switching state of VSI-1 is fixed (100) and VSI-2 should be
adjusted (001+111). Equations (21)–(23) can be obtained based
on (17)–(20)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ts1on = S1 × Ts

Ts2on = S2 × Ts

Ts3on = S3 × Ts

Ts4on = (S4 + xt)× Ts (0 ≤ Ts4on ≤ 1)

Ts5on = (S5 + xt)× Ts (0 ≤ Ts5on ≤ 1)

Ts6on = (S6 + xt)× Ts (0 ≤ Ts6on ≤ 1)

(20)

Fig. 7. Durations of S1, S2, S3, S4, S5, and S6.

Fig. 8. Control block diagram of HFCS–MPCC–DB.

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Ufα =
2

3
Udc

Ufβ = 0

Uaα =
1

3
Udc

Uaβ =

√
3

3
Udc

(21)

⎧⎪⎨
⎪⎩
α = −2

3
Udc

xt = −A
B

(0 ≤ xt ≤ 1)
(22)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ts1on = Ts

Ts2on = 0

Ts3on = 0

Ts4on = xt × Ts

Ts5on = xt × Ts

Ts6on = Ts.

(23)

The durations of S1, S2, S3, S4, S5, and S6 is shown in Fig. 7.
The control block diagram and flow chart of HFCS–MPCC–DB
are, respectively, presented in Figs. 8 and 9.

We can find that in one control period, one active VV and a
half zero VV (111) are applied. The optimal duty cycle of the
vector (111) is obtained from the proposed novel cost function.
By adjusting one of two VSIs, (111) can compensate the desired
ZSV and as a result, and the ZSC can be suppressed and the
currents ripples can be reduced effectively.
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Fig. 9. Flow chart of HFCS–MPCC–DB.

TABLE V
OW-PMSM PARAMETERS

V. SIMULATION STUDY

To validate the effectiveness of the proposed method, sim-
ulation has been done by MATLAB/Simulink. In this part,
we present simulation results of three methods, respectively,
namely traditional FCS–MPCC control method in [29] (denoted
as Method 1), the IFCS–MPCC–DB voltage selection method
(denoted as Method 2), and HFCS–MPCC–DB, (denoted as
Method 3). Table V presents OW-PMSM parameters. The con-
trol frequency is set to 20 kHz, the dc voltage is set to 100 V,
and the deadtime is set to 2.5 μs.

TABLE VI
SIMULATION RESULTS OF Mi AND Ji

The simulation performance of current and torque at 1000
r/min are, respectively, shown in Figs. 10 and 11. The load
torque is changed suddenly from 2 to 3 N‘m, and three methods
have good track performance. idref, iqref, and Teref represent
the current references in d-axis, q-axis, and torque reference,
respectively. From Fig. 10, by comparing (a), (b), and (c),
Method 1 and Method 2 have larger phase current harmonics,
while Method 3 has a better performance in ia. It is clear that
Method 3 performs much better in ZSC than that of Method 1
and Method 2 by comparing (d), (e), and (f). The ZSC of Method
2 has worse performance than that of Method 1, which because
that in Method 2, the cost function overlooks ZSV to reduce the
computation time. By contrast, the current ripples in d-axis and
q-axis have reduced because it gives priority to Uα and Uβ . From
Fig. 11, we can find that torque of Method 3 performs better than
that of Method 1 and Method 2. According to [31], in order to
compare the performance of current and torque clearer, Mi/Te

and Ji//Te are defined as (24) and (25). The results are presented
in Table VI. It can be seen that the proposed control Method 3 is
effective in reducing current ripples, suppressing ZSC and torque
ripples. The effectiveness in reducing calculational burden is
shown in Section VI

Mi/T e
=

1

N

N∑
k=1

∣∣∣ei/T e
(k)

∣∣∣

=
1

N

N∑
k=1

∣∣(iref/T ref
e (k)

)− (i/Te(k))
∣∣ (24)

Ji/T e
=

√√√√ 1

N

N∑
k=1

((iref/T ref
e (k))− (i/Te(k)))

2. (25)

VI. EXPERIMENTAL RESULTS

The traditional FCS–MPCC (Method 1) [29], IFCS–MPCC–
DB (Method 2), and the proposed control method HFCS–
MPCC–DB (Method 3) are implemented on the OW-PMSM
platform. The control frequency is set to 20 kHz. The platform
is shown in Fig. 12. The three control methods are compared
under different conditions.

A. Experimental Results of Computation Time

First, the computation time of three control methods using the
Code Composer Studio 8.2.0 software is presented in Table VII.
Method 2 has shorter computation time than that of Method 1
and Method 3. Especially compared to Method 1, calculation
time has reduced by more than 48%. The computation time of
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Fig. 10. Simulation results of phase current ia, ZSC i0, d-axis current id, q-axis current iq at 1000 r/min. (a), (d), and (g) Method 1; (b), (e), and (h) Method 2;
and (c), (f), and (k) Method 3.

Fig. 11. Simulation results of torque at 1000 r/min. (a) Method 1;
(b) Method 2; and (c) Method 3.

TABLE VII
COMPUTATION TIME OF THREE METHODS

Method 3 is a little longer than that of Method 2, while compared
to Method 1, it is much shorter. This shows that the proposed
control method can greatly reduce the calculational effort.

B. Experimental Results of Current Performance

Figs. 13–14 show the experimental results of the phase current
ia, ZSC i0, d-axis current id, and q-axis iq of OW-PMSM at 200
and 1300 r/min, respectively. In Fig. 13, the steady-state current
performance is presented and the load torque is set to 2 N·m. By
comparing the experimental results shown in (d), (e), and (f), it

Fig. 12. Experimental platform of OW-PMSM system.

can be found that the HFCS–MPCC–DB method has the best
performance in ZSC among the three control methods. And as a
result, phase current performance of Method 3 is better than that
in Method 1 and Method 2. Besides, to have a clearer comparison
of phase currents, the experimental results of the total harmonic
distortion (THD) are also presented in Fig. 13. It can be observed
that Method 2 has the largest THD among the three methods,
indicating its poor performance in ZSC suppression. On the
other hand, Method 3 demonstrates the best THD performance,
indicating its effectiveness in suppressing ZSC.

Fig. 14 shows the dynamic current performance and the load
torque is changed from 2 to 5 N·m and then changed from 5 to
3 N·m. Evidently, among three methods, Method 3 performs
best in ZSC and current ripples. The ZSC of Method 2 has
worse performance than that of Method 1, but id and iq performs
better than Method 1. To have a comparison between the three
methods in id and iq ripples, Mi and Ji are also calculated, which
is shown in Fig. 15. By comparing Mid, Miq, Jid, and Jiq of
these three methods, it can be seen that Method 3 is effective in
suppressing the current ripples in d-axis and q-axis. Meanwhile,
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Fig. 13. Experimental steady-state performance at 200 r/min. (a), (d), (g), and (l) Phase current ia, ZSC i0, d-axis current id, q-axis iq, and THD of Method 1.
(b), (e), (h), and (m) Phase current ia, ZSC i0, d-axis current id, q-axis iq, and THD of Method 2. (c), (f), (k), and (n) Phase current ia, ZSC i0, d-axis current id,
q-axis iq, and THD of Method 3.

Fig. 14. Experimental dynamic performance at 1300 r/min. (a), (d), and (g) Phase current ia, ZSC i0, d-axis current id, and q-axis iq of Method 1. (b), (e), and
(h) Phase current ia, ZSC i0, d-axis current id, and q-axis iq of Method 2. (c), (f), and (k) Phase current ia, ZSC i0, d-axis current id, and q-axis iq of Method 3.

Fig. 15. Experimental result of Mid, Miq, Jid, and Jiq of three methods.
(a) 200 r/min. (b) 1300 r/min.

because Method 2 gives priority to Uα and Uβ , it has worse ZSC
performance than that of Method 1 but has lower current ripples
in d-axis and q-axis.

In order to have a comparison with other methods, Fig. 16
presents the experimental results of phase current ia, and ZSC
i0 of Method 1, Method 2, Method 3, and the control method in
[18] (denoted as Method 4). The speed is set to 900 r/min and
the load torque is set to 3 N‘m. We can find that phase current
and ZSC of Method 3 performs better than other three methods.
Moreover, the value of THD of Method 3 is smaller than those
of Method 1, Method 2, and Method 4. Table VIII shows the
comparison between the four methods. It has to be mentioned
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Fig. 16. Experimental results of different methods. (a), (e), and (k) Phase current ia, ZSC i0, and THD of phase current of Method 1. (b), (f), and (l) Phase
current ia, ZSC i0, and THD of phase current of Method 2. (c), (g), and (m) Phase current ia, ZSC i0, and THD of phase current of Method 3. (d), (h), and
(n) Phase current ia, ZSC i0, and THD of phase current of Method 4.

Fig. 17. Experimental results of torque at 1300 r/min. (a) Method 1.
(b) Method 2. (c) Method 3.

that Δi0 is calculated by (26), and the sum of m and n is the total
number of sampling points⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Δi0 = im+
0 − im−

0

im+
0 =

1

m

∑m
i=1 i0 (m) (i0 (m) > 0)

im+
0 =

1

n

∑n
i=1 i0 (n) (i0 (n) < 0) .

(26)

C. Experimental Results of Torque Performance

Figs. 17 and 18 show the experimental results of torque
performance. In Fig. 17, the speed is set to 1300 r/min and the
load torque is changed from 2 to 5 N·m and then changed from

Fig. 18. Experimental results of MTe and JTe of three methods under different
speed. (a) MTe. (b) JTe.

5 to 3 N·m. Clearly, the torque of Method 3 performs much
better than that of Method 1 and Method 2. To compare the
torque performance under different condition, Fig. 18 presents
the results of MTe and JTe of three methods. The load torque is
set to 2 N·m. It can be seen that MTe and JTe almost have the
same trend and Method 3 always has the best torque performance
among three methods.

From above experimental results, we can deduce that the
proposed Method 3 is effective in reducing calculation time,
suppressing current and torque ripples, and suppressing ZSC,
no matter at low or high speed, dynamic or steady state.
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TABLE VIII
COMPARISON BETWEEN EXISTING METHODS AND PROPOSED METHOD

VII. CONCLUSION

To improve the performance of FCS–MPCC in OW-PMSM
with a common dc bus, a novel control method, termed HFS–
MPCC–DB, is proposed in this article. The main conclusions
can be expressed as follows:

1) The proposed method can reduce the computation time
compared to traditional FCS–MPCC. By combining the
FCS–MPCC and the principle of DB, considering re-
dundant VVs and reasonable sector distribution strategy,
an optimized cost function has been defined to choose
optimal VV, which can greatly reduce the computational
effort.

2) After selecting optimal VV, the duty time of one of the two
VSIs is adjusted and as a result, the ZSC, d-axis, and q-axis
current ripples, and torque ripples have been suppressed
effectively.

3) The comparative simulation and experimental studies
have been conducted and the results have proved that
the proposed HFCS–MPCC–DB method maintains better
performance in phase current, ZSC, current, and torque
ripples than those of traditional FCS–MPCC and FCS–
MPCC–DB. Therefore, the proposed control method can
be experimentally applied to OW-PMSMs drives.
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