
IEEJ Journal of Industry Applications
Vol.13 No.3 pp.308–316 DOI: 10.1541/ieejjia.23009352

Paper

Simplified Deadbeat Predictive Torque Control Based on Discrete Space
Vector Modulation for Driving an Open-End Winding Permanent Magnet

Synchronous Motor

Hyung-Woo Lee∗ Non-member, Jun-Ho Hwang∗∗ Non-member

Kyo-Beum Lee∗a)
Non-member

(Manuscript received Aug. 24, 2023, revised Dec. 5, 2023)
J-STAGE Advance published date : Jan. 26, 2024

This study proposes a simplified deadbeat (DB) predictive torque control (PTC) strategy for driving an open-end
winding permanent magnet synchronous motor (OEW-PMSM) to reduce the torque and current ripple. The torque and
current ripple are large because the conventional finite set PTC (FS-PTC) uses only one voltage vector in the sampling
period. To avoid these problems, a simplified PTC strategy based on discrete space vector modulation (DSVM) is
proposed to split the voltage vector into a virtual voltage vector and select the optimal voltage vector. Furthermore,
the DB method is used to estimate the reference voltage angle and to thereby select an area that includes the candidate
voltage vectors to reduce the computational burden. Among these candidate voltage vectors in the selected area, the
optimal voltage vector can be selected by calculating the cost function. Therefore, one or more voltage vectors are used
in the sampling period, reducing the torque and current ripple. The effectiveness of the proposed strategy is verified
through simulation and experimental results.
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1. Introduction

Interior permanent magnet synchronous motors (IPMSMs)
have attracted much industrial interest owing to their supe-
rior efficiency and high power density. Recently, IPMSMs
with a modified mechanical structure have been introduced to
achieve high performance, specifically, high speed and power
quality. In this regard, studies are actively investigating open-
end winding (OEW) motors, in which the neutral point of the
stator winding is separated. Thus, an OEW motor fed by a
dual inverter has a structure for applying a voltage to both
ends of the stator winding(1)–(5). The dual inverter consists of
double two-level inverters. It generates high voltages at the
stator winding and affords advantages such as the multilevel
effect of phase voltages and fault tolerance. Additionally, un-
like other three-level inverters, it does not contain clamping
diodes, and therefore, neutral point control is not required.
Therefore, studies have focused on dual inverters for driving
OEW motors(6)–(15).

Various advanced control techniques have been developed
to deal with the increased processing and performance capa-
bilities of microprocessors. One such technique is the finite-
set model predictive control (FS-MPC) method that is based
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on a mathematical model of the load(16)(17). This method is
used in various power conversion systems owing to its in-
tuitive concept and fast response. Additionally, this method
can also be used to control the motor by using the model of
the torque and stator magnetic flux; this is called the finite-
set predictive torque control (FS-PTC) method. The con-
ventional FS-PTC (C-PTC) method predicts the future states
based on the available voltage vectors and determines the
optimal switching state by cost function optimization. The
C-PTC method only uses fixed real voltage vectors for con-
structing the candidate voltage vectors to calculate the cost
function. Thus, it can obtain a fast response in the transient
owing to the optimal state in one sampling period(18)–(20).
However, when applying the C-PTC method, the ripple com-
ponent of the torque and magnetic flux are large in the steady
state. Because this method only considers a few candidate
voltage vectors that consist of the fixed real voltage vectors
according to the switching states, the cost function cannot be
calculated precisely. Additionally, the single switching state
in one sampling period results in a large torque and magnetic
flux ripple with the current ripple, and this degrades the con-
trol performance.

To reduce the current ripple by reducing the harmonics,
a PTC method based on discrete space vector modulation
(DSVM) has been introduced. Unlike the C-PTC method,
DSVM-based PTC uses more candidate voltage vectors for
calculating the cost function by generating virtual voltage
vectors. The virtual voltage vectors can be constructed by
splitting the real voltage vectors in the space vector dia-
gram(21)–(23). Therefore, the optimal candidate voltage vector
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that minimizes the cost function can be selected and modu-
lated for the switching operation through a comparison with
the carrier. Compared with the C-PTC method, the DSVM-
based PTC method applies various switching states that in-
clude not only effective but also zero voltage vectors in one
sampling period(24)(25). Thus, the DSVM-based PTC method
can improve the precision of the calculation of the cost func-
tion, resulting in a reduction in the torque and magnetic flux
ripple. Further, because of the comparison and switching op-
eration between the selected voltage vector and carrier, the
fixed switching frequency can be guaranteed. Various studies
have investigated the implementation of the DSVM strategy
to generate a virtual voltage vector. The virtual voltage vec-
tors were synthesized using an offline table based on real volt-
age vectors(26). This approach is intuitive; however, the com-
putational burden of the synthesizing process is large. In pre-
vious study, virtual voltage vectors were synthesized based
on the interval of the prefixed sampling period(27). However,
the main drawback of the DSVM-based PTC method is the
large computational burden caused by numerous candidate
voltage vectors for calculating the cost function.

Because the C-PTC method predicts all the switching
states, the computational burden is a fatal obstacle for con-
ducting the control algorithm. The main cause of the in-
creased computational burden is the adoption of a multilevel
topology that has numerous power switch devices. Further,
the numerous candidate voltage vectors caused by the use
of the DSVM strategy increase the computational burden of
the microprocessor that runs the control algorithm. Conse-
quently, a microprocessor having higher performance is re-
quired, and therefore, the cost of the system configuration
increases. To overcome this issue, various deadbeat (DB)
methods have been studied. For example, the DB torque and
flux control (DB-DTFC) based on the inverse-model-based
solution using the torque equation was proposed(28). Fur-
ther, based on the concept of the nearest voltage point (NVP),
the optimal dynamic trajectory was produced online(29). This
technique has good performance but a complex implementa-
tion. A grid-connected system was applied to estimate the
reference voltage angle by using a mathematical model of
grid voltages(30)(31).

This study proposed a simplified DB-PTC method for driv-
ing OEW-PMSMs to reduce the torque and magnetic flux
ripple. This method uses DSVM to select the optimal real
and virtual reference voltage vectors. As the number of vir-
tual voltage vectors increases, more candidate voltage vectors
can be considered for cost function optimization. However,
considering the number of candidate voltage vectors within
a limited sampling period, the computational burden is in-
creased. To avoid this computational burden, the location
of the reference voltage should be estimated to select a spe-
cific area that includes the reference candidate voltage vec-
tors. The real-time location of the reference voltage can be
estimated precisely by using the mathematical voltage model
of the OEW-PMSM. From the candidate voltage vectors in
the selected area, the cost function can be calculated and opti-
mized, resulting in the selection of the optimal reference volt-
age vector. Subsequently, the selected optimal voltage vector
is modulated for comparison with the carrier and for deter-
mining the switching state of the dual inverter. Because one

or more voltage vectors including the zero voltage vector are
applied in one sampling period, the torque and magnetic flux
ripple can be reduced compared to those in the C-PTC. The
effectiveness of the proposed DVSM-based DB-PTC method
is verified through a simulation and experimental results.

2. Mathematical Model of OEW-PMSM Fed by
Dual Inverter

2.1 Modeling of Dual Inverter Fig. 1 shows a cir-
cuit diagram of an OEW-IPMSM fed by a dual inverter with
isolated dc-sources. The dual inverter consists of double two-
level inverters. Each inverter is connected to dc-sources that
are isolated from each other. Therefore, in contrast to a sin-
gle inverter, the three-phase voltage at the stator winding is
generated by the combination of the output phase voltages of
inverters 1 and 2. The three-phase voltages derived by the
switching states of each inverter can be expressed as follows:uas(n)

ubs(n)
ucs(n)

 =
Vdc(n)/3 · (2Sa(n) − Sb(n) − Sc(n))
Vdc(n)/3 · (2Sb(n) − Sc(n) − Sa(n))
Vdc(n)/3 · (2Sc(n) − Sa(n) − Sb(n))

 · · · · · · · · (1)

where uas(n), ubs(n), and ucs(n) are the three phase voltages of
each inverter; n takes a value of 1 or 2 to indicate inverter
1 or 2, respectively; Vdc(n) indicates the dc-link voltage; and
Sa(n), Sb(n), and Sc(n) indicate the switching states of each in-
verter, respectively. According to the output phase voltage
determined by the switching states of inverter 1 and 2, the
three-phase voltage of the dual inverter can be represented asuas

ubs
ucs

 =
uas(1) − uas(2)
ubs(1) − ubs(2)
ucs(1) − ucs(2)

 · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)

where uas, ubs, and ucs are the output three-phase voltages
of the dual inverter, and they are equal to the three-phase
voltages of the stator winding of the OEW-PMSM. From the

Fig. 1. Circuit diagram of OEW-IPMSM fed by dual inverter

Fig. 2. Synthesized voltage vector diagram of dual inverter
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three-phase voltages determined by the switching state, the
synthesized voltage vector diagram of the dual inverter is rep-
resented as shown in Fig. 2. The voltage vectors of the dual
inverter can be equalized to 19 voltage vectors considering
the magnitude and phase determined by the switching states
of inverters 1 and 2.

From (1) and (2), the three-phase voltages of the stator
windings generated by the dual inverter are boosted com-
pared to those of the single inverter. Further, a multilevel
effect appears owing to the synthesized voltage vector of the
dual inverter caused by the increasing number of switching
states.

2.2 Continuous Model of OEW-PMSM By apply-
ing the Park transformation to the three-phase voltages of sta-
tor windings, the continuous d-q axis synchronous coordinate
voltages of IPMSM can be obtained as follows:

[
ud
uq

]
=


Rsid +

d
dt
λd − ωrLqiq

Rsiq +
d
dt
λq + ωrLdid + ωrλ f

 · · · · · · · · · · · · (3)

where ud and uq are the d-q axis voltages of the stator wind-
ing, id and iq are the d-q axis stator currents, Rs is the stator
resistance, Ld and Lq are the d-q axis stator inductances, λd
and λq are the d-q axis stator flux, ωr is the angular frequency,
and λf is the permanent magnet flux linkage of the motor. The
electromagnetic torque can be expressed as follows:

Te =
3
2

Pn((Ld − Lq)idiq + λ f iq) · · · · · · · · · · · · · · · · · · ·(4)

where Te is the electromagnetic torque and Pn, the pole pair
of OEW-IPMSM.

3. Conventional FS-PTC Strategy
3.1 Discrete Modeling of OEW-PMSM The dy-

namic model of the IPMSM in the stationary reference frame
can be discretized based on the continuous model. When Eu-
ler’s discretization is applied, the prediction model of the sta-
tor current can be expressed as

id(k + 1) = (1 − RsTs/Ld)id(k) + LqTsωr(k)/Ldiq(k)
+ Ts/Ld · ud(k)

iq(k + 1) = (1 − RsTs/Lq)iq(k) − LdTsωr/Lqid(k)
+ Ts/Lq · uq(k) − λ f Tsωr(k)/Lq · · · · · · (5)

where (k) and (k+1) are the present and prediction sampling
discrete steps, Ts is the sampling period, ud(k) and uq(k) are
the (k)th d-q axis reference voltages, and ωr(k) is the (k)th an-
gular speed. From the predicted current model, the prediction
model of the stator flux can be described as follows:

λs(k + 1)=
√

(Ldid(k+1)+λ f )2+(Lqiq(k+1))2 · · · · · (6)

From the derived prediction model of the current and stator
flux, the prediction model of electromagnetic torque can be
expressed as follows:

Te(k + 1) =
3
2

Pn{λs(k + 1) · iq(k + 1)

+ (Ld − Lq)id(k + 1)iq(k + 1)} · · · · · · · · (7)

3.2 Cost Function Construction After deriving the

Fig. 3. Control block of conventional C-PTC

prediction model, the cost function can be constructed as fol-
lows:

g=Wλ · |λ∗s−λs(k+1)|+WT · |T ∗e −Te(k+1)| · · · · · · · · (8)

where λs
* is the reference stator flux, Te

* is the reference
torque, and Wλ and WT are the weighing factors of the stator
flux and torque, respectively.

3.3 Control Sequence of C-PTC Method Fig. 3
shows the control block diagram of the C-PTC method. By
using the sensed three-phase current and angular speed, the
prediction model of the stator flux and torque can be derived
by (5) to (7). The cost function is constructed using the pre-
dicted models with the reference value of the stator flux and
torque. Then, the cost function can be optimized through an
iterative computation based on the available switching states.
The candidate voltage vectors that used in cost function are
the 19 switching states in Fig. 2. The cost function is calcu-
lated for the voltage vector corresponding to each switching
state. The one of 19 voltage vectors with the minimum output
of the cost function is selected as the final switching state of
the next sampling period(30)(31). Because the C-PTC method
uses the single zero or real voltage vector in one sampling pe-
riod, the magnitude of the torque and flux ripple are increased
compared to the case of using DSVM.

4. Proposed FS-PTC Strategy Using Simplified
Deadbeat Method

4.1 DSVM-based PTC Method Because the C-PTC
method uses only the real voltage vector in one sampling pe-
riod, the ripple of the torque and stator flux is large in the
steady state. By splitting the real voltage vector of the dual
inverter into the virtual voltage vector, the switching states
can be optimized owing to the subdivided virtual voltage vec-
tors. Fig. 4 shows the subdivided voltage vector diagram of
the dual inverter based on DSVM. The synthesized voltage
vector diagram is subdivided into 12 sectors according to the
location of the reference voltage vector. The virtual voltage
vector is generated symmetrically with respect to the d- and
q-axes. The number of virtual voltage vectors in each sector
is the same and is determined by the number of subdivisions.
The total number of voltage vectors according to the constant
of subdivision (T) can be defined as follows:

T (n) = 6n2 + 6n + 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (9)
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Fig. 4. Subdivided voltage vector diagram of dual
inverter based on DSVM

Fig. 5. DSVM according to constant of subdivision

where n represents the constant of subdivisions. Depending
on the constant of subdivision, the number of candidate volt-
age vectors is determined. Fig. 5 shows the DSVM accord-
ing to the constant of subdivision at sector 1. As the num-
ber of subdivisions increases, the ideal voltage vector can be
selected; however, the computational burden also increases.
Thus, the constant of subdivision should be selected in con-
sideration of the computational burden.

After the selection of the sector, the stationary reference
d-q axis candidate voltage vectors in the selected sector can
be generated using the constant of subdivision and can be ex-
pressed as follows:

[
v∗d
v∗q

]
=


Vdc1 + Vdc2

6n
((a + 2e)x + 3by)

√
3(Vdc1 + Vdc2)

6n
((cx + (d + 2 f )y))

 · · · · · (10)

where x and y represent the d-q axis coordinate. After the
sector is determined from the reference voltage angle, the co-
efficient can be defined as shown in Table 1.

If all voltage vectors are considered to calculate the cost
function, the computational burden becomes large. To avoid
this issue, the cost function should be calculated based on
the specific candidate voltage vectors included in the selected
sector.

4.2 Estimation of Reference Voltage Vector Location
for DB To determine the sector in which the reference
voltage angle is located, the voltage angle estimation must
be accurate. This study estimates the voltage angle using the
model parameter. The d-q axis reference voltage at the syn-
chronous frame can be expressed as follows:

u∗de est = (Ld/Ts) · id(k + 1) + (Rs − Lq/Ts) · id(k + 1)

Table 1. Coefficient according to sector

Fig. 6. Control block diagram of proposed simplified
DB-PTC method

− ωrLd · iq(k + 1)
u∗qe est = (Lq/Ts) · iq(k + 1) + (Rs − Ld/Ts) · iq(k + 1)

+ ωrLd · id(k + 1) + ωrλ f · · · · · · · · · · · · · · (11)

After the estimation of the d-q axis reference voltage at the
synchronous frame, the reference voltage can be estimated by
the inverse Park Transformation, and it is derived as follows:[

u∗ds est(k+1)
u∗qs est(k+1)

]
=

[
cos θr − sin θr
sin θr cos θr

] [
u∗de est(k+1)
u∗qe est(k+1)

]
· · · (12)

The reference voltage angle can be defined by the station-
ary frame d-q axis voltage, and it is expressed as follows:

θ∗v est = atan
(u∗qs est

u∗ds est

)
· · · · · · · · · · · · · · · · · · · · · · · · · · · (13)

By using the estimated reference voltages, the reference
voltage angle and location of the reference voltage vector can
be estimated.

4.3 Control Sequence of Proposed Simplified DB-
PTC Method Fig. 6 shows the control block diagram of
the proposed simplified DB-PTC method. By using the pre-
dicted current model and parameter of the OEW-PMSM, the
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location of the reference voltage vector can be estimated, and
consequently, the coefficient can be selected. By using this
proposed method, the computational burden can be reduced
by estimating and selecting the location of the reference volt-
age vector. After optimizing the cost function based on the
DSVM, the reference voltage can be determined. Finally,
the switching states of the dual inverter can be determined
by comparing the reference voltage with the carrier. There-
fore, the effective voltage vector as well as the zero voltage
vector can be considered within one sampling period. The
proposed method uses DSVM to apply more subdivided can-
didate vector compared to the C-PTC, A drawback of the C-
PTC is complimented such as large ripple in stator current.
In addition, sufficient constant of subdivisions n enables sim-
ilar or better performance compared to SVPWM, but this re-
quires consideration of the amount of computation over the
increased the constant of subdivisions.

5. Simulation Results

The proposed DVSM-based DB-PTC method was verified
using a simulation model. Table 2 lists the simulation param-
eters of the OEW-IPMSM. The sampling period was set to
50 µs, and the switching frequency was set to 20 kHz. The
dc-link voltage of both inverters 1 and 2 was 80 V, and it was
supplied by isolated DC power sources. The weighting fac-
tors of the torque and flux, consisting of the cost function,
were set to 1 and 200, respectively. In the process of setting
the weighting factor for torque and flux, the initial value was
set in proportion to the rating of each parameter. This allowed
the two parameters to be reflected at a similar rate in the cost
function, and then the weighting factor values corresponding
to each parameter were changed empirically to achieve op-
timal performance. Therefore, the weighting factors of each
parameter applied in the simulation and experiment have dif-
ferent values depending on the difference between the ideal
and actual conditions. Additionally, considering the perfor-
mance of the microprocessor and the computational burden,
n was set to 4. To verify the proposed method, the conven-
tional and proposed methods were simulated under the same
condition.

Fig. 7 shows the simulation results of the a-phase pole volt-
age when C-PTC method and the proposed method applied
at 500 rpm. In Fig. 7, vap1, vap2, Ts represent pole voltage
of inverter 1, inverter 2, and sampling period, respectively.
In C-PTC method, only one voltage vector selected by cost
function is applied during sampling period. Therefore, the

Table 2. OEW-PMSM parameters

pole voltages of the dual inverter remain the same state dur-
ing one sampling period. In the proposed DB-PTC method,
the reference voltage vector is applied by DSVM scheme.
Since the reference voltage vector is applied in the same way
as SVPWM within one sampling period, the polar voltage of
the dual inverter appears in a symmetrical form using zero
voltage vectors within the sampling period. This fundamen-
tal difference in the way reference voltage vector is applied,
causes the proposed DB-PTC method to reduce current ripple
compared to the C-PTC method.

Fig. 8 shows the simulation results of torque control when
the C-PTC method and proposed DB-PTC method are ap-
plied at 500 rpm. Before 0.4 s, the reference torque was
20% of the rated torque, and after 0.4 s, the reference torque
changed to 60% of the rated torque. Furthermore, the ref-
erence flux was maintained at 0.1133 Wb. From Fig. 8(a),
by using the C-PTC method, the total harmonic distortion
(THD) of the phase current was 26.81% and 9.87% at each
torque reference condition. However, when the proposed

Fig. 7. Simulation results of a-phase pole voltage

(a) C-PTC

(b) The proposed DB-PTC

Fig. 8. Simulation results of torque control at 500 rpm
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DB-PTC method was applied, the THD of the current re-
duced to 7.07% and 3.44%.

Fig. 9(a) and (b) show the simulation results of torque con-
trol at 800 rpm. When the C-PTC method was applied, the
THD of the current was 28.9% and 9.32%. By contrast, when
using the DVSM-based DB-PTC method, the THD of the
current reduced to 8.11% and 3.48%. These simulation re-
sults indicate that when the proposed method is applied, the
current ripple was reduced. Fig. 10 shows the analysis dia-
gram of the THD of the current. The THD of the current
varies according to the load torque, rotor speed, and constant
of subdivision. For the same n, the THD of the current de-
creases as the load torque increases or rotor speed decreases.
In addition, as n increased, the THD of the current was supe-
rior owing to the increase in the selectable candidate voltage

(a) C-PTC

(b) The proposed DB-PTC

Fig. 9. Simulation results of torque control at 800 rpm

Fig. 10. Analysis diagram of current THD according to
torque, rotor speed, and constant of subdivision

vectors. In PWM techniques, as the fundamental frequency
of the motor increases, the THD also increases. The proposed
method also has the same tendency because the selected ref-
erence voltage vector is applied using the DSVM. Therefore,
the proposed method also tends to increase THD at higher
speeds, resulting in low THD at lower speeds. In addition,
the effect of reducing THD by increasing n is basically more
pronounced in high-speed region with high THD.

6. Experimental Results
The validity and performance of the proposed DVSM-

based DB-PTC method have been experimentally investi-
gated. The experimental conditions and parameters of the
OEW-IPMSM are identical to the simulation parameter as
presented in Table 2. Fig. 11 shows the developed experi-
mental hardware setup for investigating the feasibility of the
proposed method. It comprised a dual inverter with insulated-
gate bipolar transistor (IGBT) power modules and a DSP con-
trol board. A TMS320F28377S microprocessor was used for
implementing the software algorithm. To load the machine,
an induction motor coupled to the OEW-IPMSM was con-
trolled by YASKAWA. The C-PTC and proposed DB-PTC
methods were performed on the same experimental setup for
comparison under the same sampling time of 50 µs. More-
over, the weighing factors of the flux and torque were exper-
imentally tuned to 0.3 and 200, respectively.

Fig. 12 shows the experimental waveform of the stationary
d-q axis reference voltage. After the reference voltage angle
is estimated by (13), the sector can be obtained. The coeffi-
cient is determined from the sector, as shown in Table 1. As a
result, the stationary d-q reference voltage can be generated.

Fig. 11. Developed experimental setup of dual inverter
for driving OEW-PMSM

Fig. 12. Sector according to the estimated reference
voltage angle and stationary d-q axis reference voltage
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(a) C-PTC

(b) The proposed DB-PTC

Fig. 13. Experimental results of the torque control at
500 rpm

(a) C-PTC

(b) The proposed DB-PTC

Fig. 14. Experimental results of torque control at
800 rpm

Fig. 13(a) and (b) shows the experimental results of torque
control when the C-PTC and proposed DVSM-based DB-
PTC method are applied at 500 rpm. The reference torque
was changed from 20% of the rated torque to 60% of the rated
torque. Further, the magnitude of the reference flux was set at
0.1133 Wb. The peak-to-peak torque value that represents the
torque ripple was reduced from 3.1 Nm to 0.8 Nm when the
C-PTC and proposed DVSM-based DB-PTC method were
applied, respectively. Fig. 14(a) and (b) shows the experi-
mental results of torque control at 800 rpm. When the pro-
posed method was applied, the peak-to-peak value of torque
ripple reduced from 4.4 Nm to 1.1 Nm. The experimental re-
sults shown in Figs. 13 and 14 confirmed that the torque and

(a) C-PTC

(b) The proposed DB-PTC

Fig. 15. Experimental results of speed control

(a) C-PTC

(b) The proposed DB-PTC

Fig. 16. Minimum value of cost function and harmonic
spectrum results of a-phase current

current ripple improved when the proposed method was ap-
plied.

Fig. 15 shows the experimental results when the speed con-
troller was applied. The rotor speed was controlled from
500 rpm to 800 rpm, and the load torque of OEW-PMSM was
set to 20% of the rated torque. When the proposed DVSM-
based DB-PTC method was applied, the torque and current
ripple improved compared to those in the C-PTC method.
Further, in a transient state with increasing rotor speed, the
stability of control was also improved.

Fig. 16(a) and (b) respectively show the experimental re-
sults including the minimum value of the cost function (gmin)
and a-phase current’s harmonic spectrum when the C-PTC
and proposed DVSM-based DB-PTC method were applied.
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As shown in Fig. 16, when using the proposed method, the
minimum value of the cost function was lower than that with
the C-PTC method. This represents that the error of the
torque and flux between the reference and output values de-
creased when the proposed method was applied. In addition,
the harmonic components of the a-phase current at low fre-
quencies of under approximately 5 kHz were reduced. When
using the C-PTC method, the peak value of the harmonic
component was approximately 0.35 A at around 2 kHz. By
contrast, when using the proposed method, the peak value
of the harmonic component reduced to under 0.1 A. The ex-
perimental results and analysis indicate that when using the
proposed DB-PTC method, the torque and flux ripple were
improved compared to those with the C-PTC method, and
the feasibility of the proposed method was verified.

7. Conclusion
This study proposed a simplified DB-PTC method for driv-

ing OEW-PMSMs to improve the stability in the steady state.
By using the mathematical parameters of the OEW-PMSM,
the location of the reference voltage vector was estimated,
and the section could be selected. Thus, the implementation
of the proposed DB-PTC was simple and accessible, because
the stator voltage model was used for estimating the angle of
the reference voltage. Cost function optimization was per-
formed using the candidate voltage vectors in the selected
section. As a result, the torque and current ripple were re-
duced by using the optimal voltage vector in the subdivided
candidate voltage vectors. The voltage vector was subdivided
considering the computational burden of the microproces-
sor. Further, the delay compensation in the proposed DB-
PTC method was considered sufficient. The effectiveness and
feasibility of the proposed simplified DVSM-based DB-PTC
methods were verified through the simulation and experimen-
tal results.
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