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An Improved Deadbeat Predictive Current Control
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Synchronous Motors Drives With
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Abstract—To improve the performance of open-winding perma-
nent magnet synchronous motors (OW-PMSMs) with a common
dc bus, a novel control method that can simultaneously eliminate
parameter mismatch in the d-axis, q-axis, and zero-sequence loop
(ZSL) is proposed. First, the parameter mismatches are analyzed.
Second, an extended state observer (ESO), which can predict the
current in the next instant and the disturbance caused by parameter
mismatch, is established. By combining the ESO and the deadbeat
predictive current control (DPCC) in the d-axis and q-axis, replac-
ing the sampled current in the DPCC with the predictive current
in the ESO, and considering predictive disturbance as a voltage
reference feedforward compensation, one-step delay and the dis-
turbance caused by parameter mismatch are addressed. Then, in
the ZSL, the predicted zero-sequence disturbance is considered
as a compensation for the reference zero-sequence voltage (ZSV).
The ZSV is obtained using the zero-voltage vector redistribution
strategy in alternate subhexagonal center pulsewidth modulation
strategy. The proposed method enhances the robustness of OW-
PMSM, against parameter mismatch in the d-axis, q-axis, or ZSL.
To verify the effectiveness of the proposed method, simulation and
experimental results obtained using the traditional DPCC method
and the ESO+DPCC method are presented herein.

Index Terms—Disturbance observer, extended state observer
(ESO) open-winding permanent magnet synchronous motors (OW-
PMSM), parameter mismatch, robustness.

I. INTRODUCTION

R ECENTLY, permanent magnet synchronous motor
(PMSM) has been widely applied into industrial fields
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because of its many advantages such as high power density and
good reliability [1]. However, a flux-weakening control method
needs to be implemented when a higher speed is required with
limited dc voltage, which could cause significant energy loss
and even permanent demagnetization.

To solve this problem, the open-winding topology of PMSM
(OW-PMSM), which opens the neutral point of stator wind-
ings and connects with another inverter [2], is proposed. The
OW-PMSM enjoys many other advantages such as good fault
tolerance and a multilevel modulation effect [3], [4], making it
gain increasing attention.

A. Literature Review

Based on the difference in the power supply modes, OW-
PMSM systems can be classified into two types, namely, systems
with a common dc bus [5] and systems with an isolated dc bus [6].
Compared with systems having an isolated dc bus, systems hav-
ing a common dc bus require smaller space and has less weight,
which make them more attractive for various applications [7].
However, systems with a common dc bus have an inherent
zero-sequence loop (ZSL). The zero-sequence current (ZSC)
in ZSL adversely affects machine performance, and therefor
needs to be suppressed [8]. There exist several control methods
for OW-PMSM, such as field-oriented control [9] and direct
torque control [10]. With the development of microprocessors
over the last decades, many advanced control strategies, such as
sliding-mode control [11] and model predictive control (MPC)
[12], [13], have been implemented in power converters and
drives. MPC uses a discrete model of the system, which has
a good steady state and dynamic performance [14].

The two most common strategies of MPC are finite set control
MPC (FSC-MPC) and continuous set control MPC (CSC-MPC)
[15]–[17]. In FSC-MPC, the control action is defined by mini-
mizing a cost function, which represents the desired behavior of
the system; however, this leads to a large computational burden
[15]. A long prediction horizon could improve the performance
of the system compared with a short prediction horizon. How-
ever, the computational burden increases exponentially while
needing long prediction horizon [17]. Many papers focused on
computationally efficient optimization algorithms to reduce the
computation complexity [18], [19]. In CSC-MPC, pulsewidth
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modulation (PWM) is used to translate the desired voltages into
switching orders; this results in a substantially lower computa-
tional burden compared with FSC-MPCC [20]. Meanwhile, it
produces a fixed switching frequency, which could reduce the
effects of resonance problems [21]. DPCC, which is used as a
CCS-MPC method, forces the actual current of motor to track
the reference current and achieves satisfactory steady state and
dynamic state performance; hence, it has become one of the
most applied control strategies in papers published in recent
years. However, the MPC method relies on accurate machines
model, which has high requirements for the exact OW-PMSM
parameters, such as inductance, resistance and permanent mag-
net flux in the d-axis, q-axis, and ZSL [22]. The performance
will deteriorate when parameter mismatch occurs. Moreover,
parameter mismatch is inevitable when environment condition
such as temperature changes [23]. Furthermore, control delay
exists in DPCC, such as one-step delay in voltage calculation,
can also deteriorate the performance of machines [24].

To solve the existing problems with DPCC, several methods
have been studied. In [25], by adding an additional discrete-time
current predictive unit to DPCC, the PMSM achieves a high per-
formance while suffering from parametric uncertainties. While
it has many similarities to the conventional PI control system,
the gain parameters may be difficult to choose. In [26]–[29],
the DPCC method was combined with a disturbance observer
to enhance the robustness of the control system. An extended
state observer (ESO) was presented in [26]. In that study, flux
and inductance uncertainty were considered, but resistance mis-
match, which has a noticeable effect on the performance of the
control system, was overlooked. In [27], a Luenberger distur-
bance observer was designed to reduce the sensitivity of the
control system to the aforementioned parameters. Meanwhile,
it can increase the accuracy of speed. In [28], a simple adaptive
disturbance observer was used to improve the performance of
the control system under parameter mismatch, and torque ripple
was suppressed as well. However, the systems in [27] and [28]
still had a one-step delay, and the control system could not
compensate for the disturbance in time. In [29], a disturbance
observer based on the sliding-mode exponential reaching law
was established, which can not only overcome the problem
caused by parameter mismatch in the d-axis and q-axis, but
also address the one-step delay problem. However, the structure
of the observer is complex, which increases the burden of the
control system.

The aforementioned methods are related to PMSM control
system. In contrast, OW-PMSM with a common dc bus has
an inherent ZSL. The ZSC in ZSL negatively affects the per-
formance of an OW-PMSM control system; hence, it needs to
be suppressed effectively. To reduce the frequency of switch-
ing, Somasekhar et al. [30] proposed an alternate subhexago-
nal center PWM modulation strategy (ASHCPWM). Based on
ASHCPWM, a zero-voltage vector redistribution strategy was
studied in [31], which could suppress the ZSC in stable state
without requiring any additional element. However, Zhou and
Nian [31] overlooked the ZSC in the dynamic state. Further-
more, ZSL parameter mismatch could result in unsatisfactory
performance of the ZSC, which would lead to poor control

performance of the OW-PMSM; Therefore, this should also be
addressed. However, adequate research has not been conducted
in this regard.

B. Motivation and Innovation

In order to enhance the robustness of an OW-PMSM control
system, the parameter mismatches occurring in the d-axis, q-axis
and ZSL should be considered simultaneously. This article pro-
poses an improved method, termed ESO+DPCC control, which
combines traditional DPCC, zero-voltage vector redistribution
strategy in alternate subhexagonal center PWM modulation
strategy (ZVRE-ASHCPWM), and an ESO. The most signif-
icant contribution of this article is that the proposed method can
simultaneously eliminate the d-axis, q-axis, and ZSL parameter
mismatch and one-step delay, unlike any existing method. The
main contributions can be summarized as follows.

1) An ESO based on the d-axis and q-axis is established; it
can predict disturbance caused by parameter mismatch in
the d-axis and q-axis. The disturbance is regarded as the
(k+1)th instant voltage reference feedforward compen-
sation to improve the performance of OW-PMSM when
parameter mismatch occurs in the d-axis and q-axis.

2) An ESO based on ZSL is established; it can predict
the disturbance caused by zero-sequence loop parameter
mismatch. The disturbance is regarded as the (k+1)th
instant ZSV compensation to improve the performance of
OW-PMSM when ZSL parameter mismatch occurs. ZSV
is obtained using ZVRE-ASHCPWM.

3) ESO can predict the (k+1)th instant current in the
d-axis, q-axis, and ZSL. The predicted current replaces
the sampled current in DPCC. Moreover, in this process,
the disturbance in the d-axis, q-axis, and ZSL can also be
considered as a compensation to address one-step delay.

4) To verify the effectiveness of the proposed method, several
simulation and experiments were conducted under differ-
ent conditions.

The rest of this article is organized as follows. In Section II, the
topology and mathematic model of OW-PMSM with a common
dc bus is presented; then, DPCC and ASHPWM are introduced.
In Section III, the parameter mismatch is analyzed, and the
ESO is established. The stability of the ESO is analyzed, and
subsequently, the proposed control method (ESO+DPCC) is
illustrated. SectionsⅣ andⅤ show the results of the simulation
and experiments. Finally, the conclusion is given in Section Ⅵ.

II. OW-PMSM WITH COMMON DC BUS

The topology of the OW-PMSM system with common dc bus
is presented in Section II-A. The mathematical model of OW-
PMSM is described in Section II-B, and the principle of DPCC is
introduced in Section II-C. Section II-D presents the ASHPWM
diagram and illustrates zero voltage vector distribution method
(ZVRE-ASHCPWM).
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Fig. 1. Topology of OW-PMSM with common dc bus.

Fig. 2. Zero-sequence loop of OW-PMSMs.

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

Fig. 1 shows the topology of OW-PMSM system with a
common dc bus. Unlike in conventional PMSM, the neutral point
is open, and there are two voltage-source inverter (VSI) systems.
Compared with the isolated dc bus topology, the common dc bus
topology needs smaller space and is lighter. However, it also
leads to an inherent ZSL, as shown in Fig. 2.

B. Mathematical Model of OW-PMSM

Considering the ZSL, the mathematical model of OW-PMSM
can be described as follows:⎧⎨
⎩
Ud = Rsid + Ld

did
dt − ωrLqiq

Uq = Rsiq + Lq
diq
dt + ωrLdid + ωrψf

U0 = Rsi0 + L0
di0
dt − 3ωrψ3f sin (3θ)

(1)

{
U0 = 1

3 (Ua + Ub + Uc)
i0 = 1

3 (ia + ib + ic)
(2)

Te = 1.5p ∗ (ψf iq + (Ld − Lq) idiq − 6ψ3f sin (3θ) i0) (3)

where, Ud, Uq, and U0 represent the d-axis voltage, q-axis
voltage, and ZSL voltage, respectively; id, iq, and i0 represent the
d-axis current, q-axis current, and zero-sequence current, respec-
tively; Rs, Ld, Lq, L0, Ψf, Ψ3f , θ, and ωr, denote the winding re-
sistance, d-axis inductance, q-axis inductance, ZSL inductance,
fundamental flux-linkage, third-harmonic flux-linkage, electri-
cal rotor position, and electrical angular speed, respectively; and
Ua, Ub, Uc, ia, ib, and ic are the voltages and currents of the a,
b, and c phases, respectively. In OW-SPMSM, Ld = Lq = Ls.

C. Principle of DPCC

DPCC can be divided into two parts: the prediction of the
currents and the calculation of the voltages.

First, the mathematical model of OW-PMSM is discretized. If
the sampling time Ts is sufficiently short, overlooking the ZSL,

Fig. 3. Diagram of the principle of DPCC.

id(k+1) and iq(k+1) can be estimated using

îd (k+1) =

(
1−Rs

Ls
Ts

)
id (k) + Tsωr (k) iq(k) +

Ts
Ls
Ud (k)

îq (k+1) =

(
1−Rs

Ls
Ts

)
iq (k)− Tsωr(k)id (k) +

Ts
Ls
Uq (k)

− Ts
Ls
ωr (k)ψf (4)

where îd(k+1) and îq(k+1) represent the estimation of the
(k+1)th instant d-axis current and q-axis current, respectively.
The (k+2)th instant current can be estimated using îd(k+1) and
îq(k+1). We assume that ωr(k)≈ωr(k+1) and θ(k)≈θ(k+1).
To allow the actual currents of the motor to track the current
references after a modulation period, îs(k+2) = isref(k), the
(k+1)th instant voltage references can be described, as shown
in (5). Since îd(k+1) and îq(k+1) are estimated, there is only
one-step delay in the control system. The voltage references are
obtained in the next SVPWM modulation period. The diagram
of the principle of DPCC is shown in Fig. 3

Ud (k + 1) =
Ls

Ts

(
id

ref (k) +
Rs

Ls
Tsîd (k + 1)

− Tsωr(k)̂iq (k + 1)− îd (k + 1)

)

Uq (k + 1) =
Ls

Ts

(
iq

ref (k) +
Rs

Ls
Tsîq (k + 1)

+ Tsωr(k)̂id (k+1)+
Ts
Ls
ωr (k)ψf − îq (k+1)

)
.

(5)

D. Alternate Subhexagonal Center PWM Modulation Diagram

As shown in Fig. 1, there are two inverters in the system.
The desired voltage is generated by both the systems. Because
of the high voltage vector utilization and low switching loss,
ASHCPWM diagram (see Fig. 4) is often used to obtain the
voltage vector.

Uref denotes the voltage reference in the αβ stationary frame.
U1ref and U2ref denote the voltage references that VSI-1 and
VSI-2, respectively, are required to produce. It can be seen that
the entire hexagon is divided into six sectors, namely Ⅰ, Ⅱ, Ⅲ,
Ⅳ, Ⅴ, and Ⅵ. When Uref is located in Ⅰ, Ⅲ, or Ⅴ, U1ref is
generated through a fixed switching state in VSI-1, and U2ref is
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Fig. 4. Alternate subhexagonal center PWM modulation diagram.

synthesized using the SVPWM technique in VSI-2. When Uref

is located in Ⅱ, Ⅳ, or Ⅵ, U2ref is generated through a fixed
switching state in the VSI-2, and U1ref is synthesized using the
SVPWM technique in VSI-1.

For example, OW denotes the Uref in Fig. 4, OA denotes
U1ref and OV denotes U2ref; OW = OA+AW = OA-OV. U1ref

is generated through a fixed switching state (100) in VSI-1,
and, U2ref is synthesized using SVPWM in VSI-2. In VSI-2,
U2ref is synthesized using sector 4’(011) and sector 5’(001).
It is assumed that the durations of 4’(011) and 5’(001) are T1

and T2, respectively. In traditional SVPWM, the durations of 0’
(000) T0 and 7’ (111) T7 are equal, as shown in

T0 = T7 =
1

2
(Ts − T1 − T2) . (6)

U1ref and U2ref are shown in (7), where Vdc denotes the dc
voltage in the system, and U1refα, U1efβ , U2refα, and U2efβ

denote, respectively, the desired voltages that VSI-1 and VSI-2
need to produce in the αβ stationary frame

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

sector I

{
U1refα = 2

3Vdc, U1refβ = 0
U2refα = − (

Urefα − 2
3Vdc

)
, U2refβ = −Urefβ

sector II

⎧⎨
⎩
U1refα = Urefα − 1

3Vdc,

U1refβ = Urefβ −
√
3
3 Vdc

U2refα = − 1
3Vdc, U2refβ = −

√
3
3 Vdc

sector III

⎧⎪⎨
⎪⎩
U1refα = − 1

3Vdc, U1refβ = −
√
3
3 Vdc

U2refα = − (
Urefα + 1

3Vdc
)

U2refβ = −
(
Urefβ +

√
3
3 Vdc

)
sector IV

{
U1refα = Urefα + 2

3Vdc, U1refβ = Urefβ

U2refα = − 2
3Vdc, U2refβ = 0

sectorV

⎧⎪⎨
⎪⎩
U1refα = − 1

3Vdc, U1refβ = −
√
3
3 Vdc

U2refα = − (
Urefα + 2

3Vdc
)

U2refβ = −
(
Urefβ +

√
3
3 Vdc

)

sectorVI

⎧⎨
⎩
U1refα = Urefα + 1

3Vdc,

U1refβ = Urefβ +
√
3
3 Vdc

U2refα = − 1
3Vdc, U2refβ =

√
3
3 Vdc.

(7)

However, to ensure that the motor has a stable performance,
the ZSC needs to be suppressed. In [32], the redistribution
concept is to counteract the third back EMF that overlooks the
dynamic response. In this article, according to the principle of
DPCC, we can predict the (k+1)th instant ZSC î0(k+1) and cal-
culate the voltage U0(k+1), as shown in (8) and (9), respectively,

Fig. 5. Redistribution of the zero-voltage vector.

which consider both the static and dynamic responses

î0 (k + 1) =

(
1−Rs

L0
Ts

)
i0 (k) + 3

Ts
L0
ψ3fωr (k) sin (3θ (k))

+
Ts
L0
U0 (k) (8)

U0 (k + 1) =
L0

Ts

(
i0

ref (k) +
Rs

L0
Tsî0 (k + 1)− î0 (k + 1)

)

− 3ωr (k)ψ3f sin (3θ (k)) . (9)

To suppress the ZSC, the dwell time of the zero-voltage
vector needs to be redistributed to generate the required voltage
U0(k+1). The total time of the zero-voltage vector is Tzero

Tzero = T0 + T7 = Ts − T1 − T2. (10)

The distribution factor of the zero-voltage sector xzero should
be recalculated {

T
0
= Tzeroxzero

2

T7 = 2Tzero−Tzeroxzero

2 .
(11)

From Fig. 5, during sampling time Ts, the average value of
ZSV

ZSV

=

(
Vdc
3
Ts− Vdc

3
T1− 2Vdc

3
T2 − Vdc

2Tzero − Tzeroxzero
2

)
/Ts.

(12)

To ensure that the ZSC is equal to zero

ZSV = U0 (k + 1) . (13)

From (11)–(13)

xzero =
2U0 (k + 1)Ts

VdcTzero
− 2Ts

3Tzero
+

2T1
3Tzero

+
4T2

3Tzero
+2.

(14)

In an actual situation, xzero has a limit, 0 ≤xzero≤ 2, because
of which i0 is not equal to zero in some cases. After obtaining
xzero, the durations of Sa1, Sb1, Sc1, Sa2, Sb2, and Sc2 can be
expressed as (15). Based on (15), Uref is generated, and ZSC is



4626 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

TABLE I
RIGHT TIME DURATION WHEN IN DIFFERENT SECTORS

suppressed ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Ta1on = Ts
Tb1on = 0
Tc1on = 0

Ta2on = 2Tzero−Tzeroxzero

2
Tb2on = Ta2on + T2
Tc2on = Tb2on + T1.

(15)

Furthermore, when U2ref is located in other sectors, the prin-
ciple of SVPWM is the same as in (12)–(16). The time durations
of Sa2, Sb2, and Sc2 are presented in Table I.

III. EXTENDED STATE OBSERVER CONTROL BASED ON

DEADBEAT PREDICTIVE CURRENT CONTROL (ESO+DPCC)

From (1), (4), and (5), it follows that the conventional DPCC
method is based on the accurate parameters of a motor, such
as Ld, Lq, Rs, L0, Ψf, and Ψ3f . However, these parameters
inevitably change during the operation of the motor [23]. To
solve this problem, this article presents an improved predictive
current control method. Section III-A analyzes the effects of
parameter inaccuracy. ESO is established, and its stability is
analyzed in Sections III-B and III-C. A novel control method,
termed extended state observer control based on deadbeat pre-
dictive current control and ZVRE-ASHCPWM (ESO+DPCC),
is proposed in Section III-D.

A. Parameter Inaccuracy Analysis

Inaccurate parameters of the motor could cause voltage ref-
erences inaccuracy, which degrades the control performance
[23]. According to [29], and considering the ZSL, if the true
parameters of a motor are R′

s, L′
s, Ψ′

f , L
′
0, and Ψ′

3f , (1) can be
written as⎧⎨

⎩
Ud = Rsid + Ls

did
dt − ωrLsiq + fd

Uq = Rsiq + Ls
diq
dt + ωrLsid + ωrϕf + fq

U0 = Rsi0 + L0
di0
dt − 3ωrϕ3f sin (3θ) + f0

(16)

fd = ΔRsid +ΔLs
did
dt − ωrΔLsiq

fq = ΔRsiq +ΔLs
diq
dt + ωrΔLsid + ωrΔϕf

f0 = ΔRsi0 +ΔL0
di0
dt − 3ωrΔψ3f sin (3θ)

(17)

where ΔR = R′
s −Rs, ΔL = L′

s − Ls, ΔL0 = L′
0 − L0,

ΔΨ3f = Ψ′
3f −Ψ3f , and ΔΨf = Ψ′

f −Ψf . Also, fd, fq, and f0
are the disturbances caused by parameter inaccuracy, which
have a significant effect on the control performance but cannot
be measured directly. Therefore, fd, fq, f0 should be estimated
accurately. Equation (16) can be written as

Ud = Rsîd + Ls
dîd
dt

− ωrLsiq + f̂d

Uq = Rsîq + Ls
dîq
dt

+ ωrLsid + ωrϕf + f̂q

U0 = Rsî0 + L0
dî0
dt

− 3ωrϕ3f sin(3θ) + f̂0 (18)

where f̂d, f̂q,and f̂0 are the estimations of fd, fq, and f0, respec-
tively.

B. Establishment of ESO

ESO can estimate the state variables that are unknown de-
pending on some known state variables [32]. In this article, fd,
fq, and f0 are regarded as unknown state variables, which must
be estimated accurately. The principle of ESO is as follows:

ẋ1 = A1x1 +A2x2 − γ1E1 + bU

ẋ2 = − γ2|E1|α1sat

(
E1

ξ1

)
(19)

where x1 denotes the state variables that can be measured and
estimated, and x2 denotes the state variables that cannot be
measured and should be estimated. A1, A2, and b are matrices
related to the control system, E1 =

x1 -x1. γ1, α1, ξ1, and γ2 are
parameters of the ESO. Sat(X) is defined as follows:

sat(X) =

{
X |X| <= 1
sign (X) |X| > 1

. (20)

ESO and OW-PMSM are combined{
dîd
dt = −Rs

Ls
îd + ωriq +

1
Ls
Ud − 1

Ls
f̂d − γ1e1

df̂d
dt = −γ2|e1|α1sat

(
e1
ξ1

) (21)

⎧⎨
⎩

dîq
dt = −Rs

Ls
îq − ωrid − 1

Ls
ωrϕf +

1
Ls
Uq − 1

Ls
f̂q − γ3e2

df̂q
dt = −γ4|e2|α2sat

(
e2
ξ2

)
(22){

dî0
dt = −Rs

L0
î0 +

1
L0

3ωrϕ3f sin (3θ) +
1
L0
U0 − 1

L0
f̂0 − γ5e3

df̂0
dt = −γ6|e3|α3sat

(
e3
ξ3

)
(23)

where γi (i = 1,2,3,4,5,6), and αi (i = 1,2,3), ξi (i = 1,2,3) are
the parameters of the ESO. γi should be selected to ensure the
stability of the observer, αi = 0.5 or 1 and ξi = 0.01 usually.
e1 =îd -id, e2 =îq -iq, and e3 =î0 -i0.

Equations (21)–(23) are discretized and linearized⎧⎪⎪⎨
⎪⎪⎩
îd (k + 1) =

(
1−Rs

Ls
Ts

)
îd (k) + Tsωr (k) iq (k)

+ Ts

Ls
Ud (k)− Ts

Ls
f̂d (k)−γ1e1 (k)Ts

f̂d (k + 1) = f̂d (k) + Ts

(
−γ2|e1|α1sat

(
e1
ξ1

)) (24)

⎧⎪⎪⎨
⎪⎪⎩
îq (k + 1) =

(
1−Rs

Ls
Ts

)
îq (k)− Tsωr (k) id (k) +

Ts

Ls
Uq (k)

− Ts

Ls
ωr (k)ψf − Ts

Ls
f̂q (k)− γ3e2 (k)Ts

f̂q (k + 1) = f̂q (k) + Ts

(
−γ4|e2|α2sat

(
e2
ξ2

))
(25)
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⎧⎪⎪⎨
⎪⎪⎩
î0 (k + 1) =

(
1−Rs

L0
Ts

)
î0 (k) +

Ts

L0
6ψ3fωr (k) sin (3θ (k))

+ Ts

L0
U0 (k)− Ts

L0
f̂0 (k)− γ5e3 (k)Ts

f̂0 (k + 1) = f̂0(k) + Ts

(
−γ6|e3|α3sat

(
e3
ξ3

))
.

(26)

C. Stability Analysis of ESO

To ensure the convergence of e1, e2, and e3, γi (i = 1,3,5)
should be chosen appropriately. The Lyapunov function V can
be written as shown in (27) and should satisfy (28) as follows:

V =
1

2
e1

2 (27)

V̇ = e1ė1 ≤ 0. (28)

From (16) and (21)

V̇ = e1ė1 = e1

(
−Rs

Ls
e1 − γ1e1 − 1

Ls

(
f̂d − fd

))

=

{
0 e1 = 0

−
(

Rs

Ls
+ γ1

)
e1

2 − e1
Ls

(
f̂d − fd

)
e1 �= 0 .

(29)

From (29), it should be ensured that (28) and the following
equations are satisfied:

Rs

Ls
+ γ1 ≥ 0 −→ γ1 ≤ −Rs

Ls
(30)

e1

(
f̂d − fd

)
≥ 0. (31)

Equation (31) is discretized and linearized

f̂d (k) = fd (0)− γ2Ts

k∑
i=1

(
|ei|α1sat

(
ei
ξ1

))
. (32)

Assuming that fd(0) = 0 and f̂d(k-1)≈fd(k-1), f̂d(k) =
f̂d(k− 1)− γ2Ts(|e1(k)|α1sat( e1(k)ξ1

)

e1 (k)
(
f̂d (k)− fd (k)

)
= e1 (k)

(
−γ2Ts (|e1 (k)|α1) sat

(
e1(k)
ξ1

)
−Δfd (k)

)
≥ 0.

(33)

We can get that

γ2 ≤ −Δfd (k)

Ts (|e1 (k)|α1) sat
(

e1(k)
ξ1

) . (34)

Similarly ⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

γ3 ≤ Rs

Ls

γ4 ≤ −Δfq(k)

Ts

(
|e2(k)|α2 sat

(
e2(k)
ξ2

))

γ5 ≤ Rs

L0

γ6 ≤ −Δf0(k)

Ts

(
|e3(k)|α3 sat

(
e3(k)
ξ3

)) .

(35)

whereαi and ξi can be set as 1 and 0.01, respectively. According
to the analysis provided previously, by choosing a suitable γi,
the observer can be proved to be stable.

Fig. 6. Block diagram of ESO+DPCC.

D. ESO+DPCC Control Method

By applying ESO into OW-PMSM, fd, fq, and f0 can be
estimated. By replacing the traditional DPCC control method
with the improved ESO+DPCC control method, (5) could be
rewritten as (36). The ESO+DPCC control method can be
expressed as a combination of (24)–(26) and

Ud (k + 1) =
Ls

Ts

(
id

ref +
Rs

Ls
Tsîd (k + 1)− Tsωr (k) îq (k + 1)

− îd (k + 1)

)
+ f̂d (k + 1)

Uq (k + 1) =
Ls

Ts

(
iq

ref +
Rs

Ls
Tsîq (k + 1) + Tsωr (k) îd (k + 1)

+
Ts
Ls
wr (k)ψf − îq (k + 1)

)
+ f̂q (k + 1)

U0 (k + 1) =
L0

T0

(
i0

ref +
Rs

L0
Tsî0 (k + 1)− î0 (k + 1))

− 3ωr (k)ϕ3f sin (3θ (k))

)
+ f̂0 (k + 1) .

(36)

The diagram of ESO+DPCC is showed in Fig. 6.
It is observed that the disturbance caused by parameter mis-

match can be estimated and regarded as a feedforward compen-
sation for the voltage references; this can enhance the control
performance of OW-PMSM.

IV. SIMULATION STUDY

To evaluate the effectiveness of the proposed method, the
traditional DPCC control method (denoted as Method 1) and
ESO+DPCC control method (denoted as Method 2) are im-
plemented using MATLAB/Simulink. The parameters of OW-
PMSM are presented in Table II. The control time is set to 50
μs, the simulation sample time is set to 5 μs, the dc voltage is set
to 100 V. To ensure greater consistency with an actual situation,
the deadtime is set to 2.5 μs. The parameters of ESO are γ1 =
γ3 = –12 000, γ5 = –13 000; α1 = α2 = α3 = 1; ξ1 = ξ2 = ξ3
= 0.01; and γ2 = γ4 = –2000, γ6 = –4000.

The performance of OW-PMSM without parameter mismatch
(R′

s = Rs, L′
s = Ls, L′

0 = L0, Ψ′
3f = Ψ3f , and Ψ′

f = Ψf) is
shown in Fig. 7. The load torque ranges from 1 N·m to 4 N·m
and then from 4 N·m to 2 N·m. Here, id ref and iq ref represent
the current references in d-axis and q-axis, respectively. In the
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TABLE II
OW-PMSM PARAMETERS

Fig. 7. Simulation results under no parameter mismatch condition. (a), (c),
and (e) Method 1. (b), (d), and (f) Method 2.

Fig. 8. Simulation results at 200 r/min under L′
s = 2Ls condition. (a), (c),

and (e) Method 1. (b), (d), and (f) Method 2.

absence of parameter mismatch, the two methods are almost
identical. The currents id and iq can track the current references
(id reference and iq reference, respectively). In addition, ZSC
(i0) exhibits satisfactory performance.

Second, to observe the effectiveness of the proposed control
method, some parameter mismatch simulation results are shown
in Figs. 8 –12. Fig. 8 presents the situation whenL′

s = 2Ls. The
performance of the traditional DPCC control method has more
harmonic content. Fig. 9 shows the simulation results obtained
using the two methods under zero-sequence loop inductance,
L′
0 = 2L0. The ZSC of Method 1 is larger than that of Method

2. This shows that the Method 2 can suppress the disturbances
caused by ZSL inductance mismatch.

Fig. 10 shows the simulation results underΨ′
f = 1.5Ψf condi-

tion. Here, because i0 and ia exhibit nearly the same performance
in both methods, we omit them. It can be seen that under this
condition, iq and iq references always have a clear difference in

Fig. 9. Simulation results at 300 r/min under L′
0 = 2L0 condition. (a), (c),

and (e) Method 1. (b), (d), and (f) Method 2.

Fig. 10. Simulation results at 900 r/min under Ψ′
f = 1.5Ψf condition.

(a) Method 1. (b) Method 2.

Fig. 11. Simulation results at 400 r/min under R′
s = 7Rs condition.

(a) Method 1. (b) Method 2.

Fig. 12. Simulation results at 700 r/min under Ψ′
3f = 0.25Ψ3f condition.

(a) and (c) Method 1. (b) and (d) Method 2.

Method 1. However, in Method 2, iq can track the iq reference
accurately.

Moreover, the performance of the two methods under R′
s =

7Rs and Ψ′
3f = 0.25Ψ3f , shown in Figs. 11 and 12, respectively,

is the same.
Fig. 13 shows a comparison between the two methods un-

der a complex condition thatR′
s = 0.2Rs, L

′
s = 2Ls, L

′
0 = 2L0,

Ψ′
3f = 0.25Ψ3f , andΨ′

f = 0.5Ψf . The performance of Method 2
is better than that of Method 1. This shows that the Method 2 can
suppress complex parameter mismatch disturbances. Therefore,
it can be concluded that Method 2 is more robust under different
conditions.
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Fig. 13. Simulation results at 500 r/min under R′
s = 0.2Rs, L

′
s = 2Ls,

L′
0 = 2L0, Ψ′

3f = 0.25Ψ3f , Ψ′
f = 0.5Ψf condition. (a), (c), and (e) Method

1. (b), (d), and (f) Method 2.

Fig. 14. Experimental platform of OW-PMSM system.

Fig. 15. Experimental results at 500 r/min under no parameter mismatch
condition. (a), (c), and (e) Method 1. (b), (d), and (f) Method 2.

Fig. 16. Experimental results at 200 r/min under L′
s = 2Ls condition. (a) and

(c) Method 1. (b) and (d) Method 2.

Fig. 17. Experimental results at 300 r/min underL′
0 = 2L0 condition. (a) and

(c) Method 1. (b) and (d) Method 2.

Fig. 18. Experimental results at 400 r/min under R′
s = 7Rs condition.

(a) Method 1. (b) Method 2.

Fig. 19. Experimental results of current at 900 r/min under Ψ′
f = 1.5Ψf

condition. (a) Method 1. (b) Method 2.

V. EXPERIMENTAL RESULT

The traditional DPCC control method (Method 1) and the
proposed ESO+DPCC control method (Method 2) were also
used on the OW-PMSM platform. Fig. 14 shows the OW-PMSM
platform, which includes a 1 kW drive OW-PMSM, load motor,
power supply (100 V), DSP emulator, and a PC. The main
control chip is a TMS320F28337d, and the power module is
FNC42060F-type. The sampling frequency is 20 kHz, and the
deadtime is set to 2.5 μs. The parameters of OW-PMSM are
obtained from the manufacturer’s datasheet and the parameters
of the ESO are the same as that in the simulation.

Fig. 15 shows the performance of currents id, iq, i0 and the
phase current ia of OW-PMSM when there is no parameter
mismatch at 500 r/min. The load torque of Fig. 15(a)–(d) ranges
from 1 to 4 N·m and from 4 to 3 N·m. The load torque of
Fig. 15(e) and (f) is 5 N·m. The two methods are observed to
exhibit nearly the same performance.

The experimental results of currents id, iq, and i0 when
L′
s = 2Ls and L′

0 = 2L0 are shown in Figs. 16 and 17, respec-
tively. Evidently, the current ripples of id and iq in Method 1
are larger than those in Method 2. In addition, ZSC has worse
performance in Method 1. This indicates that the proposed
method can suppress inductance mismatch disturbances.

From Figs. 18 and 19, it can be observed that whenR′
s = 7Rs

or Ψ′
f = 1.5Ψf , the currents id and iq in Method 2 can track the
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Fig. 20. Experimental results at 300 r/min under R′
s = 4Rs, L

′
s = 2Ls, con-

dition. (a) and (c) Method 1. (b) and (d) Method 2.

Fig. 21. Experimental results at 400 r/min under R′
s = 5Rs, L

′
s =

1.8Ls,Ψ
′
f = 2Ψf condition. (a) and (c) Method 1. (b) and (d) Method 2.

Fig. 22. Experimental results at 500 r/min under R′
s = 0.5Rs, L′

0 = 2.2L0,
Ψ′

3f = 2Ψ3f , condition. (a) and (c) Method 1. (b) and (d) Method 2.

Fig. 23. Experimental results at 600 r/min under R′
s = 1.2Rs, L′

s = 2Ls,
L′
0 = 1.5L0, Ψ′

3f = 1.5Ψ3f , condition. (a) and (c) Method 1. (b) and (d)
Method 2.

id reference and iq reference accurately, while those in Method
1 have a significant overshoot.

Figs. 20–24 present the experimental results under a com-
plex situation. Irrespective of the situation, the proposed
DPCC+ESO control method exhibits better current perfor-
mance than Method 1 does, which indicates that the former can
suppress a variety of parameter mismatch disturbances.

Fig. 24. Experimental results at 500 r/min under R′
s = 0.2Rs, L′

s = 2Ls,
L′
0 = 2L0, Ψ′

3f = 0.25Ψ3f , Ψ′
f = 0.5Ψf condition. (a), (c), and (e) Method 1.

(b), (d), and (f) Method 2.

TABLE III
THD (%) OF TWO METHODS UNDER L′

s = 2Ls, L′
0 = 2L0 SITUATION

TABLE IV
Mi AND Ji OF TWO METHODS UNDER Ψ′

f = 1.5Ψf SITUATION

The simulation and experimental results show that inductance
has an influence on the harmonic content of the current, while
resistance and flux mainly influence the track performance of
the current. To enhance the contrast, Tables III –V are presented.
Table III lists the total harmonic distortion (THD) of the phase
currents of both methods calculated under L′

s = 2Ls and L′
0 =

2L0 at different speeds. Table IV presents the track performance
of the q-axis currents of both methods under Ψ′

f = 1.5Ψf . In
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TABLE V
THD (%), Mi AND Ji UNDER COMPLEX CONDITION

Table V, both THD and track performance are presented under
some complex situations. These results clearly demonstrate the
effectiveness of the proposed method.

It has to be mentioned that from [33]

Mi =
1

N

N∑
k=1

|ei (k)| = 1

N

N∑
k=1

∣∣iqref(k)− iq(k)
∣∣ (37)

Ji =

√√√√ 1

N

N∑
k=1

(
iq

ref(k)− iq(k)
)2
. (38)

VI. CONCLUSION

To eliminate the disturbance caused by parameter mismatch
in the d-axis, q-axis, and ZSL, a novel control method, termed
ESO+DPCC, which uses OW-PMSM with a common dc bus,
is proposed herein. The main conclusions from this article can
be presented as follows.

1) ESO can predict the current and disturbance caused by
parameter mismatch in the d-axis, q-axis, and ZSL in the
(k+1)th instant, and use them to calculate the (k+1)th
instant voltages of the d-axis, q-axis, and ZSL in DPCC,
which can solve the one-step delay problem.

2) ESO can predict the disturbance caused by parameter
mismatch in the d-axis, q-axis, and ZSL, and regard them
as feedforward compensation to the traditional DPCC
control method to enhance the robustness of the system.

3) From the simulation and experimental results, it can be
seen that when there is no parameter mismatch, the tradi-
tional DPCC and the proposed ESO+DPCC have similar
performances. However, the proposed method is better
than the traditional DPCC control method at suppressing
the disturbance caused by parameter mismatch, irrespec-
tive of whether the mismatch occurs in the d-axis, q-axis,
or ZSL.

The experimental and simulation results prove the robustness
of the ESO+DPCC control method under complex situations.

Therefore, the proposed ESO+DPCC control method can be
experimentally applied to OW-PMSMs drives.
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