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Abstract—The dual three-phase variable-flux permanent-
magnet synchronous motors (VF-PMSM) have received more at-
tention in the variable-speed drive applications since they have
advantages of high-efficiency in flux-tuning ability, low current
stresses in phase legs and high fault-tolerant capability. The
magnetization-state of the permanent magnets in VF-PMSM can
be manipulated by the larger d-axis current pulse. However, the
accompanied issues of parameter variation and inherent model
uncertainty in magnetization manipulation of VF-PMSM increase
the difficulty in parameter tuning for conventional proportional-
integral controller, which deteriorates the control performance in
current loop. To achieve the high performance of current tracking,
an improved deadbeat predictive current control (DPCC) with
composite disturbance observer has been proposed for dual three-
phase VF-PMSM in this article. In the proposed composite dis-
turbance observer, the generalized proportional–integral observer
(GPIO) is employed for tracking the time-varying disturbance, and
the sliding-mode observer is designed to reduce the settling time
caused by the high-order GPIO for the improvement of the sys-
tem dynamics. The analysis about the bandwidth-parameterized
method has been presented for tuning the coefficients of the com-
posite observer. The experimental results are presented to verify
the validity of the proposed DPCC with composite disturbance
observer for dual three-phase VF-PMSM drives under model un-
certainty and different operating conditions.

Index Terms—Deadbeat predictive current control, generalized
proportional–integral observer (GPIO), sliding-mode observer
(SMO), Variable-flux permanent-magnet synchronous motor (VF-
PMSM).

I. INTRODUCTION

DUE TO the merits on power factor, efficiency and
power/torque density, permanent-magnet synchronous

motors (PMSM) have been widely used in various variable-
speed drive applications, such as servo control, electric vehicles,
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domestic appliances, and so on [1]. In order to expand the speed
range, the negative d-axis current will be employed to weaken the
air-gap flux under high-speed regions given the limited supplied
voltage. However, the existing continuous d-axis current will
bring some side-effects, such as the extra copper loss and the
decrease of the efficiency into the drive system. In addition, the
maximum q-axis current has to be reduced under the current
limitation of the power inverter and electrical machine.

Compared with the conventional flux-weakening mode of
PMSM, the variable-flux PMSM (VF-PMSM) provides another
attractive solution to operate under different speed regions by
regulating the magnetization-state of the low–coercive force
permanent magnets [2], [3]. In usual, the magnets of VF-PMSM
include the PM materials with low-coercive force, e.g., AlNiCo
or SmCo, which also means that they are easily magnetized by
excitation currents. Meanwhile, the VF-PMSM can maintain the
magnetization-state even if the larger excitation currents were
removed owing to its irreversible characteristics. Recently, the
dual three-phase winding configuration has been incorporated
with the VF-PMSM, which can reduce the current stresses on
the semiconductor switches with large magnetization current
pulses. Besides, the dual three-phase VF-PMSM can offer
other advantages for magnetization regulation such as the
mitigation of dc-link current ripple [4] and the rotor flux linkage
estimation [5].

The amplitudes of magnetization currents vary up to several
times of the rated current and the duration time of the current
pulse is required as short as possible to limit additional copper
losses. The performance of current control plays a key role
in magnetization control for the dual three-phase VF-PMSM,
because it determines the effect of magnetization regulation. As
introduced in [6], an improved feed-forward current controller
compensating voltage variations has been incorporated with
the PI controller during the magnetization and demagnetization
manipulations. As reported in [7], a structured neural network-
based flux estimation has been proposed for the dead-beat torque
control to overcome the coupling between the machine pa-
rameters. However, the offline finite-element analysis (FEA) is
required in above methods for the lookup table of compensation
voltages or the data samples of the structured neural network,
which are dependent on the detailed geometric data of electrical
machine and thus increase the complexity of the overall control
system. To avoid FEA, the high-performance current controller
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will be investigated to improve the performance of magnetiza-
tion manipulation for dual three-phase VF-PMSM drives.

Previously, intensive control strategies have been stud-
ied for the current control loop, e.g., hysteresis control [8],
proportional-integral (PI) control [9], sliding-mode control
(SMC) [10], and predictive current control (PCC) [11]–[13].
Although PI control, hysteresis control and SMC methods do
not need accurate system model parameters, their dynamic
performance is limited if one set of constant parameters are
adopted, and the parameter tuning is complicated for satisfactory
performance under different operation conditions. Among them,
the PCC offers the potential for a more precise control structure
and full-compatibility with digital-control platforms [11]. The
PCC can be categorized into two types according to the exis-
tence of modulators: direct PCCs without the modulator; and
indirect PCCs with the modulator. Compared to direct PCCs,
the deadbeat PCC (DPCC) with the space vector modulation
technique shows good features of the low distortion, the low
current ripple and the constant switching frequency. Regarded
as the high-gain proportional control, the system model-based
DPCC needs to solve two practical issues: One is the inher-
ent delay in the sample and algorithm calculation, which has
been mitigated by the one-step forward prediction in time [12].
The other issue is the model uncertainty, e.g., the parameter
mismatch and the unmodeled dynamics, which can result in
the steady-state error, and even make the system unstable [13].
Actually, the issue of model uncertainty becomes more severe
for dual three-phase VF-PMSM drives during magnetization
manipulation, where the rotor flux linkage and the inductance
change dynamically owing to the magnetization-state variation
of permanent magnets.

At present, massive efforts have been devoted to improving
the DPCC robustness, e.g., the Luenberger-type current ob-
servers [14], the online parameter identification [15], the parallel
integral loop [16], and the disturbance observers [17]–[20].
Among the aforementioned methods, the disturbance observers,
especially the sliding-mode observer (SMO), have shown good
compensation performance by regarding the model uncertainty
as the lumped disturbance term. In [17], an adaptive SMO has
been proposed for stator current and disturbance based on a novel
adaptive sliding-mode reaching law in the disturbance. In [18],
the second-order SMO (supertwisting algorithm) is employed
as feed-forward compensation to correct the steady-state cur-
rent error. However, these SMO-based observers usually adopt
high-order or adaptive algorithms for suppressing the inherent
chattering problem, which increases the difficulty in parameter
tuning for a satisfactory response. In addition, the disturbances
in the aforementioned methods are assumed to vary slowly or
be bounded, which is inappropriate for the time-varying dis-
turbance. Then, the generalized proportional–integral observers
(GPIO) are employed for dealing with the time-varying system
parameters in the PCC scheme in [19]. Furthermore, a compos-
ite observer based on the SMO observer and the Luenberger
observer is designed to predict the stator current of the next
sampling period and compensate for the output voltage of the
PCC in [20]. In the composite observer, the sign function of
SMO is replaced by a hyperbolic tangent function for chattering
suppression. Although the chattering issue of SMO can be solved

easily, the performance of steady-state error still cannot satisfy
the current tracking of the composite observer.

For dual three-phase VF-PMSM drives, the larger d-axis
current pulse used for magnetization manipulation brings some
challenges in tracking performance of the current controller.
First, the parameters such as the rotor flux linkage and in-
ductance are changed distinctively during the magnetization
process. The tracking performance of the conventional DPCC
will be deteriorated owing to its high dependence on the accuracy
of the electrical machine parameters. Second, the inaccurate
tracking of d-axis and q-axis current components will worsen
the performance of magnetization current pulse.

Aiming at achieving the high performance of current tracking,
an improved DPCC scheme is proposed for the dual three-phase
VF-PMSM by designing the composite disturbance observer
including the GPIO and SMO. Compared with the existing
DPCC solutions, the main contributions and differences of the
proposed method could be summarized as follows.

1) The proposed DPCC scheme with composite disturbance
observer not only retains the superiority of GPIO with
the available tracking ability of time-varying disturbance,
but also inherits the advantages of SMO on the dynamic
regulation for reducing the settling time of the high-order
GPIO.

2) Compared with some complicated methods, e.g., the high-
order or adaptive algorithm, the proposed method with
hyperbolic tangent function can easily alleviate the chat-
tering problem caused by the sign function of SMO.
Meanwhile, the existence of steady-state error caused
by a hyperbolic tangent function can be avoided by the
combination with GPIO in the proposed method.

3) The proposed DPCC scheme with composite disturbance
observer can achieve zero steady-state error and fast
dynamics for current tracking of the dual three-phase
variable-flux PMSM drive with model uncertainty and
parameter variation. Therefore, it facilitates good control
performance for magnetization manipulation of the dual
three-phase variable-flux PMSM drive with large d-axis
current pulses.

The rest of this article is organized as follows. First, the math-
ematical model and the magnetization manipulation principle of
dual three-phase VF-PMSM are presented in Section II. Then,
the conventional DPCC scheme and its parameter sensitivity are
analyzed in Section III. To improve the current tracking perfor-
mance for magnetization manipulation, an improved DPCC with
the composite disturbance observer has been proposed for dual
three-phase VF-PMSM drive in Section IV. In Section V, the
experiments are given to verify the performance of the proposed
method. Finally, Section VI concludes this article.

II. MAGNETIZATION MANIPULATION OF DUAL THREE-PHASE

VF-PMSM DRIVES

A. Model of Dual Three-Phase VF-PMSM Drives

As shown in Fig. 1, the dual three-phase VF-PMSM is com-
prised of two sets of three-phase stator windings with a phase
shift of 30° electrical angle, which are ABC windings and DEF
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Fig. 1. System configuration of the dual three-phase VF-PMSM drives.

windings, respectively. They are supplied by two sets of three-
phase inverters with the common dc link. Neglecting the iron
losses, the structural asymmetry, the magnetic saturation and
the cross-coupling between d-axis and q-axis, the ideal model
of dual three-phase VF-PMSM with isolated neutral points in
the synchronous rotating frame can be obtained by vector space
decomposition (VSD) as follows [4], [21]:

ud = Rsid + Ld
did
dt

+
dψm
dt

− ωLqiq

uq = Rsiq + Lq
diq
dt

+ ω(Ldid + ψm)

uz1 = Rsiz1 + Lσs
diz1
dt

+ ωLσsiz2

uz2 = Rsiz2 + Lσs
diz2
dt

− ωLσsiz1 (1)

where Ld and Lq are the d-axis inductance and q-axis inductance,
respectively. Rs is the stator resistance and Lσs is the stator
leakage inductance. ψm denotes the rotor flux linkage. u and i
stand for the voltage and current, respectively. The subscripts
“dq” and “z1z2” denote the dq reference frame and the z1z2
reference frame, respectively.

Based on the VSD theory, the space vectors of dual three-
phase motor can be mapped into two orthogonal spaces: dq
subspace (torque subspace) and z1z2 subspace (harmonic sub-
space). In this article, the magnetization control and torque
regulation are related to the dq subspace. Since the control
schemes of components on z1z2 subspace have been investigated
intensively in the previous literature [22], the improved deadbeat
PCC is focused on the dq subspace in this article.

Assuming that the sampling period Ts of the control system
is small enough, the equivalent discretized form of (1) in the dq
subspace using the zero-order hold method can be expressed as[

id(k + 1)
iq(k + 1)

]
= F (k)

[
id(k)
iq(k)

]
+G

[
ud(k)
uq(k)

]
+M(k) (2)

where

F (k) =

[
1− RsTs

Ld
ω(k)Ts

Lq

Ld

−ω(k)Ts Ld

Lq
1− RsTs

Lq

]
, G =

[
Ts

Ld
0

0 Ts

Lq

]

Fig. 2. Magnetization manipulation of VF-PMSM. (a) B–H curve of AlNiCo.
(b) Schematic diagram of magnetization process.

Fig. 3. Relationship between the rotor flux linkage and the amplitudes of
magnetizing current.

M(k) =

[
0

−ω(k)Tsψm(k)
Lq

]
. (3)

B. Magnetization Manipulation of VF-PMSM Drives

As shown in Fig. 2(a), the hysteresis curves of the installed
AlNiCo magnets are composed of the major loop and the minor
loops. Different from the NdFeB magnets with the high coercive
force, the AlNiCo magnets can be magnetized easily by the mag-
netomotive force (MMF) along the trajectory TSQ of Fig. 2(a).
Owing to the irreversible characteristics of AlNiCo magnets, its
new recoil line (PQ) will be determined by the initial point Q and
the slope of the major loop once the magnetized/demagnetized
MMF is disappeared. In addition, the working point will change
from point T to point O according to the cross-point between the
new recoil line PQ and the load line. Therefore, the VF-PMSM
with AlNiCo magnets can be magnetized/demagnetized by the
pulse form of current in armature windings instead of continuous
current as shown in Fig. 2(b).

Fig. 3 gives the relationship between the rotor flux linkage and
the amplitudes of the current pulse according to the experimental
results. It indicates that the rotor flux linkage of VF-PMSM
can be increased for magnetization by employing large positive
magnetized current pulses. On the other hand, the rotor flux
linkage can be reduced by using negative demagnetized current
pulses. For the laboratory prototype of VF-PMSM in this article,
the range of rotor flux linkage is from 0.57 to 0.9 Wb.
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Fig. 4. Schematic diagram of control timing sequence in a digital system.

III. CONVENTIONAL DEADBEAT CURRENT CONTROL

A. Control Method

The nominal parameters or the estimated parameters of
electrical machines are usually regarded as the given system
parameters in digital controllers. Similar to (2), the discrete
model of the dual three-phase VF-PMSM on dq subspace with
given system parameters can be rewritten as[

id(k + 1)
iq(k + 1)

]
= F̂ (k)

[
id(k)
iq(k)

]
+ Ĝ

[
ud(k)
uq(k)

]
+ M̂(k) (4)

where the parameters of stator resistance, the rotor flux linkage,
the d-axis and q-axis inductance in F̂ (k), Ĝand M̂(k) are the
given parameters in the controller, including R̂s, ψ̂m, L̂d, and
L̂q .

Meanwhile, there exists the one-sampling-period delay be-
tween the reference voltage calculated at the instant of k and
the actual one implemented at the instant of k+1 owing to the
PMW implementation of the digital controller as shown in Fig. 4,
which is modeled as[

u∗d(k)
u∗q(k)

]
=

[
ud(k + 1)
uq(k + 1)

]
. (5)

Taking one-sample delay into consideration, the reference
voltage at the instant of k should be determined by the states
at the k+1 instant and k+2 instant, as given by[

u∗d(k)
u∗q(k)

]

= Ĝ−1

{[
id(k + 2)
iq(k + 2)

]
− F̂

[
id(k + 1)
iq(k + 1)

]
− M̂(k + 1)

}
.

(6)

It should be noted that the current of idq(k + 1) has to be
predicted through the discrete model at the k instant as follows:[

îd(k + 1)

îq(k + 1)

]
= F̂ (k)

[
id(k)
iq(k)

]
+ Ĝ

[
u∗d(k − 1)
u∗q(k − 1)

]
+ M̂(k).

(7)
Substituting (7) into (6) and considering the currents of

idq(k + 2) as the reference current as i∗dq , the DPCC with
two-sample delays can be achieved by the appropriate voltage

as [
u∗d(k)
u∗q(k)

]

= Ĝ−1

{[
i∗d(k + 2)
i∗q(k + 2)

]
− F̂

[
îd(k + 1)

îq(k + 1)

]
− M̂(k + 1)

}
.

(8)

In addition, the reference voltages u∗dq(k) calculated at the
k instant are implemented at the k+1 instant in the stationary
frame. Hence, the difference of position angle for the field-
oriented transformation at these two instants should be consid-
ered. In other words, the position angle of the reference voltage
employed at the k instant should be compensated as follows:

u∗αβ(k) = u∗dq(k)e
j(θk+θdelay) = u∗dq(k)e

j(2.5θk−1.5θk−1). (9)

B. Impacts of System Parameter Mismatch

According to the control law in (7) and (8), it can be concluded
that the conventional DPCC highly relies on the accuracy of the
model of the electrical machine. However, there exist inevitable
differences between the given system parameters and the actual
parameters, which usually leads to the steady-state error in
current tracking. In order to figure out the relationship between
the parameter mismatch and the steady-state error, the parameter
sensitivity is analyzed for DPCC in this section.

Substituting the control voltages from the conventional DPCC
in (8) into the real system model of (2), it yields[

id(k + 2)
iq(k + 2)

]

=

[
L̂d 0

0 L̂q

] [
i∗d(k + 2)/Ld
i∗q(k + 2)/Lq

]
− ωTs

Lq

[
0

Δψm(k + 1)

]

+

[
ΔLd −ΔRsTs ωTsΔLq
−ωTsΔLd ΔLq −ΔRsTs

] [
id(k + 1)/Ld
iq(k + 1)/Lq

]

−
[
L̂d − R̂sTs ωTsL̂q
−ωTsL̂d L̂q − R̂sTs

] [
ĩd(k + 1)/Ld
ĩq(k + 1)/Lq

]
(10)

where Δ stands for the deviations between the actual system pa-
rameters and the given parameters, given as ΔF = F − F̂ . The
F can be Rs, Ld, Lq, andψm. ĩd(k + 1) = îd(k + 1)− id(k + 1)
and ĩq(k + 1) = îq(k + 1)− iq(k + 1).

It is reasonable that the currents on the d-axis and q-axis at
different instants can approximately be regarded as the identical
value under the steady-state condition. Assuming that idq(k + 2)
is equal to idq(k + 1) , (10) can be simplified as follows:

id(k + 2)

=
L̂d

L̂d + TsΔRs
i∗d(k + 2)− L̂d − TsR̂s

L̂d + TsΔRs
ĩd(k + 1)

+
ωTs

L̂d + TsΔRs

[
ΔLqiq(k + 1)− L̂q ĩq(k + 1)

]
iq(k + 2)

=
L̂q

L̂q + TsΔRs
i∗q(k + 2)− ωTs

L̂q + TsΔRs
Δψm(k + 1)
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Fig. 5. Steady-state error of dq-axis currents with the conventional DPCC
under the parameter mismatch. (a) Stator resistance mismatch. (b) d-axis in-
ductance mismatch. (c) q-axis inductance mismatch. (d) Rotor flux linkage
mismatch.

TABLE I
KEY PARAMETERS OF DUAL THREE-PHASE VF-PMSM

− ωTs

L̂q + TsΔRs

[
ΔLdid(k + 1)− L̂dĩd(k + 1)

]

− L̂q − TsR̂s

L̂q + TsΔRs
ĩq(k + 1). (11)

Meanwhile, the prediction error at the k+1 instant under
steady-state can be rewritten in (12) by substituting (2) into (7)

ĩd(k + 1) =
ΔRsTs

L̂d
id(k)− ω

ΔLqTs

L̂d
iq(k)

ĩq(k + 1) =
ΔRsTs

L̂q
iq(k)+ω

ΔLdTs

L̂q
id(k)+

ωTs

L̂q
Δψm(k).

(12)

From (11) and (12), the relationship between the current
references and their responses using conventional DPCC is
complicated under model parameter mismatch conditions. Fig. 5
shows the relative steady-state error in current tracking with
DPCC under system parameter mismatch conditions. The pa-
rameters of the dual three-phase VF-PMSM are given in Table I.
The operation speed is set as 750 r/min. And the reference
value of d-axis current and q-axis current are set as 10 A. In
Fig. 5, the relative errors of dq-axis currents are defined as
(id − id_ref)/id_ref · 100% and (iq − iq_ref)/iq_ref · 100%.

As shown in Fig. 5(a), the parameter error of stator resistance
has a limited effect on the steady-state error of dq-axis currents
if the sampling time (200 μs) is small enough. Fig. 5(b) and
(c) shows the steady-state errors of dq-axis currents under the
parameter mismatch of Ld and Lq. For the steady-state error
of d-axis current id, the parameter mismatch of q-axis induc-
tance has more impacts than the parameter mismatch of d-axis
inductance. On the contrary, the parameter mismatch of d-axis
inductance has more impacts than the parameter mismatch of
q-axis inductance for the steady-state error of q-axis current.
Fig. 5(d) shows the impacts of parameter mismatch of rotor flux
linkage. It indicates that the parameter mismatch of rotor flux
linkage has more influence on the steady-state error of iq, while
has limited impacts on the steady-state error of id. It should
be pointed out that the dynamics will also have impacts on the
tracking ability of currents using the DPCC, which has not been
considered in the models here.

IV. IMPROVED DEADBEAT CURRENT CONTROL WITH

COMPOSITE DISTURBANCE OBSERVER

A. Proposed Composite Disturbance Observer

The parameter mismatch and un-modeled dynamics can be
regarded as the lumped disturbance. Hence, the dynamic current
model of dual three-phase VF-PMSM can be expressed with
given system parameters

L̂d
did
dt

= ud − R̂sid + ωL̂qiq − fd

L̂q
diq
dt

= uq − R̂siq − ω(L̂did + ψ̂m)− fq (13)

where fd and fq stand for the d-axis and q-axis lumped distur-
bances, respectively, and they are given by

fd = ΔRsid +ΔLd
did
dt

− ωΔLqiq − dψm
dt

+Δud + ξd

fq = ΔRsiq +ΔLq
diq
dt

+ ω(ΔLdid +Δψm) + Δuq + ξq

(14)

where Δud and Δuq are the d-axis and q-axis error voltages
caused by the VSI nonlinearity, respectively, and ξd and ξq
denote the d-axis and q-axis unmodeled dynamics, respectively.

Using complex vector x = [id iq]
T and u = [ud uq −

ωψ̂m]T , (13) can be rewritten as

ẋ = Ax + Bu−Bf (15)

where

A =

[ −R̂s/L̂d ωL̂q/L̂d
−ωL̂d/L̂q −R̂s/L̂q

]
,B =

[
1/L̂d 0

0 1/L̂q

]
. (16)

In order to eliminate the influence of parameter mismatch and
un-modeled dynamics, a new composite disturbance observer is
proposed including the GPIO and SMO as follows:

˙̂x = Ax̂ + Bu−Bf̂+USMO − β1(x̂− x)

ż1 = z2 + β2B
−1(x̂− x)
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ż2 = z3 + β3B
−1(x̂− x)

...

żm = βm+1B
−1(x̂− x) (17)

where the zm stands for (m-1)-order derivative of the estimated

value of lumped disturbance, such as z1 = f̂ ,z2 = f̂
(1)

,z3 =

f̂
(2)
, . . . ,zm = f̂

(m−1)
. x̂ is the estimated vector of state vari-

ables, which is denoted by the d-axis and q-axis currents as
x =[ îd îq ]

T .
It is noteworthy in (17) that the USMO stands for the SMC

function and the coefficients of β1,...,m are designed for tracking
the time-varying disturbance according to the GPIO.

1) Structural Analysis of SMO: According to [23], the slid-
ing surface can be selected as the error between the estimated
and actual dq-axis currents

s = x̂− x =

[
ĩd
ĩq

]
=

[
îd − id
îq − iq

]
. (18)

In this article, the reaching law is selected as the constant plus
proportional rate reaching law (ṡ =−Qsgn(s)−Ks), where
theQsgn(s) andKsstand for the constant rate reaching law and
the proportional rate reaching law. In this article, the proportional
coefficient of Ks is chosen as identical to the coefficient β1 of
the GPIO for the separation design of these two observers. Thus,
the reaching law can be defined as

ṡ
Δ
= −γsgn(s)− β1s. (19)

Subtracting (17) into (15) and substituting the result into the
derivative of (18), it yields

ṡ = ˙̂x− ẋ = As− β1s−B(f̂ − f)+USMO. (20)

Considering B(f̂ − f) as the disturbances, the control law
of the SMO can be designed in (21) with (19) and (20)

USMO = −As− γsgn(s). (21)

In order to suppress the chattering problem of high-frequency
switching caused by the sign function, the sign function can be
replaced with a hyperbolic tangent function f(x) = tanh(x).
Hence, the control law of SMO can be rewritten as

USMO = −As− γ tanh(s) = −As− γ
ejs − e−js

ejs + e−js
. (22)

2) Structural Analysis of GPIO: Before the analysis of
GPIO, we can derive the error dynamic model of m-order
derivative of the lumped disturbance. The estimated current error
and the m-order error of derivative of the lumped disturbance can
be expressed as

e1 = îdq − idq

e2 = z1 − f

e3 = z2 − f (1)

...

em+1 = zm − f (m−1). (23)

Fig. 6. Signal flowchart of error in the composite disturbance observer.

Taking the time derivative of (23) and combining with (15),
(17) and (22), it yields

ė1 = ṡ = −Be2 − β1e1 − γ tanh(e1)

ė2 = z2 − f (1) + β2e1 = e3 + β2B
−1e1

ė3 = z3 − f (2)+β3e1 = e4 + β3B
−1e1

...
ėm+1 = βm+1B

−1e1 − f (m).

(24)

In order to illustrate (24) clearly, the dynamic error model
using the matrix form can be rearranged as

Ė = AE +U (25)

where E = [e1 −Be2 −Be3 · · · −Bem+1 ]
T

A =

⎡
⎢⎢⎢⎢⎢⎢⎣

−β1 1 0 · · · 0
−β2 0 1 0

...
−β3 0 0 1 0

...
...

... 0 1
−βm+1 0 · · · 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦
, U =

⎡
⎢⎢⎢⎢⎢⎣

−γ tanh(e1)
0
0
...

Bf (m)

⎤
⎥⎥⎥⎥⎥⎦ . (26)

According to (25) and (26), the signal flowchart of error in
the composite disturbance observer is presented in Fig. 6. And
the transfer function from the m-order derivative of the lumped
disturbance to the error of estimated dq-axis current can be
derived as

H(s) =
1

p(s)

=
1

sm+1 + β1sm + β2sm−1 + · · ·+ βms+ βm+1
. (27)

B. Design of Composite Disturbance Observer

The order of GPIO should be selected according to the type
of the lumped disturbance. In addition, the maximum order of
GPIO is limited by the level of system noise. That is to say, the
m-order derivative of the estimated lumped disturbance should
be zero, which can guarantee the zero-error of estimated dq-axis
currents and disturbances according to (25) and (26). In this
article, the magnetization current is chosen as the ramp type,
which results that the lumped disturbance is also the ramp type
as illustrated by (14). Hence, the order of GPIO is determined
as 2 in this article for the disturbance with the ramp type
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(f(t) = at+ b), which can be expressed as

f (2)(t) = (at+ b)′′ = 0. (28)

On the other hand, it can be concluded from (27) that all poles
of the transfer function H(s) can be arbitrarily placed on the
Laplace plane (pole-zero map) by adjusting these coefficients
β1···m > 0. Based on the bandwidth-parameterized method in
[24], the polynomial coefficients of the n-th Butterworth low-
pass filter is employed as

p(s) =

{
(s2 + 2ξωn + ω2

n)
(m+1)/2

m = odd

(s+ ωn)(s
2 + 2ξω2

n + ω2
n)
m/2

m = even .
(29)

According to the polynomial coefficients of the second-
Butterworth low-pass filter in (29), these coefficients
(β1, β2, β3) can be rewritten as

β1 = (2ξ + 1)ωn, β2 = (2ξ + 1)ω2
n, β3 = ω3

n (30)

where ξ and ωn stand for the damping factor and the angular
frequency, respectively. The overshoot is related to the damping
factor, the range of which is from 0 to 1. It should be pointed out
that the angular frequency is related to the poles and regarded
as the absolute value of poles. In usual, the angular frequency
is larger, and the dynamic performance is better. In this article,
the damp factor ξ and the angular frequency ωn are designed to
be 0.707 and 500 rad/s, respectively.

In general, the gain of SMO should be greater than the
disturbance of B(f̂ − f), which can be derived as

γ ≥
∥∥∥B(f̂ − f)

∥∥∥ . (31)

The convergence of disturbance has been guaranteed by the
GPIO in this article. The parameter γ is employed to adjust the
overshoot of the high-order GPIO. The parameter γ is larger,
and the settling time is shorter. Hence, it can be adjusted by the
trial and error according to the overshoot of current response.

C. Implementation of Improved DPCC With Composite
Disturbance Observer

The aforementioned design and analysis about composite
disturbance observer have been given in continuous time. For
a digital controller, the discrete form of composite disturbance
observer has to be implemented. There are many discrete meth-
ods to realize the transformation from the continuous domain to
the discrete domain. Considering that the sampling time Ts of the
control system is small (200 μs), the zero-order hold method is
employed to discretize the integrators of the composite observer.

The integrator of the composite observer using zero-order
hold method can be expressed as

D(z) = Z
(
1− e−Tss

s

1

s

)
=

Ts
z − 1

. (32)

Replacing the integrator in (17) by the discrete form of (32),
and then combining with (22), the discrete form of the composite
observer in d-axis and q-axis can be expressed as

îd(k + 1) = (1− R̂sTs

L̂d
)id(k) + ωTs

L̂q

L̂d
iq(k) +

Ts

L̂d
ud(k)

− Ts

L̂d
f̂d(k)− γ tanh(sd)Ts − β1

[̂
id(k)− id(k)

]
Ts (33a)

f̂d(k + 1) = f̂d(k) + f̂
(1)
d (k)Ts + β2

[̂
id(k)− id(k)

]
TsL̂d

f̂
(1)
d (k + 1) = f̂

(1)
d (k) + β3

[̂
id(k)− id(k)

]
TsL̂d (33b)

îq(k + 1) = (1− R̂sTs

L̂q
)iq(k)− ωTs

L̂d

L̂q
iq(k) +

Ts

L̂q
uq(k)

− Ts

L̂q
f̂q(k)− γ tanh(sq)Ts − β1

[̂
iq(k)− iq(k)

]
Ts (34a)

f̂q(k + 1) = f̂q(k) + f̂ (1)q (k)Ts + β2

[̂
iq(k)− iq(k)

]
TsL̂q

f̂ (1)q (k + 1) = f̂ (1)q (k) + β3

[̂
iq(k)− iq(k)

]
TsL̂q. (34b)

Then, the control voltages with the compensation of lumped
disturbance at the k instant according to (8), which is derived as[

u∗d(k)
u∗q(k)

]
= Ĝ−1

{[
i∗d(k + 2)
i∗q(k + 2)

]
− F̂

[
îd(k + 1)

îq(k + 1)

]

−M̂(k + 1) +

[
f̂d(k + 1)

f̂q(k + 1)

]}
. (35)

Based on the aforementioned analysis, the whole control
scheme of the proposed DPCC with the composite disturbance
observer can be illustrated in Fig. 7. The proposed DPCC with
the composite disturbance can be divided into three parts: cur-
rent prediction; disturbance observer; and deadbeat predictive
current controller. The current prediction can integrate the SMO
to obtain the current at the next sample instant with the aid of the
estimated disturbance, which are expressed as (33a) and (34a).
The current prediction with SMO can be regulated according
to the error between the sampling current and model-based
prediction current, which in turn leads to the fast dynamics of
DPCC scheme. The GPIO can realize the estimation of time-
varying high-order disturbance with (33b) and (34b). Finally,
considering the one-sampling delay, the deadbeat predictive
current controller can calculate the voltage reference through
the predicted current îdq(k + 1) and the estimated disturbance
f̂dq(k + 1).

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

Fig. 8 shows the experimental setup of the dual three-phase
VF-PMSM drive. The detailed system parameters are the same
as those in Table I of Section III. In the experiments, the dual
three-phase VF-PMSM is mechanically coupled to a three-phase
permanent-magnet synchronous generator (PMSG), supplying
power for the resistive load. Thus, the load torque can be adjusted
by changing resistive loads of PMSG. In the experimental setup,
a Texas Instrument TMS320F28335 DSP is used to implement
the control algorithm of the tested machine. The switching
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Fig. 7. Proposed deadbeat PCC scheme with the composite disturbance observer.

Fig. 8. Experimental setup. (a) Electrical machine. (b) Power circuits.

Fig. 9. Execution time of different control methods on MCU.

frequency of IGBT is 5 kHz and the sampling frequency is 5 kHz.
In [25], the variation of inductance can be up to twice at differ-
ent magnetization-states. In addition, the parameter mismatch
would become more serious without the prior knowledge of
machine parameters. Taking into account the extreme situation,
the parameter mismatch of inductance is with the value of 400%
in experiments of this article.

Fig. 9 shows the execution time of different control meth-
ods. The proposed method and the PI-based current control
method are implemented in the microcontroller unit (MCU) of
TMS320F28335, the main frequency of which is 150 MHz. The
sampling period of this article is 200μs, which is equal to 30 000
MCU Clocks. The main difference is the time consumed by the

Fig. 10. Current response of the proposed DPCC with composite disturbance
observer. (a) With accurate parameter (R̂s = Rs, L̂d = Ld, L̂q = Lq , ψ̂m =

ψm). (b) With inaccurate parameter (R̂s = 0.5Rs, L̂d = 0.5Ld, L̂q = 2Lq ,
ψ̂m = 0.75ψm).

current control loop on dq subspace. For its execution time, the
proposed DPCC method requires 900 Clocks and the PI method
requires 475 clocks, which indicates that the execution time of
dq current control loop has increased almost twice. The whole
execution time of the proposed method and the PI method is
6504 clocks and 6078 clocks, respectively. It is obvious that both
of the two methods can be executed in one sampling period.
Therefore, the whole execution time of the proposed method
is slightly increased compared to the PI-based current control
method.

B. Performance of Proposed DPPC With Composite
Disturbance Observer

In order to show the current tracking performance, the ex-
perimental results of the proposed improved DPCC have been
presented with the accurate and inaccurate parameters, as shown
in Fig. 10. The dual three-phase VF-PMSM drive operates under
the rated speed of 750 r/min. The q-axis current reference is
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determined by the output of the speed controller while the d-axis
current reference can be set as zero for the simplicity of control.

As shown in Fig. 10(a), the amplitude of d-axis current refer-
ence abruptly steps from 0 to 2 A. As expected, the d-axis current
can track the reference value with the two-sampling-period
delay (400 μs) with accurate system parameters, which achieves
the ideal current response of the DPCC. Fig. 10(b) shows the
current tracking performance of the proposed DPCC with system
parameter mismatch. It indicates that the proposed DPCC can
still achieve zero steady-state tracking error in terms of the d-axis
and q-axis current, although there exists a slight overshoot in the
current response under parameter mismatch. In addition, it can
be observed that the currents of z1z2 subspace are kept near zero
with the proposed method, which confirms the aforementioned
analysis that the control between the dq subspace and the z1z2
subspace are decoupled.

C. Comparison of the Conventional DPCC and Proposed
DPCC

Since the system parameters such as the rotor flux linkage
and the inductance change during magnetization manipulation
of dual three-phase VF-PMSM drives, Fig. 11 compares the
current tracking performance of the conventional DPCC and the
proposed DPCC under variation of given system parameters.
The dual three-phase VF-PMSM drive operates under the rated
speed with the value of 600 r/min and the torque is 3.79 N·m.

Fig. 11(a) and (b) compares the steady-state dq-axis currents
under the ramp variation of the rotor flux linkage. Due to the
parameter sensitivity, the variation of rotor flux linkage will
result in the steady-state error of q-axis current. As shown in
Fig 11(a), the steady-state current error in q-axis has become 1.3
A with conventional DPCC when ψ̂m is increased to 3ψm. By
contrast in Fig. 11(b), the tracking errors of d-axis and q-axis
current maintain almost zero with the proposed DPCC under
variation of rotor flux linkage. It indicates that the proposed
DPCC has the better performance under the variation of the
rotor flux linkage.

Similarly, Fig. 11(c) and (d) compare the current tracking
performance under the ramp variation of q-axis inductance.
From Fig. 11(c), the d-axis current error has expanded from
0 to 1 A using the conventional DPCC with the increase of the
parameter mismatch of q-axis inductance. Moreover, the q-axis
current appears the oscillations when the parameter mismatch
ΔL̂q/Lq are greater than 100%. On the other hand, when the
composited disturbance observer is employed, the proposed
DPCC can maintain the good tracking performance during the
whole variation process even ΔL̂q/Lq are 200% as demon-
strated in Fig. 11(d).

D. Comparison of Different Composite Disturbance Observers

Fig. 12 shows the comparison results of composite distur-
bance observers with different orders. The speed of the dual
three-phase VF-PMSM is 450 r/min and the torque is 4.59 N·m.
The d-axis current reference is set as 4 A. Based on the parameter
sensitivity in (11), the parameter mismatch of d-axis inductance
(ΔL̂d/Ld) from 0 to 3 will result in the steady-error on the

Fig. 11. Comparison of the conventional DPCC and proposed DPCC under pa-
rameter variation (R̂s = Rs, L̂d = Ld, L̂q ∈ [Lq , 3Lq ], ψ̂m ∈ [ψm, 3ψm]).
(a) Conventional DPCC with variation of rotor flux linkage. (b) Proposed DPCC
with variation of rotor flux linkage. (c) Conventional DPCC with variation of the
q-axis inductance. (d) Proposed DPCC with variation of the q-axis inductance.

q-axis current, even will cause unstable phenomena using the
conventional DPCC.

Fig. 12(a) shows the performance of method A with the
proposed DPCC, where the order of GPIO in the composite
disturbance observer A is 1. Although the stability of current
loop can be guaranteed, the steady-state error of q-axis current
still exists with the value around 0.4 A. On the other hand,
Fig. 12(b) shows the steady-state error of dq-axis current are
almost kept zero with method B of the proposed method, where
the order of GPIO in the composite disturbance observer is 2.
In addition, it can be seen from the lumped disturbance voltages
from these two methods that the method B with higher composite
disturbance order has the better performance in tracking the
time-varying disturbance. Hence, the order of GPIO is designed
as 2 for the disturbance with the ramp type as illustrated in (28).

Figs. 13 and 14 compare the performance of DPCC with the
proposed composite disturbance observer and three other distur-
bance observers. The speed of the dual three-phase VF-PMSM
is 300 r/min. The other three disturbance observers are the SMO
with the sign function, the SMO with the hyperbolic tangent
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Fig. 12. Performance comparison of proposed DPCC methods with differ-
ent orders of composite disturbance observers under the parameter variation
of d-axis inductance (R̂s = Rs, L̂d ∈ [Ld, 4Ld], L̂q = Lq , ψ̂m = ψm). (a)
Method A with the order of 1. (b) Method B with the order of 2.

function, and the GPIO, where are termed as method I, method
II, method III, respectively.

As shown in Figs. 13(a) and 14(a), the chattering phenomena
can be found from the waveforms of the dq-axis currents and the
dq-axis lumped disturbance voltages using SMO with the sign
function, although the dq-axis currents can track their reference
without the steady-state error. The gain of SMO in Method I
is set as 500 (γ = 500). On the other hand, the SMO with the
hyperbolic tangent function can alleviate the chattering problem,
as shown in Figs. 13(b) and 14(b), where the larger gain of
SMO (γ = 2000) is employed for method II. They indicate that
the ripples of lumped disturbance voltages have been decreased
from 14 to 0.8 V while the steady-state errors of dq-axis currents
exist with the value of 0.2 A. Figs. 13(c) and 14(c) show the
performance of DPCC using the GPIO with the order of 2. The
damp factor and angular frequency of GPIO are 0.707 and 500
rad/s, respectively. It can be observed from the result of the
method III that the overshoot is 0.6 A and the settling time is
17 ms. Figs. 13(d) and 14(d) show the measured performance
using DPCC with the proposed composite disturbance observer.
The coefficients setting of GPIO in the composite disturbance
observer are identical to the method III, while the gain of SMO
in composite disturbance observer is identical to the method II. It
can be observed from Figs. 13(d) and 14(d) that the steady-state
errors of dq-axis currents have reduced to zero and the ripples of
dq-axis lumped disturbance voltages are within the acceptable
range. Meanwhile, compared with Method III, the overshoot is
reduced to 0.2 A, and settling time becomes 10 ms.

Based on the above comparisons, it can be concluded that the
proposed DPCC method with composite disturbance observer
has the better performance in terms of comprehensive perfor-
mance in the steady-state errors, chattering problem, overshoot,
and settling time.

Fig. 13. Current error comparison of DPCC methods with different distur-
bance observers (R̂s = 0.5Rs, L̂d = 0.5Ld, L̂q = Lq , ψ̂m = 0.75ψm). (a)
Method I: SMO with the sign function. (b) Method II: SMO with the hyperbolic
tangent function. (c) Method III: GPIO. (d) Method IV: Proposed composite
disturbance observer, including GPIO and SMO.

E. Performance for Magnetization Manipulation

Finally, the proposed DPCC method is compared with the
conventional PI controller in magnetization manipulation con-
trol for dual three-phase VF-PMSM, as shown in Fig. 15.
The bandwidth of the conventional PI controller is designed
as 2π·100 rad/s while the damp factor, angular frequency and
SMO gain of the composite disturbance observer are 0.707, 500
rad/s and 800 for the proposed DPCC, respectively. It should be
noted that the PI controller does not include decoupling terms
first considering that the inductance changes under different
magnetization-states. Base on the relationship between the d-
axis magnetization current and the rotor flux linkage in Fig. 3,
the amplitude of d-axis magnetization current is chosen as 30 A
for the increase of the rotor flux linkage to 0.078 Wb. During the
magnetization process, the dual three-phase VF-PMSM operates
by the speed control with the reference value of 450 r/min.

As shown in Fig. 15(a), the reference of d-axis current ramps
from 0 A to 30 A within 12 ms, then maintains to be 30 A about
28 ms, and decreases from 30 to 0 A finally. After the magnetized
current pulse, the estimated value of rotor flux linkage increases
from 0.063 to 0.078 Wb. Hence, the steady-state value of q-axis
current has decreased from 5.4 to 4.4 A owing to the increase
of rotor flux linkage. During the magnetization process, the
q-axis current is regulated by the speed control loop to mitigate
the speed variation caused by the larger magnetization current.
During the magnetization process, it is obvious that there exists
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Fig. 14. Voltage comparison of DPCC methods with different disturbance
observers (R̂s = 0.5Rs, L̂d = 0.5Ld, L̂q = Lq , ψ̂d = 0.75ψd). (a) Method
I: SMO with the sign function. (b) Method II: SMO with the hyperbolic tangent
function. (c) Method III: GPIO. (d) Method IV: Proposed composite disturbance
observer, including GPIO and SMO.

Fig. 15. Comparison of current tracking performance for magnetization ma-
nipulation. (a) Conventional PI controller without dq-axis decoupling. (b) Pro-
posed DPCC with the composite disturbance observer.

a difference between the dq-axis current waveforms and their
reference waveforms using the conventional PI controller. Ow-
ing to the larger amplitude of d-axis current and the parameter
variation, the current loop with the conventional PI controller
cannot achieve the good performance in current reference track-
ing. The maximum d-axis current error reaches 5 A. The relative
error can be defined as the ratio between the maximum error of
d-axis current and the reference value of d-axis current pulse.
The relative error of conventional PI controller is 5/30 = 16.7%.

Fig. 16. Comparison of current tracking performance under different current
control methods. (a) Conventional PI controller with bandwidth of 100 Hz.
(b) Conventional PI controller with bandwidth of 200 Hz. (b) Conventional PI
controller with bandwidth of 300 Hz. (d) Proposed DPCC with the composite
disturbance observer.

On the other hand, the d-axis current can track their reference
value well with the error less than 1.6 A, as shown in Fig. 15(b).
Similarly, the relative error of the proposed method is only
1.6/30 = 5.3%.

Fig. 16 gives the comprehensive comparison experiments
under different bandwidths of PI current controllers with dq-axis
decoupling for the magnetization manipulation of dual three-
phase VF-PMSM. From Fig. 16(a), the error of d-axis current
using the conventional PI controller with the bandwidth of 100
Hz is 4 A, which is 13.3% of the reference of d-axis current
pulses. With the dq-axis decoupling, the error of q-axis current
has decreased to 2 A with the bandwidth of 100Hz. When the
bandwidth increases to 200 Hz in Fig. 16(b), the error of d-axis
current using PI controller can be further reduced to 2 A. When
the bandwidth of PI controller is up to 300 Hz in Fig. 16(c),
the oscillations appear in current waveforms. By comparison,
the error of d-axis current using the proposed DPCC method is
1.6A, which is 5.3% of the reference of d-axis current pulses.
It indicates the proposed DPCC method with composite distur-
bance observer can offer better performance in current tracking
for magnetization manipulation of dual three-phase VF-PMSM.

VI. CONCLUSION

In this article, an improved DPCC method with composite
disturbance observer has been proposed for dual three-phase
VF-PMSM drives. Compared with the conventional DPCC, the
proposed method can achieve the zero steady-state tracking error
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and fast dynamics under parameter mismatch conditions. The
proposed composite disturbance observer not only retains the su-
periority of GPIO in tracking time-varying disturbances but also
inherits the advantages of SMO on the dynamic regulation for
reducing the settling time brought by the high-order GPIO. The
bandwidth-parameterized method has been employed for tuning
the coefficients of the composite observer. The experimental re-
sults have demonstrated the better operation performance of the
proposed improved DPCC for the dual three-phase VF-PMSM
drives under the model uncertainty and the magnetization ma-
nipulation conditions.
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