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ABSTRACT The conflict between dynamic rapidity and steady-state accuracy is a crucial factor hindering
the performance improvement of motor control system. To overcome the issue, this article proposes an
optimized cooperative control combining feedback linearization (FBL) and error port-controlled Hamil-
tonian (EPCH) for permanent magnet synchronous motor (PMSM). First, FBL and EPCH are separately
designed to obtain good dynamic and steady-state performances. Then, considering the individual advantages
of FBL and EPCH, a cooperative strategy based on the real-time position error is applied to realize the smooth
switching between the two methods, so that each method is utilized efficiently within the corresponding
operating range. In addition, the particle swarm optimization (PSO) algorithm is introduced to properly
select the controller parameters. Thus, an optimized cooperative control method, which takes into account
both fast dynamic response and high steady-state precision, is developed for PMSMdrives. The experimental
results are finally given to illustrate the effectiveness and superiority of the proposed method.

INDEX TERMS Permanent magnet synchronous motor, cooperative control, parameter optimization.

I. INTRODUCTION
Due to the inherent characteristics of simple structure, good
reliability and high energy efficiency, permanent magnet syn-
chronous motor (PMSM) drive system and its control are
known as an attractive research topic in the industrial appli-
cations, such as electric vehicles, robots, machine tools [1].
Precise and fast tracking performances are of high demand
in many of these applications [2]– [4]. However, as the
individual control method could not provide a satisfactory
response, many hybrid control strategies have been developed
for PMSMdrive system in recent years. Besides, the selection
of the controller parameters, as a key factor to reach the
desired response, has motivated the scientists to investigate
the optimization issue [5].

Many solutions have been discussed from the aspects of
rapidity, stability and accuracy to realize the high-performance
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tracking of the PMSM drive system. These control methods
are usually categorized into two types. One is represented
by the method based on the signal transformation, such
as predictive control, sliding mode control, fuzzy control,
and feedback linearization control. The feedback lineariza-
tion (FBL) control method converts the complex nonlinear
system into an equivalent linear system through state feed-
back and coordinate transformation, so that the dynamic
response time can be adjusted by assigning poles. Due
to its advantages of fast dynamic response, FBL control
method has received deep investigation in recent research
works [6]–[10]. Liu et al. have shown the effectiveness of
this method for the PMSM drive system [8]. Meng et al.
have applied an input/output feedback linearization controller
to deal with the nonlinear and coupling characteristics of a
quadruple-tank liquid level system [9]. In [10], only one con-
troller for all state space variables has been designed. In [11],
a state feedback controller based on gray wolf optimiza-
tion algorithm has been designed for the high performance
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control of a permanent-magnet synchronous hub motor
(PMSHM) drive, in which the linearized PMSHMmathemat-
ical model is obtained by voltage feedforward compensation.
A similar problem also appears in [12], Sun et al. have
applied the state feedback control to solve the coupling
and nonlinear of bearingless permanent magnet synchronous
machine. However, in practical applications, the FBLmethod
has fluctuation in steady-state operation, which seriously
reducing the trajectory tracking accuracy. The other is based
on the energy transformation control strategy. The port-
controlled Hamiltonian (PCH) method based on intercon-
nection and damping assignment is a popular approach for
nonlinear systems because of its simple model structure,
convenient stability analysis and excellent steady-state char-
acteristics [13], [14]. This method has been well applied in
industry [15]–[17]. However, the PCHmethod is not flawless;
indeed, the slow response problem to disturbances hinders the
wide application of this method. Obviously, these approaches
can only improve the control performance in specific aspects,
not overall. This means that none of them is an effective
solution for good position tracking.

In order to break these limitations, the combination of
different methods is considered to be a suitable scheme. For
instance, in [18], an optimal FBL control has been presented
for PMSM to achieve accurate tracking and energy saving
by minimizing the copper loss. Campos-Rodriguez et al.
have proposed a hybrid cascade control considering the
trade-off between safety, productivity and quality for the
nonlinear dynamical system. This structure includes two
robust nonlinear regulators, a discrete regulator for the outer
loop and a continuous regulator for the inner loop [19].
Song et al. have implemented an improved model predic-
tive control (MPC) to simultaneously consider both sys-
tem efficiency and identification accuracy to determine the
optimal power distribution between super-capacitor and bat-
tery [20]. Jiang et al. have presented an improved deadbeat
predictive control (DBPC) method based sliding mode con-
trol (SMC) to improve the driving performance of PMSM,
in which SMC and DBPC are applied to control speed and
current, respectively [21]. Although these methods can be
conducive to the improvement ofmotor performance, they are
actually based on a cascade control structure, which means
a compromise between dynamic rapidity and steady-state
accuracy. High steady-state precision should not be at the
expense of dynamic response [22]. How to simultaneously
achieve fast dynamic response and good steady-state accu-
racy is the emphases and difficulties in the field of control
engineering.

The reasonable application of the control methods under
different operation conditions is another solution. The con-
cept of cooperative control is thus proposed [23]–[25]. Its
basic working principle is to design a control strategy to real-
ize the switching control between different methods, so that
each method can be effectively used in the corresponding
working range. In [26], the pump drives the actuator in an
efficient way and the valves are controlled to provide the

tracking accuracy, thus the pump–valve-coordinated system
could achieve the dual goals of high control performance
and high energy efficiency. Wang et al. have designed a
compound torque regulator which combines two new variable
hysteresis bands and two constant hysteresis bands to opti-
mize the torque tracking performance of PMSM drives [27].
This method can improve the steady-state and dynamic
torque tracking performances while maintaining the advan-
tages of the conventional direct torque control. Hao et al. have
integrated the merits of linear active disturbance rejection
control (ADRC) and nonlinear ADRC, and overcame their
shortcomings by a hysteretic switching strategy to achieve
good robustness and precision for PMSM [28]. In [29],
a hybrid speed control composed of parallel connected SMC
and neuro fuzzy control (NFC) has been introduced for
PMSM drives. Using the bandwidth error, the control sys-
tem can get satisfactory dynamic response both in tran-
sient and steady-state modes. In [30], a cooperative control
method based on DBPC and PCH has been applied to achieve
high performance and high efficiency for PMSM. In this
way, the overall performance of the PMSM drive system is
improved. However, the DBPC controller only shortens the
dynamic response time of the current loop. Thus, to indeed
guarantee the control performance of PMSM drive system,
new control method based on cooperative control theory is
urgent to be further developed.

In addition, the parameter tuning plays an important role
in the realization of the control objectives and the optimiza-
tion of the controllers. The previous experience has certain
guiding significance for selecting the initial values of the
controller parameters. However, without the sufficient infor-
mation of the controlled system, the selection of the appro-
priate controller parameters could be a tedious trial and error
process. To this end, computer-aided optimization algorithms
have been suggested to find the best possible coefficients of
controllers in some literature. In [31], an adaptive ant colony
algorithm has been applied in the path planning optimization
of a robot system. Mahmoudabadi et al. have utilized an
improved particle swarm optimization (PSO) algorithm to
optimize the decoupling sliding-mode control of a ball and
beam system [32]. In [33], a genetic algorithm has been
employed to optimize the design of a multi-input active dis-
turbance rejection controller. In [34], a simulated annealing
method has been introduced to solve the motor efficiency
optimization problem of electric vehicles.

In this article, motivated by the above discussions, an opti-
mized cooperative control strategy based on the signal con-
troller and the energy controller is proposed to improve the
dynamic and steady state performances of the PMSM drive
system simultaneously. The signal controller is designed
by using FBL control method to provide a fast dynamic
response, and the energy controller is developed using EPCH
control method to obtain a good steady-state response. The
cooperative control strategy is implemented by using the con-
vex combination based on the position error, so as to regulate
the output strength of the signal controller and the energy
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controller. The observer is presented to estimate unknown
load torque. Furthermore, PSO algorithm is applied to prop-
erly select the control gains. The cost function of the opti-
mization process is defined as the integral of time multiplied
by absolute error and is minimized. The experimental results
show that the proposed control method has good dynamic and
steady-state performances.

The main innovations and contributions of the control
method proposed in this article are as follows:

1) The cooperative control strategy is designed so that the
PMSM drive system can combine simultaneously the
advantages of both signal control and energy control
and obtain the smooth output response without control
signal shaking.

2) The cooperative control system is constructed. Through
theoretical analysis and experimental verification, it is
proved that the system not only exhibits fast tracking
control of position signal, but also optimizes the input
and output energy of the PMSM drive system.

3) A novel perspective on the overall performance
improvement of the PMSM system is created by
focusing on the reasonable distribution of the control
methods. Meaningfully, such control method can be
extended to other nonlinear systems as a good candi-
date for high trajectory tracking applications.

The rest of this article is organized as follows. In Section II,
the mathematical model of a PMSM drive system is
described. In Section III, the design process of FBL con-
troller, EPCH controller and load torque observer is given.
In Section IV, the cooperative control strategy is presented
with a detailed proof. Additionally, the PSO algorithm is
introduced to adjust the control gains. In Section V, the exper-
imental results are presented to validate the effectiveness by
comparing with other existing control methods. Section VI
concludes this article.

II. MATHEMATICAL MODEL OF PMSM
The mathmetical model of the non-salient PMSM in the
synchronous reference frame is expressed as [3]:

L
did
dt
= −Rsid + npωLiq + ud

L
diq
dt
= −Rsiq − npωLid − npω8+ uq

Jm
dω
dt
= τ − τL − Rf ω = np8iq − τL − Rf ω

dθ
dt
= ω

(1)

where id and iq are the stator currents in the d-q axis, ud and
uq are the stator voltages in the d-q axis, τ and τL are the
electromagnetic torque and load torque, respectively. ω is the
mechanical angular of the motor, θ is the angle of the motor,
Rs is the stator resistance, L is the stator inductance, 8 is the
permanent magnet flux. Jm is the moment of inertia, np is the
number of the pole pairs.Rf is the viscous friction coefficient.

The control objective is to find a controller which can
ensure the internal stability and adjust the stator voltage to
track the position reference. Meanwhile, the control system
can obtain fast dynamic response and high steady-state accu-
racy. This problem will be solved in two steps. Fig.1 shows
the general PMSM drive system structure.

III. DESIGN OF INDIVIDUAL CONTROLLERS
A. DESIGN OF LOAD TORQUE OBSERVER
In order to improve the robustness of the closed-loop control
system, a Luenberger observer is first designed to track load
disturbance in real time, and the estimated disturbance is
considered as the feedforward to compensate the voltage
reference. The load torque observer is constructed as fol-
lows [17]:

˙̂
θ = ω̂ + l1

(
θ − θ̂

)
˙̂ω =

np8iq − τ̂L − Rf ω̂
J

+ l2
(
θ − θ̂

)
˙̂τL = l3

(
θ − θ̂

) (2)

where θ̂ , ω̂ and τ̂L are position estimation, speed estimation
and load torque estimation respectively. By choosing the
appropriate gains l1, l2 and l3, the estimation error can be
exponentially reduced to zero.

B. DESIGN OF FBL
PMSM can be considered as a nonlinear system and
expressed by the following equation:

ẋf = f (x)+ g1 (x) ufd + g2 (x) ufq (3)

where

xf =
[
xf 1 xf 2 xf 3 xf 4

]T
=
[
id iq ω θ

]T
g1 (x) =

[ 1
L 0 0 0

]T
g2 (x) =

[
0 1

L 0 0
]T

f (x) =


−
Rs
L
id + npωiq

−
Rs
L
iq − npωid −

1
L
npω8

1
Jm
npiq8−

1
Jm
Rf ω −

1
Jm
τ̂L

ω


It can be seen that the motor model (3) contains nonlinear

and cross-coupled terms in the first and second rows of the
state space equation.

First, choose the output variable as:

yf =
[
yf 1 yf 2

]T
=
[
id θ

]T (4)

According to feedback linearization control theory, the out-
put variables are differentiated repeatedly until the relation-
ship between the input variable and the time is found, which
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FIGURE 1. Block diagram of PMSM drive system with optimized cooperative control.

could be represented as follows:

dyf 1
dt
= −

Rs
L
id + npωiq +

1
L
ufd

dyf 2
dt
= ω

d2yf 2
dt2

=
1
Jm
npiq8−

1
Jm
Rf ω −

1
Jm
τ̂L

d3yf 2
dt3

=
np8
Jm

(
−
Rs
L
iq − npωid −

1
L
npω8

)
−
Rf
Jm

(
1
Jm
npiq8−

1
Jm
Rf ω−

1
Jm
τ̂L

)
+
np8
Jm

ufq

(5)

Let v1 =
dyf 1
dt and v2 =

d3yf 2
dt3

be the intermediate variables,
then [

v1
v2

]
=

[
A1
A2

]
+ B

[
ufd
ufq

]
(6)

where

A1 = −
Rs
L
id + npωiq,

A2 =
np8
Jm

(
−
Rs
L
iq − npωid −

1
L
npω8

)
−
Rf
Jm

(
1
Jm
npiq8−

1
Jm
Rf ω −

1
Jm
τ̂L

)
,

B11 =
1
L
,

B12 = B21=0,

B22 =
np8
Jm

.

As long as matrix B is nonsingular, the system is said to
be linearized [8]. By the coordinate transformation of (6),

the input-output feedback linearization system can be derived
as:

uf =
[
ufd
ufq

]
= B−1

[
v1 − A1
v2 − A2

]
(7)

In order to achieve fast transient response, v1 and v2 are
designed by the pole-placement method as follows:

v1 = k1
(
i∗d − id

)
(8)

v2 = k2
(
θ∗ − θ

)
− k3θ̇ − k4θ̈ (9)

where k1, k2, k3 and k4 are the positive control parameters.
From (7), by using i∗d = 0 the FBL controller is derived as:

ufd = Rsid − npLωiq − Lk1id

ufq = Rsiq + npLωid + npω8

+
Rf L
np8

(
1
Jm
npiq8−

1
Jm
Rf ω −

1
Jm
τ̂L

)
+
JmL
np8

(
k2
(
θ∗ − θ

)
− k3θ̇ − k4θ̈

)
(10)

C. DESIGN OF EPCH
The model of the Hamiltonian system with dissipation can be
expressed as follows:

ẋ = [J (x)− R (x)]
∂H (x)
∂x

+ g (x) ue

y = gT (x)
∂H (x)
∂x

(11)

whereR (x) = RT (x) ≥ 0 is the dissipation, J (x) = −JT (x)
is the interconnection structure, andH (x) represents the total
stored energy function of the system.

Define the state vector, input vector and output vector as:

x =
[
x1 x2 x3 x4

]T
=
[
Lid Liq Jmω θ

]T (12)
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ue =
[
ued ueq

]T (13)

y =
[
id iq

]T (14)

The Hamiltonian function of the system is given as:

H (x) =
1
2

[
1
L
x12 +

1
L
x22 +

1
Jm
x32
]
+ τLx4 (15)

the model (1) can be expressed in the form of (11), with

J (x) =


0 0 0 npx2
0 0 0 −np (x1 +8)
0 0 0 1
−npx2 np (x1 +8) −1 0



R (x) =


Rs 0 0 0
0 Rs 0 0
0 0 Rf 0
0 0 0 0



g (x) =


1 0
0 1
0 0
0 0

 (16)

To maintain the constant flux operation of the motor con-
trol system, i∗d is usually set to be zero. When the con-
trolled system reaches the required equilibrium, dω

dt = 0.

Thus, according to (1) and (2), i∗q =
τ̂L+Rf ω∗

np8
can be obtained.

The desired equilibrium state for PMSM system can be
selected as:

x∗ =
[
Li∗d Li

∗
q Li
∗
q θ
∗
]T

(17)

Let x̃ = x − x∗ be the state error. The expected energy
function Hd (x̃) of the closed-loop system is constructed:

Hd (x̃) =
1
2

[
1
L

(
x1 − x∗1

)2
+

1
L

(
x2 − x∗2

)2
+

1
Jm

(
x3 − x∗3

)2
+ ρ

(
x4 − x∗4

)2] (18)

where Hd (x̃) > 0, Hd (0) = 0.
Assume Ja and Ra satisfying

Ja (x) =


0 J12 J13 J14
−J12 0 J23 J24
−J13 −J23 0 J34
−J14 −J24 −J34 0



Ra =


r 0 0 0
0 r 0 0
0 0 0 0
0 0 0 rm

 (19)

and feedback control u = α (x) satisfying

g (x) ue =
[
Ja − Ra − J

(
x∗
)] ∂Hd (x̃)

∂ x̃

+
[
J (x̃)−R (x)−R

(
x∗
)] [∂Hd (x̃)

∂ x̃
−
∂H (x)
∂x

]
+ g (x∗) u∗ (20)

FIGURE 2. Cooperative coefficients:(a) Cooperative coefficient of EPCH
controller ce

(
θ̃
)

. (b) Cooperative coefficient of FBL controller cf
(
θ̃
)

.

the closed-loop system can be rewritten as:

˙̃x =
[
Jd (x̃)− Rd (x̃)

] ∂Hd (x̃)
∂ x̃

(21)

where Jd (x̃) and Rd (x̃) are desired interconnection and
damping matrix, and Jd (x̃) = J (x̃) + Ja = −JTd (x̃),
Rd (x̃) = R (x̃) + Ra = RTd (x̃) ≥ 0. Then, the system (21)
will be asymptotically stable at x̃ = 0 [17].
Let J12 = k0, J13 = −L

(
x2 − x∗2

)
, J14 = −np

(
x2 − x∗2

)
,

J23 = L
(
x1 − x∗1

)
, J24 = np

(
x1 − x∗1

)
, J34 = 0, and sub-

stituting (15)-(19) into (20), the EPCH controller is derived
as:

ued = Rsi∗d − r
(
id − i∗d

)
+ k0

(
iq − i∗q

)
− ρL2

(
iq − i∗q

)
(θ − θ∗)− npLiqω

ueq = Rsi∗q − r
(
iq − i∗q

)
− k0

(
id − i∗d

)
+ ρL2

(
id − i∗d

)
(θ − θ∗)+ npLidω + np8ω∗

(22)

where r and k0 are adjustable parameters.

IV. DESIGN OF OPTIMIZED COOPERATIVE CONTROL
A. COOPERATIVE CONTROL STRATEGY
In order to obtain the smooth output response and avoid con-
trol signal shaking, a cooperative control strategy is designed
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for the PMSM drive system. The proposed control strat-
egy inherits the merits of FBL controller and EPCH con-
troller, it not only implements fast dynamic tracking control,
but also optimizes the input and output energy. Therefore,
the cooperative control strategy is two convex combinations,
that is:  ud = cfd

(
θ̃
)
ufd + ced

(
θ̃
)
ued

uq = cfq
(
θ̃
)
ufq + ceq

(
θ̃
)
ueq

(23)

and the cooperative coefficients are selected as:

ced
(
θ̃
)
= ceq

(
θ̃
)
=

4e−
θ̃
δ(

1+ e−
θ̃
δ

)2
cfd
(
θ̃
)
= cfq

(
θ̃
)
= 1−

4e−
θ̃
δ(

1+ e−
θ̃
δ

)2
(24)

where θ̃ = θ − θ∗ is the error signal between the desired
and actual position, cfd

(
θ̃
)
and ced

(
θ̃
)
are the d-axis coop-

erative coefficients of FBL controller and EPCH controller,
respectively, cfq

(
θ̃
)
and ceq

(
θ̃
)
are q-axis cooperative coef-

ficients of the FBL controller and EPCH controller, respec-
tively. The cooperative coefficients are functions of position
error θ̃ , and cfd (θ̃ ) ∈ [0, 1), cfq(θ̃ ) ∈ [0, 1), ced (θ̃ ) ∈ (0, 1],
ceq(θ̃ ) ∈ (0, 1]. δ is the position scale parameter. Some
design requirements, such as the rise time, settling time,
percent peak overshoot and steady-state error, depend on this
parameter. Thus, the control paremeter needs to be adjusted
properly to get good response, as described in the next
section.

Combining (10), (22) and (23), the cooperative controller
can be obtained as:

ud = ced
(
θ̃
) [
Rsi∗d − r

(
id − i∗d

)
+ k0

(
iq − i∗q

)
−ρL2

(
iq − i∗q

) (
θ − θ∗

)
− npLiqω

]
+cfd

(
θ̃
) [
Rsid − npLωiq + Lk1

(
i∗d − id

)]
uq = ceq

(
θ̃
) [
Rsi∗q − r

(
iq − i∗q

)
− k0

(
id − i∗d

)
+ρL2

(
id − i∗d

) (
θ−θ∗

)
+npLidω+np8ω∗

]
+cfq

(
θ̃
) [
Rsiq + npLωid + npω8

Rf L
np8

(
1
Jm
npiq8−

1
Jm
Rf ω −

1
Jm
τ̂L

)
+
JmL
np8

(
k2
(
θ∗ − θ

)
− k3θ̇ − k4θ̈

)]

(25)

The control rule developed in the combination procedure
is summarized. FBL method and EPCH method are comple-
mentary, so the cooperative control strategy proposed in this
article makes full use of their advantages in the correspond-
ing range. During the operation of the motor, an improved
cooperative function is used to achieve smooth switching
between the two. When the position tracking error is large,

FBL method is applied to control the motor, in which the
fast dynamic response can be obtained. When the difference
is small, EPCH method is adopted to improve steady-state
precision. Therefore, the cooperative control system has good
dynamic and steady-state performances in the whole opera-
tion process.

B. STABILITY ANALYSIS
In this article, a cooperative control method combining FBL
and EPCH is proposed. By using a smooth switching func-
tion, when θ̃ → ∞, c

(
θ̃
)
→ 0, the system controlled

by FBL can obtain fast dynamic response, when θ̃ = 0,
c
(
θ̃
)
= 1, the system controlled by EPCH can obtain

smooth dynamic response. From the aforementioned anal-
ysis, it can be concluded that the system is stable in both
cases.

When 0 < θ̃ < ∞, the cooperative function c
(
θ̃
)

is constant between 0 and 1. Since the controller of the
whole system is realized by multiplying the controller
of two subsystems by the continuous cooperative func-
tion, the types of the two controllers will not change dur-
ing the operation. The closed-loop control system is still
stable.

C. PARAMETER OPTIMIZATION USING PSO ALGORITHM
PSO as a nature-inspired evolutionary and stochastic opti-
mization technique, is usually applied to solve computation-
ally hard optimization problem. During an iteration of PSO,
each particle updates its velocity according to its previous
experience and the experience of its neighbors. Once the
velocity is updated, if it is added to the current position,
the new position information is obtained. By continuously
updating the velocity and position of each particle, the par-
ticle is accelerated to the best position found by it so far
and the global best position obtained so far by any parti-
cle, with a random weighted acceleration at each time step.
The framework for the PSO algorithm is shown in Fig. 3,
where vt+1 is the particle’s velocity at the next moment, xt
is the particle’s current position, W is the inertial weight.
c1 and c2 are acceleration coefficients, pbest is the parti-
cle’s best position so far, gbest is the global best position
attained.

In this work, PSO algorithm is used to regulate the coop-
erative scale parameter δ in the cooperative controller. First,
the initial parameter δ0 are obtained according to the engi-
neering design method, and then the optimum parameter is
calculated according to the cost function.

Due to the advantages of smaller overshoot and oscillation,
ITAE (Integral Time Absolute Error) is chosen as the cost
function for minimization.

ITAE =
∫ T

0
t |e (t)| dt (26)

The optimization algorithmminimizes the cost function by
changing the controller parameter.
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FIGURE 3. Flowchart of the PSO algorithm.

FIGURE 4. PMSM experimental platform.

V. EXPERIMENTAL RESULTS
The experimental platform is shown in Fig. 4, which is
completed with the LINKS-RT rapid-prototyping platform.
The configuration of the experimental system is presented
in Fig. 5. Both the drive and load motors are the Senstrol
130MB150A type non-salient pole PMSM. The detailed
parameters of the motor are listed in Table 1. Additionally,
three types of position references including exponent, step

TABLE 1. PMSM Parameters.

and sine are used to verify the effectiveness and superiority
of the proposed cooperative method.

First, in order to test the performance of the cooperative
control method under soft start, the exponential signal is
used as the position reference, that is θ∗= 50

(
1− e−2t

)
rad.

In Fig. 6, the actual position of the EPCH method cannot
be kept close to the reference at the beginning of the oper-
ation, while the FBL shows better position tracking ability
in the transient state. Further, the cooperative control method
provides the more precise superposition between position
quantities than the two previous control methods in both
transient and states. All these remarks can be confirmed from
the position errors in Fig. 7. The current responses of the three
methods are shown in Fig. 8.

Then, the red curve in Fig. 9 shows the experimental results
of the cooperative method under step signal, which verifies
that the cooperative control method can effectively follow
the position reference. The comparison of trajectory tracking
capabilities of different methods is shown in Fig. 9. Due to
the fast dynamic response, as for the FBL, the steady-state
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FIGURE 5. Experimental configuration of PMSM system.

FIGURE 6. Position tracking response when θ∗= 50
(

1− e−2t
)

.

FIGURE 7. Position tracking error.

error increases to 0.1 rad, and the overshoot even occurs.
Although the steady-state error of EPCH method is reduced

FIGURE 8. Current response.

to 0.01 rad, the dynamic response time increases by 0.6 s.
As for the traditional individual method, although the control
system can track the position reference and want to obtain
a satisfactory response, the contradiction between dynamic
rapidity and steady-state accuracy limits their development.
In contrast, because the cooperative method combines the
advantages of the two and improves further, both the posi-
tion tracking error and dynamic response time are signifi-
cantly reduced. According to the enlarged figure, the dynamic
response time of the cooperative method is 0.67 s, and the
steady-state error is consistent with the EPCHmethod, which
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FIGURE 9. Position tracking response when θ∗ = 50.

FIGURE 10. Current response.

FIGURE 11. Response at different positions.

means that the motor drive can reach the reference value
faster and realize high-precision operation. Overall, the key
factor that makes difference between the individual method
and cooperative method is the smooth switching structure
based on position error in the cooperative control system.

FIGURE 12. Current response.

FIGURE 13. Position tracking response when θ∗ = 50 sin
(
t
)
.

FIGURE 14. Position tracking error.

Additionally, the cooperative method has smaller current
fluctuation, as shown in Fig. 10.

In order to further verify the position tracking ability
of the proposed method, the experimental result at differ-
ent positions is recorded. The response waveform shown
in Fig. 11 gives that the proposed method still performs
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FIGURE 15. Current response.

FIGURE 16. Speed tracking response.

FIGURE 17. Estimated load torque.

good performance. Fig. 12 shows the current response in this
situation.

Fig. 13 shows the experimental results of position track-
ing with different methods. A sinusoidal signal is used
as the position reference in this part. The results indicate that
the position fluctuations of the three methods are basically

FIGURE 18. Position tracking response.

FIGURE 19. Position tracking error.

the same. The detailed waveform of position tracking error
is shown in Fig. 14. The experimental results show that the
maximum position errors of FBL method and EPCH method
are 0.3 rad and 0.05 rad, respectively. Both of them are
greater than 0.016 rad of the cooperative method. Therefore,
the cooperative method has a better position tracking perfor-
mance. In addition, when a constant 3 Nm load is added,
the performance of the proposed method can still remain
smoother and vibration-less. Thewaveforms of speed, current
and load estimation for the cooperative method are shown
in Fig. 15-17.

Finally, the comparison between position tracking results
of the proposed method and [30] is shown in Fig. 18. Both
methods can make the system work stably under sinusoidal
signal, but the proposed method has better position tracking
capability. For example, in Fig. 19, the position error of [30]
is 0.1 rad, but that of the proposed method is successfully
reduced by 84%. Because the deadbeat controller in [30]
can only accelerate the current loop, the dynamic response
speed of the whole closed-loop system is limited. On the other
hand, owing to the introduction of the PSO algorithm to select
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the appropriate cooperative parameter, the proposed method
performs better both in dynamic and steady states.

VI. CONCLUSION
Faced with the challenge of realizing the dual objectives
of fast dynamic response and high steady-state precision, a
cooperative control strategy is proposed for PMSM drives in
this article. Different from the traditional hybrid control with
the cascade control structure, the proposed cooperative con-
trol strategy is based on the convex combination, in which the
control mode is switched between FBL and EPCH according
to the real-time position error. In this method, fast dynamic
response can be provided by using FBL, and EPCH is applied
to ensure high steady-state precision. By this means, good
dynamic and steady-state performances can be achieved.
Meanwhile, to account for the parameter adjustment in prac-
tice, PSO algorithm is introduced to select the appropriate
control gains.

The comparison experiments are presented to illustrate that
the proposed method overcomes the limitations of FBL and
EPCH in improving the control performance of PMSM, and
shows a satisfying performance with good dynamic response
and high steady-state precision. In addition, compared with
the cooperative control proposed in [30], the superiority of
the proposed method to indeed guarantee and further improve
the control performance are fully verified.

On the other hand, the PSO algorithm has the advantages of
simplicity and easy-implemented. Perhaps more optimization
algorithms could be considered for a general discussion and
research in the future work.
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