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ABSTRACT This study aimed to design an active disturbance rejection control (ADRC) with parameter
identification for current control in permanent magnet synchronous motor (PMSM) servo systems. Given
the nonlinear uncertainty of the PMSMs, a parameter identification method based on the consensus Kalman
filter was designed to establish an approximate model of the motor, reduce the uncertainty of the current loop
model, and utilize the improved ADRC algorithm to eliminate the influence of uncertainty, nonlinearity, and
strong coupling of the current loop of the PMSM. Consequently, the current control precision of the inner
loop improved. The control experiment results indicate that the proposed method is suitable for the current
control of nonlinear and strongly-coupled servo systems.

INDEX TERMS Consensus extended Kalman filter, permanent magnet synchronous motor, parameter
identification, active disturbance rejection control (ADRC) current control, servo system.

I. INTRODUCTION
Permanent magnet synchronous motors (PMSMs) are widely
used in servo systems owing to their high power density, high
efficiency, and small inertia [1], [2], [3]. Hence, the control
technology of these systems comprising PMSMs has become
a research hotspot [4]. The PMSMs are characterized by time-
varying parameters, strong coupling, and variable nonlinear-
ity, and their control strategy directly influences the control
effect. Generally, servo systems use the nested structure of the
current, speed and position loops, and the performance of the
outer loop depends on the optimization of the inner loop [5].
As an innermost loop, the current control is directly related
to the output electromagnetic torque. Hence, its dynamic and
static performance is directly related to the performance of
the position servo system [6], [7]. PMSMs exhibit advan-
tages such as high power factor, high efficiency, and wide
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speed range, and they are widely used in electric vehicles,
oil exploitation and military equipment industries [8].

The current loops mainly use proportional–integral
(PI) [9], hysteresis [10], sliding mode [11] and predictive
control [12] methods, which have advantages and disadvan-
tages. The hysteresis control has a fast response. However,
its disadvantages include current ripples and steady-state
errors owing to the variable switching frequency [13]. The
sliding mode control is characterized by fast speed and strong
robustness but has a ‘chattering’ problem [14]. Predictive
control can realise the fast-tracking of the command signal
without overshoot; however, it relies on the precision of the
mathematical model of the controlled object and lacks robust-
ness. The PI controllers, which have simple structures and
exhibit stable performance, are the most widely used control
algorithm in current loops [15], [16], [17]. However, they
exhibit difficulties balancing between speed and overshoot,
and integral saturation problems. Additionally, for the small
inertia position servo system, the speed changes frequently,
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and the electromagnetic time constant is equivalent to the
electromechanical time constant. Hence, the back electro-
motive force (EMF) interference cannot be ignored, thereby
annulling the applicability of the conventional PI control.
Owing to the uncertainty of the flux parameters, the quality of
the speed signals and loop delay, the direct feedforward com-
pensationmethod of the back-EMF based on the conventional
PI control remains impractical in engineering. Further, time
delay in the digital control process causes the control input
and controlled variable to change asynchronously. When
the controller gain is not properly selected, overshoots and
possibly system oscillations are inevitable. Based on the
limitations of the conventional PI control, the improvement
measures such as feedforward compensation, anti-integral
saturation and fuzzy PI controls have been proposed, thereby
achieving excellent results. Particularly, active disturbance
rejection control (ADRC) [18], [19] was proposed, which
significantly overcame the limitations of the PI control and
achieved promising control performance. ADRC has been
employed in speed and position loops although its application
is limited in current loops.

The parameters of a PMSM change with changes in the
working condition, service time, and load. Thus, the motor
parameters of the PMSM should be identified online, approx-
imate model of the motor established, internal disturbances
(model errors) reduced, system uncertainties reduced, ‘‘time
scale’’ of the system increased [20], burden of the motor con-
troller lightened and observation and control bandwidth of the
system improved. First, this study established the mathemat-
ical model of the PMSM. The PMSM system was proven to
be an observable and controllable flat system. Thus, a param-
eter identification method based on the consensus extended
Kalman filter (CEKF) [21] was proposed. Combined with
the EPADRC algorithm [22], a current control method with a
parameter identification function for the PMSM servo sys-
tem is proposed, thereby eliminating the influence of the
uncertainty (model error and external disturbance), nonlin-
earity and strong coupling of the PMSM current loop, and
improving the current control accuracy of the inner loop.
Based on control experiments, the proposed method can track
the reference input current quickly, accurately, and without
overshoot. Additionally, it has better dynamic characteristics
and robustness compared to the existing ADRC control.

II. PMSM MOTOR MODEL
The rotor of the PMSM is either surface-mounted or embed-
ded depending on the structure. In this study, the back EMF
of the three-phase symmetrical stator winding of the PMSM
is a sine wave. The three-phase sine wave current with a
phase difference of 120◦ must be passed through the stator
winding of the motor to produce continuous electromagnetic
torque. Currently, the permanent magnet of the rotor of the
PMSM generates a rotating magnetic field, which is sim-
ilar to a sine wave in the air gap based on the principle
of electromagnetic induction. Sira-Ramirez et al. [23] and
Louis [24] discussed the model of the PMSM and control

background and method of the PMSM, respectively. At α-β
in the stationary coordinate system, the mathematical model
of the PMSM is expressed as follows:

uα = Rsia +
dψα
dt

uβ = Rsiβ +
dψβ
dt

(1)

where α and β are constants. The axial flux linkage is
expressed as follows:

ψα = Lαiα + ψr cos(npθe)

ψβ = Lβ iβ + ψr sin(npθe) (2)

Then there are

Lα
diα
dt

= uα − Rsiα + npψrωe sin(npθe)

Lβ
diβ
dt

= uβ − Rsiβ − npψrωe cos(npθe)

J
dωe
dt

= Te − Bωe − TL
dθe
dt

= ωe

(3)

In equation (3), uα , uβ Respectively α, β Input voltage
on the shaft; iα , iβ Respectively α, β Phase current on the
shaft; Lα , Lβ PMSM in the α, β Inductance on the shaft; Rs is
the phase resistance on the PMSM stator winding; Te and
TL are the electromagnetic and load torques of the PMSM,
respectively, B is the frictional damping coefficient, ψr is the
flux linkage of the permanent magnet of the PMSM, np is
the number of pole pairs of the PMSM, ωe is the mechanical
rotational speed, θe is the absolute angular position of the
PMSM rotor. The absolute angular position of the motor rotor
θe, initial angular position of the motor rotor θ0, measured
angular displacement of the motor rotation angle θ , electrical
angular velocity of the motor ωr and mechanical angular
velocity ωe are related as expressed below:{

θe = θ0 + θ

ωr = npωe
(4)

The vector control algorithm and direct torque control
algorithm of the PMSM control the current and voltage of the
stator winding in the d-q rotating coordinate system, respec-
tively. The mathematical model of the PMSM in the rotor
synchronous rotating d-q coordinate system can be obtained
via the following coordinate transformation:

[
id
iq

]
=

[
cos(npθ ) sin(npθ )
− sin(npθ ) cos(npθ )

]
·

[
iα
iβ

]
[
ud
uq

]
=

[
cos(npθ ) sin(npθ )
− sin(npθ ) cos(npθ )

]
·

[
uα
uβ

] (5)
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The differential equation of the PMSM in the d-q rotating
coordinate system is expressed as follows:

Ld
did
dt

= ud − Rsid + npωeLqiq + npψrωe sin(npθ0)

Lq
diq
dt

= uq − Rsiq − npωeLd id − npψrωe cos(npθ0)

J
dωe
dt

= Te − Bωe − TL

dθe
dt

= ωe

(6)

The initial angle θ0 = 0. Here, the angular position is
similar to the angular displacement and (6) can be expressed
as 

Ld
did
dt

= ud − Rsid + npωeLqiq

Lq
diq
dt

= uq − Rsiq − npωeLd id − npψrωe

J
dωe
dt

= Te − Bωe − TL

dθe
dt

= ωe

(7)

The electromagnetic torque of the PMSM can be expressed
as Te = 1.5pn[ψr iq + (Ld − Lq)id iq]. According to
Shi et al. [20], one system is expressed as follows:

ẋ = f (x, u)(x ∈ Rn, u ∈ Rm) (8)

A dummy output variable y = (y1, · · · , ym) can be repre-
sented using a state variable x and control output u. The finite
subdifferential term is generally represented as{

x = A(y, ẏ, · · · , y(α))
u = B(y, ẏ, · · · , y(β))

(9)

Similarly, the virtual output variable y can also be rep-
resented by the state variable x and control output u. The
finite-order differential term of a real analytic function is
generally expressed as

y = C(x, u, u̇, · · · , u(γ )) (10)

Thus, equation (8) is considered a differentially flat system,
which can be linearized by internal feedback. Here, y can be
viewed as a virtual output (also known as linear or planar
output). From equations (9) and (10), a major characteristic
of a flat system is that the state variable x and input variable u
can be directly output by the flat output y and its finite-order
differential explicit expression, thereby showing that the state
variables of the system can be monitored and controlled.
According to Michel et al. [25], if θ and id are flat outputs,

the PMSM model can also be expressed as follows:

iq =
J
Km
θ̈ +

B
Km
θ̇ +

TL
Km

uq =
LqJ
Km

θ + (
LqB+ RsJ

Km
)θ̈ + npLd id

ud = Ld
did
dt

+ Rsid − npθ̇Lq(
J
Km
θ̈ +

B
Km
θ̇ +

TL
Km

)

ωe =
dθ
dt

(11)

From equations (7) and (11), the PMSM servo system is a
flat system, which can be converted to a linear system using
a particular internal feedback. Thus, the PMSM servo system
can be controlled considerably.

III. PARAMTER IDENTIFITION MODEL OF PMSM BASED
ON CEKF
A. PARAMETER ESTIMATION BASED ON CONSENSUS
EXTENDED KALMAN FILTER (EKF)
The Kalman filter (KF) algorithm was proposed by Kalman
in 1960 based on the principle of linear unbiased minimum
variance estimation [26]. The mean square matrix of the
filtering error of the KF algorithm can be obtained directly
from the algorithm. The extended Kalman filter (EKF) is an
improved Kalman filter algorithm for nonlinear systems [27],
which is a direct extension of the KF algorithm from linear to
nonlinear systems. It linearizes the nonlinear model in real
time using the Taylor linear approximation centred on the
predicted state. Hence, the KF is used to estimate the state
of the system.

According to [28] and [29], the EKF algorithm is suit-
able for the estimation of systems with constant parameters.
It is not suitable for systems with time-varying or mutation
parameters. Furthermore, in the EKF algorithm, the nonlinear
system function must be locally linearized, thereby resulting
in linearization errors. It ignores the linearization error and
cannot obtain the mean square matrix of the filtering error.
Thus, it cannot directly obtain the bound of the filtering
error. In some cases, the filtering value of the EKF algorithm
does not converge. The state observation and measurement
equations of the nonlinear system are as follows:{

ẋ(t) = f (x(t), u(t), t)+ w(t)
y(t) = g (x(t), t)+ v(t)

(12)

where x(t) is an n-dimensional observed state variable, y(t)
an m-dimensional measurement variable, f (x(t), u(t), t) and
g (x(t), t) the nonlinear functions with respect to x(t),w(t)
and v(t) the zero-mean white noises, with variance matrices
Q(t) and R(t), respectively. Their statistical properties are
expressed as follows:

E[w(t)wT (τ )] = Q(t)δ(t − τ )

E[v(t)vT (τ )] = R(t)δ(t − τ )

E[w(t)vT (τ )] = 0 (13)
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where δ(t − τ ) is a unit pulse function, Q(t) a symmet-
ric nonnegative definite matrix and R(t) a positive definite
symmetric matrix. Status x(t), the initial state of x(t0) is a
Gaussian random vector, assuming x(t0). Here, the mathe-
matical expectation of E[x(t0)] = m and its variance matrix
P(t0) = E

[
(x(t0) − m) (x(t0) − m)T

]
are known. Further,

equation (12) can be transformed into a discrete system as
follows:{

x(k + 1) = x(k) + f (x(k), u(k)) τ +W (k)
y(k) = g (x(k))+ v(k)

(14)

whereW (k) = φ(k)+w(k), τ is the sampling period and φ(k)
the discretization error.

For the general nonlinear system (14), the CEKF algorithm
can be expressed as

x̄(k + 1) = x̂(k) + f (x̂(k), u(k))τ
P̄k+1 = Fk P̂kFTk + Qk +1Qk
Kk+1 = P̄k+1HT

k+1(Hk+1P̄k+1HT
k+1 + Rk+1)−1

x̂(k + 1) = x̄(k + 1) + Kk+1(y(k + 1) − g(x̄(k + 1))
P̂k+1 = (I − Kk+1Hk+1)P̄k+1(I − Kk+1Hk+1)T

+Kk+1Rk+1KT
k+1 +1Rk+1

(15)

where

1Qk ≥ −E(Fk (x̂(k) − x(k))ζ Tk ) − E(ζk (x̂(k) − x(k))TFTk )

+ E(ζkζ Tk ) + E(Fk (x̂(k) − x(k))(x̂(k) − x(k))TFTk )

− Fk P̂kFTk (16)

1Rk ≥ E((I − KkHk )(x̄(k) − x(k))ξTk K
T
k )

+ E(Kkξk (x̄(k) − x(k))T (I − KkHk )T )

+ KkE(ξkξTk )K
T
k

+ E(KkvkvTk K
T
k ) − KkRkKT

k

+ E((I − KkHk )(x̄(k) − x(k))(x̄(k) − x(k))T

× (I − KkHk )T )

− (I − KkHk )P̄k (I − KkHk )T (17)

where ζk and ξk are the linearization errors of the observed
state equation and measurement equation, respectively. Here,
the conventional EKF 1Qk ,1Rk , is assumed as 0, while the
linearization errors ζk and ξk are neglected. The consistency
of the EKF prediction and filtering cannot be guaranteed,
thereby resulting in inaccurate filtering results, even diver-
gence and non-convergence. The CEKF algorithm ensures
that E((x̂(k) − x(k))(x̂(k) − x(k))T ) ≤ P̂k , k = 0, 1, 2, . . ..

B. PMSM PARAMETER IDENTIFICATION MODEL
The voltage equation of the PMSM in the d-q rotating coor-
dinate system is expressed as follows:

ud = Rsid +
dψd
dt

− ωrψq

uq = Rsiq +
dψq
dt

+ ωrψd

(18)

where


ψd = Ld id + ψr

ψq = Lqiq

ωr = npωe

.

Thus, the equation can be transformed into:
did
dt

=
1
Ld
ud −

Rs
Ld
id +

Lq
Ld
ωr iq

diq
dt

=
1
Lq
uq −

Rs
Lq
iq −

Ld
Lq
ωr id −

1
Lq
ωrψr

(19)

where ψr is the flux linkage of the permanent magnet of the
PMSM, a constant measured inWeber (Wb or V/rad/s). It rep-
resents the induction of the stator winding in the permanent
magnet, and can be obtained through the voltage constant of
the PMSM. The voltage constant Ke refers to the peak value
of the line-to-line voltage induced by the stator winding of the
PMSMwhen themotor speed is 1000 rpm, which is converted
into an effective value of Ke√

3
.

ψr is calculated as follows:

ψr =
Ke
√
3
(V/krpm)

= Ke
/
(
√
3 × 1000 × pn × pi/30)(V/rad/s)

=

√
3 Ke

100 · pn · pi
(Wb). (20)

where pn is the number of permanent magnet pole pairs of
the PMSM. Additionally, ψr can also be calculated using
the moment constant Kt as follows: ψr =

√
2 Kt
3·pn

(Wb).
Hence, the spatial state variable equation is expressed as
follows:

d
dt



id

iq

Rs

Ld

Lq


=



−
Rs
Ld

Lq
Ld
ωr 0 0 0

−
Ld
Lq
ωr −

Rs
Lq

0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0





id

iq

Rs

Ld

Lq



+


1
Ld

0
0 1

Lq
0 0
0 0
0 0


[
ud
uq − ωrψr

]
(21)

The measurement equation is expressed:

[
id
iq

]
=

[
1 0 0 0 0
0 1 0 0 0

] 
id
iq
Rs
Ld
Lq

 (22)
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Suppose τ is the sampling period, and the following differ-
ence equation is obtained after discretisation:{

x(k + 1) = x(k) + f (x(k)) τ + w(k)
y(k) = g (x(k))+ v(k)

(23)

where

f (x(k)) =


−

Rs
Ld

Lq
Ld
ωr 0 0 0

−
Ld
Lq
ωr −

Rs
Lq

0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

 x(k)

+


1
Ld

0
0 1

Lq
0 0
0 0
0 0


[
ud
uq − ωrψr

]
(24)

x(k) =
[
id iq Rs Ld Lq

]T (25)

g(x(k)) =

[
1 0 0 0 0
0 1 0 0 0

]
x(k) (26)

y(k) =

[
id
iq

]
(27)

By substituting the initial values, parameters and transfer
matrix into (15), the online identificationmodel of the PMSM
can be obtained.

IV. CURRENT CONTROL ALGORITHM BASED ON ADRC
This study aims to design a servo system for a surface-
mounted PMSM. The control strategy is based on the max-
imum torque method of ID = 0 and space voltage vector
control technology based on the principle of field-oriented
control. The electromagnetic torque control of the PMSM
is realized by controlling the IQ torque current. The cur-
rent loop control enables the motor stator current to track
the motor stator current reference value by controlling the
stator voltage. The current loop is the innermost loop of the
servo control system, which plays a key role in improving
the dynamic performance and control accuracy of the servo
system.

A. ESF-BASED PADRC
In the application of fixed sampling frequency, the perfor-
mance of the controller can be improved by reducing the
delay between obtaining the system output signal and refresh-
ing the output signal of the controller (also known as the
system input signal) within the sampling period. The input
and output delay do not necessarily depend on the calculation
complexity of the controller algorithm but on the necessary
calculation required to obtain the controller output. Hence,
the complex calculation can be placed into the remaining
time of the sampling period after the controller output is
considerably refreshed. As such, we proposed an EPADRC
control technology with prediction and later correction. Con-
sider the nth-order nonlinear time-varying uncertain system

as expressed below:{
ẋ = ACx + Bcf (x,w, t) + Bucu
y = Cdx

(28)

where

Ac =


010 · · · 0
001 · · · 0
...
. . .

000 · · · 1
000 · · · 0

 ,Bc =


0
0
0
...

1

 ,

Buc =


0
0
0
...

b

 ,Cd = [100 · · · 0] .

This is a continuous-time system where x is a continuous
state variable x = [x1, x2, · · · , xn] and y the system out-
put. The corresponding EPADRC loop iteration algorithm is
expressed as follows:

Kk = −APkCT
(
CPkCT

+
Rk

1 + θ

)T

Pk+1 = (1 + θ) (A+ KkC)Pk (A+ KkC)T

+KkRkKT
k +

1 + θ

θ
Qk

Qk = 2

[
Q1k0
0Q2k

]
,Q1k = q1,k2,Q2k = q22,k

L̃E = −T−1Kk

(29)

where

P0 ≥ E[(Xk − zk )(Xk − zk )T ],

Xk = (x1,k , x2,k , · · · , xn,k , fk )T

Rk ≥ E(nknTk )

q1,k,i ≥ |wk,i|, i = 1, 2, · · · , n

q2,k ≥ |fk+1 − fk |θ > 0

ˆ̄Gk
1
= sat(G̃k , q2,k ), G̃k

1
= Ḡ(x̂k , kτ ), f̂0 =

ˆ̄f0.

The structure of the EPADRC is shown in figure 1 as shown
below:

FIGURE 1. Improved ADRC structure diagram.
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B. CURRENT CONTROL ALGORITHM
Owing to the adoption of id = 0, the control strategy realizes
the decoupling of torque current iq and stator field current id .
From the first equation of equation (7), suppose the control
input is ud and the system state variables id , a PMSM can be
obtained. The differential equation for the current loop state
space is expressed as follows:

 i̇d =
1
Ld

(npωeLqiq − Rsid ) +
1
Ld
ud

y = id + ndk
(30)

The motor parameters identified using the CEKF are
resistance, q-, and d-axis inductance, that is, R̂s, L̂q, L̂d ,
respectively.

f (id , t) =
1
Ld

(npωeLqiq − Rsid )

ḟ (id , t) =
1
Ld

(npaLqiq + npωeLq i̇q − Rs i̇d )

f̂ (id , t) =
1

L̂d
(npωeL̂qiq − R̂sid )

δ(id , t) = f (id , t) − f̂ (id , t) + (
1
Ld

−
1

L̂d
)ud

Thus, id in the differential equation (31) for the current
loop state space can be transformed to:

 i̇d = f̂ (id , t) + δ(id , t) +
1

L̂d
ud

y = id + ndk
(31)

Assuming f̂ (id , t) is the known part of the model,
δ(id , t). The unknown nonlinear part of the system is con-
sidered as the total disturbance. The system gain factor
b =

1
L̂d
.

The standard form of the extended state differential equa-
tion corresponding to the state equation (32) is expressed as
follows:

{
ẋ = Ax + B

(
ud + f̂ (id , t) · L̂d

)
= Ax + Bu0

y = Cx + ndk
(32)

where x =

[
id
δ(id , t)

]
, A =

[
01
00

]
, B =

[
1
L̂d
0

]
and C =

[10]. Here, the ID current setting is r = 0
The coefficient matrices A, B andC of equation (33), initial

state variable x and output direct current axis detected by the
PMSM current sensor y can be substituted into the EPADRC
anti-interference algorithm to perform periodic cyclic

iteration operation as expressed as follows:


uk = ūk − (l̃1 + l̃2)yk
x̄k+1 = ÃE (x̄k + L̃Eyk ) + B̃Euk
ūk+1 = k1L̂d rk+1 − [11] x̄k+1



Kk = −APkCT
(
CPkCT

+
Rk

1 + θ

)T

Pk+1 = (1 + θ) (A+ KkC)Pk (A+ KkC)T

+KkRkKT
k +

1 + θ

θ
Qk

Qk = 2

[
Q1k0
0Q2k

]
,Q1k = q21,k ,Q2k = q22,k

L̃E = −T−1Kk
T−1

= L̂d

[
k1 0
0 1

]
, L̃E =

[
l̃1
l̃2

]
AE = A+ KkC,BE = B,LE = −Kk

ÃE = T−1AET , B̃E = T−1BE , L̃E = T−1LE
(33)

where Rk ≥ E(ndknTdk ), q1,k ≥ |wk | and q2,k ≥ |δk+1 − δk |.
uk is the output action of (33) and u0 the actual control

output of the system in (31). ud is the direct axis voltage of
the PMSM expressed as

ud = uk − f̂ (id , t) · L̂d (34)

where id is the output action of the current loop EPADRC.
Additionally, id can be considered the current loop control
algorithm.

V. EXPERIMENT AND RESULT ANALYSIS
A. EXPENIMENTAL ENVIROMENT
The experiment is based on the self-made two-axis two-
frame servo control system, and the system control block
diagram is shown in figure 2. The CPU of the main board
is TMS320F28335 floating-point DSP, and an experimen-
tal test is conducted on a six-degree-of-freedom platform
under the working environment of the analogue servo control
system. Under this carrier, the EPADRC with and without
parameter identification are also compared in current control
experiments.

The permanent magnet servo system must have a fast
dynamic response and high steady-state accuracy. The current
loop, as the innermost loop of the servo system, is the founda-
tion for ensuring the overall system performance. However,
factors such as disturbances in the current loop and control
delays caused by digital control will have adverse effects on
the control performance. This experiment adopts the param-
eter identification method of consistency EKF, which can
effectively improve the dynamic characteristics and robust-
ness of the system.
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FIGURE 2. PMSM servo control block diagram.

B. PARAMETER IDENTIFICATION EXPERIMENT
EGK65-60NCB manufactured by Geshuo Electric Co., Ltd.
in Germany is used in the PMSM servo syetem. The number
of pole pairs is 10. The main motor parameters are as follows:
voltage constant Ke = 68V/1000min−1 and moment con-
stant Kt = 1.12Nm/A. The permanent magnet flux linkage
can be calculated from the voltage constant of the PMSM as
expressed below:

ψr =
Ke
√
3
(V/krpm)

= Ke
/
(
√
3 × 1000 × pn × pi/30)(V/rad/s)

=

√
3 Ke

100 · pn · pi
(Wb) (35)

The output of the simulated motor can be obtained using
themotormodel. id , iq, ud , ud andωr . In the CEKF algorithm,
the initial values of P, Q, and R are expressed as follows:
P = diag([0.1 0.1 0.0003 0.001 0.001]),
R = diag([0.1 0.2]).
Qk = βk · βTk

where βk =
τ 2

2
df
dt (x̃k ), x̃k ∈ (x(k), x(k + 1)).

Because themeasurement equation is linear and state equa-
tion is nonlinear,

1Rk = 0;

1Qk = αQ,k1QP,k +
1Qφ,k
αQ,k

+1Qφ,k

where

αQ,k =

√∥∥1Qφ,k∥∥∥∥1QP,k∥∥ ,1QP,k = Fk P̂kFTk ,

1Qφ,k = 3diag(φ2k,1, φ
2
k,2, φ

2
k,3, φ

2
k,4, φ

2
k,5),

φk,i =
1
2
trace([

d2fi
dx

|x̂(k)] · P̂k ), i = 1, 2, · · · , 5

The proposed EKF and CEKF algorithms are used to iden-
tify the motor parameters, thereby leading to the obtention
of the required parameters (Rs Ld Lq) of the PMSM. The
simulation results are as follows:

FIGURE 3. Simulation of EKF and CEKF estimation of resistance Rs.

FIGURE 4. Simulation of estimation of inductance Ld and Lq using EKF
and CEKF.

TABLE 1. Mean square value of the identification error of the CEKF and
EKF algorithms.

As shown in figures 3 and 4 and Table 1, when the resis-
tance and inductance change in a small range, the identifica-
tion result error of the CEKF is small, and its identification
effect is better than that of EKF. Additionally, the EKF is suit-
able for the parameter identification of the system with con-
stant parameters. Meanwhile, because the conventional EKF
cannot guarantee the convergence of the estimated value, the
algorithm can diverge.

Although Ld and Lq do not change with a change in
speed, they decrease with an increase in torque. id and iq
also change similarly. Further, the resistance and inductance
parameters of the motor are time-varying with a change
in motor temperature. Because the CEKF uses linear error
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compensation, it has more advantages in terms of the param-
eter identification.

C. ANALYSIS OF EXPERIMENTAL RESULTS OF PMSM
CURRENT CONTROL
(1) Accuracy Test of the Current Loop of a PMSM Based on
the EPADRC Technology

The current loop parameters of the servo system azimuth
frame PMSMs are a torque current setting value of iqs =

0.5 · sign(sin 2π t), square wave with an amplitude of 0.5 A,
period of 1000 ms and d-axis current setting value iqs = 0.
The PMSM current sensor output of the phase current wave-
forms of ia and ib are shown in figures 5–8. A comparison
of the actual output current waveform of ia and ib in the d–q
coordinate system obtained by the park transformation of iq
and id is shown in figure 5. As shown in figure 6, the actual
output current iq, id maintains a good track of set iqs, ids,
wherein the tracking error of iq is ±10 mA and that of id
is ±15 mA.

The current loop parameters of the servo system pitch
frame PMSM are: a torque current setting value of iqs = 0.6 ·

sign(sin 2π t), square wave with an amplitude of 0.6 A, period
of 1000 ms and d-axis current setting value of iqs = 0.The
phase current waveforms of the PMSM current sensor output
ia and ib are shown in figures 5–6. A comparison of the actual
output current waveform of ia and ib in the d–q coordinate
system obtained using the park transformation of iq and id
is shown in figure 7. As shown in figure 8, the actual output
current iq, id maintains a good track of set iqs, ids, wherein the
tracking error of iq is ±15 mA, and that of id is ±20 mA.

FIGURE 5. Current waveform of phases ia and ib of the Azimuth motor of
the photoelectric stabilised tracking platform.

(2) Current Loop Comparison Experiment of the PMSM
with the EPADRC and Conventional ADRC Control
Technology

The experimental results of the EPADRC current loop with
a parameter identification function under a torque current
setting of iqs = 0.8 · sign(sin 2π t) is shown in figure 9. The
experimental results of the EPADRC current loop without
the parameter identification function under a similar torque
current setting condition are shown in figure 10.
The experimental results of the EPADRC current loop with

a parameter identification function under a torque current
setting of iqs = 1.2 · sign(sin 2π t) is shown in figure 11. The
experimental results of the EPADRC current loop without

FIGURE 6. ID and IQ current tracking waveforms of an Azimuth motor of
an electro-optical stabilised tracking platform.

FIGURE 7. Current waveforms of phases ia and ib of the elevation motor
of an electro-optical stabilised and tracking platform.

FIGURE 8. ID and IQ current tracking waveforms of the elevation motor
of an electro-optical stabilised and tracking platform.

FIGURE 9. The ID and IQ current tracking waveforms of the Azimuth
frame with a parameter identification function (IQ = 0.8 A).

a parameter identification function under a similar torque
current setting are shown in figure 12.

From the comparative analysis of figures 9–12, it can be
deduced that the current loop PMSM based on the EPADRC
control technology outputs the ID, an IQ current with minor
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FIGURE 10. The ID and IQ current tracking waveforms of the EPADRC
Azimuth frame without the parameter identification function (IQ = 0.8A).

FIGURE 11. The ID and IQ current tracking waveforms of the EPADRC
Azimuth frame with the parameter identification function (IQ = 1.2 A).

FIGURE 12. The ID and IQ current tracking waveform of the EPADRC
Azimuth frame without the parameter identification function (IQ = 1.2 A).

fluctuations, and little influence of the random noise. Based
on the experiment, EPADRC has a strong filtering function
and improves the control accuracy.

VI. CONCLUSION
This study proposed a current loop control method with a
parameter identification function for a PMSM servo system,
and the effectiveness of the proposed method was validated
through servo control experiments. The following conclu-
sions can be drawn from this study:

(1) A PMSM servo system can be equivalent to a linear
system by using a special type of internal feedback. Thus, the
PMSM servo system can be controlled considerably.

(2) The CEKF considered the existence of the system
linearization error and took it as the mean square matrix of
the filter error to participate in the CEKF recursive operation,
which ensured the consistency and convergence of the iden-
tification value.

(3) The proposedmethodwas characterized by active filter-
ing, tracking, disturbance rejection, and prediction. Further,
it is suitable for the control of high precision and dynamic
response of nonlinear, strong coupling systems, and systems
with large-scale uncertain disturbance.
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