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Abstract—Conventional active disturbance rejection controller
(ADRC) for interior permanent magnet synchronous motor
(IPMSM) drives suffers deteriorated performance in dealing with
low-order harmonic disturbances. To enhance the capability of
ADRC in rejecting such disturbances, this article proposes a
complex coefficient active disturbance rejection controller (CCF-
ADRC). The complex coefficient filter (CCF), which is capable
of extracting signals with selective frequency and selective phase
sequence from the input orthogonal signals, is incorporated into the
extended state observer to enhance its estimation accuracy on the
d-q-axis harmonic disturbances. With the harmonic disturbances
accurately estimated, the subsequently designed CCF-ADRC can
achieve enhanced performance in rejecting such disturbances. The-
oretical analysis on the stability, the harmonics rejection capability,
the command tracking capability, and the influence of parameter
mismatches are systematically conducted. Comprehensive experi-
ments on a 1.0-kW IPMSM verify the effectiveness of the proposed
method.

Index Terms—Active disturbance rejection control (ADRC),
complex coefficient filter (CCF), current harmonics suppression,
interior permanent magnet synchronous motor (IPMSM).

I. INTRODUCTION

INTERIOR permanent magnet synchronous motors
(IPMSMs) are increasingly used in household and industrial

applications due to their high efficiency, high energy density,
and high reliability [1]–[2]. In the typical field-oriented
control topology for IPMSM, the ideal phase current should
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be sinusoidal waveform so as to reach desired steady-state
performance. However, in a practical IPMSM drive, there
exists various current harmonics. To maintain good steady-state
performance, it is necessary to suppress the influence caused
by such harmonics [3], [4].

The main harmonic components in IPMSM drive system
that affect the steady-state performance of the motor are the
low-order harmonics, especially the fifth- and seventh-order
harmonics, which are commonly induced from inverter nonlin-
earities [4], [5]. Besides, there are other factors that can cause
low-order current harmonics, including nonideal motor design
(winding distribution [6], magnetic circuit saturation effect [7],
rotor pole structure [8]), unbalanced phase impedances [9],
current measurement error [10], [11], and other factors.

Till date, various methods have been put forward to sup-
press the current harmonics of IPMSM, which can be generally
divided into two categories. The first category is to suppress
harmonics using feedback controller. For example, the repetitive
controller [12], the resonant controller [13]–[15], and the mul-
tiple synchronous rotating frame transformation method [16].
In [15], the PI-regulator with a resonant controller (PIR) is
applied in the direct torque control to reduce the second- and
sixth-order torque and flux harmonics. In [17], an adaptive
linear neuron-based current harmonics suppression method is
proposed to suppress current harmonics of PMSM with nonsinu-
soidal back electromotive force. In [18], a novel model predictive
torque control is proposed to suppress current harmonics of dual
three-phase PMSM. In [19], a robust iterative learning controller
achieved by an adaptive sliding mode control technique is pro-
posed to reduce the torque harmonics of the servo system. In
[20], a fractional-order vector resonant controller is applied to
reduce the current harmonics and improve the robustness to
parameter mismatches.

The second category concentrates on estimating and compen-
sating the harmonic disturbances [21]–[30]. Among these meth-
ods, ADRC shows great prospects due to its unique advantages
in handling systems with various uncertainties and disturbance.
ADRC is a composite controller, which is composed of a tran-
sient profile generator, a tracking differentiator, and an extended
state observer (ESO) [23]–[25]. In [26], an ADRC-based method
is developed to eliminate the current harmonic disturbances for
the dual three-phase IPMSM drive system.
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Unfortunately, conventional ADRC suffers deteriorated Per-
formance in dealing with low-order harmonic disturbances. As
illustrated in [27], ESO can ensure the asymptotic convergence
only in dc disturbances estimation. However, when dealing with
the harmonic disturbance, due to the limited bandwidth, ESO
will suffer significant steady-state estimation error [28]. A higher
bandwidth may help to reduce the estimation error, but the
observer’s sensitivity to noise would be increased, which is not
acceptable.

To address the above problems, many solutions have been
proposed. In [28], a generalized integrator ESO (GI-ESO) based
GI-ADRC is proposed to suppress harmonic disturbances of
grid-connected converter. In [29], ADRC is combined with a
repetitive controller to suppress the harmonic disturbances. In
[30] and [31], the vector resonant controller and the quasi-
resonant controller are, respectively, incorporated into the con-
trol law of conventional ADRC to improve its harmonic sup-
pression capability. In [32], a high-order ESO is proposed, which
offers better state estimation accuracy than the conventional low-
order ESO when dealing with time-varying disturbances. The
abovementioned methods can suppress harmonic disturbances
with selective frequencies. However, they have a common draw-
back. In a practical IPMSM drive system, the d-q-axis current
harmonics do not just have frequency differences, they have
phase sequence differences. For example, the harmonic distur-
bance caused by unbalanced phase impedances is of negative
sequence [9]. The above methods are not capable of decoupling
the positive and negative sequence from the selective order
harmonics. Therefore, when dealing with the isolated negative
sequence harmonics, the order of the controller will be higher
than needed, and there will be redundant parameters to be tuned.

This article, therefore, focuses on improving the harmonics
suppression performance of conventional ADRC. The com-
plex coefficient filter (CCF), which is capable of extracting
orthogonal signals with selective frequency and selective phase
sequence, is incorporated into the ESO so as to enhance its esti-
mation accuracy on the d-q-axis harmonic disturbances. With the
harmonic disturbances accurately estimated, the subsequently
designed CCF-ADRC can achieve enhanced performance in
rejecting such disturbances, while the complexity of parameter
adjustment is slightly increased. The main advantages of the
proposed method are summarized follows.

1) The positive and negative sequences of disturbances,
caused by inverter nonlinearities and unbalanced phase
impedance, are decoupled, and, respectively, suppressed.

2) The proposed CCF-ADRC inherits the advantages of con-
ventional ADRC, such as good transient performance and
parameter robustness.

3) The proposed CCF-ADRC has simpler structure and
reduced order in suppressing negative sequence distur-
bances comparing to existing methods.

The remainder of this article is organized as follows. Sec-
tion II analyzes the existing problems of conventional ADRC.
Section III proposes the CCF-ESO and CCF-ADRC. Section IV
presents comprehensive analysis of the proposed method.
Section V verifies the effectiveness of the proposed method
through experiments.

II. PROBLEM FORMULATION

A. Modeling of IPMSM

Considering the influence of parameter mismatches and har-
monic disturbances, the state equations of IPMSM can be mod-
eled as{

did
dt = −Rs

Ld
id +

ωeLq

Ld
iq +

ud

Ld
+ dddc+ddac

Ld
diq
dt = −Rs

Lq
iq − ωeLd

Lq
id − ωeψf

Lq
+

uq

Lq
+

dqdc+dqac

Lq

(1)

where Rs is the stator resistance; Ld and Lqare the d-axis
inductance and q-axis inductance, respectively; ψf is the flux
linkage of the permanent magnet; dddc and dqdc are the aperiodic
disturbances caused by parameter mismatches and voltage error
between the reference voltage and actual voltage, respectively;
and ddac and dqac are the harmonic disturbances caused by
inverter nonlinearities and unbalanced phase impedances, re-
spectively.

Then, (1) can be rewritten as

did/dt = fd + bdu
∗
d

diq/dt = fq + bqu
∗
q

bd = 1/Ld

bq = 1/Lq (2)

where bd and bq represent control gain of d-axis and q-axis
ADRC, respectively. fd and fq represent the total disturbances
of d-axis and q-axis, which are composed of known disturbances
f0 and unknown disturbances f1⎧⎨

⎩
fd = f0d + f1d
f0d = −Rsbdid + ωebdiq/bq
f1d = (dddc + ddac) bd

(3)

⎧⎨
⎩
fq = f0q + f1q
f0q = −Rsbqiq − ωebq (id/bd + ψf )
f1q = (dqdc + dqac) bq.

(4)

Selecting d-q-axis current id and iq as the state variable x1,
expanding the unknown disturbance f1d and f1q into the state
variable x2, and taking the reference voltage value as the control
variable u∗, the state equation becomes{

ẋ1d = bdu
∗
d + x2d + f0d

ẋ1q = bqu
∗
q + x2q + f0q.

(5)

B. Design of ESO

In order to estimate the unknown disturbances, ESO is con-
structed for the system expressed by (5), and can be written in
the form of ⎧⎨

⎩
e1d = z1d − x1d
ż1d = z2d − β1e1d + f0d + b̂du

∗
d

ż2d = −β2e1d
(6)

where z1d is the estimated value of id; z2d is the estimated value
of unknown disturbance f1d; e1d is the estimated error; b̂d is the
estimated value of bd; and β1 and β2 are the gain of ESO.

For convenience of parameter tuning and theoretical analysis,
the “bandwidth” method proposed in [25] is adopted in this
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Fig. 1. Block diagram of the conventional ADRC.

article, i.e.,

β1 = 2ωo, β2 = ωo
2. (7)

Thus, the issue of parameter tuning is reduced to the adjust-
ment of the observer’s bandwidth “ωo.” In this way, the ESO is
linearized to be LESO.

Similarly, The ESO of q-axis is shown as follows:⎧⎨
⎩
e1q = z1q − x1q
ż1q = z2q − β1e1q + f0q + b̂qu

∗
q

ż2q = −β2e1q
(8)

where z1q is the estimated value of iq; z2q is the estimated value
of unknown disturbance f1q; e1q is the estimated error; and b̂q
is the estimated value of bq .

C. Design of ADRC’s Control Law

Defining the reference of d-axis stator current as id∗, the
tracking error of d-axis stator current can be expressed as
e2d = id

∗ − id, then

ė2d = i̇ ∗
d − ẋ1 = i̇ ∗

d − b̂du
∗
d − f̂0d − x2d. (9)

The linear proportional feedback control law is adopted

ė2d = −kpde2d (10)

where kpd is the proportional gain of d-axis ADRC. Besides,
instead of x1, z1 is used as feedback to reduce the impact of
measurement noise on the system. Therefore, the d-axis control
quantity can be obtained

ud
∗ =

i̇∗d + kpd (id
∗ − z1d)−

(
z2d + f̂0d

)
b̂d

. (11)

Similarly, the control quantity of q-axis ADRC can be ob-
tained

uq
∗ =

i̇∗q + kpq (iq
∗ − z1q)−

(
z2q + f̂0q

)
b̂q

(12)

where kpq is the proportional coefficient of q-axis ADRC.
Finally, the structure of conventional ADRC is shown in

Fig. 1.

Fig. 2. Bode plot of Ge2d(s) for ωo = {200, 300, 400} (rad/s).

D. Analysis of ESO

From (6), the transfer function of disturbances estimation is
given as

G2d (s) =
Z2d (s)

X2d (s)
=

ωo
2

s2 + 2ωos+ ωo2
(13)

where Z2d(s) and X2d(s) are, respectively, the Laplace trans-
form of z2d and x2d. In the following, a lowercase letter is used
to represent a time-domain signal, whereas the corresponding
capital letter is used to describe the signal in the frequency
domain, e.g., y(t) and Y (s).

Assuming that the disturbance is a harmonic disturbance, the
expression is A sin(ωht). Then the amplitude error and phase
angle error of the output depends on the amplitude-frequency
and phase-frequency characteristics of the transfer function, i.e.,

|G2d (jω)| = A
ωo

2

ωo2 + ωh2

ϕ2d (jω) = − arc tan

(
2ωoωh

ωo2 − ωh2

)
(14)

where ωh is the frequency of the sinusoidal disturbance. From
(14), it should be noticed that the conventional ESO can observe
sinusoidal disturbances without loss of amplitude and phase
when ω0 >> ωh. However, if the ω0 ≈ ωh or ω0 < ωh, con-
ventional ESO will have severe amplitude attenuation and phase
lag.

Based on (13), the transfer function of disturbance estimation
error becomes

Ge2d (s) =
Z2d (s)−X2d (s)

X2d (s)
= −s (s+ 2ωo)

(s+ ωo)
2 . (15)

The bode plot of Ge2d(s) is shown in Fig. 2. It can be found
that a higher bandwidth can help to reduce the estimation error,
but the observer’s sensitivity to noise would be increased, which
is not acceptable. Consequently, the conventional ESO can only
estimate the disturbance well within ESO’s bandwidth.

III. PROPOSED CURRENT HARMONICS SUPPRESSION METHOD

A. Design of CCF-ESO

The CCF-ESO is developed from the previous ESO, which not
only inherits the advantages of conventional ESO, such as high
robustness, good transient performance, and simple parameter
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Fig. 3. Bode plot of CCF for ωc = [20, 50, 100] rad/s.

Fig. 4. Bode plot of CCF for ωre = [200, 300, 400] rad/s.

tuning but also enhances the ability to deal with harmonic
disturbances.

In order to accurately estimate the harmonic distur-
bances caused by inverter nonlinearities and unbalanced phase
impedances, a CCF is introduced as

GCCF (s) =
ωc

s− jωre + ωc
(16)

where ωre is the resonant frequency of CCF and ωc is the cutoff
frequency of CCF.

The bode plots of CCF are shown in Figs. 3 and 4. From
Fig. 3, it can be found that a smaller ωc leads to better harmonic
attenuation. However, a smaller ωc will deteriorate dynamic
response. Therefore, a tradeoff between the dynamic response
and harmonic attenuation is usually made in the design of CCF.

It can be seen from Fig. 4 that the CCF can extract the specified
frequency (ωre) component with unity gain and zero phase shift,
while at the other frequencies, the amplitude will decrease.
Then, the CCF-ESO of d-axis in frequency-domain is shown
as follows:

⎧⎪⎨
⎪⎩
E1d (s) = Z1d (s)−X1d (s)

Z1d (s) =
1
s

[
Z2d (s)− β1E1d (s) + F0d + b̂dU

∗
d (s)

]
Z2d (s) = − (

GCCF (s) + 1
s

)
β2E1d (s) .

(17)

Fig. 5. Block diagram of the CCF-ESO.

Fig. 6. Block diagram of the CCF-ADRC.

Similarly, The CCF-ESO of q-axis in frequency domain is
shown as follows:⎧⎪⎨
⎪⎩
E1q (s) = Z1q (s)−X1q (s)

Z1q (s) =
1
s

[
Z2 (s)− β1E1q (s) + F0q + b̂qU

∗
q (s)

]
Z2q (s) = − (

GCCF (s) +
1
s

)
β2E1q (s) .

(18)

Compared with the conventional ESO, the CCF-ESO inserts
a CCF in the second order to extract harmonic disturbances.
Obviously, Z2d(s)and Z2q(s) can be decomposed as follows:{

Z2d (s) = Zdc2d (s) + Zac2d (s)
Z2q (s) = Zdc2q (s) + Zac2q (s)

(19)

where Zdc2d(q)(s) and Zac2d(q)(s) represent the estimated value of
aperiodic disturbances and harmonic disturbances, respectively.
The block diagram of CCF-ESO is shown in Fig. 5.

B. Design of CCF-ADRC Considering Inverter Nonlinearities
and Unbalanced Phase Impedance

Replace the conventional ESO of ADRC with CCF-ADRC to
obtain CCF-ADRC.

In order to accurately estimate and suppress the disturbances
caused by the nonlinearities of the inverter (±6th) and unbal-
anced phase impedances (−2nd), the resonant frequency of
CCF-ESO needs to be set to as

ω±6th
re = ±6ωre, ω

−2nd
re = −2ωre. (20)

Then, the structure of the CCF-ADRC can be obtained,
as shown in Fig. 6. It should be noticed that the negative
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Fig. 7. Bode plot of Ge2d(s) under different parameters. (a) ωo = {150, 200, 250} (rad/s) (b) ωre = {400, 600, 800} (rad/s). (c) ωc =
{6, 12, 18} (rad/s).

sequence harmonic disturbances caused by unbalanced phase
impedances is -second-order [9], while the phase sequence of
harmonic disturbances caused by inverter nonlinearities have
positive sequence (+sixth) and negative sequence (-sixth) har-
monics. In fact, CCF-ESO is a bit similar to GI-ESO proposed
in [28], GI-ESO can also effectively deal with such selective
order harmonic disturbances. However, it cannot decouple the
positive sequence and the negative sequence. Therefore, when
dealing with isolated negative sequence disturbances caused by
unbalanced phase impedance, the order of GI-ESO is higher
than needed, hence the structure is more complicated than the
CCF-ESO.

IV. ANALYSIS OF CCF-ESO AND CCF-ADRC

A. Harmonics Estimation Capability of CCF-ESO

In order to show the superiority of CCF-ESO in estimating
harmonic disturbances, the transfer function between z2d and
x2d of CCF-ESO can be obtained

G2d (s) =
(β2 + β2ωc) s+ β2ωc − β2ωrej

λ (s)
. (21)

Similarly, the transfer function of disturbances estimation
error becomes

Ge2d (s) =
s (β1 + s) (ωc + s− ω0j)

λ (s)
(22)

where λ(s) is the characteristic polynomial, and the expression
of λ(s) is

λ (s) = s3 + (β1 + ωc − jωre) s
2

+ (β2 + (β1 + β2)ωc − jβ1ωre) s

+ β2ωc − jβ2ωre. (23)

Substituting (7) into (23), then λ(s) can be derived as

λ (s) = s3 + (2ωo + ωc − jωre) s
2

+
(
ω2
o +

(
2ωo + ω2

o

)
ωc − j2ωoωre

)
s

+ ω2
oωc − jω2

oωre. (24)

The bode plots of Ge2d(s) for different ωo, ωre, and ωc are
shown in Fig. 7. It is noteworthy that CCF-ESO and ESO have
similar frequency characteristics at very low and high-frequency
range. Moreover, the bode plots show the superiority of

TABLE I
GENERALIZED ROUTH ARRAY FOR COMPLEX COEFFICIENT POLYNOMIAL

CCF-ESO in dealing with harmonic disturbances. The reason is
that the inserted CCF enable rather high gains at specific resonant
frequency.

B. Stability Analysis of CCF-ESO

The stability of CCF-ESO can be evaluated by analyzing the
root distribution of the characteristic polynomial described in
(24). Since the characteristic polynomial λ(s) is a complex
coefficient characteristic polynomial, the conventional Routh
criterion cannot be directly adopted. Therefore, the generalized
Routh criterion proposed in [33] is introduced in this article.
According to [33], for a third-order complex coefficient charac-
teristic equation described in (25), the generalized Routh array
is given in Table I

F (s) = s3 + (a1 + jb1) s
2 + (a2 + jb2) s+ (a3 + jb3)

(25)
where

a0 = 1, a1 = 2ωo + ωc, b1 = −ωre, a2
= ω2

o +
(
2ωo + ω2

o

)
ωc,

b2 = − 2ωoωre, a3 = ω2
oωc, b3 = −ω2

oωre

a
(2)
2 = 4 (ωc + 1)ω4

o + 2 (2ωc + 5)ωcω
3
o

+ (ωc + 8)ω2
cω

2
o + 2

(
ω2
c + ω2

re

)
ωcωo

a
(2)
3 = ω4

oωc(2ωo + ωc)
2

×
⎛
⎝4(ωc + 1)2ω4

o + 4
(
ω3
c + 5ω2

c + 4ωc + 2ω2
re

)
ω3
o

+
(
ω4
c + 16ω3

c + 24ω2
c + 8ωcω

2
re

)
ω2
o

+4ωc (ωc + 4)
(
ω2
c + ω2

re

)
ωo + 4

(
ω2
c + ω2

re

)2
⎞
⎠.
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Fig. 8. Two-degree-of-freedom equivalent model of CCF-ADRC.

The stability condition for the third-order complex coefficient
characteristic equation is given as

a0 > 0, a1 > 0, a2
(2) > 0, a3

(2) > 0. (26)

Obviously, in (24), ωc, ω0, and ω2
re are both positive. Then,

a2
(2) and a3(2) are positive. Therefore, CCF-ESO is stable.

C. Harmonics Rejection Capability of CCF-ADRC

To analyze the stability of the entire closed-loop system, the
d-axis CCF-ADRC is simplified into a standard two-degree-
of-freedom controller as shown in the Fig. 8. X∗

1d represents
the command input; X1d represents the system output; H(s)
represents the command filtering part; C(s)represents the con-
troller part; P (s) represents the controlled plant; and F0d and
F1d represent the known and unknown disturbances. Besides, to
simplify the analysis, it is assumed that the estimated value of
control gain is accurate, i.e., b̂d = bd.

Transfer the d-axis CCF-ADRC control law (11) into fre-
quency domain

b̂dU
∗
d (s) = si∗d + kpd (i

∗
d − Z1d (s))− (Z2d (s) + F0d (s)) .

(27)
Substituting d-axis CCF-ESO (17) into (27), then (27) can be

rewritten as

U ∗
d (s) = L1 (s)X1d (s) + L2 (s) i

∗
d − F0d (s) /b̂d (28)

where

L1 (s) = − GCCF(s)ωo
2s2+(GCCF(s)kpdωo

2+2kpdωo+ωo
2)s+kpdωo

2

b̂ds(kpd+2ωo+s)

L2 (s) =
(s+ kpd)

(
s2 +

(
GCCFωo

2 + 2ωo
)
s+ ωo

2
)

b̂ds (kpd + 2ωo + s)
.

Then, the transfer functions of P (s), C(s), and H(s)are
deduced as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

P (s) = bd
s

C(s) = −L1(s)

=
GCCF(s)ωo

2s2+(GCCF(s)kpdωo
2+2kpdωo+ωo

2)s+kpdωo
2

b̂ds(kpd+2ωo+s)

H(s) = −L2(s)
L1(s)

=
(s+kpd)(s2+(GCCFωo

2+2ωo)s+ωo
2)

GCCF(s)ωo
2s2+(GCCF(s)kpdωo

2+2kpdωo+ωo
2)s+kpdωo

2 .

(29)

Assuming that the command input X∗
1d is zero, the transfer

function of d-axis CCF-ADRC between the system output X1d

and the unknown disturbances F1d can be expressed as (30)
shown at the bottom of this page.

Fig. 9 shows the bode plots ofGF1d
(s)under differentωre,ωo,

and kpd. The curves for the CCF-ADRC and for the conventional
ADRC are in solid line and dashed line, respectively. It can
be seen from Fig. 9(a) that the frequency characteristics of
CCF-ADRC and conventional ADRC have a small difference in
low- and high-frequency bands. However, CCF-ADRC has a sig-
nificant amplitude attenuation suppresses harmonic disturbances
at the resonant frequency. It can also be seen from Fig. 9(b) that
as the bandwidth increases, the amplitude of CCF-ADRC and
ADRC has a considerable decrease in the low frequency, which
means that the low frequency disturbances rejection capability
is enhanced. Besides, it can be found that the change of ω0

or kpd does not affect the disturbances rejection capability of
CCF-ADRC at the resonant frequency.

To verify the negative sequence harmonic disturbance rejec-
tion performance of CCF-ADRC, the bode plot in full frequency
domain considering the inverter nonlinearities and unbalanced
phase impedances is shown in Fig. 10. It can be found that
the CCF-ADRC can suppress the isolated negative sequence
harmonic disturbances (second) caused by unbalanced phase
impedances.

D. Command Tracking Performance of CCF-ADRC

Assuming that the unknown disturbancesF1d is zero, then the
transfer function between the system output X1d and the input
command X∗

1d can be obtained as

GR (s) =
id (s)

i∗d (s)
=
X1d (s)

X∗
1d (s)

=
H (s)C (s)P (s)

1 + C (s)P (s)
= 1. (31)

It is obvious from (31) that the system output X1d can fully
track the input command X∗

1d. Hence, when CCF-ADRC en-
hances the harmonic disturbances rejection capability, it will
not affect its tracking performance. Consequently, CCF-ADRC
still retains a major advantage of the conventional ADRC,
namely, tracking performance and harmonics rejection perfor-
mance completely decoupled.

It should be emphasized that the result of (31) is just an ideal
result. In practice, it is impossible to be completely equal to
unity, due to the following reasons.

1) The ideal differential operation of the control law cannot
be realized. The noise in the practical system cannot be
avoided. In order to suppress the noise, a phase lag during
the differential process is inevitable.

2) The model parameters of ADRC should be completely
accurate. However, if there exist inductance mismatches
or resistance mismatches, the results of (31) will not equal

GF1d
(s) =

id(s)

F1d(s)
=
X1d(s)

X2d(s)
=

P (s)/bd
1 + C(s)P (s)

=
s(s+ kpd + 2ωo)

s3 + [GCCF (s)ωo2 + 2ωo + kpd] s2 + [GCCF (s) kpdωo2 + 2kpdωo + ωo2] s+ kpdωo2
. (30)
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Fig. 9. Bode plot of GF1d(s) under different parameters. (a) ωc = 0.02ωre, ω0 = 200, kpd = 50, ωre = {400, 600, 800}. (b) ωc = 0.02ωre, ωre =
600, kpd = 50, ω0 = {150, 200, 250}. (c) ωc = 0.02ωre, ωre = 600, ω0 = 200, kpd = {20, 50, 120}.

Fig. 10. Bode plot of GF1d(s) in positive and negative frequency domain.

to unity. The effect of inductance mismatches will be
analyzed in the next section.

3) The estimation result of the unknown disturbances should
be completely accurate. However, many nonideal factors
in the practical system, such as sampling error, model
nonlinearity, and control delay, will make the modeling
and observation of disturbance inaccurate.

E. Parameter Robustness Analysis

The control gain is a very important parameter for ADRC.
Therefore, it is necessary to analyze the effect of control gains
mismatch on the performance of CCF-ADRC.

According to (17), the transfer function of d-axis CCF-ESO
can be expressed as

Z1d (s) =
β1s

2 + (β1ωc + β2ωc + β2 − β1ωrej) s

λ (s)
X1d (s)

+
β2ωc − β2ωrej

λ (s)
X1d (s) +

b̂ds
2+(b̂dωc−b̂dωrej)s

λ(s) U ∗
d

+
s2 + (ωc − ωrej) s

λ (s)
F0d (s)

Z2d (s) =
β2s ((1 + ωc) s+ ωc − ωrej)

λ (s)
X1d (s)

− b̂dβ2 ((1 + ωc) s+ ωc − ωrej)

λ (s)
U ∗
d

− β2 ((1 + ωc) s+ ωc − ωrej)

λ (s)
F0d (s) . (32)

Substitute (32) into (27)

b̂dU
∗
d =

(s+ kpd) jλ (s)

sG1 (s)
id

∗ − jG2 (s)

sG1 (s)
X1d (s)− F0d (s)

(33)
where

G1 (s) = (s+ β1 + kpd) (sj + ωcj + ωre)

G2 (s) = (β2 + β2ωc + β1kpd) s
2

+ (β2kpd + β2ωc + β1kpdωc + β2kpdωc

− β2ωrej − β1kpdωrej)s+ β2kpdωc − β2kpdωrej.

Substitute (32) into (33)

b̂d
bd

(sX1d (s)− F0d (s)−X2d (s))

=
(s+ kpd) jλ (s)

sG1 (s)
id

∗ − jG2 (s)

sG1 (s)
X1d (s)− F0d (s) . (34)

Defining control gain ratio rb = b̂d/bd, then (34) can be
rewritten as

X1d(s) =
(s+ kpd)jλ(s)

rbs2G1(s)+jG2(s)
id

∗+
rbsG1(s)

rbs2G1(s)+jG2(s)
X2d

+
sG1 (s)

rbs2G1 (s) + jG2 (s)
(rbF0d − F0d (s)) . (35)

Defining the characteristic polynomial R(s) of CCF-ADRC
is

R (s) = rbs
2G1 (s) + jG2 (s) . (36)

It can be seen from (36) that the control gain rb mismatches
will affect the closed-loop performance of ADRC. This effect
includes closed-loop stability, command tracking performance,
and disturbance rejection performance.

1) Influence of rb on Closed-Loop Stability: To analyze the
influence of rb on the closed-loop stability, the closed-loop pole
distribution can be plotted by directly computing the roots of the
closed-loop characteristic polynomial R(s).

When rb is changed from 0.1 to 1000, the distribution of
closed-loop poles is shown in Fig. 11. As can be seen from
Fig. 11, the poles of the closed-loop system are always in the
left plane of s. Therefore, the system is always stable.
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Fig. 11. Close loop pole distribution under different rb.

Fig. 12. Bode plot of GR(s) under different rb.

2) Influence of rb on Command Tracking Capability: Ac-
cording to (35), the transfer function between current feedback
value and the current reference value is

GR (s) =
id (s)

i∗d (s)
=
X1d (s)

X∗
1d (s)

=
(s+ kpd) jλ (s)

rbs2G1 (s) + jG2 (s)
. (37)

The bode plots of Gr(s) under different control gain ratios
rb = b̂d/bd are shown in Fig. 12. The bandwidth ωo of ESO is
200 rad/s, the proportional gain kpd is 50. According to Fig. 12,
The following conclusions can be obtained.

1) When rb = 1, the system exhibits unity gain character-
istics, i.e., the system output can fully track the input
command over the entire frequency band.

2) When rb ∈ (1, 10), The system has a fixed amplitude
attenuation in the high-frequency band, and the degree
of attenuation is positively correlated with rb.

3) When rb ∈ (0.1, 1), The system has a fixed amplitude
amplification in the high-frequency band, and the degree
of amplification is positively correlated with rb.

4) The low-frequency command tracking performance of
the system is almost unaffected, which means that when
tracking a low-frequency command signal, the system has
a high tolerance for inaccurate control gains.

5) Influence of rb on disturbance rejection capability
According to (35), the transfer function between current feed-

back value and the unknown disturbances is

GF1d
(s) =

id (s)

F1d (s)
=
X1d (s)

X2d (s)
=

rbsG1 (s)

rbs2G1 (s) + jG2 (s)
.

(38)
The bode plots of GF1d

(s) under different control gain ratios
rb = b̂d/bd (0.1–10) are shown in Fig. 13. The bandwidth ωo of

Fig. 13. Bode plot of GF1d
(s) under different rb.

Fig. 14. (a) Experimental platform. (b) Block diagram of the platform.

ESO is 200 rad/s, the proportional gain kpd is 50. According to
Fig. 13, the following conclusions can be obtained.

1) rb is smaller, the disturbances rejection performance in
the low- and middle-frequency bands is stronger.

2) For low-frequency unknown disturbance, the gain can be
kept below −40 dB.

3) For unknown disturbance at the resonant frequency, the
disturbances rejection performance of CCF-ADRC is
stronger than ADRC. Besides, the attenuation peak of
CCF-ADRC at the resonant frequency decreases with the
increase of control gain ratio, but the change is not obvi-
ous (from −70 to −110 dB). Therefore, the disturbances
rejection performance has highly tolerant to the control
gain mismatches.

V. EXPERIMENTAL RESULTS

In this section, the experimental results of the proposed and
the conventional ADRC scheme are presented and compared.
Fig. 14 shows the experiment platform for the IPMSM drive
system. The conventional ADRC and proposed CCF-ADRC are
implemented on a dSPACE MicroLabBox real-time platform
with ControlDesk and Matlab, respectively. The dSPACE con-
troller is connected to the VSI through a modulation board. The
pulse width modulation (PWM) switching frequency is set to
5 kHz. The dc-link voltage is set to 240 V. The parameters
for conventional ESO and CCF-ESO are set to β1 = 800 and
β2 = 160 000 to achieve a bandwidth of 400 rad/s. In addition,
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Fig. 15. Experimental results of d-q-axis and phase current waveforms and FFT results at 150 r/min. (a) Under light load. (b) Under rated load.

TABLE II
IPMSM PARAMETERS

the conventional ADRC and the proposed CCF-ADRC are with
the same proportional coefficient, i.e., kpd = kpq = 30. The
parameters of the test motor are listed in Table II.

A. Steady-State Experiment

To verify the harmonic disturbances suppression capability
of CCF-ADRC, the steady-state experiment separately analyzed
three situations, where only inverter nonlinearities, unbalanced
phase impedance, and inverter nonlinearities and unbalanced
phase impedance are considered simultaneously.

1) Experimental Results Considering Inverter Nonlineari-
ties: In the first experiment, the deadtime is set to 5 us to high-
light the experimental phenomenon of inverter nonlinearities.
The parameters are set toω±6th

re = ±6ωe andω±6th
c = 0.0005ωe

for CCF-ESO. Fig. 15 shows the waveform when the motor is
operated at 150 r/min under the light load (2 N·m) and rated load
(5 N·m) conditions, respectively. Fig. 15(a) shows the d-q-axis
current, the phase current, and their fast fourier transform (FFT)
results of the conventional ADRC and CCF-ADRC under the
light load condition. Before the CCF-ADRC is enabled, the
current ripples of d-axis and q-axis are approximately 0.3 and
0.05 A, respectively, while the THD of phase current is 2.64%.
After enabling the proposed CCF-ADRC, the current ripples of
d-axis and q-axis current decrease to approximately 0.19 and
0.03 A, respectively, while the THD of phase current decreases

Fig. 16. Experimental results of d-axis and phase current and d-axis harmonic
disturbance waveforms and FFT results at 150 r/min under rated load.

to 1.99%. Besides, the sixth-order current harmonics of d-axis
and q-axis are reduced from 0.1 to 0.01 A and 0.01 to 0.001 A,
respectively. The fifth and seventh-order current harmonics of
phase current are reduced from 0.014 to 0.02 A and 0.002 to
0.007 A, respectively.

The effectiveness of the proposed CCF-ADRC is also evalu-
ated under rated load shown in Fig. 15(b). Obviously, with the
load torque increasing, the current distortion seriously increases.
With the proposed CCF-ADRC, the current ripples of d-axis
and q-axis current decrease to approximately 0.18 and 0.05 A,
respectively, while the total harmonic distortion (THD) of phase
current decreases to 2.31%. Besides, the sixth-order current
harmonics of d-axis and q-axis are reduced from 0.196 to 0.02 A
and 0.032 to 0.003 A, respectively. The sixth and seventh-order
current harmonics of phase current are reduced from 0.124 to
0.016 A and 0.08 to 0.005 A, respectively.

To verify the phase sequence decoupling ability of CCF-
ADRC. The resonant frequency ωre is set to +6ωe, −6ωe
and ±6ωe. Fig. 16 shows the d-axis current, d-axis estimated
disturbances z2d, phase current waveforms, and FFT results of
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Fig. 17. Experimental results of d-q-axis and phase current waveforms and
FFT results at 15 0r/min under rated load.

the conventional ADRC and CCF-ADRC under the rated load,
respectively.

It is obvious that when ωre is set to +6ωe, the sixth-order
current harmonic of d-axis is decreased from 0.55 to 0.29 A and
the seventh-order current harmonic of phase current is reduced
from 0.25 to 0.02 A, while the fifth-order current harmonics
almost does not change. Whenωre is set to−6ωe, the sixth-order
current harmonic of d-axis is decreased from 0.55 to 0.24 A.
and the fifth-order current harmonic of phase current is reduced
from 0.32 to 0.025 A, while the seventh-order current harmonics
almost does not change. However, both fifth and seventh-order
harmonics of the phase current will be significantly reduced if
ωre is set to ±6ωe.

2) Experimental Results Considering Unbalanced Phase
Impedances: In the second experiment, the deadtime of PWM
is set to 1 us to weaken the influence of inverter nonlinearities. In
addition, to highlight the experimental phenomenon of unbal-
anced phase impedances, a 0.15-Ωresistor and 2.1-mH induc-
tance are connected in series between the A-phase output of the
inverter and the A-phase input of the IPMSM. The parameters
are set to ω−2nd

re = −2ωe and ω−2nd
c = 0.002ωe for CCF-ESO.

The experimental conditions are the same as the first experiment
and the experimental results are shown in Fig. 17.

Due to the unbalanced phase impedance, the -second-order
harmonic appears in the id and iq . Fig. 17 shows the d-axis and
q-axis current and their FFT results of the conventional ADRC
and CCF-ADRC under the rated load, respectively. From the
FFT results, the -second-order harmonics in id and iq declines
from 0.043 to 0.00021 A and 0.01117 to 0.000514 A.

To illustrate the advantages of CCF-ADRC compared to
GI-ADRC. The experimental results of ADRC, CCF-ADRC,
and GI-ADRC simultaneously are shown in Fig. 17. Obviously,
although GI-ADRC also suppresses the -second-order harmonic,
its order is higher than CCF-ADRC, hence its structure is also
more complicated than the CCF-ADRC.

3) Experimental Results Considering Inverter Nonlineari-
ties and Unbalanced Phase Impedances Simultaneously: In the
third experiment, the deadtime of PWM is set to 5 us and addi-
tional resistors and inductors are used to simulate the unbalanced
phase impedance of the IPMSM. The experimental conditions
and parameters are the same as the first and second experiments
and the experimental results are shown in Fig. 18.

Fig. 18. Experimental results of d-q-axis and phase current waveforms and
FFT results at 150 r/min under rated load.

Obviously, due to the inverter nonlinearities and the unbal-
anced phase impedance are existed simultaneously,the distortion
of ia, id, and iq are very serious before the CCF-ADRC is
enabled. After enabling the proposed CCF-ADRC, the distortion
in the ia, id, and iq are very well suppressed. From the FFT
results, it can be seen that second, fifth, and seventh-order
harmonics in id and iq are obviously reduced. The THD declines
from 6.56% to 2.71%, showing the effectiveness of the proposed
CCF-ADRC. Besides, in the d-axis and q-axis current waveform,
the ripples decrease from 1 to 0.35 A and 0.18 to 0.06 A,
respectively.

B. Experimental Results Under Mismatched Parameters

A parameter mismatches experiment is carried out to verify
the robust performance of the CCF-ADRC. The resistance and
inductance of d-q-axis are selected as test parameters.

Fig. 19(a) shows the experiment results of the CCF-ADRC
under resistance mismatches. When the motor is running at
150-r/min under rated load and the resistance value is increased
to 2 times the rated value and decreased to 0.5 times the rated
value at 0.5 and 1.5 s, respectively.

Fig. 19(b) and (c) shows the experiment results of the CCF-
ADRC under d-axis and q-axis inductance mismatches with the
same test conditions, respectively.

From these results, it can be found that neither the resistance
mismatch nor the inductance mismatch has little effect on the
steady-state performance. Therefore, the CCF-ADRC retains the
robustness of the conventional ADRC to parameters mismatch.

B. Experimental Results in Tracking Step Reference and
Sinusoidal Reference

In this experiment, the performance of CCF-ADRC in track-
ing step reference and sinusoidal reference is examined. Fig. 20
shows the tracking waveform of iq using the conventional
ADRC and using the CCF-ADRC. As can be seen, the pro-
posed CCF-ADRC still retains the good tracking performance
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Fig. 19. Experimental results of d-q-axis current waveforms with parameters mismatches at 150 r/min under rated load. (a) Resistance mismatch. (b) d-axis
inductance mismatch. (c) q-axis inductance mismatch.

Fig. 20. Experimental results of q-axis current waveforms in tracking step
reference and sinusoidal reference.

of conventional ADRC. Overall, the proposed method shows
good performance both under steady state and under transient
state.

VI. CONCLUSION

In this article, a novel CCF-ADRC is proposed to suppress
current harmonics of IPMSM drives. The stability, the harmonics
rejection performance, the command tracking performance, and
the influence of parameter mismatches on the proposed method
are analyzed in detail. Comparing to the conventional ADRC, the
proposed CCF-ADRC has a better capability in suppressing har-
monic disturbances. Comparing to the GI-ADRC, CCF-ADRC
has simpler structure and reduced order in suppressing negative
sequence disturbances. In the meanwhile, CCF-ADRC inherits
the advantages of conventional ADRC, such as good transient
performance and parameter robustness.
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