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Abstract—In the control of permanent magnet synchronous
motors, the active disturbance rejection control (ADRC) has at-
tracted considerable attention due to its intrinsic ability for dis-
turbance rejection. However, the existing ADRC methods have
the problem of coupling the reference tracking performance and
disturbance suppression performance. To simultaneously improve
the current control’s dynamic response speed and steady-state
control accuracy, a two-degree-of-freedom ADRC current control
method based on the improved extended state observer (IESO)
is proposed in this article. First, the designed IESO cancels the
error correction term in the observed current update law to realize
the complete decoupling of the reference tracking performance
and disturbance suppression performance. Under the decoupling
structure, the observed disturbance update law of the IESO is
designed as a proportional-integral-repetitive control structure to
suppress periodic and aperiodic disturbances. Then, the system
stability is proved by analyzing the distribution of characteristic
roots, and a two-step parameter tuning guideline of the IESO is
provided. The proposed method realizes the complete decoupling
of the reference tracking performance and disturbance suppression
performance, reducing the complexity of the controller parameter
selection and facilitating the realization of the high-performance
current control. Finally, the effectiveness of the proposed method
is validated by experimental results.

Index Terms—Active disturbance rejection control (ADRC),
current control, permanent magnet synchronous motor (PMSM),
two-degree-of-freedom controller.
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NOMENCLATURE
d- and g-axes stator currents.
Output reference voltages of d- and g-axes current
controllers.
d- and g-axes stator inductances.
Nominal values of d- and g-axes stator induc-
tances.
Deviation values of d- and g-axes stator induc-
tances.
d- and g-axes permanent magnet fluxes.
d- and g-axes 6nth (n = 1, 2, 3...) permanent
magnet flux harmonics, whose fundamental fre-
quency is the electrical angular frequency.
d- and g-axes 6nth voltage harmonics, caused by
the deadtime effect of the inverter.
d- and g-axes lumped disturbances.
Sampling period and deadtime.
Observed values of the current and lumped dis-
turbance.
p = d/dt is the differentiation operator.
Stator resistance.
Electrical angular speed.
DC component of the d-axis permanent magnet
flux.
DC-link voltage.
Proportional gain of the control law.
Gains of the observer.
Bandwidth of the observer.
Transfer function, which characterizes the refer-
ence tracking performance of the discrete-time
closed-loop system.
Transfer function, which characterizes the distur-
bance rejection performance of the discrete-time
closed-loop system.
Discrete-time repetitive controller.
Proportional gain of the repetitive controller.
Feedback gain of the repetitive controller.
Number of sampling period delay compensation
of the repetitive controller.
Number of sampling period delay of the repetitive
controller; N = [wy/wq], where wg and wq are the
sampling frequency and disturbance frequency,
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respectively; wq = 6w, is chosen to calculate the
N online.

1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have

been widely used in industrial applications because of
their high power density, high reliability, and good dynamic
performance [1]. A field-oriented-control-based multiloop cas-
cade control scheme is usually adopted for PMSM drives [2].
As the innermost loop, the control performance of the current
loop directly determines the control performance of the torque
and further the control performances of the speed and position.
Therefore, the current control with high dynamic response and
steady-state accuracy is the key to achieving the excellent oper-
ation performance of PMSM drive systems [3].

However, the multivariable nonlinear coupling model of the
PMSM, as well as various disturbances existing in the sys-
tem, increase the difficulty of realizing the high-performance
current control [4]. In recent years, the active disturbance re-
jection control (ADRC) has attracted considerable attention in
PMSM drives due to its intrinsic disturbance rejection ability
and model-free characteristic. The ADRC was first proposed
by Han in 1998 [5], aiming to develop an alternative practical
control method to the classical proportional-integral-derivative
method [6]. As the core part of the ADRC, the extended state
observer (ESO) can unify internal and external disturbances
as lumped disturbances for the observation and feedforward
compensation, thereby improving the disturbance suppression
performance of the system. The original ADRC adopts the non-
linear ESO to achieve good disturbance rejection [7]. However,
the complex gain design and stability proof of the nonlinear ESO
make the original ADRC somewhat tricky to implement [8].
Aiming to address the problems, Gao [9] proposed the linear
ADRC by replacing the nonlinear ESO with the linear ESO.
The linear ADRC has not only the simple gain design and
stability proof [10], but also better control performance when
disturbances are large [11], [12], which makes it more widely
employed in PMSM drives [13], [14], [15], [16]. In [15], an
enhanced linear ADRC current control method considering the
effects of the high operating speed, modulation, and computa-
tional delays is proposed to improve the robustness of PMSM
drives to internal and external disturbances at a low sampling ra-
tio. In [16], an active-disturbance-rejection-based sliding mode
current controller is proposed to improve the immunity of the
current control to parameter variations and model uncertainties,
thereby enhancing the current’s steady-state and transient track-
ing performance.

The ADRC has a good suppression performance for aperiodic
disturbances such as parameter variations or mismatches. How-
ever, there are not only aperiodic disturbances in the current loop
of PMSM drives but also periodic disturbances mainly caused
by the permanent magnet flux harmonics and the deadtime effect
of the inverter [17], [18]. If these periodic disturbances are not
rejected by specific methods, they will result in a significant
current oscillation and deteriorate the control performance of
PMSM drives [19]. Unfortunately, the conventional ADRC
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cannot effectively suppress these periodic disturbances due
to the limited observation bandwidth of the ESO for distur-
bances [20]. According to the internal model principle, schol-
ars propose a class of composite ADRC methods based on
the improved control law to address this problem. The com-
posite methods embed a type of controller that can suppress
periodic disturbances, such as the repetitive controller, reso-
nant controller, etc., into the control law of the conventional
ADRC [21], [22], [23]. In [22], a discrete-time repetitive control-
based ADRC current control method is proposed to improve
the steady-state control accuracy of the current. In this method,
the output of the repetitive controller is used to compensate
for periodic disturbances, and the output of the ESO is used
to compensate for aperiodic disturbances. In [23], a current
control method combining a vector resonant controller and an
ADRC controller is proposed to suppress periodic and aperiodic
disturbances simultaneously to reduce the harmonic contents
of phase currents. However, those mentioned above composite
ADRC controllers belong to the one-degree-of-freedom type.
The reference tracking performance and disturbance rejection
performance of the system are coupled. Although the composite
methods can enhance the suppression performance for periodic
disturbances, they may deteriorate the tracking performance for
reference commands to a certain extent. In practical applications,
a tradeoff between two performances is needed, making the
controller parameter tuning cumbersome and challenging to
simultaneously achieve the current control with high dynamic
response and high steady-state accuracy.

In order to achieve the complete decoupling of the system’s
reference tracking performance and disturbance suppression
performance based on simultaneously suppressing periodic and
aperiodic disturbances in the current loop, a two-degree-of-
freedom ADRC current control method based on the improved
ESO (IESO) is proposed in this article. Unlike the indirect idea
of optimizing the control law for existing composite methods,
the proposed method directly modifies the structure of the con-
ventional ESO. In order to achieve the complete decoupling of
the reference tracking performance and disturbance rejection
performance, the designed IESO cancels the error correction
term in the observed current update law of the conventional
ESO. Under this decoupling structure, to realize the simulta-
neous suppression of periodic and aperiodic disturbances in the
current loop, the observed disturbance update law of the IESO is
designed as a proportional-integral-repetitive control structure.
Compared with the existing related works, the main contribu-
tions and advantages of the proposed method are summarized
as follows.

1) The proposed method can simultaneously improve the
reference tracking performance and disturbance rejection
performance by tuning the controller’s parameters. It is
advantageous to realize the current control with high dy-
namic response and high steady-state accuracy.

2) Since the reference tracking performance and the dis-
turbance rejection performance are fully decoupled, in
practical applications, there is no need to make tradeoffs
between these two performances, making the controller
parameter tuning simple. In addition, a two-step parameter
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tuning guideline of the IESO is provided to further reduce
the complexity of the controller parameter tuning.

3) Compared with the existing ADRC current control meth-
ods, the proposed method has a better control performance
for tracking the reference commands and suppressing
periodic and aperiodic disturbances.

The rest of this article is organized as follows. In Section II, the
mathematical model of the PMSM considering disturbances is
remodeled to reduce the model complexity by taking advantage
of the model-free characteristic of the ADRC. In Section III,
the coupling characteristic of the existing ADRC methods is
analyzed. In Section IV, the proposed two-degree-of-freedom
ADRC current control method is introduced; the decoupling
characteristic, stability, and control performance of the proposed
method are analyzed in detail in the discrete-time domain; the
two-step parameter tuning guideline of the IESO is provided.
Finally, the comparative experiments are implemented to verify
the effectiveness of the proposed method in Section V, and
Section VI concludes this article.

II. MATHEMATICAL MODEL OF PMSM CONSIDERING
DISTURBANCES

In the synchronously rotating coordinate, the mathematical
model of the PMSM, considering the deadtime effect of the
inverter and permanent magnet flux harmonics, can be expressed
as

pPig = Lc_il [’U,dref — Rig + we (Lqiq + qu) + Aud] n
Piq = L " [tgret — Riq — we (Laia + ¥ra) + Aug)
where
Ura = Yo + Y Yraon cos (6nwet)
= " @)
Vg = Z Yrqon Sin (6nwet)
n=1
4T4Uqc ad 12n .
Aug = =
Uq T ,;1 [361@2 — sin (6nwet)}
~ AT4Uqc - 2
Auq = Tﬂ { 1+ nz::l |:367’7,2—1 Ccos (anet)] }
(3)

According to (1)—(3), it can be seen that PMSM drive systems
contain two types of disturbances: periodic and aperiodic. Peri-
odic disturbances are mainly caused by flux harmonics and the
deadtime effect. Aperiodic disturbances are mainly caused by
the stator resistance voltage drop, cross-coupling terms, and the
inductance mismatches. The disturbances mentioned above are
unified as lumped disturbances dq and d,, whose expressions
are

We (Lqiq + qu) + Auq — Rig ALg
dg = 7 — T Vet
. d . dnlsd
—We (LdZd + '¢rd) + A’uq - RZq ALq
dq = 7 - 1 Ugref
q qn-—q
4)
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Fig. 1.
current control.

Block diagrams of the conventional ADRC and composite ADRC

According to (4), (1) can be rewritten as
pi=Bu+d (5)

where i=[iq iq]T; B=diag(Lg,', Lg,)'): w=[tgrer Ugref]
d=[dqa dy".

By taking the first Taylor expansion, (5) is discretized in the
z-domain as

tht1(2) = 4k(2) + TsBug(2) + Tsdg(2). (6)

III. ANALYSIS OF COUPLING CHARACTERISTIC OF EXISTING
ADRC METHODS

The ADRC is mainly composed of the control law and ESO.
Due to the limited observation bandwidth of the ESO, the
conventional ADRC can suppress only aperiodic disturbances
of the system but not periodic disturbances [20]. To suppress
these two types of disturbances simultaneously, scholars have
proposed a class of composite ADRC methods based on the
improved control law. Fig. 1 shows the current control block
diagrams of the conventional ADRC and the composite ADRC,
in which Terminal 1 and Terminal 2 correspond to the conven-
tional proportional control law and the composite control law,
respectively.

As can be seen from Fig. 1, the composite ADRC current
controller and the conventional ADRC current controller have
the same ESO, except that the control laws are different. The
composite ADRC combines the proportional coefficient k;, and
the embedded controller G},(z) parallel to form a compound
control law. G},(2) is the type of controller that can achieve good
tracking for a set of periodic reference inputs, such as the repeti-
tive controller and vector resonance controller. In the composite
method, the output of the controller G, (z) is used to compensate
for periodic disturbances, while the output of the conventional
ESO is used to compensate for aperiodic disturbances.

According to Fig. 1, the expressions of transfer functions
G+(z) and G4(z), which characterize the reference tracking per-
formance and disturbance rejection performance of the system,
are (7) and (8), respectively, shown at the bottom of the next
page, where G(z) = k, for the conventional ADRC; G¢(z) =
ky, + G (z) for the composite ADRC. Ideally, |G¢(z)| — 1 and
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Fig. 2.
control.

Block diagram of the proposed two-degree-of-freedom ADRC current

According to (7) and (8), it can be seen that both transfer
functions Gi(z) and Gq4(z) contain parameters hi, ho, and
G.(2). It indicates that the reference tracking and disturbance
rejection performances are affected by the same parameters, so
these two performances are fully coupled.

The disadvantages of the coupling characteristic are the
following. 1) It is difficult to improve the reference tracking
performance and disturbance suppression performance simulta-
neously. 2) In practical applications, a tradeoff between these
two performances is needed, which makes the parameter tuning
of the controller cumbersome.

IV. PROPOSED TWO-DEGREE-OF-FREEDOM ADRC

To fully decouple the system’s reference tracking perfor-
mance and disturbance rejection performance, a two-degree-of-
freedom ADRC current method based on the improved ESO
(IESO) is proposed, whose block diagram is shown in Fig. 2.
The proposed method can simultaneously optimize the reference
tracking performance and disturbance rejection performance
by tuning the controller parameters, which is advantageous to
realize the current control with high dynamic response and high
steady-state accuracy.

A. Design of Improved ESO

The fundamental reason why the conventional ADRC cannot
suppress periodic disturbances is that the disturbance observa-
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unlike the existing composite method, which adopts the indirect
idea of “patching” the control law, the proposed method directly
modifies the structure of the conventional ESO so that the
output of the observer can compensate for periodic and aperiodic
disturbances at the same time. The expression of the designed
IESO is

ir41(2) = 3k (2) + ToBug(2) + Tody (2 ) .
dipy1(2) = dipt1(2) + [h1 + Gre(2)] [in(2) — 2k (2)]
di+1(2) = dik(2) + Tsha[ig(2) — 2k (2)]

©))
where di 1, (z) is the integral component of the observed lumped
disturbance dy,(z); Gr(z) is the discrete-time repetitive con-
troller [22], whose expression is

kcm_N+K

1—-QzN

According to Fig. 1, the expression of the conventional ESO

Gre(z) = (10)

is
thi1(2) = 1(2) + To{ Bug(2) + di(2)

Fhafin(z) = 4(2)]} A
diy1(2) = di(2) + Tshelix(2) — w(2)].

By comparing (9) and (11), as well as block diagrams of the
observers in Figs. 1 and 2, the differences between the designed
IESO and the conventional ESO are as follows.

1) To fully decouple the reference tracking performance and
disturbance suppression performance, the designed IESO
cancels the error correction term h1 [ (z) — 25 (2)] in the
update law of the observed current 21 (z).

2) To simultaneously suppress periodic and aperiodic distur-
bances in the current loop, under the decoupling structure,
the update law of the observed disturbance dj,1(z) of
the IESO is designed as a proportional-integral-repetitive
control structure.

(1)

B. Analysis of Decoupling Characteristic

In this section, the transfer functions of the closed-loop system
are derived and analyzed to illustrate the decoupling character-
istic of the proposed method.

In order to analyze the decoupling characteristic more intu-
itively, (9) is rewritten as

ir1(2) = ik(2) + ToBug(2) + Tody(2) (12)
tion bandwidth of the conventional ESO is limited. Therefore, di+1(2) = Go(2)[ik(2) — 1k (2)]
tht1(2)
G = n =
t(Z) 7'ref,k(z)
[(1 =27t +Tohiz V) (1 — 271Y) + T2hoz 2| TLGe(2)2 1 @
1+ (Tshy —2)z71 + (1 — Tyhy + T2ho) 2z 2|{1 + [TxGe(2) — 1]z71}
_ta(2)
Gd(z) - dk;(Z) -
{1+ [TsGe(2) + Tshy — 1271 (1 — 27Ty ®

[+ (Toht — 2)2 1 + (1 — Ty + T2he)22{1 + [,Go(2) — 121}
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Fig. 3. Simplified block diagram of the proposed ADRC current control.

where
Tsho

G()—h1+1 g

+ Gre(2). (13)

According to (12), %;H_l(z) and (ikH(z) can be derived as

- TsBuy(z )—l—TSGO(z)z’lik(z)

Uet(2) = 1= 2 T+ TLGy(2)2

d‘ ( ): _TSBGO( )Z uk( )+G (Z)( z_l)zk(z)

k112 1— 2+ TyGo(2)2~ '
(14)

According to Fig. 2, the expression of the control law of the
proposed method is

wi1(2) = B {Ip [inrn(2) = i1 (2)] = diia (2)}
(15)
Substituting (14) into (15) yields

= B 'G(z) {kpireﬁk(@ -

livta)] a0

Ug41(2) G0

where

1— 27+ TiGo(2)22
+ (Tkp — 1)zt

According to (6) and (16), Fig. 2 can be reconstructed as

Fig. 3. According to Fig. 3, the expressions of transfer functions
G4(z) and Gq(z) are derived as

G(2) = (17)

Cdpga(z) Tikpzt
Gl =5 " T Moy 1 T (%)
Ga(z) = Sn1lE) L (19)

di(2)  1—214TGo(2)272"

As can be seen from (18) and (19), G¢(z) only contains
the parameter %, of the control law, and G4(z) only contains
parameters A, ho, and Gy (z) of the IESO. It indicates that the
reference tracking performance is only related to the parameter
of the control law and independent of that of the IESO; the
disturbance rejection performance is only related to the param-
eters of the IESO and independent of that of the control law.
Therefore, the proposed ADRC controller is a two-degree-of-
freedom controller, which fully decouples the reference tracking
performance and disturbance suppression performance.

C. Stability Analysis

In this section, the system stability of the proposed method
is discussed by analyzing whether the roots of the characteristic
equation locate inside the unit circle. The two-step parameter
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Bode Diagram
-60 T T T

X: 6w, X: 120,

-110 . . .
135 T T T

Magnitude(dB)

Phase(deg)

| [— with G(2)

| |= = without G.(2)
-90 T |
!

10 10° 10° 10
Frequency (rad/s)

Fig. 4. Bode diagrams of the transfer functions G q(z), where hq = 2.4 x
103, ho = 1.44 x 105, ke = 500, Q = 0.95 and K = 3.

tuning guideline of the IESO is proposed to reduce the com-
plexity of the controller parameter selection.

According to (18) and (19), the characteristic equation of the
close-loop system is

P(z) = Pi(z)P ( )=0
Pi(z)=1 +( s kp — 1)zt (20)
PQ(Z) =1- +TSGO( )

According to the stability criterion of the discrete-time sys-
tem, if all characteristic roots of P;(z) = 0and P,(z) = 0locate
inside the unit circle, the system is stable. First, the characteristic
root of Py (z) = 01is

c=1-Tk,. @1

According to |z| < 1, the selection range of &, ensuring the

system is stable is

2
k —.
0< P <

(22)

Then, characteristic roots of P»(z) = 0 are discussed. The
Bode diagrams of transfer functions G4(z) are shown in Fig. 4.
As can be seen, the repetitive controller G,.(z) has a strong
frequency selection characteristic and only affects the system’s
behavior within a narrow frequency band. In order to reduce
the complexity of the parameter selection, the parameters of the
IESO can be selected in two steps: 1) only considering the ape-
riodic disturbance suppression, the transfer function G, (z) does
not contain Gy (z), and only parameters h, and hs are selected;
2) then considering the periodic disturbance suppression, G.(z)
is added into G, (z), and parameters k., () and K are selected.

1) When G,(z) only contains h; and hso, the characteristic
equation P(z) = 0 can be simplified as

23 =222 + (1 + Tyhy + T2hg)z — Tohy = 0. (23)
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Fig. 5.
changes.

Based on the Jury criterion [24], the condition that character-
istic roots of (23) locate inside the unit circle is

|—Tsh1| <1

Py(z)|:=1 >0

Py(z)]:=—1 <0

|1 = (Tsh1)?| > |1 — Tihy + TZho|

(24)

According to (24), the selection ranges of h; and ho are

1 1
—— <h —
T < 1h< T,
0<h2<?1—h12

S

(25)

Based on the popular bandwidth parameterization
method [16], hy and hy can be designed as

[hl hg] = [2wo wZ] .

o

(26)

According to (25), the selection range of w, ensuring the
system is stable is

0<wo < 27

5T,
2) When G, (2) contains Gy (z), hy and hs, according to (13),

(20), and (26), P>»(z) = 0 can be rewritten as
Tow? ez NTE

11—zt 1-QzN

1—2 14 <2w0 + ) T.22 = 0.

(28)

According to (28), the distribution of characteristic roots of
P5(z) = 0 is related to parameters wo, ki, @, and K, meaning
the stability is determined by the four parameters. Fig. 5 shows
the distribution law of characteristic roots of P5(z) = 0 with
separate changes of w,, k., @, and K, where Ty = 1 X 1074 s.
As can be seen, when w,, ki, @, and K are selected within a
certain range, characteristic roots of P5(z) = 0 always locate
inside the unit circle, and the system is stable.

Moreover, the effectiveness of the proposed two-step param-
eter tuning guideline of the IESO can be further validated by
analyzing Fig. 5. The analysis is as follows.

1) When G,(z) only contains parameters h; and ho, ac-
cording to (27), the selection range of w, is [0, 4000].
When G, (z) contains Gy (2), it can be seen from Fig. 5(a)
that the selection range of w, is [200, 3700]. Adding
the repetitive controller G.(z) will slightly reduce the

1

-1 -0.5 0 0.5 1 -1
Real Axis

(c)

-0.5 0 0.5 1
Real Axis

(d)

Distribution law of characteristic roots of P»(z) = 0 with separate changes of wo, krc, @, and K. (a) w, changes. (b) ky changes. (c) @ changes. (d) K

selection range of w, at both ends. However, when the
value of w, is too large or too small, the damping ratios
of two poles, A and B, related to iy and hy will become
small, resulting in the oscillation of the actual current.
Therefore, considering the current control performance,
W, 15 usually only selected in the middle range, not at both
ends. Therefore, the value of w, selected in the first step
can ensure the system is stable after G.(z) is added to
Go(2).

2) As can be seen from Fig. 5(a), the change of w,, basically
does not affect the distribution of poles associated with
Gc(2) near the boundary of the unit circle, but only the
distribution of three poles, A, B, and C, associated with A,
and ho. As can be seen from Fig. 5(b)—(d), the changes of
kye, @, and K basically do not affect the pole distribution
associated with h; and he, but only the pole distribution
associated with Gy.(z). It illustrates that the effects of
G1c(2) and w, on the system’s stability are independent.

D. Analysis of Control Performance

In this section, the Bode diagram of the transfer function
G4(z) is analyzed to illustrate that the proposed two-degree-of-
freedom ADRC can effectively suppress aperiodic and periodic
disturbances. In addition, the Bode diagram of the transfer
function G(2) is also analyzed to illustrate that the proposed
method based on the designed IESO can track the reference
command without steady-state errors.

Substituting z = €475 into (19), the transfer function G4(z)
can be expressed in the frequency domain as

. T,
waTs\ __ S
Ga (eJ ) T 1 — e-iwaTs +T.G, (ejwde) e—2jwaTs

(29)

where wq is the disturbance frequency. The smaller |G (™4 7%)
the stronger the disturbance suppression performance.

1) Aperiodic Disturbance Suppression: During the steady-
state operation of the PMSM, the frequency of aperiodic dis-
turbances is wq = 0. Substituting wq = 0 into (29) can yield
|G4(elwas)| = 0, indicating that the proposed method can en-
tirely suppress aperiodic disturbances.

2) Periodic Disturbance Suppression: According to (8) and
(29), the Bode diagrams of the transfer functions G4(z) of the
proposed ADRC and existing composite ADRC are shown in

>
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Fig. 6. Bode diagrams of the transfer functions G4 (z) of the proposed ADRC
and composite ADRC, where kp, = 2500, by = 2.4 x 103, hy = 1.44 x 10,
ke = 500, Q@ = 0.95, and K = 3.
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Fig. 7. Diagrams of the values of |G (e/“dT5)| of the two methods with
changes of wo, ki and Q, K.

Fig. 6, where the controller G},(z) of the composite ADRC in
Fig. 1 is also chosen as the repetitive controller [22]. As can
be seen from Fig. 6, compared with the composite ADRC, the
values of |Gq(e/“d?s)| of the proposed ADRC are smaller at
frequencies around 6nw,. It indicates that the proposed ADRC
can effectively suppress the 6nth periodic disturbances caused
by the deadtime effect and flux harmonics in the current loop.
According to (8), (10), (13), (26), and (29), it can be seen
that the values of |Gq(e/*47=)| of both proposed ADRC and
composite ADRC are related to parameters w,,, k., @, and K. To
compare the suppression performances of the two methods for
periodic disturbances, Fig. 7 describes the values of | Gq (e/#47+)|
of the two methods with changes of w,, k. and @, K. The
disturbance frequency wq = 6w, is chosen to be 1507 rad/s
(the speed is 600 r/min). As can be seen, compared with the
composite ADRC, the values of |G4(e™47=)| of the proposed
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Experimental platform.

ADRC are smaller in the ranges of w,, ki, @ and K, which
fully illustrates the superiority of the proposed method for the
periodic disturbance rejection.

3) Reference Tracking Performance: As can be seen from
(18), since the proposed ADRC method has the decoupling
characteristic, the reference tracking performance of the system
is only affected by the proportional coefficient £, of the control
law, not the structure design and parameter selection of the IESO.
Fig. 8 shows Bode diagrams of the transfer function G (z) with
different values of k. As can be seen, the transfer function
G+ (z) is equivalent to a first-order low-pass filter. It indicates
that the proposed ADRC based on the designed IESO can track
the reference commands without steady-state errors.

V. EXPERIMENTAL RESULTS

To verify the feasibility and validity of the proposed method,
the experiments are carried out on a 3.1-kW surface-mounted
PMSM drive system. Fig. 9 is the photograph of the experimental
platform, and the parameters of the tested PMSM are given in
Table I. The control system’s sampling frequency and carrier
frequency are 10 kHz. The deadtime of the inverter is 1 us.
In the following experiments, the PMSM current control algo-
rithms based on the proposed two-degree-of-freedom ADRC,
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Fig. 10. Overall experimental results of d- and g-axes currents and the phase current harmonic contents. (a) Conventional ADRC. (b) Composite ADRC.
(c) Proposed ADRC.
TABLE I 1.5 L,,. The d-axis current reference iq.f is set to O A. The
PARAMETERS OF PMSM speed reference is set to 600 r/min. In these figures, ig,( and
iqact are d- and g-axes actual currents, respectively. It should be
Parameter Value Parameter Value noted that since contents of the 6nth harmonics of d- and g-axes
Rated power P A1 EW Pole pairs 2 currents can be reﬂectefi through th;: (6n=41)th harmonics of
Rated torque Ty 15 Nm Stator inductance Ly, 3 mH phase currents., haFII.IOIl'lC C(?nten.ts of the A phase current are
Rated speed nn 2000 r/min Stator resistance Ry 0.58 Q2 analyzed for _SlmPIICIty in this artlcle..
Total inertia Jn ~ 0.031 kgm? Flux linkage trn 0292 Wb 1) Periodic Disturbance Suppression: As can be seen from

the conventional ADRC, and the composite ADRC [22] are
implemented, respectively.

A. Comparisons of Disturbance Rejection Performance and
Reference Tracking Performance

Fig. 10 shows the overall experimental results of the current
control with three different control methods. The parameter
values of d- and g-axes current controllers of the three methods
are the same as those in Fig. 6. The experimental conditions are
as follows. First, the g-axis current reference iqrr step changes
from 0 to 8.6 A (the g-axis rated current), after 2 s, the inductance
of the controller step changes from L,, to 0.5 L,,, and after 1 s,
the inductance of the controller step changes from 0.5 L, to

Fig. 10(a), with the conventional ADRC method, the periodic
disturbances caused by the deadtime effect and flux harmonics
cannot be effectively suppressed so that the steady-state control
performance of the current deteriorates. The phase current con-
tains numerous fifth and seventh harmonics, which are 2.21%
and 1.11%, respectively. The phase current’s total harmonic
distortion rate (THD) is 2.80%. Moreover, the fluctuations of
d- and g-axes steady-state currents are large, which are 0.89
and 0.54 A, respectively. As can be seen from Fig. 10(b),
with the composite ADRC method, by optimizing the control
law, the periodic disturbances can be suppressed to a certain
extent, and the steady-state control performance of the current
is improved. The contents of the fifth and seventh harmonics
of the phase current are 1.47% and 0.80%, respectively. The
THD of the phase current is 2.22%. The fluctuations of d- and
g-axes steady-state currents are 0.75 and 0.43 A, respectively. As
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Fig. 12.

can be seen from Fig. 10(c), with the proposed ADRC method,
the steady-state control performance of the current is improved
significantly due to the effective suppression of periodic distur-
bances. The contents of the fifth and seventh harmonics of the
phase current are 0.25% and 0.16%, respectively. The THD of
the phase current is 1.39%. The fluctuations of d- and g-axes
steady-state currents are 0.44 and 0.29 A, respectively, which
reduce by 50.6% and 46.3% compared with the conventional
ADRC method, as well as 41.3% and 32.6% compared with the
composite ADRC method.

Comparing the steady-state experimental results of the three
control methods illustrates that the proposed method can effec-
tively suppress periodic disturbances and improve the steady-
state control accuracy of d- and g-axes currents. Moreover,
compared with the composite method, the proposed method
has a stronger rejection performance for periodic disturbances,
which is consistent with the theoretical analysis in Section IV-D.

2) Aperiodic Disturbance Suppression: According to (4), the
stator resistance voltage drop, cross-coupling terms, and the
inductance mismatches are regarded as aperiodic disturbances,
estimated and feedforward compensated by the disturbance
observer. As can be seen from Fig. 10(c), with the proposed
ADRC method, the excellent current control performance can
be achieved no matter the g-axis current reference step changes
or the inductance step changes. It indicates that the proposed
method can effectively suppress aperiodic disturbances.

Fig. 11 shows the zoomed waveforms of the g-axis current
of three control methods when the inductance step changes
to demonstrate the superiority of the proposed method for the
aperiodic disturbance rejection. As can be seen, with the pro-
posed ADRC method, the maximum drop value A7 max and the
recovery time' ¢, of the g-axis current are the smallest, which
are 2.0 A and 3.8 ms, respectively. It indicates that the proposed

(b) (©

Zoomed waveforms under the g-axis current reference step change. (a) Conventional ADRC. (b) Composite ADRC. (c) Proposed ADRC.

method has a stronger suppression performance for aperiodic
disturbances. According to Fig. 6, the reason is that the transfer
function G4(z) of the proposed method has a smaller value at
the same disturbance frequency.

3) Reference Tracking: Fig. 12 shows the zoomed wave-
forms of the g-axis current of three control methods when the
g-axis current reference step changes. The reference tracking
performances of the three control methods are compared by
analyzing the overshoot o and the settling time?® t;. As can be
seen from Fig. 12, the composite ADRC has the largest values
of o and t5, which are 16.54% and 17.6 ms, respectively, while
the proposed ADRC has the smallest values of ¢ and t5, which
are 4.09% and 2.3 ms, respectively. It indicates that the proposed
method has a better reference tracking performance.

4) Disturbance Compensation: To verify that the output of
the designed IESO can simultaneously compensate for periodic
and aperiodic disturbances, Fig. 13 shows the experimental
results of the d- and g-axes reference voltages and the distur-
bance compensation components of the proposed ADRC and
composite ADRC, respectively. The experimental conditions
in Fig. 13 are identical to those in Fig. 10. As can be seen
from Fig. 13(a), with the composite ADRC, the aperiodic distur-
bance compensation components in the d- and g-axes reference
voltages are mainly estimated by the ESO, while the periodic
disturbance compensation components are the outputs of the
repetitive controller. As can be seen from Fig. 13(b), different
from the composite ADRC, with the proposed ADRC, aperiodic

TRecovery time: The shortest time from the start of the step change of the
inductance until the difference between the g-axis actual current and current
reference has been kept within the range +5% of the g-axis current reference.

2Settling time: The shortest time from the start of the step change of the
g-axis current reference until the difference between the g-axis actual current
and current reference has been kept within the range £5% of the step value.
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Fig. 13.  Experimental results of d- and g-axes reference voltages and the
disturbance compensation components. (a) Composite ADRC. (b) Proposed
ADRC.

and periodic disturbance compensation components in the d- and
g-axes reference voltages are both estimated by the designed
IESO.

Moreover, as can be seen from the zoomed waveforms of
the g-axis reference voltage and the g-axis repetitive controller
output of the composite method in Fig. 13(a), although the output
of the repetitive controller in the composite control law can
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Fig. 14.  Experimental results with parameter values of the composite ADRC
controller change at 600 r/min. (a) k, = 2500, Q = 0.95, k; = 500.
(b) kp = 2500, Q = 0.8, ke = 100.

suppress the periodic disturbances, when the g-axis current refer-
ence step changes, the output oscillation of the g-axis repetitive
controller will result in the large oscillation amplitude of the
g-axis reference voltage output, so as to deteriorate the system’s
reference tracking performance. As can be seen from the zoomed
waveforms of the g-axis reference voltage and the g-axis IESO
output of the proposed method in Fig. 13(b), when the g-axis
current reference step changes, the output of the g-axis IESO
will not result in the large oscillation amplitude of the g-axis
reference voltage output. Therefore, the proposed method has a
better reference tracking performance.

B. Decoupling Characteristic Verification

1) Coupling Characteristic of Composite ADRC: Fig. 14
shows the experimental results of the g-axis current at 600 r/min
when the parameters of the composite ADRC controller change.
As can be seen, when parameters () and k. of the repetitive
controller in the control law reduce from 0.95 and 500 to 0.8
and 100, respectively, the overshoot o and the settling time ¢4
of the g-axis current reduce from 16.54% and 17.6 ms to 7.79%
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Fig.16.  Experimental results with parameter values of the proposed ADRC controller change at 1200 r/min. (a) k,, = 2500, Q = 0.95, ke = 500. (b) kp, = 2500,

Q = 0.8, ke = 100. (¢) kp = 1000, Q = 0.95, ke = 500.

and 14.5 ms, respectively. The reference tracking performance
of the system is improved. However, reducing ) and k.. also
weakens the rejection performance for periodic disturbances,
increasing the g-axis steady-state current fluctuation from 0.43 to
0.50 A. The above analysis indicates that the reference tracking
performance and disturbance suppression performance of the
composite ADRC method are coupled with each other, which
means that neither of these performances can be improved inde-
pendently by tuning the controller’s parameters, and a tradeoff
is needed.

2) Decoupling Characteristic of Proposed ADRC: Fig. 15
shows the experimental results of the g-axis current at 600
r/min when the parameters of the proposed ADRC controller
change. By comparing Fig. 15(a) and (b), it can be seen that
when parameters () and k. of the IESO reduce from 0.95 and
500 to 0.8 and 100, respectively, the g-axis steady-state current
fluctuation increases from 0.29 to 0.39 A, while the overshoot
o and the settling time ¢4 are basically unchanged. It illustrates
that changing the parameters of the IESO will only affect the

disturbance suppression performance but not the reference track-
ing performance. Moreover, by comparing Fig. 15(a) and (c), it
can be seen that when the parameter k;, of the control law reduces
from 2500 to 1000, the settling time t5 of the g-axis current
increases from 2.3 to 4.0 ms, while the steady-state fluctuation,
the maximum drop value Aiqmax, and the recovery time ¢, are
basically unchanged. It illustrates that changing the control law
parameter will only affect the reference tracking performance
but not the disturbance suppression performance.

To fully verify the decoupling characteristic of the proposed
method, Fig. 16 shows the experimental results of the g-axis
current at 1200 r/min when the parameters of the proposed
ADRC controller change. By comparing Fig. 16(a) and (b), it can
be seen that when parameters () and k. of the IESO reduce from
0.95 and 500 to 0.8 and 100, respectively, the g-axis steady-state
current fluctuation increases from 0.33 to 0.47 A, while the
overshoot o and the settling time ¢ are basically unchanged.
It illustrates that changing the parameters of the IESO will
only affect the disturbance suppression performance but not
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Fig. 17. Experimental results with the speed reference change under the rated
load torque. (a) Composite ADRC. (b) Proposed ADRC.

the reference tracking performance. Moreover, by comparing
Fig. 16(a) and (c), it can be seen that when the parameter
kp of the control law reduces from 2500 to 1000, the settling
time t5 of the g-axis current increases from 1.7 to 3.4 ms, and
the overshoot o of the g-axis current reduces from 2.97% to
1.01%, while the steady-state fluctuation, the maximum drop
value Aiqmax and the recovery time ¢, are basically unchanged.
It illustrates that changing the control law parameter will only
affect the reference tracking performance but not the disturbance
suppression performance.

These two sets of experimental results fully verify that the pro-
posed ADRC controller is a two-degree-of-freedom controller,
which means that the reference tracking performance and distur-
bance suppression performance can be improved simultaneously
by tuning parameters of the control law and IESO, respectively.
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It is advantageous to achieve the excellent current control with
the high dynamic response and high steady-state precision.

C. Comparison of Control Performance at Different Speeds

To verify the feasibility and superiority of the proposed ADRC
current control method at different speeds, Fig. 17 shows the
experimental results of the proposed method and composite
method when the speed reference changes from 300 up to
1500 r/min under the rated load torque. As can be seen, the
proposed ADRC current control method can operate excellently
at different speeds. In addition, compared with the composite
ADRC current control method, the fluctuation amplitudes of
both d- and g-axes currents of the proposed method are smaller,
which indicates that the proposed method has better current
control performance at different speeds.

VI. CONCLUSION

To fully decouple the system’s reference tracking perfor-
mance and disturbance rejection performance, a two-degree-of-
freedom ADRC current control method based on the IESO is
proposed in this article. The proposed method can simultane-
ously optimize the reference tracking performance and distur-
bance rejection performance by independently tuning param-
eters of the control law and IESO. In practical applications,
the proposed method does not need the tradeoff between the
two performances, which reduces the complexity of controller
parameter tuning. The stability and control performance of the
proposed method are analyzed in detail in the discrete-time
domain, and a two-step parameter tuning guideline of the IESO is
provided to further reduce the complexity of controller param-
eter tuning. The experimental investigations demonstrate that
compared with the conventional ADRC and composite ADRC
current control methods, the proposed method optimizes not
only the tracking performance for reference commands but
also the suppression performance for periodic and aperiodic
disturbances. The proposed method simultaneously improves
the current control’s dynamic response speed and steady-state
control accuracy, which is advantageous to achieve the excellent
operation performance of PMSM servo systems. Due to the gen-
erality of the proposed two-degree-of-freedom ADRC method,
it can be applied to other industrial fields in the future.
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