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Abstract—A control strategy that combines a novel reduced-
order vector resonant controller and a generalized active distur-
bance rejection control (ROVR-GADRC) is proposed in this article
to suppress the current disturbances containing periodic harmonics
of a permanent-magnet synchronous motor (PMSM). First, the
ROVR controller is designed, which integrates the advantages of
both the complex coefficient filter and the vector resonant con-
troller. Compared with the existing resonant control methods, the
proposed ROVR can separate and extract the positive and negative
sequence harmonics, and avoid the phase delay and peak point
simultaneously. Second, a generalized extended state observer is
introduced to enhance the suppression of low-frequency distur-
bance. Then, the composite control strategy is developed. Besides,
the stability, disturbance rejection performance, parameters con-
figuration, robustness, and tracking performance of the proposed
ROVR-GADRC are comprehensively analyzed. The proposed cur-
rent controller simultaneously performs harmonics suppression of
specific phase sequence and other unknown disturbances atten-
uation. Finally, the feasibility and effectiveness of the proposed
method is verified on a PMSM platform through the experimental
results.

Index Terms—Current disturbances suppression, generalized
active disturbance rejection control (GADRC), permanent-magnet
synchronous motor (PMSM), phase sequence separable, reduced-
order vector resonant (ROVR).
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1. INTRODUCTION

ERMANENT-MAGNET synchronous motor (PMSM) is
Pextensively used in advanced servo systems that require
high performance and high precision due to high efficiency,
high energy density, and convenient maintenance [1], [2], [3].
As the inner loop of the field-oriented control (FOC) structure,
the current loop plays a decisive role in the performance of the
PMSM [4], [5]. However, the existence of current disturbances
deteriorates the dynamic and steady-state performance of the
system. Therefore, the current disturbances suppression is sig-
nificant to achieve high-precision control of the PMSM [6].

Generally, the current disturbances that affect the
high-performance PMSM can be classified into two categories.
One is the known disturbance, namely cross-coupling terms,
which can be eliminated by calculation and compensation.
The other is the unknown disturbance, which includes current
harmonics, parameters uncertainty, and reference current step
change [7], [8]. It is remarkable that the current harmonics are
dominated by the low-order harmonic components that contain
the —2nd harmonic introduced by the asymmetric phases [9],
[10], and the +-6th harmonics caused by the inverter nonlinearity
and flux harmonics in the dg-axes [11], [12]. Besides, there are
few literatures on dealing with the negative sequence harmonics
induced by asymmetric phases.

In order to attenuate the unknown disturbance and improve
the system performance, many advanced control strategies have
been proposed for the current loop of the PMSM [13], [14], [15].
In these schemes, active disturbance rejection control (ADRC)
receives widely attention due to its less dependent on model
information, which was proposed by Han in 1990s [16]. In order
to promote industrial implementation, a linear ADRC is put for-
ward by Gao [17]. As the core part of ADRC, the extended state
observer (ESO) regards parameter uncertainties and external
disturbance as a total disturbance and can estimate it in real
time, which can be compensated by the feedback control law.

However, the estimation error of the traditional ESO for
fast-varying sinusoidal disturbance cannot converge asymptot-
ically [18]. In order to improve the capability of ADRC to
suppress periodic current harmonics, there are generally three
methods that are increasing observer gain, transforming the
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ADRC structure and introducing an auxiliary component. How-
ever, a high observer gain will amplify sensor noise while
reducing harmonics estimation error [19]. The second approach
concentrates on changing the ESO and control law structure
to suppress harmonics. To track sinusoidal disturbances, the
performance of a generalized ESO (GESO) is analyzed in [20]. It
is shown that the capability of a GESO to estimate sinusoidal dis-
turbance is enhanced compared to the traditional ESO. In[21], an
adaptive switching GESO is proposed to improve the estimation
accuracy and reduce speed ripple. The GESO offers a better
estimation effect on low-frequency sinusoidal disturbances, so
it is introduced to deal with low-frequency disturbances in this
article. However, the GESO has limited effect on suppressing
fast-varying harmonics. Thus, it is very necessary to introduce
an additional auxiliary component in the ADRC-based scheme.

Consequently, many components combined with ADRC have
been proposed to suppress harmonic disturbance, such as itera-
tive learning [22], multiple synchronous rotating frame transfor-
mations (MSRFTs) [23] and repetitive controller [24]. In [23],
Liu et al. adopt MSRFTs to obtain the primary signals and use
closed-loop detection to extract harmonics. In [25], a repetitive
control-based ADRC is designed in the discrete-time domain to
suppress the sudden and periodic disturbances. Among them,
only the MSRFTs can distinguish the positive and negative se-
quence harmonics. However, the MSRFTs strategy needs twice
coordinate transformations and it is difficult for a low-pass filter
to completely eliminate the ac component corresponding to the
fundamental current. Therefore, new alternative methods need
to be found to extract positive and negative sequence harmonics.

Recently, a resonant controller, also known as generalized
integrator, has received extensive attention for periodic dis-
turbances suppression [18], [26], [27]. Xia et al. [28] em-
ploy a proportional-integral-resonant control method to achieve
smooth speed control and utilize switching resonant mode to
avoid transient instability. According to the number of inte-
grators, resonant controllers can be divided into two types:
second-order and first-order resonant controllers. Traditional
resonant (TR) [18], quasi-resonant (QR) [29] and vector reso-
nant (VR) [30] are all second-order resonant controllers. The TR
has poor robustness to the controlled signal frequency offset, QR
supplements the resonant bandwidth, and VR introduces model
information to eliminate the pole of the controlled object. In
[27], high-performance resonant controllers with two integrators
are implemented, which achieves phase-shift compensation by
calculating the target lead angle. However, the second-order
resonant controller cannot distinguish between positive and
negative sequence harmonics. In addition, there are relatively
few research literatures on first-order resonant controller. Li
et al. [26] introduce a complex vector proportional integral (PI)
(CVPI), which is derived from the reduced order of the TR
controller. Wu et al. [31] achieve dead-time compensation for
PMSM using complex coefficient filter (CCF). Although the
CVPI and CCF can distinguish positive and negative sequence
harmonics, they have phase delay and peak point.

Therefore, this article proposes a generalized ADRC
(GADRC) with a reduced-order vector resonant controller
(ROVR-GADRC) to attenuate the known and unknown
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disturbances in the current loop. The proposed ROVR controller
integrates the advantages of VR and CCF, which is able to extract
phase sequence separated harmonics without phase delay and
peak point. The ROVR controller is embedded into the gener-
alized control law and paralleled with the GESO. Meanwhile,
the GESO is introduced to suppress low-frequency disturbance
and further restrain harmonics. In addition, the performance of
the investigated ROVR-GADRC is analyzed in the frequency
domain through a two-degree-of-freedom equivalent structure.
The main contributions of this article are the following points.

1) A novel ROVR controller is proposed to separate and
extract the positive and negative sequence harmonics,
which avoids phase delay and peak point.

2) The proposed ROVR controller is embedded into the
generalized control law, which can be tuned independently
from the GESO and the control law.

3) The proposed ROVR-GADRC can suppress the harmonics
of a specific order and phase sequence, and can eliminate
other unknown disturbances simultaneously.

The rest of this article is organized as follows. Section II
introduces the PMSM dynamic model and analyzes the har-
monic components. Section III proposes the ROVR-GADRC for
the current loop, and the performance of the ROVR controller
and GESO is analyzed. In Section IV, the performances of the
proposed method are analyzed. The experiments are carried out
to verify the proposed scheme in Section V. Finally, Section VI
concludes this article.

II. DYNAMIC MODEL DESCRIPTION AND CURRENT
HARMONICS ANALYSIS OF A PMSM

A. Modeling of PMSM Mathematical Dynamics

It is well known that under the condition that the PMSM iron
core saturation is ignored and the eddy currents and hysteresis
losses are excluded, the mathematical equations of the stator
voltage of the PMSM in the dq synchronous rotating reference
frame are expressed as

{Udv = Ryige + % - npwqu (1)
Ugy = Rliqc + % + npwmwd

where g = ¢ + Lgiq. and 1y = Lgyig. represent the d- and
g-axes stator flux linkage, respectively; i4. and w4, denote the
stator current and voltage of the d-axis, respectively; i4. and 1,
denote the stator current and voltage of the g-axis, respectively;
and Lg and L, are the d- and g-axes inductances of the stator
windings, respectively. I2; is the stator one-phase resistance; n,,
represents the motor pole pairs; w,, is the mechanical angular
speed; and v ¢ is the rotor flux linkage. The magnetic circuits of
the dg-axes are symmetrical for surface-mounted PMSM, and
therefore, Ly = L, = L.

Considering the known disturbance and unknown distur-
bance, and to facilitate the design of the subsequent controllers,
(1) can be reconstructed as

dige
dt

dige
dt

= bougy + fax + fa

2
:bquU+qu+fq ( )
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where by = 1/ Lo is the nominal gain of the input current; and
far and fq. denote the known coupling interferences of d- and
g-axes, respectively. Furthermore, f4 and f, are the d- and g-axes
the unknown total interferences, respectively, which contain the
internal disturbance f;(,); caused by parameters perturbation
and the external disturbance f(,). including harmonics and step
change of reference current, i.e., fqg = fa; + fae and fq = fgi +
fqe. Then, they can be expressed as

fdk = _%Z’dc + npwmiqc 3)

qu: = _%iqc - npwmidc - nf%;n?ﬁfo

fdi = (_ALS Z;(ZC — ARyige + npwmALsiqc)/LsO

fai = (FALZ2 — ARyige — npwm ALgige 4)
- _npwmA’L/)f)/LSO

where AL, = Ly — Ly, ARy = R1 — Ryo,and Ay = 9y —
Y yo. Lso, R10, and 1) ¢ are the corresponding nominal values.

B. Current Harmonics Analysis Considering Asymmetric
Phases

In the actual operation of a PMSM, the three-phase current is
not ideal sine wave, and there will be current harmonics, which
will lead to torque and speed fluctuations. Current harmonics
include time harmonics and space harmonics, where time har-
monics are mainly caused by inverter nonlinearity, while space
magnetic field harmonics are related to rotor position such as flux
harmonics. However, for the harmonics suppression, there are
few literatures that consider asymmetric phases, which is caused
by the imbalance of winding parameters between inductance and
resistance [10].

The flux harmonics and the voltage harmonics caused by
inverter nonlinearity are often modeled and can be found in [25].
According to [9], [10], and [34], the voltage and flux equations
of the dg-axes considering asymmetric phases can be expressed
as

(&)

dYag _ y —J2wet -k
{ g = Udq — Rpligq — e 77" Ry,

Q/qu = Lpidq + Lsizq + e*jchthizq + ,wf

where w4q,%44, and 1p4, are the complex vectors of voltage,
current, and flux linkage in the dg-axes; the superscript * de-
notes the conjugate of the complex vector; R, and R,, are the
asymmetric resistance of the positive and negative sequence,
respectively; and L, and L,, are the asymmetric inductance of
the positive and negative sequence, respectively.

In this article, the fifth and seventh harmonics are mainly
considered, which are, respectively, shown as the sixth nega-
tive and positive sequence fluctuations in the dg-axes, and the
higher harmonics are ignored for that the amplitudes of har-
monics decrease with the increase of the harmonic orders [28].
According to (5), the asymmetric phases introduce the —2nd
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order harmonic in the dg-axes. Thus, the dg-axes current con-
sidering the aforementioned harmonics can be expressed as

ide = tdo + 11 co8(—2wet + 0;1) + i5 cos(—6wet + 0;5)
+ir cos(bwet + 0;7)

iqc = iqo + 11 sin(—2wet + 91‘1) + 15 sin(—6wet + 9z5)
+i7 SiIl(Gwet + 917)

(6)
where 749 and 74 are the dc components of the dg-axes, respec-
tively; 41, 5, and i7 are the first, fifth, and seventh harmonic
current amplitudes, respectively; and 6;1, 6;5, and 0,7 are the
initial phases of the first, fifth, and seventh harmonic currents,
respectively. Moreover, w, = n,w,, denotes rotor electrical an-
gular speed.

As shown in (6), the current is mainly affected by the —2nd har-
monic and £6th harmonics. Therefore, the proposed algorithm
mainly attenuates the —2nd harmonic and the £6th harmonics
of the current in the dqg-axes.

III. PROPOSED ROVR-GADRC CONTROLLER

In order to suppress the current harmonics and enhance the
disturbance rejection capability, this section proposes a ROVR-
GADRC controller in the current loop. First, the ROVR con-
troller is proposed and its superiority is analyzed comparatively.
Then, a GESO is introduced and analyzed. In the end, the
composite control structure is proposed.

A. Design of the ROVR Controller

The VR controller introduces plant information and is an
advanced second-order resonant controller [30]. It can be ex-
pressed as

2
kprs® + Kirs
$% + wes + wi

Gvr(s) = @)
where k;,; and k;; represent the proportional and resonant coeffi-
cients, respectively; w, is the damping frequency; and wy, is the
resonant frequency.

The CCF controller [31] is a representative of the first-order
resonant controller, which can be expressed as

krwe
G = 8
ccr(s) 5= Jun T, ®)
where k, is the resonant gain and j is an imaginary unit.
According to (7) and (8), a novel ROVR controller is proposed
by adopting the reduced-order form of CCF and introducing the
plat information of VR, which is designed as

kir + jwhkpr - chp'r

G =k, - 9
ROVR(S) pr + 5 — joon + o 9)
where k,,,. and k;, are set as
kp'r = kyweLso
{kir = krch10~ (10)

Substituting (10) into (9), the proposed ROVR controller can
be expressed as
_ krwc(LsOS + RIO)

Grovr(s) = s — jwp +we
C

Y
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Fig. 1. Bode plot of the ROVR controller for varying parameters. (a) w. =
0.05wp,, kr = [10, 50, 100]. (b) k = 50, we = [0.01wp,, 0.05wp,, 0.10wp,].

To realize the imaginary unit j, we make full use of the
orthogonality of the dg-axes, i.e., uq, = jug, and ug, = —jug,.
Leteg. = zifcf —igc and eqc = i{fcf — i4c be the current deviation
inputs, where % and i=f denote reference current in the d- and
g-axes, respectively. According to (9), the ROVR controller can

be derived as

kprstkir
narle) = el iRt ) g,
uqr(s) = p;‘—‘,-(,uClT €qc(5) + s:}_zc Ud7-(5)

where w4, and ug, are the output voltages of the ROVR con-
troller in the d- and g-axes, respectively. Thus, the complex
coefficients are eliminated in (12) for the implementation of the
proposed ROVR controller. In this article, the symbol followed
by the letter s denotes the frequency-domain signal, otherwise
it is the time-domain signal, e.g., ug,-(s) and g,

In order to illustrate the effect of parameters changes for the
performance of the ROVR controller, its bode plot is drawn in
Fig. 1 based on (11), where Lyy = 0.0065H and R;o = 0.675).
Fig. 1(a) shows that a larger &, will result in a better harmonics
rejection. Moreover, it can be found from Fig. 1(b) that a larger
w,. will increase the bandwidth at the resonant point and improve
the robustness to the resonant frequency offset. However, an
excessive k, or w, will reduce the dynamic performance and
even make the system unstable. Therefore, it is considerable
to select appropriate parameters to achieve excellent dynamic
performance and harmonics suppression.

The proposed ROVR controller integrates the advantages of
VR and CCF controllers, which are listed as follows.

1) The proposed ROVR controller enables the separation and
extraction of positive and negative sequence harmonics. The
magnitude frequency characteristic curves of VR and ROVR
are shown in Fig. 2. It can be seen that the magnitude frequency
characteristic of the VR controller has high gain at the resonant
frequency +100 rad/s and is symmetrical to O rad/s. Therefore,
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Fig. 4. Bode plot of G (s) for two controllers with different k, values.

the VR controller cannot distinguish between the positive and
negative sequence harmonic. In contrast, the ROVR controller
has high gain at a specific frequency and small gain at the
opposite frequency. Thus, the ROVR controller is more conve-
nient and simpler than the VR controller in extracting the —2nd
harmonic caused by the asymmetric phases.

2) The proposed ROVR controller achieves zero-pole can-
cellation by introducing system model information, thereby
avoiding peak point and phase delay. The current closed-loop
structure diagram of the PMSM is shown in Fig. 3. Then, the
current closed-loop transfer function G (s) with the ROVR
controller can be derived as

_ Grovr(s)Gp(s)
Gal(s) = 1+ Grovr(s)Gp(s)

krwe
s — jwn + (kr + 1w,
(13)
where Gp(s) = 1/(Lsos + Rio) is the simplified current plant
of the PMSM.

Fig. 4 shows that the closed-loop bode plots of different &,
values for the ROVR and CCF controller with w,. = 1rad/s based
on (13). It shows that the ROVR controller can achieve unity-
gain and zero-degree phase responses with varying k,.. However,
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Fig. 5. Structure diagram of VR and ROVR controller. (a) VR controller.
(b) ROVR controller.

when k. is set as 10, 20, and 30, the amplitudes of the CCF have
peak points near the resonant frequency, and the corresponding
phases are —9.5°, —4.9°, and —3.4°, respectively. Thus, the
CCF suffers from phase delay and peak point, which means that
the output signal cannot track the input signal well. Although
increasing k,. can reduce the phase lag of the CCF, the peak point
will be larger and farther away from the resonant frequency. The
peak point can amplify the noise near the resonant frequency and
even make the system unstable. Therefore, the proposed ROVR
can achieve pole-zero cancellation and eliminate peak point and
phase delay.

3) The proposed ROVR controller requires relatively less
computation. Fig. 5 shows the block diagram of the VR and
ROVR controller. It can be seen that two integrators are required
to implement the VR controller, while only one integrator is
required to implement the ROVR controller. Therefore, the
proposed ROVR method has more obvious advantages.

B. Design of the GESO

In order to attenuate the unknown aperiodic disturbance and
further suppress the periodic harmonics, a GESO is introduced
in this section. Taking the g-axis design as an example, the d-axis
design method can be obtained in the same way. Extending the
original model with n additional states, (2) can be rewritten as

& = Az + Bug, + Ef\") + F fy, (14)
where
- T
. ; n—1
T = _ch fq fq tg ) (n41)x1
(0 1 0 0
0 01 0
A=t
000 - 1
o oo -0 (n+1)x(n+1)
T
B = [bo 00 -0 ](n—i—l)xl
T
E= [0 0 0 1 ](n—i—l)xl
F=[100 -- 0]<n+1>x1'
Then, the GESO is designed as
€q1 =21 — 21
2=Az+ Bug, + Ffqy — Leg (15)

y=Cxz
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T

where z = {zl Zg - zn+1} represents the estimated vec-
n+1

T
tor of , L = [ﬁl Bo - ﬂnﬂ} is the gain vector of the
n+1

GESO, and C = [100 o] .
n+

1
e, = z — x is defined to denote the observation error of the
GESO. According to (14) and (15), it can be deduced as

é,=(A—LC)e, — Ef{". (16)

According to the general observer bandwidth tuning strategy
[17], the observer gains are selected as

(!,

G e an

where m =1,2,--- ;n+ 1, and wqy represents the observer
bandwidth. According to (17), the eigenvalues of (A — LC)
are all negative real numbers and are all configured to —wy, in
other words, (A — LC) is Hurwitz. Meanwhile, if fé") =0,
the e, is asymptotically stable; if fén) # 0 and it is bounded,
the e, is bounded-input bounded-output (BIBO) stable.

In order to further illustrate the performance of the GESO,
the transfer function from z; to f is derived as

Sn+1 +615n
(54 wo)"

=55

Then, the transfer function between e = f; — 22 and f; is
shown as

(18)

_eqa(s) st 4 Bs™
Ge(5> = fq(s) - (S+w0)n+1.

The bode plots of Gf(s) and G.(s) are shown in Fig. 6 at
different orders when wy is fixed. It shows that with the order
increases, the low-frequency disturbance rejection performance
is enhanced, but the sensor noise is amplified in the high fre-
quency. Therefore, this article selects the second-order GESO
to balance the influence of disturbance and noise.

(19)

C. Design of the ROVR-GADRC

According to the analysis in Section III-B, the second-order
GESO is concretely redesigned by (15) as

€qgl = 21 — T1

21 = 22 + bouge + for — Breq
Zo = 23 — Paeq1

Z3 = —f3eq1.

(20)
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Based on (17), the observer gain can be concretely set as
Br = 3wo, B2 = 3wg, B3 = wj. (21

In the proposed method, the ROVR controller is embedded
into the generalized control law of GADRC to suppress the —2nd
and +6th current harmonics. Thus, the ROVR controller can be
rewritten as

kprQs + ki7'2 kp7'68 + kirﬁ

el =
rov(s) §—jJw2+twWe §— Jjw_g+t W
kaGS + kirﬁ (22)
5 — jwe + Wep
where w_o = —2w,, w_g = —6w,, and wg = 6w,.

Then, the generalized control law of the proposed ROVR-
GADRC can be given as

-
_ug — fak +ig. — 22+ bougr
Ugy = b
0

where g = kypq(ifs — igc), and kyq is regarded as the control
gain of the g-axis. ug, is the expression of Gioyr(8)eqe(s) in
the time domain.

From (23), it can be found that the disturbance compensation
of the generalized control law includes four parts. First, fq is
used to compensate the known coupled disturbance. Second,
if;cf is employed to compensate the disturbance of the refer-
ence current step change. Third, 25 is the disturbance observed
by the second-order GESO, which can realize low-frequency
disturbance compensation. Moreover, by, is utilized to com-
pensate harmonics. Thus, i’ﬁf(f , 22 and boug,, are considered
as components of the total disturbance in the ¢-axis, i.e.,
form szcf — 22 + botigy.

Therefore, substituting (23) into (2), the g-axis system can be

viewed as a single integrator, which is expressed as

(23)

dige
dt

= Up — qu + i;if — 22+ bouqr + qu + fq ~ Ug-
(24)
Then, the control structure block diagram of the PMSM based
on FOC with the proposed ROVR-GADRC is shown in Fig. 7. It

Speed detection Encoder

PMSM

Structure diagram of the FOC-based PMSM with the proposed ROVR-GADRC.

shows that the speed loop adopts the PI controller, which gener-
ates the g-axis reference current. The proposed ROVR-GADRC
controllers are applied in the current loop, which generates the
stator voltages. The investigated method contains the general-
ized control law and the GESO, which implement in parallel.
Besides, the frequency adaptive mechanism is introduced into
the ROVR controller to adaptively adjust the resonant frequency
in real time according to the rotational speed, which avoids the
adverse effect of the fixed resonant frequency on the system
performance during the speed dynamic process. Hence, the
proposed controller can not only suppress the harmonics of
a specific order and phase sequence but also attenuate other
disturbances and uncertainties.

IV. PERFORMANCE ANALYSIS OF THE ROVR-GADRC

The stability of the GESO is analyzed in Section III-B and
it indicates that the second-order GESO is BIBO stable under
the harmonic disturbance. Therefore, this section introduces
the stability analysis of the entire closed-loop control system
based on the ROVR-GADRC. Besides, the disturbance rejection
capability of the ROVR-GADRC is also analyzed comparatively.

A. Stability Analysis of the Current Closed-Loop System

According to (20) and (22), the ROVR-GADRC is equivalent
to a two-degree-of-freedom structure [32]. Similarly, taking the
g-axis as an example, the control law in the frequency domain
can be rededuced as

~ M5)[Q(8) + 8] e
Ugy(8) = W@q(f(s)
A(s)Q(s) + Bos?® + Bss .

1
a bo(s® + B152) ige(s) — %qu(s) (25)

where  A(s) =83+ 18+ Bas + B3 and  Q(s) = kp, +
boGrovr(s). Thus, the equivalent structure of the proposed
ROVR-GADRC is shown in Fig. 8.
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Fig. 8. Equivalent structure block diagram of the ROVR-GADRC.
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InFig. 8, F'(s) represents the reference current filter and C'(s)
is the equivalent controller, which can be expressed as

_ Me)lQ(s) + 5]
F) = 35000) + Bas? + s (20)

bo(s3 4 p152)

Then, the open-loop transfer function of the current loop based
on the equivalent model of the ROVR-GADRC is given as
1 A(s)Q(s 52 s
Ga(5) = C(s)bo. = ( )Q(SB Igfss + Pas
From (28), the influence of the adjustable parameters w,., k..,
wo, and k,, on the stability of the closed-loop system can be
analyzed. The Nyquist diagram of the current loop based on the
equivalent model of ROVR-GADRC is shown in Fig. 9. The
number of open-loop poles in the right half s-plane is zero, and
the number of counterclockwise and clockwise circles around
the critical point (—1,0) is equal, so the current closed-loop sys-
tem based on the ROVR-GADRC is stable. It can be noticed that
the changes of the tunable parameters cannot affect the number
of turns surrounding the crucial point (—1,0). Thus, the tunable
parameters are weak for the stability of the closed-loop system.

(28)
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In addition, w, and k, are related to the harmonics suppression
characteristic, while wy and k,, have a positive correlation
with the rejection performance of the unknown low-frequency
disturbance.

B. Antidisturbance Performance of the ROVR-GADRC

To analyze the disturbance rejection capability of the ROVR-
GADRC, from Fig. 8 assuming that the current input é{ (s) is 0,
the transfer function between the current output 7,.(s) and the

unknown total disturbance f,(s) is derived as

dge(s) 1/s
Gals) = F.(5) 1+ C(s)bo/s
s3 + Brs*

S0 T T R T R G

The Bode plots of the disturbance transfer functions for
the GADRC, CCF-, VR-, and ROVR-GADRC with the same
parameters are drawn in Fig. 10. The parameters of the four
different controllers are all set to k,. = 50, w. = 10, k,, = 50,
and wy = 200. It is found that the high-frequency characteristics
of the four controllers are identical, and the low-frequency
characteristics have little difference.

In addition, the schemes based on resonant controllers have
a considerable amplitude attenuation at the resonant frequency,
which indicates that they can suppress harmonics to some extent.
The amplitudes of CCF-, VR-, and ROVR-GADRC at the res-
onant frequency are —73.9, —88.1, and —88.1 dB, respectively,
which indicates that the latter two have significant harmonics
suppression capability. It can also be seen that the CCF-GADRC
has a peak point near the resonant frequency, which will am-
plify the surrounding noise and affect the system performance.
Therefore, the proposed ROVR-GADRC has superiority for the
PMSM current disturbances suppression.

C. Parameters Configuration

The designed ROVR-GADRC method needs to adjust several
parameters, kpq(d) , wo, kro, kre, wea, and w.g, which affect
the stability, robustness, disturbance rejection, and noise sup-
pression performance of the entire system. In order to facilitate
engineering application, a simple parameters tuning method is
derived according to the steady-state error.

According to Fig. 8, the transfer function from the unknown
disturbance to the error can be deduced as

7 52+ Pis
5%+ 182 + A(5)Q(s) + Pa2s? + B3s

Gye(s) = (30)

According to [4], a disturbance rejection performance mea-
sure is introduced, called integrated error (IE), which originates
from the effect of step disturbance A f,; at ¢t = 0. Its calculation
is expressed as

IE = / edt = L{e}s—0 = — lim Gfe(s)% (31)
0 s—0 S
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where L is the Laplace transform. Substituting (30) into (31),
we can get

IE = lim i

. 32
50 B3 + kpg + boGroyr (S) G2

According to the analysis of Section III-A and [28], the reso-
nant bandwidth w,. is generally set from 0.1% to 10% wy,. In this
article, let w.g = 2w and k.¢ = 2k, couple the relationship
of the —2nd and £6th harmonic suppression parameters. Then,
substitute (21) and (22) into (32), IE can be expressed as

3w0

I[E=—————
Wi + kpg + kol

(33)

where I' can be regarded as a constant with a certain range, and
its expression is as follows:

I = bowe2Rio (o344 T3 +40Tg)

T
'y = —‘]:w,g —+ Weo 34)
Ty = —jw_e + wes
I's = —jwe + wes-

From (31), it is shown that the smaller IE means the stronger
disturbance rejection ability. To get a smaller IE value, k,, and
ko are recommended to set as wg and %wo, respectively, in this
article. Then, (33) can be further simplified as

6

E=———. 35
2wl +2+T (35)

Therefore, IE can be reduced by simply increasing wg. How-
ever, limited by the current loop bandwidth and noise, wq cannot
be increased excessively. In practical engineering, the value of
kpq(ay and k. can be set by selecting wy close to the current loop
bandwidth.
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D. Parameters Robustness Analysis

The inductance L, and resistance R; are affected by temper-
ature changes and aging to produce mismatches from nominal
parameters. However, the proposed ROVR-GADRC strategy
requires system model information, i.e., Ly, R19, and by =
1/ Lso. Therefore, it is significant to analyze the robustness of
the ROVR-GADRC to parameters mismatch.

From Fig. 8, the current closed-loop transfer function can be
derived as

i) __ FCE
Ga(s) = if(s)  Lgs+ Ry +C(s)

(36)

Let hy = Ly/Lyo and h,. = Ry /Ry, and substitute s = jwy,
into the (36), then (37) shown at the bottom of the this page can
be obtained.

According to (37), Fig. 11 plots the magnitude and phase at the
resonant frequency of the current closed-loop transfer function
based on the proposed ROVR-GADRC controller in the presence
of mismatch of inductance and resistance. From Fig. 11, it can
be seen that the inductance and resistance values vary from 0.7
to 1.3 the nominal values, respectively. The amplitude at the res-
onant frequency varies from —0.2 to 0.1 dB, which is very close
to 0 dB. Meanwhile, the phase varies from —0.2° to 0°, which is
also very close to 0°. It can be found that the current closed-loop
transfer function maintains unity-gain and zero-phase responses
when the model parameters are mismatched. Therefore, the
proposed ROVR-GADRC strategy exhibits excellent robustness
to parameters variations.

E. Current Reference Command Tracking Performance

In order to illustrate the current reference command tracking
performance of different methods, according to (36), the bode
plots of the current closed-loop transfer functions for the four
different controllers with the same parameters as Section [V-B
are drawn in Fig. 12. It can be seen that all four methods can
achieve unity gain in the low frequency. When the frequency
of the reference command exceeds 200 rad/s of the observer
bandwidth, the tracking fluctuations of VR- and ROVR-GADRC
are the smallest, and the tracking fluctuation of the GADRC is
the largest. The smaller the tracking fluctuation, the better the

Ga(jwn) =

A(jwn) [Q(jwn) + jwn]

A(jwn)Q(jwn) + bohy Lsowit — bo(hrRio + BrhuLso)jwi — (boBiRio + B2)wi + Bsjwn

(37
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TABLE I
PARAMETERS OF THE PMSM

Symbol Quantity Value Unit
np Number of pole pairs 3 ——
R1 Stator one-phase resistance 0.675 Q
L dg-axes inductance 0.0065 H
Py Rotor flux linkage 0.29 Wb
Pn Rated power 5.5 kW
In Rated current 5 A
wN Rated speed 600 r/min
Uge DC-bus rated voltage 100 A%

tracking performance. When the frequency is 600 rad/s, VR-
and ROVR-GADRC can achieve unity gain and zero-degree
phase responses, which means that the vector resonant controller
can not only effectively track the disturbance, but also track
the current reference command of the corresponding frequency.
Therefore, the proposed ROVR-GADRC has relatively superior
current reference command tracking performance.

V. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed ROVR-
GADRC strategy, the comparative experiments are performed
ona5.5-kW PMSM hardware platform, as shown in Fig. 13. The
main nominal parameters of the PMSM are listed in Table I. In
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the experimental setup, the control algorithm is implemented on
aDSP-TMS320F28335. A FPGA-EP3C40F324 is employed for
analog-to-digital conversion, reading encoder and space vector
pulsewidth modulation generation. Besides, the speed loop sam-
pling frequency is 1 kHz and the current loop sampling period
100 ps. The dead time of pulsewidth modulation is selected as
3 us to balance the effect of inverter nonlinearity and asymmetric
phases.

The GADRC, CCF-, VR-GADRC, and the proposed control
strategy are implemented separately for the current loop of the
PMSM to verify the previous analysis. As a matter of fairness,
the parameters of ESO and GESO are set to be the same,
the control gain k,, = kpq = 100 and the observer bandwidth
wo = 100, i.e., 81 = 200, B2 = 1002, and 33 = 1003. The pa-
rameters of the all resonant controllers are selected as k,o =
50, kro = 100, wee = 1, and weg = 2. According to [25], [28],
and [29], the current harmonics of the PMSM are more pro-
nounced at the low speed than at the high speed. Hence, the
reference speed w™ is determined as 50 r/min in the following
experiments.

A. Dynamic- and Steady-State Performance Experiment

In order to comprehensively evaluate the dynamic- and
steady-state performance of four different controllers, Figs. 14
and 15 show the comparative experimental results with 3-N-m
load and 6-N-m (rated load), respectively. It can be seen from
Fig. 14(a) that the steady-state current fluctuations of d- and
q-axes with the GADRC are 0.782 and 0.413 A, respectively.
Besides, the A-phase current has obvious distortion, and its
total harmonic distortion (THD) is 8.63%, and the second and
sixth harmonics are the most prominent from the g-axis current
fast Fourier transform (FFT) result, which verifies the analysis
in Section II-B. Fig. 14(b) shows that the steady-state current
fluctuations of dg-axes and the THD of A-phase current are
significantly reduced by applying CCF-GADRC, but the ampli-
tudes of specific order harmonics are not completely suppressed
according to FFT analysis. With VR-GADRGC, it can be found
from Fig. 14(c) that dg-axes steady-state current fluctuations are
also significantly reduced to 0.235 and 0.246 A, respectively.
The THD of the A-phase current is reduced to 1.93%, but
the second harmonic is still relatively prominent, because the
VR-GADRC cannot distinguish between positive and negative
sequence harmonics. Using the proposed ROVR-GADRGC, it is
found from Fig. 14(d) that the performance of the dg-axes current
is further improved. Meanwhile, the THD of the A-phase current
is decreased to the minimum value of 1.74%, and the second and
sixth harmonic amplitudes also drop to the minimum among the
four methods. In addition, the g-axis dynamic response time of
the four methods is almost similar, but the methods based on the
vector resonant are relatively faster.

The experimental results with rated load in Fig. 15 are con-
sistent with that of the 3-N-m load in Fig. 14. The proposed
algorithm is superior to CCF-GADRC in that the former has
better capability to suppress the specific order harmonics, which
is consistent with the analysis in Section IV-B. Compared
with VR-GADRC, the proposed method can well suppress the
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Experimental results of dg-axes current, A-phase current, output of the ROVR, and FFT analysis of the phase current for the proposed ROVR-GADRC

with rated load under different resonant frequencies. (a) wp = +6we. (b) wp =—6we. (¢) wp = £6we. (d) wp =F6we, —2we.

—2nd harmonic caused by asymmetric phases, while VR-
GADRC possibly causes fluctuation of the same order and op-
posite phase sequence. Therefore, the proposed ROVR-GADRC
integrates the advantages of CCF- and VR-GADRC, and has
better dynamic and steady-state performance.

B. Phase Sequence Separability Experiment

In order to verify that the proposed algorithm has the pos-
itive and negative sequence separable property, the resonant
frequency wy, is, respectively, selected as +6w,, —6w,, +6we,
and +6w,, —2w,. Fig. 16 illustrates the dg-axes steady-state
current, A-phase current, output of the ROVR, and FFT analysis
of phase current for the proposed ROVR-GADRC with the rated
load under different resonant frequencies.

According to Fig. 15, the THD of GADRC under the rated
load is 8.71%. It can be seen from Fig. 16(a) that when
wp, = +6w,, the THD of the phase current drops to 6.72%,
and the ROVR controller can extract and compensate the +6th
harmonic, so the seventh harmonic of the phase current is
basically be eliminated. When wy, = —6w,, the THD is 5.30%
in Fig. 16(b), and the —6th harmonic extracted by the ROVR
controller is used to compensate the fifth harmonic of the
phase current. When wj;, = +6w, in Fig. 16(c), the d- and
g-axes current fluctuations are obviously reduced to 0.427 and
0.411 A, respectively, and the THD is also declined to 2.36%.
Besides, the output of the ROVR is a compensation of the

46 harmonics to suppress the fifth and seventh harmonics
of the phase current caused by inverter nonlinearity and flux
harmonics. When wj;, = £6w,, —2w, in Fig. 16(d), the first
harmonic of the phase current caused by the asymmetric phases
is also suppressed, and the current waveform is further improved.
Therefore, the proposed ROVR-GADRC can well achieve the
positive and negative sequence harmonics separation, extraction,
and suppression.

C. Robustness Study of Parameters Variation

To verify the robustness of the proposed ROVR-GADRC
algorithm, Fig. 17(a)—(c) shows the dg-axes steady-state cur-
rent and A-phase current of inductance variations, resistance
variations, and flux variations, respectively. From (3), (9), and
(20), the proposed algorithm involves the effects of induc-
tance, resistance, and flux linkage parameters, which are set
as the verification parameters for the robust performance. In
the experiment, the nominal parameters of the PMSM are used
first, and then, 1.4 and 0.6 times of the nominal parameters
are employed, respectively. It can be found from Fig. 17 that
the fluctuations of the dg-axes current under the parameters
mismatch are essentially consistent with the fluctuations under
the nominal parameters, whether it is the inductance, resistance,
or flux linkage variations. Besides, the changes of the A-phase
current THD are also small and there is no significant distortion
of the waveforms. The robustness experiments are consistent
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Fig. 17. Experimental results of dg-axes current and A-phase current for the proposed ROVR-GADRC with 3-N-m load under parameters variations.

(a) Inductance variations. (b) Resistance variations. (c) Flux linkage variations.
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with the analysis in Section IV-D. Therefore, the investigated
ROVR-GADRC strategy is robust to parameters variations.

D. Tracking Study for Step and Sinusoidal References

To illustrate the superior tracking performance of the investi-
gated ROVR-GADRGC, Figs. 18 and 19 show the g-axis current
responses of four different algorithms to step and sinusoidal
signals under rated load, respectively. From Fig. 18, it can
be obtained that the step response time of GADRC, CCF-,
VR-, and ROVR-GADRC to the rated current is 66, 51, 47,
and 48 ms, respectively. Although the resonant controller-based

schemes have relatively fast step response, they suffer from
overshoot, which is accordant with the study of [33]. However,
the VR- and ROVR-GADRC introduce the model information
and reduce the order, which significantly decrease the overshoot
amplitude compared with the CCF-GADRC. Furthermore, from
Fig. 19, it is evident that the VR- and ROVR-GADRC have
the better ability to track the sinusoidal reference among the
four algorithms, followed by CCF-GADRC and the worst of
GADRC. Therefore, the investigated ROVR-GADRC inherits
the excellent tracking performance of the VR-GADRC to the
reference current command, which is consistent with the analysis
of Section IV-E.
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Fig. 20.  Experimental results of speed dynamic performance with the refer-
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Fig. 21.  Experimental results of speed step from low speed to rated speed
under rated load.

E. Speed Dynamic Performance Experiment

The proposed ROVR-GADRC adopts a frequency adaptive
mechanism to correct the resonant frequency in real time, which
is related to the speed. Thus, the speed dynamic performance of
the investigated method is experimentally tested. Fig. 20 shows
the speed dynamic process for a speed step from 50 to 100 r/min
and a load step of 2 N-m, including g-axis current, A-phase
current, and speed, from top to bottom, respectively. Fig. 21
shows the speed step from low speed to rated speed under
rated load, including speed, g-axis current, A-phase current,
and zoom-in A-phase current, from top to bottom, respectively.
According to Figs. 20 and 21, it can be found that the g-axis
and the A-phase currents fluctuate during the speed step, but the
fluctuations disappear quickly as the speed reaches the reference.
The g-axis and A-phase currents converge to the corresponding

6419

fixed values during the load step when the speed fluctuation is
eliminated. Therefore, the speed dynamic performance of the
proposed ROVR-GADRC is verified.

VI. CONCLUSION

In this article, an innovative ROVR-GADRC strategy is inves-
tigated to achieve current disturbances rejection of the PMSM.
Compared with the existing resonant controller, the proposed
ROVR controller realizes the extraction of positive and negative
sequence harmonics separately, and eliminates the peak point
and phase delay simultaneously, which can suppress the har-
monics for smooth current. Meanwhile, a GESO is introduced
to further enhance the suppression of low-frequency disturbance.
Besides, the stability, disturbance rejection performance, param-
eters configuration, robustness, and reference command tracking
performance of the proposed algorithm are also analyzed. Fi-
nally, the performance analysis and experimental results demon-
strate that the proposed scheme synthesizes the advantages of
both CCF- and VR-GADRC, which has excellent dynamic and
steady-state performance, parameters robustness, and tracking
capability, and can better suppress negative sequence harmonics.
The proposed strategy can also be easily extended to other
electric drives.
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