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A Current- and Speed-Loop Decoupling Controller
for SPMSM Under Periodic Disturbances

Pengchong Chen”, Ying Luo
and Yangquan Chen

Abstract—The current and speed dual-loop control strategy
based on field-oriented control for surfaced permanent magnet syn-
chronous motors (SPMSMs) is widely applied in high-performance
industrial sectors. This article presents a systematic control frame-
work for the SPMSM dual-loop that includes a resonant-model-
based extended state observer and a feedback controller. The pro-
posed control framework is shown to achieve decoupling control
between servo (speed/current tracking) and regulation (aperiodic
and periodic disturbances rejection) for the dual loop, meaning
that the disturbance rejection performance can be independently
improved without changing the tracking performance. Resonant-
model-based extend state observer is proposed to estimate and
compensate for both aperiodic and periodic disturbances, and
the corresponding feedback controllers are designed for the inner
current-loop and the outer speed-loop. Then, the disturbance re-
jection systematic analysis method and parameters tuning method
are proposed. Compared with the optimal proportional-integral—
resonant control and active disturbance rejection control methods,
experimental results demonstrate that the proposed control strat-
egy achieves better speed tracking and disturbance rejection per-
formance, decoupling control performance between speed tracking
and disturbance rejection, robustness to parameter mismatch, and
better periodic disturbance rejection performance.

Index Terms—Decoupling control, dual-loop control, frequency
domain, resonant-model extended state observer (RMESQ), speed
ripple, surfaced permanent magnet synchronous motor (SPMSM).
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1. INTRODUCTION

URFACED permanent magnet synchronous motors
(SPMSMs) are widely accepted in motion control appli-
cations due to their compact structure, high power density, high
air-gap flux density, and high efficiency. Currently, SPMSMs
are extensively applied in various industrial sectors [1], [2] and
the goal of these applications is to achieve excellent dynamic
response and disturbance suppression performances. A typical
dual-loop control method, consisting of an internal current-loop
and an external speed-loop, is commonly used in SPMSM speed
servo drive systems [3]. The response performance of each loop
is influenced by various disturbances including aperiodic and
periodic disturbances, such as current measurement errors [4],
[5], cogging torque [6], [7], and flux harmonics [8], [9]. Thus, all
these disturbances/uncertainties must be taken into account in
the controller design for a dual loop to constrict negative effects.
The proportional-integral-derivative (PID) controller plays
an absolutely dominant role in industrial service due to its simple
structure and mature parameter tuning technology. However,
the well-known internal tradeoff between servo and regulation
in PID controller limits its control performance in both speed
tracking and load disturbance rejection [10], [11]. To overcome
this tradeoff, some tradeoff tuning methods based on a weighted
performance degradation index have been proposed to meet
user demands for better tracking performance or disturbance
rejection performance [12], [13]. Additionally, two-degree-of-
freedom control structures have been proposed to address the
above tradeoff. One approach is that mixes a set-point filter with
the PID controller [14]. The set-point filter aims to achieve better
servo performance and PID controller guarantees the regulation
performance. Another effective method is based on disturbance
observers, which have been practiced in various advanced en-
gineering systems. The disturbances/uncertainties can be es-
timated and compensated using the designed disturbance ob-
servers such as an equivalent-input-disturbance approach [15],
[16], uncertainty and disturbance estimator [17], disturbance
observer [18], generalized proportional-integral observer [19],
[20], and extended state observer (ESO) [21], [22], [23], [24].
Although these disturbance-observer-based controllers are ef-
fective to some extent, the goal of decoupling control between
servo and regulation has not been achieved.
In [25], a two-degree-of-freedom controller based on
fractional-order PD (FOPD) and generalized ESO (GESO) was
proposed for PMSM speed control. The speed tracking and
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Fig. 1. Block diagram of SPMSM FOC control.

load-disturbance rejection performance had been achieved de-
coupling control through feedback FOPD controller and GESO.
However, the periodic disturbances widely existing in PMSM
were not considered, especially in low-speed operation. In re-
cent years, scholars have done valuable work in dealing with
periodic disturbances in the speed loop or the current loop of
PMSM [26], [27], [28]. Tian et al. proposed adaptive resonant
controllers based on ESO for the current loop [29] and speed
loop [30] of PMSM to deal with uncertain periodic disturbances,
respectively. The adaptive resonant controller is combined with
the typical ESO in the current loop and is combined with
PI controller in the speed loop. In [31], an enhanced ADRC
with the quasi-resonant controller was proposed for the PMSM
speed-loop to deal with aperiodic and periodic disturbances. The
experimental results verified that the proposed controller can
achieve smooth speed regulation compared with the PI controller
and ADRC, but the current loop was not considered. In [32], an
improved model predictive controller was proposed to enhance
the suppression ability for periodic disturbances in the PMSM
dual-loop. In [33], speed and current PIR control strategies were
introduced for the PMSM dual-loop to minimize the periodic
torque ripples due to harmonics of rotor flux, cogging torque,
current measurement errors, and dead time of the inverter. The
experiments were carried out to show that the proposed scheme
can effectively suppress the speed ripples in a steady state. How-
ever, the resonant controller affected the open-loop frequency
characteristics of the system and cannot achieve servo/regulation
decoupling control.

Based on our previous work [25], we propose a resonant-
model-ESO (RMESO) to tackle aperiodic and periodic distur-
bances in SPMSM dual-loop systems. The proposed control
scheme combines RMESO and a feedback controller to achieve
decoupling control between servo and regulation. The main
contributions of this article are as follows.

1) A systematic control framework combining RMESO and
feedback controller is proposed for the SPMSM dual-loop.
RMESOs are designed to estimate and compensate aperi-
odic and periodic disturbances.

2) The proposed control scheme is verified to achieve de-
coupling control between servo and regulation, and a
frequency-domain analysis method and a systemic design
scheme based on the frequency-domain analysis for the
proposed controllers in the dual loop are proposed.

3) The effectiveness of the proposed control scheme for
the SPMSM dual-loop is validated through experimental
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results, compared with the proposed control methods

in [33] and [21], which are also for the SPMSM dual-loop.

The rest of this article is organized as follows. Section II
provides the background and preliminaries. The proposed con-
trollers in the dual loop are given in Section III. Section IV
presents the decoupling control verification, disturbance re-
jection analysis, and parameters tuning. Section V gives the
experimental results. Finally, Section VI concludes this article.

II. BACKGROUND AND PRELIMINARIES

Fig. 1 shows the field-oriented control (FOC) strategy for
SPMSM dual-loop control, where w,,,, is the reference speed,
wp, 1s the actual speed, e is the difference between reference
speed and actual speed, i, is the reference current in the g-axis
and 74, is the reference current in the d-axis, ug and ug are the
voltages of the g-axis and the d-axis, respectively, i, and i, are
the actual current of the g-axis and the d-axis, respectively, and
1a, 1y, and 7. are the three-phase currents.

The electromagnetic and mechanical dynamics can be de-
scribed as follows, with the hysteresis and eddy current loss,
and the saturation nonlinear factor of the magnetization curve
ignored.

A. Electromagnetic Dynamic

The current-loop dynamic model considering disturbances
can be expressed as

. 1 R. .

g = Z’U,d — ZZd +Wezq + fcl

.1 R, .1

g = Zuq — ZZq — Weld — Zwe’(/}f + fcl (1)

where i4 and i, are the d-axis and the g-axis stator currents,
uq and u, are the d-axis and g-axis stator voltages, w, is the
electrical angular velocity, ¢ is magnet flux linkage, f is the
total disturbances in the current loop, including flux harmonics,
parameters uncertainty, and dead time effects. The disturbance
analysis is provided in the Appendix. Note that the disturbances
caused by flux harmonics and dead time effects are periodic, and
the disturbance frequency is related to the motor speed.

With iq = 0 control strategy in the FOC framework, the
dynamic model of the g-axis can be presented as

. 1 R
lq = TUq ~ Tlg + fet- 2)
The transfer function form can be expressed as
1
G. = 3
° Ls+R )

B. Mechanical Dynamic

The speed-loop dynamic model considering disturbances can
be expressed as

1
jTe - fst

T, = 1.5pmpi,

Wm =

“
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Fig. 2. Block diagram of the SPMSM dual-loop control system.

Fig. 3. Block diagram of the SPMSM current-loop control system based on
the proposed current controller.

where w,, is the mechanical angular speed, J is the inertia, 7
is the electromagnetic torque, fy is the total disturbance in the
speed loop, including flux harmonics, cogging torque, mechani-
cal parameters uncertainty, and load torque, respectively, and p is
the number of pole pairs. The disturbances due to flux harmonics
and cogging torque are periodic, and the load torque is usually a
constant disturbance. All the disturbance analyses are provided
in the Appendix.

The transfer function form of mechanical dynamic can be
expressed as

_ Lopy

Gy = Te (5)

With the earlier analysis and Laplace transform, the block
diagram of the SPMSM dual-loop control system with the
proposed dual-loop controller is shown in Fig. 2

III. PROPOSED CONTROL SCHEME
A. Current-Loop Controller Design

The current-loop control plot can be shown in Fig. 3. The pro-
posed controller includes an RMESO and a feedback controller.
1) RMESO Design: The state-space form of (2) is

o 75 3 l .
[}ZJ - [0 " (1)] [}ﬂ + [6} uq + m fuo (6

To estimate the total disturbance f;, an RMESO is designed

—£ 1] [4, 1 .
4 = L N RS Ug + Leliyg — 1 7
2=l o (] + (B v et
where L. = [Bc1 Bea(1+ Ger(s)s)]T, Ber and ey are the
observer gains, and G, (s) = Ger1(8) + Gera(8) + Ges(s) « - -
Gri(s) is aresonant controller [34], which can deal with periodic

disturbances. The proposed RMESO is presented in Fig. 4. The
transfer function of the resonant controller is

SCOSP — Wy-;SINP

Cnls) = 0,

®)
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Fig. 4. Block diagram of RMESO.

Fig.5. Block diagram of the SPMSM speed-loop control system based on the
proposed speed controller.

where k,; is the resonant coefficient and w,; is the resonant
frequency, and ¢ is the phase adjustment term.

Compared with traditional ESO, the proposed RMESO
mainly includes two improvements: One is to make full use of
model information to improve the antidisturbance capability of
the observer, and the other is to include a resonance controller
that can handle periodic disturbances.

2) Control Law Design: The control law is written as

W — uc_fct
1= L

where u,. is the output of the PI controller. The transfer function
of the PI controller can be expressed as

Kci
CPI(S) = ch (1 + >

S

(C))

(10)

where K, and K; are proportional and integral gains, respec-
tively.

B. Speed-Loop Controller Design

The speed-loop control plot can be shown in Fig. 5.
1) RMESO Design: The speed control plant consists of the
current closed-loop and mechanical dynamic model. The current
closed-loop transfer function can be expressed as
1
C Ts+1

where T' = - and the derivation is given in Section IV-A.

Combiningp(S) and (11), the speed control plant can be ob-
tained as

Ge(s) (11)

Y(s) K
U(s) s(Ts+1)

where K = 1.5¢;p/J, and Y and U represent the motor speed
and the output of speed controller, respectively.

Pi(s) =

(12)
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The differential equation form of (12) can be obtained as

1 K

j= =7+ mu— fa

T T (13)

Define z = [21 22 gg]T =[y v fa]*. Assume that fy is
differentiable and let fi = h. Then, (13) can be rewritten as

2=Az+ Bu+ Eh

y=Cxz (14)
0 1 0 0 0
where A=|0 —-1/T 1|, B=|K/L|, E=|0|, C=
0 0 0 0 1
[1 0 0]

Consequently, the RMESO for the speed control plant is
designed according to (14)

Az + Bu+ Ly(y - 9)
C

z

I\3

Y s)

where Lg = [651 /8s2 ﬂs3(1 + Gsr(s)s)]T7 ﬂslvﬁs%ﬁﬁ are the

observer gains, G(s) are the resonant controller in the speed

loop, 2 = (21 22 23]T, 21 approximates y, 2o approximates 7,
and Z3 tracks f.

2) Control Law Design: The control law can be designed as

Ug — 2?3
= 16
=T (16)

where u is the output of the PD controller. The transfer function
of the PD controller is

CPD(S) = Ksp + KSdS (17)

where K, and K, are proportional and differential gains,
respectively.

IV. DECOUPLING CONTROL VERIFICATION, DISTURBANCE
REJECTION ANALYSIS, AND PARAMETERS TUNING

A. Decoupling Control Verification
1) For Inner Current-Loop: According to (7), Fi((s) can be
calculated with the Laplace transform
P (s) = Bea(1 + Ger(s)s) [(5 + %)iq - %uq]
t —_— .
¢ s2 + (% +5c1)3+502(1+Gcr(3)5)

Next, combining (9) and (18), the transfer function from .
to 74 can be expressed as

(18)

Gep(s) = éflc((z))
_ P.(s)F(s)
IF(s) + fa(l + Gals)s) (Pe(s)(s + &) — 1)

19)

where P, (s) = Lsi — is the transfer function of electromagnetic

dynamic, F'(s) = s? + (£ + Bc1)s + Baa (1 + Ger(s)s).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

A4

i r
2 C,,(s) G, (s)

Fig. 6. Equivalent block diagram of the SPMSM current-loop control system.
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Fig. 7. Equivalent block diagram of the SPMSM speed-loop control system.

Substituting P,(s) = ﬁiR into (19), yields

1

=
S+f

Gep(s) = (20)
Clearly, the equivalent transfer function from u.. to 7, through the
designed RMESO is unrelated to the resonant controller, and the
block diagram of current control system based on the proposed
the current controller can be equivalent to Fig. 6. The servo
performance is solely determined by the feedback controller.
Thus, the open-loop and closed-loop transfer functions of the
inner current-loop control system can be expressed as

G0c<3) = CPI(S)GCP<S>

B CPI(S)GCP(S)
Ge(s) = 7 + Cri(5)Gep(s)

2

(22)

2) For Outer Speed-Loop: According to (15), Zg(s) can be
calculated with the Laplace transform

$)s) ((s2+ Ls)Y(s) — EU(s
Za(s) = Ba(1+ Gy(s)s) (( E—(Z)T )Y (s) — EU(s))

(23)
where E(S) =+ (% + ﬂsl)s2 + (%BS] + /852)3 + 653(1 +
Gy(s)s).
Then, the transfer function from u, to w,, can be represented
as

_ Ps(s)E(s)
TE(s) + Ba(1 + G(s)s)(Ps(s)(s* + 75) — 7))
(24)
Substituting (12) into (24), yields
Gep(s) = S(Sl_'_%) (25)

Similarly, the equivalent transfer function from us to w,,
through the designed RMESO is nothing with the resonant
controller and the block diagram of speed control system can
be equated to Fig. 7. The servo performance is only deter-
mined by feedback controller Cpp(s). Thus, the open-loop and
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Fig.8. Equivalentdisturbance rejection block diagram of the SPMSM current-
loop control system.

i
. Cp ()

closed-loop transfer functions of the speed control system can
be expressed as

Gos(s) = CPD(S)GSP<S)
__ Cpp(s)Gep(s)
Cl®) = T G ()G ()

In summary, both the proposed control schemes in the current
loop and the speed loop can achieve servo/regulation decoupling
control.

(26)

27)

B. Disturbance Rejection Analysis

1) For Inner Current-Loop: The transfer function from total
disturbance f, to the speed tracking error e is analyzed. De-
fine ige = iq — Eq, fete = foo — fcl, the estimation errors can be
obtained

iqe _BCI - % 1 iqe 0] ;
ae | — + . 28
|:fcle:| |:_602(1 + Gcr(s)s) 0] | fere 1 Ja (28)
Then, the transfer function of total disturbance estimation
error can be expressed as

(o) = Bnle) 4G+ s
ce Fu(s) 82+ (B + %)s + Bea(1+ Gcr(s)s()zg)
From (2), the dynamic model of the g-axis can be equated to
S R . 1 fct
iqg = qu—i—L(uq—i-l/L). (30)
Combining (9) and (30), yields
. Ue — fct fcl .
Zq *Pc(s) 1/L 1/L *ch(s)(uc‘i“fcte)- (31)

According to (29) and (31), the equivalent current control
block diagram can be represented as shown in Fig. 8. Therefore,
the sensitivity transfer function of total disturbance f to i,
tracking error can be calculated

Eiq(s) _ Gee(5)Gep(s)
Fu(s) 14 Cpi(s)Gep(s)

2) For Outer Speed-Loop: Define z1 — 21 = €,1, 20 — 29 =
e.2, and z3 — Z3 = e,3. Subtracting (15) from (14), the estima-
tion errors can be obtained

Eo(s) = (32)

é,zl _651 1 0 €21 0
€| = _ﬂSZ —1/T 1 eo| + |0f h
€23 —Bs(1+ G (s)s) 0 0| |es 1
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Fig. 9. Equivalent disturbance rejection block diagram of the SPMSM speed-
loop control system.
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Next, the transfer function of the total disturbance estimation
error can be obtained

Ezg(s)
Fy
o 33+ (551 +%) 52+ (552"‘%551)5

3+ (Bt m) 2+ (Ba+ 2Bs1) s+ B3(1+ Gyls)s)
(34)

Geels) =

Similarly, the equivalent speed control block diagram can be
expressed as shown in Fig. 9 and the sensitivity transfer function
of disturbance f to w tracking error can also be obtained

Ewm(s) _ Gse(S)GSP(S)
Fy(s) 1+ Cpp(s)Gap(s)’

Es(s) = (35)

To show the advantages of the proposed control structure
compared with the PIR controller [33] and ADRC [21], the Bode
diagrams of sensitive functions including both current and speed
loops for three control systems are shown in Fig. 10. All the
controller parameters tuning methods are given in Section V-A.
It can be seen from the top of Fig. 10 that the proposed controller
for the current loop has the best low-frequency disturbance
rejection performance with 40 dB/s. The other two controllers
achieve the performance with 20 dB/s, but the ADRC has better
performance with the designed controller parameters. In addi-
tion, PIR and the proposed controllers have a significant rejection
ability for the periodic disturbance at the resonant frequency. For
the speed loop, the frequency characteristics of PIR and ADRC
have a small difference in low- and high-frequency bands, except
at the resonant frequencies. However, the proposed controller
achieves the best low-frequency disturbance rejection perfor-
mance, and the rejection ability for the periodic disturbances
outperforms the one of the PIR controller.
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TABLE I
ROUTH ARRAY FOR RMESO IN CURRENT LOOP

1 bo by
b1 b3
52 by b21—b3 by
sl (b1ba—b3)bs—bTbs
b1by—b3
59 ba

C. Stability Analysis

1) For RMESO: The stability can be evaluated by analyzing
the root distribution of the characteristic polynomial of (29) and
(34), using the Routh—Hurwitz stability criterion. In this section,
the stability analysis is given in the case of the current loop.

According to (29), the characteristic polynomial can be ex-
pressed as

R

A(s) ="+ (ﬁcl + L) s3 + (W?Cl + Ber + ky1cose) s*
2 R . 2

+ <wml (5c1 + L> — Bczkrlwmlsmgzﬁ) S+ Beoawig-

(36)

Substituting observer bandwidth w., (introduced in
Section IV-D) into (36), A(s) can be derived as (37), and
the Routh array is given in Table I

A(s) = s 4 by 83 + by s? + b3s + by 37
where
b1 = 2Weo, b = wfcl + wfo + krlwfocosgb
by = 2&13@1(-%0 — wzokrlwmlsinqﬁ, by = w2 w?

co¥rcl-

Thus, the conditions that must be satisfied for the stability of
the MRESO in the current loop are given as

by > 0,b1by > b3, (biby — b3)bs — b2by > 0,by > 0. (38)

Then, characteristic polynomial of RMESO in the speed loop
is
As)=s"+crst+cos®+c3s? +eus+ s 39)
where

2 2
€1 = BWso, C2 = 3wy, + Wiy

3 2 3
€3 = W, + 3wWsoWigq + krs1wi,COSQ

2,2

3 o _ .3, 2
soWrsl — kT51w5051n¢a C5 = WgoW

Cq4 = 3w so*rsl:

The conditions that must be satisfied for the stability of the
MRESO in the speed loop are given as

ci>0,(i =1,2,3,4,5,creacs > ¢ + ciey

(c1c4 — ¢5)(crc203 — cg - 6304) > cs(cico — 03)2 + clcg.
(40)

2) For the Closed-Loop System: According to (10) and (20),
the characteristic polynomial of the current closed-loop system

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

wey = [1000, 2000; 3000]"

Magnitude (dB)

&
S o

S
3

10° 10 N 10°

2 3
Fre(ll(1)1ency lPrad/s)10

Fig. 11. Bode plots of disturbance estimation error with different pa-
rameters (Top: w., = 1000, 2000, 3000. Middle: k,.; =1,3,5. Bottom:
¢ei = 10°,30°,50°).

can be calculated as

R
A(s) = s2 + ( + ch) + KopKei. 41)

L

Thus, the conditions that must be satisfied for the stability of
the current closed-loop system are given as

R
f + ch > 0, chKci > 0.

Similarly, the characteristic polynomial of the speed closed-
loop system can be calculated as

(42)

A(s) = 5% + (1 + st) s+ Kgp. (43)

T
Thus, the conditions that must be satisfied for the stability of
the speed closed-loop system are given as

1
*+K5d>0,Ksp>0.

- (44)

D. Parameters Tuning

1) For Inner Current-Loop:

1) K., K.;: The parameters K; of the PI controller in the
inner current-loop can be obtained through the “cancella-
tion method” for the equivalent plant (20) [35], which is
commonly used for the current-loop PI controller design,
yields K.; = % K., can be determined with the gain
crossover frequency weee = 4007 rad/s according to the
equation: K.j = Wege.

2) Be1, Ber: The tuning of the observer gain vector guar-
antees the idea that place all the poles of MRESO to
the same location —w,,, named as observer bandwidth.
Thus, B¢ = 2weo — 2, B = w?,. The Bode plots of
total disturbance estimation error G (s) with different
bandwidths of RMESO are shown in Fig. 11. The mag-
nitude is decreased gradually with the increase of we,.
Theoretically, the disturbance rejection ability increases
with increasing w.,. However, the bandwidth is limited
by sensor noises. Thus, w,., is set as 2000 rad/s for the
experiment in this article.

3) ¢ci» kreis wreit In practical applications, one should de-
termine which factor causes the larger disturbance to the
system according to the analysis in the Appendix. Then,
wyrei equals the larger disturbance frequencies. The Bode
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plots of G (s) with different k,..; are shown in Fig. 11.
Obviously, with the increasing of k,.;, the slot at the
resonant frequencies is deeper, which means the ability
improved to compensate periodic disturbances. Addition-
ally, it can be observed that the magnitudes near the reso-
nant frequencies spike, which will amplify disturbances at
other frequencies. As k,..; increases, the magnitudes of the
spikes at lower frequencies become smaller, but the mag-
nitudes of the spikes at higher frequencies become larger.
Therefore, the value of k,..; not only affects the response
at the resonant frequencies but also affects the response at
near frequencies. A comprehensive consideration has been
made to choose k;..; = 0.1. The Bode plots of G (s) with
different ¢.; are shown in Fig. 11. It can be seen that the
peaks can be suppressed with ¢ increasing. Thus, ¢.1 is
set as 237 in this article.

2) For Outer Speed-Loop:

1) Kgp, Kgq: The parameters K, and Ky can be de-
termined with the frequency-domain specifications gain
crossover frequency wge. and phase margin ¢,,. Given
the frequency-domain specifications wsee = 100 rad/s,
dsm = 80°, controller parameters can be calculated as
Ky, = 1.2553 x 10° and Kyq = —119.7950.

2) Bs1»> Bs2» Bsa: Similarly, observer gain vectors are deter-
mined by observer bandwidth wi,, i.e., 851 = 3wso — =,
By = 3w, — B¢, and B = w3,. w,, is set as 500 rad/s
for the experimental in this article.

3) ¢sir krsis Wrsit wrs; equals the disturbance frequencies
in the speed loop, which causes a larger speed ripple.
According to the frequency-domain analysis with Bode
plots in MATLAB, choose k51 = 2, krso0 = 2, krg3 =

507 907 107
0.5, wrs1 = 155> Wrs1 = Igp> Wrsl = Tgo-

E. Parameter Robustness Analysis

In practical applications, the parameter mismatch will dimin-
ish the control performance. Thus, the robustness analysis is
given to evaluate the effects of gain variations on the closed-loop
and disturbance rejection performance. The plant gain is set
as rby = 0.5,1.0,2.0 times the normal value. Using the case
speed-loop as an illustration, the Bode plots of the closed loop
and the sensitivity transfer function are shown in Fig. 12.

According to the closed-loop Bode plot in Fig. 12, the purple
line with resonant controllers (solid line) and without resonant
controllers (dashed line) coincide if the model is accurate. Con-
sidering middle/high-speed operation, the resonant controllers
are not deemed necessary due to the relatively small periodic
disturbances. The plant gain variations impact the system band-
width (-3 dB), but the system maintains no overshoot. Con-
cerning disturbance rejection performance, as the plant gain in-
creases, the speed drop becomes more pronounced. Considering
low-speed operation, the resonant controller comes into effect.
Similar to the case without the resonant controller, as the plant
gain increases, the system bandwidth also increases, resulting in
a shorter rise time. Conversely, with an increasing plant gain, the
resonant frequency also increases, leading to a more pronounced
reduction in speed.
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Fig. 13.  SPMSM control platform.

TABLE II
PARAMETERS OF SPMSM

Parameter Unit Value
Inertia J kg-m? 24.3
Pole Pairs p - 5
Slot s - 12
Permanent fluxy Wb 0.82
Stator resistance R Q 0.46
Stator inductance L mH 2.4
Rated speed r/min 2000
Rated torque N-m 9.5

Rated current A 9.4
Rated voltage v 220
Rated power w 2000

V. EXPERIMENTAL VALIDATION

To demonstrate the efficiency of the proposed control strategy
in the dual loop, experiments on the SPMSM current and speed
servo systems are carried out. The experimental setup is shown in
Fig. 13, which is composed of an SPMSM, a dc generator, a servo
drive, and a PC. The model of the motor is VM7-M13A-2R020-
D1 and parameters are listed in Table II. The self-developed
servo drive is based on the TMS320F28335 digital signal proces-
sor (DSP), which is used for control algorithm implementation.
The input command is given by the Ti Code Composer software
(CCS) on PC and output data are sampled from encoder to
servo drive by CCS. The insulated gate bipolar transistor power
module PM100RLAO60 is used as the power stage. The current
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TABLE III
PARAMETERS OF THREE CONTROLLERS

Controller Current loop

Speed loop

Kep = 4007, K¢; = 190.9583,

Proposed controller ~ —R/L = —190.9583 wco = 2000,

1 = ?OT?)-’ kre1 = 0.1, wre1 =6 - wmr - P

PIR Kep = 3.0159, Ko; = 190.9583

ADRC Weo = 2000, wee = 4007

40
Pc1 = _ﬁ, krc1 =40, wre1 =6 - Wmp - P

Kyp = 1.2553 - 10%, Kyq = —119.7950, wso = 500

50
Ps1 = 737 krs1 = 2, Wrs1 = Wmr * P
Ps2 = Mﬁg, krso =2, wrs2 =2 Wmyr - P
$Ps3 = 183’ rs3 = 0.5, Wrs3 = 5 Wmr

Ksp =4.132, K = 9.5094

Ps1 = 0775, krs1 = 20, Wrs1 = Wmr - P

Ps2 = 776, krs2 = 20, Wrs2 = 2 wmr - P

Ps3 = ﬁs krsz = 20, wrs3 = 8- Wy
wso = 500, wse = 100

i
U

signal is collected by Hall current sensors (LTSR 6-NP). A 23-b
absolute encoder is used to collect position and further calculate
the speed. The sampling frequencies of the current loop and the
speed loop are 10 kHz and 2 kHz, respectively.

A. Parameters Design for PIR and ADRC Controllers

For the fair comparison, the optimal PIR controller [33] and
ADRC [21] are designed and tested on the dual-loop of SPMSM
servo system for comparisons to verify the effectiveness of
the proposed control strategy. The parameters tuning for the
PIR controller is based on frequency-domain specifications gain
crossover frequency and phase margin, which are the same as
those for the proposed controller to keep fair comparison.

1) Parameters Design for PIR Controller: The parameters
of the compared PI controller in the current loop are designed
using the “cancellation method” for the plant (3) with the same
gain crossover frequency, yields K., = wege L and K. = %.
The parameters of the resonant controller are designed according
to the method in [33]. The method for determining the resonant
frequency is consistent with that employed in this article. The
phase adjustment angle ¢ determines stability. The parameter
¢ is obtained through numerical simulations [33]. Large k.,
results in good dynamic performance but reduces stable margin.
A tradeoff has to be considered. Thus, the parameters of the
resonant controller can be determined through some experiment
tests. The controller parameters of the current loop are given in
Table III. For the speed loop, one should calculate the transfer
function of the controlled plant, which includes the closed loop
of the current loop and the mechanical part. The calculated
process can be referred to in our previous work [36]. The speed
controlled plant can be expressed as

b
P(s) = —— 45
(s) s(s+a) “5)
where a = 1257 and b = 30 380.
The transfer function of the PI controller is
Ksi
C(s) = Ky, (1 + ) (46)
s

To obtain the PI controller parameters, two specifications
concerned with the phase and gain of the open-loop transfer
function are applied as follows.
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Fig. 14.  Open-loop and closed-loop Bode plots of three control systems for
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the speed-loop system. (a) Open-loop Bode plots. (b) Closed-loop Bode plots.

1) Specification on phase margin

Y Ksi
—tan (wz;’c) - g + atan (— ) = —T + Qsm. (47)

sgc

2) Specification on the gain crossover frequency

b

/052 2
Wsge 4 / Wge +a

2) Parameters Design for ADRC: For the ADRC in the
current and speed dual-loop system, the observer gains are
consistent with that of the proposed controller. The controller
bandwidths in the current and speed dual-loop are consistent
with wege and wgge. All the parameters have been summarized in
Table II1.

The open-loop and closed-loop Bode diagrams of three con-
trol systems for current and speed loops are shown in Figs. 14
and 15. It can seen from Fig. 14 that all three control systems
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Speed responses and current responses for three control systems. (a) Speed tracking response comparison. (b) Current tracking performance of the PIR

controller. (c) g-axis current tracking performance of ADRC. (d) g-axis current tracking performance of the proposed controller.

in the current loop satisfy the desired gain crossover frequency.
The resonant controller in PIR reduces the phase margin in the
open-loop Bode plot and increases the peak value in a closed-
loop Bode plot, which will reduce the stability and increase over-
shoot for the system. From Fig. 15, the designed PIR controller
and proposed controller basically satisfy the desired frequency-
domain specifications. However, the gain crossover frequency
of the designed ADRC control system is 30 rad/s, which is
far from the desired gain crossover frequency of 100 rad/s.
In fact, the desired gain crossover frequency for the ADRC
system is based on the cascaded integrators (5%), which should
be achieved through the ESO. However, due to the internal
dynamics —as, the model after estimating and compensating
for the total disturbance of the ESO and cascaded integrators
are significantly different.

B. Comparison Experiments

Six different experiments are carried out, which are given as
follows.

1) The first one is to evaluate the step-speed tracking perfor-
mance of the proposed control strategy.
The reference speed is set as a step change signal of 0 to
Wiy = ZTB00K/ N 1y 475 — 52,36 rad/s. Fig. 16(a) shows
the experimental results of the speed tracking with three
different control methods.
As shown in Fig. 16(a), when the reference speed w,,,, is
set as a step change signal of 0-52.36 rad/s (black dotted
line), the actual speed using the PID controller (blue solid
line) has a 4.3 rad/s (8%) overshoot and the settling time
is 0.145 s. The yellow solid line shows the actual speed
response using the ADRC in Fig. 16(a). It can be found
that the overshoot is 16.66 rad/s (31.8%) and the settling
time is 0.46 s. Obviously, the designed ADRC control
system has a worse performance on step-speed tracking.
The analysis is as follows: The effect of equivalent to the
cascaded integrator by ESO is related to the bandwidth of
ESO [37]. In this comparison, the bandwidth of ESO is the
same as the bandwidth of the proposed RMESO, keeping
a fair comparison. Indeed, the performance gets better if
it increases the bandwidth of ESO in ADRC. However,
the noise will also increase. The actual speed using the
proposed controller (red solid line) has no overshoot and
the settling time is 0.055 s. It can be clearly seen that the

Z 180 \G/
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ADRC

-2 Proposed =
i 5 —PIR

el Y ADRC

Proposed

0 05 1 1.5 2 25 22 24 26 28 3 3.2
time (s) time (s)

(a) (b)

Fig. 17. Speed responses and current responses. (a) Tracking performance
within full speed range. (b) Rated speed and current responses.

proposed controller achieves the best step-speed tracking
performance with no overshoot and obviously shorter
settling times than those of the PID controller and ADRC.
The settling time represents the interval from the moment
when the reference speed is given to that when the motor
speed reaches within the error-tolerant range, within +2%
of the reference speed.

2) The second one is to test the tracking performance within

full speed range and response performance with rated
speed and current.
First, the reference speed 1is set as
2><7r><450/900/61(';’>50/1800r/min — 47.124/94.248/141.371/
188.496 rad/s. The experimental comparison results
including dynamic response and steady-state response
with three designed controllers are shown in Fig. 17(a).
The high speed with 188.496 rad/s and high-current with
8.86 A (in which both speed and current are close to
the rated value) responses are shown in Fig. 17(b). The
experimental results in Fig. 17(a) show that the proposed
control strategy achieves better performance than the
designed PI and ADRC within the full speed range. From
Fig. 17(a), it can be seen that the proposed control strategy
is effective with around rated speed and current.

3) The third one is to verify the decoupling control perfor-
mance of the proposed control strategy.

The reference speed is set as a step change signal of
0 to w,,, = 52.36 rad/s, with the observer bandwidth
increasing from 300 rad/s to 500 rad/s. The experimental
results of the speed tracking and load disturbance rejection
performance are shown in Fig. 18. As shown in Fig. 18, the
speed tracking performance has no change with different

Wmy =
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TABLE IV
TIME-DOMAIN PERFORMANCE OF THREE CONTROL SYSTEMS
Velocity Tracking Load disturbance rejection Periodic disturbances rejection
Controller Overshoot (%)  Settling time (s)  Speed drop (%) Recovery time (s) Speed ripple (rad/s)
Proposed controller 0.00 0.055 3.00 0.02 +0.182 +£0.157 £0.293
PIR 8.00 0.145 3.22 0.14 40.405 +0.647 £1.565
ADRC 16.66 0.460 7.48 7.48 +0.853 +£1.135 +2.402
60 60
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Fig. 18.  Speed tracking and load disturbance rejection response with different ~ Fig. 19.  Experimental results of robustness to plant parameter mismatch.
observer bandwidths.
small enough, indicating that the proposed control system
observer bandwidths, and only the load disturbance rejec- is robust to parameter mismatch.
tion performance gets better with the observer bandwidth 6) The sixth one is to verify the current steady-state response

4)

5)

increasing. Thus, the proposed control strategy verified the
decoupling control performance in terms of speed tracking
and load disturbance rejection.

The fourth one is to verify the step load torque rejection
performance of the proposed control strategy.

Injecting the load torque when the motor speed becomes
stable at 2.5 s, Fig. 16(a) shows the experimental com-
parison results using three controllers. It can be seen in
Fig. 16(a) that the designed PID controller has a 3.22 rad/s
speed drop and the recovery time is 0.14 s. The designed
ADRC achieves a 7.48 rad/s speed drop and the recovery
time is 0.265 s. Compared with the designed PID and
ADRC control systems, the speed drop of the proposed
control system is reduced by 6.8% (from 3.22 to 3.0 rad/s)
and 59.89% (from 7.48 to 3.0 rad/s), respectively. In terms
of recovery time, the proposed control system is reduced
by 85.71% (0.14-0.02 s) and 92.45% (0.265-0.02 s). The
time-domain performance is summarized in Table IV.
Thus, the proposed controller has a better load torque
rejection performance than those of PID and ADRC.

The fifth one is to verify the performance of robustness to
plant parameter mismatch of the proposed control strategy.
The reference speed is set as a step change signal of O to
W = 52.36 rad/s, with the plant gain as kbs= 1.00, 1.25,
and 1.50 times the nominal value. The experimental results
are shown in Fig. 19. From Fig. 19, with kb, increasing,
the rise time decreases and the overshoot keeps no change,
which is consistent with theoretical analysis. Although
the rise time of the responses has changed, this change is

with the periodic disturbance, dynamic response perfor-
mance, and periodic disturbance rejection performance of
the proposed control strategy at a low speed.

The reference current is set as 2 A, and the g-axis current,
A-phase current, and the FFT analysis of three designed
control systems are presented in Fig. 20 from top to
bottom, respectively. Using the ADRC method, it can be
seen from Fig. 20(b) that the fluctuation of the g-axis
current is 0.221 A, and the FFT analysis shows that the
periodic disturbance due to dead time is obvious. Com-
pared with the designed PIR control system, the proposed
control system achieves better periodic disturbance rejec-
tion performance with current fluctuation of the g-axis is
0.182 A. The FFT analysis shows the same result with the
time-domain response.

The reference speed is set as w,y,, = 2”X30/é%/50 r/min
= 3.142/4.189/5.236 rad/s. The experimental comparison
results (dynamic response performance and steady-state
response performance) with three different control meth-
ods are shown in Fig. 21. Obviously, harsh speed ripples
caused at a low speed can deteriorate the whole perfor-
mance.

First, it can be seen from the dynamic response in Fig. 21
that the proposed control strategy achieves the much
better performance than others with no overshoot. The
PIR controller achieves a little overshoot and the ADRC
achieves the biggest overshoot. Then, according to the
steady-state response in Fig. 21, the speed ripples using the
proposed controller are smaller than those using the PIR
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(a) 3.142 rad/s. (b) 4.189 rad/s. (c) 5.236 rad/s.

controller and ADRC in different reference speeds. The
speed ripples using the PIR controller, ADRC, and the
proposed controller in different reference speeds are sum-
marized in Table IV. Obviously, the proposed controller
can achieve better dynamic response performance and
steady-state response performance than those of ADRC
and the PIR controller. To clearly analyze the factors of
fluctuations, fast Fourier transformation (FFT) is utilized
and the results are shown at the bottom of Fig. 21. Fig. 21
also shows that the ADRC control system has significant
speed ripple and is not sufficiently efficient for periodic
disturbances. The reason is that ADRC lacks an internal
model of the periodic disturbances. It is worth noting that
the high-frequency (30100 Hz) response is worse with the
proposed controller. This is because the “waterbed effect”
in a control system. This question can be addressed with
the proposed method in [38].

VI. CONCLUSION

In this article, a systematic control framework is proposed for
the SPMSM dual-loop to attenuate both aperiodic and periodic
disturbances. The proposed framework effectively suppresses
the aperiodic and periodic disturbances by the RMESO. Through
mathematical derivation and theoretical analysis, it is verified
that the resonant controller does not affect the open-loop fre-
quency characteristics. Thus, the proposed control framework

achieves decoupling control, adjusting the parameters of the
RMESO to improve the regulation performance without affect-
ing the servo performance. The disturbance rejection frequency-
domain analysis and parameters tuning method are given. Com-
pared with the optimal PIR controller and ADRC, the proposed
controller not only largely improves step-speed tracking and
load disturbance rejection performances but also significantly
reduces speed ripple due to extensive disturbances at alow speed.

APPENDIX
A. Disturbances in Current Loop

1) Flux Harmonics: Inthe ideal SPMSM, permanent magnet
fluxes keep constant. However, due to manufacturing restrictions
and the resultant demagnetization phenomenon of permanent
magnets because of temperature, it is difficult to realize ideal
sinusoidal flux density distribution. Thus, harmonics will exist
in a practical SPMSM and it can be expressed as

Y = Z Yy cos (6n0)

n=0

(49)

where 6. is the electrical angle, ¢, is the amplitude of the
6nth-order harmonic flux, and n is a positive integer.

2) Dead Time Effects: To prevent short circuit of a dc link,
dead time must exist in drive signals between upper and lower
legs of each phase for space vector pulse width modulation
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voltage source inverter. The disturbance due to dead time effects
on stator voltage can be expressed as

Sdead = Z frsin (6n6,)

=0

(50)

where f,, is the amplitude of the 6nth-order harmonic distur-
bance.

3) Current Measurement Errors: The current measurement
process includes sampling by Hall sensors, low-pass filtering,
polarity conversion, analog/digital (A/D) converters, and calcu-
lation. Current measurement errors include offset error, which
results from the residual current of current sensors or drift
phenomena or operational amplifiers and A/D converters, and
scaling error, which is mainly caused by the matching circuit
between the current sensor and A/D input. The equivalent dis-
turbances on the g-axis can be modeled as

-offset __ -offset
Qg =1i""%cos (0 + ),

cali caline | - 1
Z-scdhng _ Z-scdhng sin (206 + /B) _ 5 (51)

a
and Z.anling
scaling, respectively, i°™° and 75°"¢ are the amplitude of rip-
ples, and «v and [ are determined by the angle between the rotor
position and stator current vector.

4) Electrical Parameters Uncertainty: Electrical parameters
include stator resistance R and stator inductance L. Both of them
are time varying in practical cases: R varies with temperature
and L varies with time because of the effects of cross saturation.
Thus, the disturbance fp, due to parameters uncertainty exists
in the current loop.

offset

where iq are the disturbances due to offset and

B. Disturbances in Speed Loop

1) Cogging Torque: Cogging torque is generated by the in-
teraction between the permanent magnet and stator core and
is caused by the tangential component of the interaction force
between the permanent magnet and the armature teeth. Cogging
torque still exists when the SPMSM is disconnected from the
power source and it can be expressed as

Jeog = Z fnsin (nN:0./p)

n=1

(52)

where p is a number of motor pole pairs, V.. is the least common
multiple between the number of slots and pole pairs, f, is the
amplitude of the nth component of the Fourier series.

2) Friction Torque: Friction is the resistance to motion when
two surfaces slide against each other. Friction includes presliding
region and sliding region and behaves hysteresis with nonlocal
memory, Stribeck effect, and friction lag characteristics. So
far, various models have been proposed to describe friction
phenomenon: Dahl model [39], LuGre model [40], and gen-
eralized Maxwell-slip (GMS) model [41]. The GMS model can
capture most the typical friction characteristics and it can be
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expressed as

N

Fy(t) =) Falt) +ov(t)

n=1

(53)

where N represents the GMS model that includes /V elementary
state models, o is the viscous friction coefficient, v(t) represents
speed, ), (t) has different equation form in different region: 1) in
the presliding region, djt" = k,v(t), where k,, is the elementary
stiffness value; 2) in the sliding region: % =sgn(v)C(a; —

s%)), where C' is the attraction parameter, a,, is the fractional

parameter, and s(v) represents the Stribeck curve.

3) Mechanical Parameters Uncertainty: In many applica-
tions of SPMSM, for example, industrial robotic arms, the inertia
J of the SPMSM system is time-varying because the position
and attitude of the robot arm have changed. Thus, the disturbance
fmpu due to parameter uncertainty exists in the speed loop.

4) Load Torque: Load disturbance fio,q is the most serious
disturbance in the SPMSM system. Actual speed will fluctuate
dramatically when aload disturbance is imposed on or evacuated
from the SPMSM.
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