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ABSTRACT: This paper presents an improved equivalent-input-disturbance (IEID) method based on enhanced estimators. This method
addresses the degradation performance in a permanent magnet synchronous motor (PMSM) drive system caused by multi-source distur-
bances in different frequency bands. First, a PMSM model is established that considers these disturbances and categorizes them as control
inputs for both current and speed loops. Next, the estimated compensation structures of the dual-loop equivalent-input-disturbance (EID)
are designed. To address the differing sensitivities of the dual-loop anti-disturbance frequency bands, enhanced estimators are designed
to expand their respective bandwidths. This reduces the sensitivity of the system to uncertainty, and parameter-adjusting conditions are
derived to ensure stability. Finally, the simulation results demonstrate that, when PMSM operates under the nominal condition, the IEID
method suppresses steady-state speed fluctuation by approximately 63% compared to the method without EID compensation, by approx-
imately 35% compared to the conventional EID method, and by approximately 25% compared to improved sliding mode observer-based
EID (ISMO-EID) method; when PMSM parameters are perturbed, the suppression rates can further reach to 65%, 44%, and 32%, re-
spectively. The findings indicate that the proposed method exhibits superior steady-state tracking accuracy and disturbance suppression

PIER C

performance, while also exhibiting enhanced robustness in transient scenarios.

1. INTRODUCTION

o meet the demands of the modern industry for energy-
Tefﬁcient motors, PMSM has become widely used in
many fields, including industrial servo, household appliances,
acrospace, and new energy applications, owing to its simple
structure, high efficiency, high power density, and excellent
control performance [1].

However, in high-performance application scenarios, PMSM
drive system is affected by both nonlinear internal disturbances,
such as magnetic flux harmonics [2], cogging effects [3], sensor
and inverter nonlinearity [4, 5], motor mechanical properties
[6], and model uncertainties caused by parameter perturbation.
In such circumstances, the conventional control method signif-
icantly impairs steady-state and transient performance of the
motor when facing complex external load changes. To ensure
the stability and efficient operation of a PMSM drive system, a
disturbance suppression control method must be developed.

Advanced control technologies, such as adaptive robust con-
trol [7] and sliding mode control [8], have been used in the
field of motor control to improve its anti-disturbance ability
and robustness. However, because of the complexity of distur-
bances, these passive anti-disturbance methods require a large
controller gain, which inevitably leads to other performance
losses.

To solve this problem, several active disturbance suppression
mechanisms exist, including disturbance observer-based con-
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trol [9], active disturbance rejection control (ADRC) [10], and
the equivalent-input-disturbance (EID) methods [11]. Among
these methods, the EID method is least dependent on the nomi-
nal model. It does not require one to consider external or inter-
nal disturbances. Structurally, only a state observer and a filter
are required to reconstruct the virtual disturbance signal equiv-
alent to the external disturbance using the system state. This
makes the EID method relatively simple to implement [12].

In a PMSM drive system, considering multi-source distur-
bances, the use of multiple EID frameworks can achieve dis-
turbance suppression. However, owing to the varying frequen-
cies of multi-source disturbances, applying a low-pass filter to
each EID framework is undoubtedly ineffective. A detailed fre-
quency analysis was conducted on a multi-source disturbance
model for a PMSM [1]. The analysis concluded that the dis-
turbances primarily consisted of the motor’s fundamental fre-
quency and its harmonics, the motor’s rotational frequency and
its harmonics, and some aperiodic components. Therefore, our
research focuses on improving the conventional EID method to
expand its disturbance-suppression bandwidth.

Modifying and optimizing the filter configuration is a sim-
ple and feasible way to enhance the EID performance. An
improved estimator was designed to cancel out the effects of
disturbances and nonlinearities in the low-frequency domain,
thereby making the system design more flexible [13]. Owing
to the low-pass property of the closed-loop system linear part,
high-frequency effects are filtered out. A new filter was de-
signed for the improved EID estimator to eliminate the band-
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width constraint, ensuring that the sensitivity of the system to
disturbances decreases freely at low frequencies [14].

This paper presents an improved equivalent-input-
disturbance (IEID) method based on enhanced estimators
that improves the disturbance suppression across different
frequency bands for a PMSM drive system with multi-source
disturbances.

The main contributions of this study are as follows.

(i) The IEID estimation compensation structures for the cur-
rent and speed loops are designed. Furthermore, the IEID
anti-disturbance mechanism of the current and speed loops
is analyzed.

(i1) Different enhanced estimators for the current and speed
loops are designed to reduce the relative order of the ex-
ternal disturbance sensitivity function to 1. This improves
the ability of the EID to suppress the disturbances across
different frequency bands and reduces the system’s sensi-
tivity to uncertainties.

(iii)) The impact of system uncertainties on stability is analyzed,

and the parameter-adjusting criteria in conjunction with a

proportional-integral (PI) controller are derived to ensure
system stability.

The remainder of this paper is organized as follows. Sec-
tion 2 establishes the PMSM model that considers multi-source
disturbances. Section 3 describes the implementation of the
EID method and analyzes its anti-disturbance mechanisms.
Section 4 presents the IEID method and analyzes the stability of
the system. Section 5 presents the simulation results. Finally,
Section 6 concludes the study.

2. MATHEMATICAL MODEL OF PMSM WITH MULTI-
SOURCE DISTURBANCES

2.1. Ideal Model of PMSM

Ignoring hysteresis, eddy current losses, and nonlinear factors,
such as system disturbances, the mathematical model of an
ideal PMSM in a d-q reference frame is

%——Rsoi + =g + —Lnywmi
dt B Ldo ¢ Ldo ¢ Ldo P
di, R, . 1 NpWm .
— — e - L o ro
dt qulq + quuq qu [ d Zd"‘d) ]
(1)
dw,, 1
W = 7 [Te — TL — Bmwm]
3ny, 0
Te = 7 [1;[}7“0 + (Ldo - qu) Zd] lq
where

14, 14 d- and g-axis stator currents (A);
uq, Ug: d- and g-axis stator voltages (V);
Lgo, Lgo: d- and g-axis nominal inductances (H);
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R,,: nominal stator resistance (£2);

ot nominal PM flux (Wb);

J,: nominal rotational inertia (kg - m?);

np: number of pole pairs (pairs);

B,,: viscous friction coefficient (Nm - s/rad);
wp: mechanical angular velocity (rad/s);

T,: electromagnetic torque (N - m);

Tr: load torque (N - m).

2.2. Model of PMSM with Multi-Source Disturbances

Multi-source disturbances can be divided into two categories
based on their source. The first includes external disturbances,
such as magnetic flux harmonics [2], cogging effect [3], current
sensor measurement error [4], inverter dead-time effect [5], mo-
tor mechanical properties [6], and load variations. These distur-
bances can be regarded as being imposed on the control input
channel. The second category includes parameter perturbation
and other system uncertainties.

When using vector control with ¢; = 0, the PMSM model
with multi-source disturbances is

' Cx @)

{5; = Ax + Bu + d'**!
where X = [ig iy wm|T is a vector of the system state;
u = [uj u i;]" is a vector of the control input; A =
A, + AA(t) and B = B, + AB(t) are the input matrices;
A, = diag(adm Qqo, O)’ Ado = _Rso/LdOs Qgo = _Rso/qu;
B, = diag(bdmbqo:bwo)n bdo = 1/Ld09 bqo = l/Lqu bwo =
3npthre/2Jo; C = diag(1,1,1); AA(t) and AB(t) represent
the time-varying perturbation of the motor parameter.

The defined @™ = [diptel diotal giotal]T js a vector of
multi-source disturbances, where d’**!, dfl"ml are the external
disturbances of the d-g current-loop, respectively. They can be
expressed as

d(tftal _ dg + d;p

3
dtotal — dP + Ao ( )
q q q
where d') and dl are periodic disturbances, and
_ dead ffset:
dyy = dg¢? + dge™
“4)

&b = dig? + d2

where d¢i? and di¢' are the d-g axis current disturbance

caused by the inverter dead-time effect; d’5" and d;ﬁgm are
the d-q axis current disturbances caused by the current sensor
measurement.

Considering the stator current coupling components d;;", dg?
as aperiodic disturbances, they can be expressed as follows:

ap __ .
d;” = npwniy

NpWm , ©)
dZ;D = _Zi [Ldold + wro]
qo
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dtote! are the external disturbances of the speed-loop, which can
be expressed as

dy' = di, + dy (©)
where the periodic disturbance d?, is
dﬁ _ d_irLarmonics + d%og + dzl:nec (7)

where darmonics g the torque ripple caused by the magnetic
flux harmonics, d;’? the torque ripple caused by the cogging
effect, and d7*° the torque ripple caused by the motor’s me-
chanical properties.

The aperiodic disturbance dZ? is

1

w 7 (TL + Bmwm)

@®)
where J is the rotational inertia actual value.

In summary, Fig. 1 shows a diagram of a PMSM drive system
considering multi-source disturbances, where x* = [i}; i} wy:,]T
is a vector of the reference state.

According to the frequency analysis in [1], the magnetic flux
harmonics, cogging effect, and inverter dead-time effect gen-
erate 6n-times (n is a positive integer) electrical angle subhar-
monic components; the zero drift of the current sensor generates
1 time electrical angle subharmonic component, while the error
of the sensor gain generates two electrical angle subharmonic
components.

Therefore, the electromagnetic torque ripple can be com-
posed of 1, 2, 6n times electrical angle subharmonic compo-
nents. It can be simplified as

ripple ripple ripple
1! ppl =T, pple _ T, PP
= ZTM [cos (kbe — dx) + sin (ke — o))
k
= Ty [cos (kbe — ¢x) + sin (kb — ¢x)] (9)
k
where T7"PP'® is the control circuit component; Tj P'¢ is the

load-side component; k(k = 1,2,6n) is the electrical angle
multiplier; 71 and T are the amplitudes of the harmonic
components; and ¢y, is the phase angle of the harmonic com-
ponents.

3. ANALYSIS OF ANTI-DISTURBANCE MECHANISM
OF CONVENTIONAL EID

3.1. Conventional EID Method
As shown in Fig. 1, external disturbances are imposed on the
control input channel. Disturbance suppression can be achieved
by designing an EID estimator for the compensation. More-
over, the compensated nominal model can suppress the impact
of the system uncertainties.

According to the conventional EID framework [12], the com-
pensated nominal model for (2) is

fomsmuea

y = Cx
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FIGURE 1. Diagram of PMSM system considering multi-source distur-
bances.

total __ [gtotal gtotal jgtotal]T ; total. jtotal
where d{°** = [di*" di2'*" dis*']" is the EID of d***'; dp?

and df'*" are the EID of the current loop; d’%/*! is the EID of
the speed loop.
Design the state observer as
X = A,X 4+ Bous + L (y — Cx)
© e (11)
y=Cx
where uy = [ugs ugy iqs]" is a vector of the controller output,
and L = diag(l4,,,1.,) is a vector of the observer gain.

According to [12], the estimated d%°*%! is
di°t =B, 'LC[x — %] +u; —u (12)

Filter F(s) is introduced to select the angular frequency com-
ponents of d°*?! to obtain the estimated disturbance. The first-
order low-pass filter is given by:

F(s) = [Fa(s) Fy(s) Fu(s)]"
1 1 L

= 13
[Tds+1 Tys+1T,s+1 (13)
where Ty, T, and T, are filter time constants.
Also, the design of F(s) needs to satisfy
F(jw) =1, Vw € [0,w,] (14)

where w, = [wy1 w1 wy2]T is a vector of the disturbance high-
est frequency, and Ty < 1/5w, [12].

Then, the filtered d%°** of d?°** is obtained. Thus, the con-
trol law yields

u=u;—de (15)

Figure 2 shows that the PMSM multi-source disturbance sup-

pression structure based on the EID method mainly consists of

an EID estimator, a state observer, and a first-order low-pass
filter.

3.2. Performance Analysis of Conventional EID Method

To explore how multi-source disturbances influence the anti-
disturbance performance of the EID method, the speed loop and
current loop were analyzed, respectively.

3.2.1. Analysis of the Speed Loop

When the parameter perturbation occurs, the speed-loop dy-
namic is
dw,

_ bwiqf 4 di}otal

o (16)
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FIGURE 2. Multi-source disturbances suppression mechanism based on
EID method.

where b, = 3n,,/2J is an uncertainty coefficient; 1, is
the PM flux uncertainty value; J is the rotational inertia actual
value.

According to Fig. 2, if i,¢ = 0, then the transfer function
from d’t! to dtotel is

Ab, W, (s)

w(s) = 1T AbLWL(s) (17)

where Ab, = bbTw,,’ Wy(s) = s-ls-ﬁ 11%(;()5).

When b,, is perturbed, the sensitivity function of G,,(s) is
1

= 1
SW(S) 1 + Awaw(S) ( 8)
Substituting (13) into W,,(s) yields
Lo 1
A e ) "
Substituting (19) into (18) yields
2
los
S(s) = —> et (20)

s2 4+ 1,5+ L}“l“
w

Figure 3 shows the frequency response of the speed loop
sensitivity function for different parameters. As illustrated in
Fig. 3, when Ab, < 1, the frequency response of S,,(s) is
generally below 0 dB, demonstrating effective disturbance sup-
pression. The low-frequency disturbance components are ef-
fectively suppressed, and the impact of high-frequency distur-
bances is not amplified. However, when Ab,, > 1, the sensitiv-
ity function exhibits the “waterbed effect”, and unstable risks
emerge in the relatively high-frequency band.

According to the Bode integral theorem [14], it can be seen
that the relative order of S, (s) is 2, and the amplitude fre-
quency characteristic rises at a slope of +40dB/10n. Com-
pared to designs with orders of less than 2, high frequency sen-
sitivity must be sacrificed to obtain better low-frequency per-
formance. When parameter perturbation occurs, the possibility
of unstable risk in the speed loop increases with high-frequency
components above 6n order in multi-source disturbances.
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FIGURE 3. Frequency response of speed-loop external disturbance sen-
sitivity function based on conventional EID.

3.2.2. Analysis of the Current Loop

Because the d-g-axis current-loop analysis process is consis-
tent, only the g-axis was analyzed. When parameter perturba-
tion occurs, the dynamic is

di
% = ayiq + byugs + diot @1
where a; = —R,/Lg, and b; = 1/L, are uncertain coeffi-

cients. I?, is an uncertain resistance. L, is an uncertain g-axis
inductance.
Let uqy = 0, the transfer function from df*** to dot! is

_ Ab W, (s)
Gy(s) = HAqbiq;Vq(s) (22)

where Aby = by /bgo, Wy(s) = 2 SHi—taeh TT4

When R, is perturbed, the sensitivity function of G,(s) is

aq (s — ag) [1 + AbyW,(s)]

Sqi(s) = (23)
T s 4 (5 — ag) AbgWo(s)] — ag
Substituting (13) into W, (s) yields
Wo(s) = .8 0 ao (24)

qu (s —aq) [s + (Ig — ago)]

Owing to the complexity of substituting W, (s) into Sq1(s)
for calculation, a qualitative analysis of the system performance

under only R, perturbations can be conducted. Substituting
(24) into (22) yields

B Abyl, (s — ago)
Gq(s) = Tys (s—aq) [s+(lg—ago)|+Abgly (s—ago)

(25)

Equation (25) demonstrates that the relative order of the cur-
rent loop sensitivity function is two when only R; is perturbed.

When both R, and L, are perturbed, the sensitivity function
of W,(s) is

lq (s - aqo) Fq(S)
(S - aq)2 [S + (lq - aqo)] 1- Fq(s)

Sq2(s) = (26)
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Substituting (13) into (26) yields

qu(s) _ lfQ (*; aqo) 27)
a5(s—aq)” [s+ (lg — ago)]
Let Aag = aq/aqo. As shown in Fig. 4, when Aa, < 1,
Sq2(s) exhibited an amplitude significantly above 0 dB in the
low-frequency band with a relatively large peak, indicating a
narrow system stability margin and a pronounced amplification
effect on low-frequency disturbances. It reveals that when pa-
rameter perturbation occurs, low-frequency components such
as 1- and 2-times order in multi-source disturbances will in-
crease the possibility of unstable risk in the current loop.

50 [
~ 0 i~ =
g L .
-% =30 T ]
=1 — Aa, =0.2,T =0.002,/, =500
£-100 4 ; y
g —— Aa, =1,7,=0.002,1, =500 |
—150 Aaq = S,Tq = 0.002,14 =500
—— Aa, =57, =0.02,1, =1000
-200
10" 10 100 10° 10° 10* 10°
Frequency(rad/s)

FIGURE 4. Frequency response of current-loop external disturbance
sensitivity function based on conventional EID.

Equation (27) indicates that when both R, and L, are per-
turbed, the relative order of the current loop sensitivity function
is three, which worsens its impact.

4. IMPROVED EID METHOD

4.1. Design of Enhanced Estimator

Section 3 reveals that, considering parameter perturbation, the
speed-loop sensitivity function has a relative order of two,
while the current-loop sensitivity function has a relative order
of three. Consequently, excessive emphasis on suppressing dis-
turbances in a specific frequency band may compromise the sta-
bility. A viable strategy to overcome this limitation is to lower
the relative order of the sensitivity function, which strikes a bal-
ance between high and low frequencies.
The enhanced speed-loop estimator is designed as

T.,s+1
F,(s) = ———— 28
()= i (28)
The enhanced current-loop estimator is designed as
Fy(s) = ——= (29)
B s+ (u—1)

where ¢ > 1 is a balance coefficient between the high-
frequency anti-disturbance capability and system response
speed. For (28), increasing u can reduce the bandwidth of
the filter and decrease high-frequency sensitivity, but it will
also increase the time delay of high-frequency disturbance
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estimation. For (29), p directly affects the distribution of

zeros and poles of the filter, thereby altering the suppression

capability of the current-loop for low-frequency disturbances.
Substituting (28) into W, (s) yields

o T.s+1
w(s) = 30
W) = T s ) co
Substituting (29) into (26) yields
SqZ(S) _ lq s (8 — aqo) (31)

(h—=1) (s — aq)2 [s + (Ig — ago)]

Equations (30) and (31) demonstrate that the sensitivity func-
tions of the speed and current loops are both reduced to one or-
der of magnitude. This effectively avoids the “waterbed effect”
and enhances system robustness.

Figure 5 demonstrates that when parameter perturbation oc-
curs, the gain margin of the speed loop decreases below 0 dB in
the high-frequency band, whereas the gain margin of the cur-
rent loop decreases below 0 dB in the low-frequency band. The
results reveal that the enhanced estimators effectively increase
the capacity for disturbance suppression across different fre-
quency bands, thereby extending the applicability of the EID
method.

Remark 1: The the d-axis current-loop estimator has the same
design as the q-axis current-loop estimator.

4.2. System Stability Analysis

The preceding analysis focused solely on optimizing the influ-
ence of external disturbances. However, the impact of uncer-
tainties (i.e., parameter perturbation) requires further analysis.
Let d*°**! = 0 to analyze the stability of the nominal model.
Considering the PI controller, simplifying the block diagram in
Fig. 2 yields Fig. 6.

Substituting (29) into (22) yields

o 5(s—ago)
Wq(s) - p—1 (5 — aq) [S + (lq - aqo)]

(32)

Based on (30) and (32), the open-loop transfer functions of
the speed loop and the current loop are obtained, respectively.

G (s) = Ab,, (Pw+1?w) 1+ W,(s)
w A s 1+ Ab, W, (s)
Aby (Pust 1) 52+ (Lot 5 ) s+ Gt |
= — (33)
2[5 (b + Blube) s+ Rluds ]
G (s) = Ab, (PC+%) 1+Wq(3)
¢ s —ag 14 Ab,W,(s)
_ Aby (Pes+1.)
 s(s—ay)
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FIGURE 5. Frequency response of external disturbance sensitivity function based on IEID method. (a) Speed-loop. (b) Current-loop.

(@

T,s+1

L P

m

(b)

FIGURE 6. Diagram of open-loop transfer function without external disturbances. (a) Speed-loop. (b) Current-loop.

2 (n=1)(lg—aq—aqo)—lqaqo
{S +|: (n—1)+l4 :|
(r—1)ag(ago—lq)
s+ Lo |

52 + |:(l‘*l)(lq*aq*QQO)*Abqlqaqo:|

(34

(h=1)+Abglq

(r=1)aq(ago—Llq)
s+ M(llfl)JFAbqlq

Equation (33) shows that when the relative order of G2 (s)
is one, there is only one root locus trajectory with an asymptote
that tends to infinity. This asymptote intersects the real axis at
04, and the intersection angle is 90°. The o, is

~ Abyly lo 1,

4+ 2
/.L—l //L_l Pw

Oq —

(335)
According to (35), the condition for the root locus of G2 (s)

to remain in the left half of the complex plane is

CAbyly | L Lo,
M_l Pw M_l

<0

(36)

where Ab,, > 1 makes Equation (36) hold.

As shown in Equation (34), it can be seen that the relative
order of G¢P(s) is 1. Assuming that [, is very large, (33) can
be simplified as

_ Abq(Pcs+IC){52+(M_1_aq0> s—(p—1) aq}

(s — ay) {52 + (u—l—Aﬁfqaqo)s _ (u;llj()laq }

G(s)

(37
Then, G¢P(s) has only one root locus branch that tends to-
wards infinity along an asymptote, which intersects the real axis
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at 0, and the intersection angle is 90°. Thus, we obtain
I
Oﬂ:aQ+p2+E_Z2
— (n—=1— Abgag,)

+\/(H_ 1_AbqaqO)2 —4(p—1)aq
2Ab,

_ (M—l—aqo)—k\/(u—l—aqo)?_zl (p—1)aq
2

(38)
According to (38), the condition for the root locus of GgP ()
to remain in the left half of the complex plane is

I

— < zZo — —a
Pc 2 b2 q

(39

Equation (39) shows that setting a large gain for the EID of
the current loop and adjusting the PI controller can mitigate the
instability risk.

Based on (36), (38), and (39), the value of u must satisfy the
derived stability conditions. Generally, it is recommended to
set 2 < p < 5, which is determined by system bandwidth and
the main frequency component of the disturbance.

Therefore, the nominal model considering d**** = 0 is
Bounded-Input Bounded-Output (BIBO) stable. Since the IEID
structure, consisting of observers and IEID estimators, is also
BIBO stable, according to the small-gain theorem [15], the sys-
tem considering d‘*%! £ 0 is stable.
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FIGURE 7. Diagram of multi-source disturbances suppression for PMSM based on IEID.

5. SIMULATION VERIFICATION

As shown in Fig. 7, we applied the proposed IEID method to
a surface-mounted PMSM (SPMSM) drive system. The refer-
ence speed was set to 2000 rpm with a slow start. The start time
is 0.01 s, and the initial load is set to 2N - m.

The external disturbances are set to

difte =7sin 367t + 3 sin (187rt + %)

™ . Vs
+ 2cos (67rt + E) + sin (mﬁ + E)

total __ 0
dq ="7cos 367t + 3 cos (187715 + 6) (40)

s T
+ 2cos (67rt + g) + cos (wt + 6)

dtetat — — (0.03 cos 127t 4 0.05 sin 367t
_TL - Bmwm)

The principles of parameter adjustment are as follows:

(1) The gain of PI controllers must satisfy the constraints of
(36) and (39).

(i) Based on (36) and (39), on the premise of satisfying sta-
bility, select appropriate 7, and p to balance the high-
frequency anti-disturbance capability and system response
speed.

The SPMSM parameters are listed in Table 1. The vector
control with 74 = 0 was performed.

Simulation comparisons were conducted using these four
methods as shown in Table 2. The ISMO-EID method men-
tioned in Table 2 is an improved EID method proposed by
Huang et al. [16]. It replaces the linear observer in the con-
ventional EID framework with an improved sliding mode ob-
server. This enhancement improves disturbance suppression

TABLE 1. Nominal parameters of SPMSM.

Parameters Unit Values
DC voltage (Un) v 1500
Stator resistance (Rs) Q 1.4
Number of pole pairs (n,) pairs 3
Stator inductance (L) mH 8.5
Rotor PM flux () Wb 0.175
Rotational Inertia (J) kg - m? 0.01

Viscous friction coefficient (B,,) N-m-s/rad  0.0008

performance by increasing the estimation accuracy of EID. The
block diagram of ISMO-EID method is shown in Fig. 8. In
these comparisons, all the PI controllers were set to the same
value. The gain of the speed loop PI controller was set to
P, = 0.5, I, = 12.5 and the current loop set to P. = 9.35,
I.=1311.2.

d total

EID

FIGURE 8. Block diagram of ISMO-EID method.
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TABLE 2. Control method.

Scheme Control method
Scheme 1 without EID
Scheme 2 EID
Scheme 3 ISMO-EID
Scheme 4 IEID

The parameter settings for the EID and IEID segments were
setto: g = [, = 50051, = 150; Ty = T, = 0.002; T, = 0.02;
= 3. The ISMO-EID method uses the same one-order low-
pass filter as EID method, since the gain k; and linear gain L
play the same role; set k; = LB;I; unfolding k; gets kg1 =
kg1 = 4.25, k1 = 1.52; unfolding ko gets kg2 = kg2 = 0.1,
koo = 10.

5.1. Steady-State Operation Analysis

To verify the applicability of the IEID method, the parameters
perturbation for the speed-loop was set at 2s: b, increases to
1.36b,0, then Ab,, = 1.36. The parameters perturbation for
the current-loop was set at 3.5s: a4 and a, decrease to 0.3a4,
and 0.3a4,, then Aa, = Aag = 0.3.

Figure 9(a) illustrates the speed fluctuations of the four meth-
ods. During 0.2 to 2 seconds, the motor operates under nominal
parameters. The speed fluctuation peak-to-peak values (PPVs)
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of the method without EID, EID, ISMO-EID, and IEID are 3.3,
1.88, 1.62, and 1.22 RPM, respectively. During 2.1 to 3.5 sec-
onds, the speed fluctuation PPVs of the method without EID,
EID, ISMO-EID, and IEID are 3.1, 2.01, 1.66, and 1.13 RPM,
respectively. During 3.6 to 5 seconds, the speed fluctuation
PPVs of the method without EID, EID, ISMO-EID, and IEID
are 2.89, 2.02, 1.59, and 1.41 RPM, respectively. These results
demonstrate that the proposed IEID method achieves an opti-
mal speed stability and disturbance suppression.

Figure 9(b) shows the fluctuations in the torques of the four
methods. During 0.2 to 2 seconds, the IEID method suppressed
approximately 22% of the torque fluctuations, while the EID
and ISMO-EID methods had almost no effect. However, from
3.6 to 5 s, when parameter perturbations occurred in the current
loop, all the methods lost their anti-disturbance capability. In
addition, at 0.1 s, the torque negative chatter of the IEID method
is minimal, which means that its robustness is the best during
the speed-up process.

Figure 9(c) shows the necessity of the EID compensation for
the d-axis current-loop. Compared to the case without EID,
the EID method and ISMO-EID significantly suppressed d-axis
current fluctuations, and the IEID method further improved the
suppression effect. According to Equation (5), this is equiva-
lent to suppressing the aperiodic disturbance of the g-axis cur-
rent loop. Therefore, it is beneficial to suppress the torque fluc-
tuations.
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To further verify the effectiveness of the presented IEID
method, an FFT analysis was performed on the A-phase stator
current from 3.6 to 5 s, which corresponds to the parameter per-
turbation. As shown in Fig. 10, when the parameter perturba-
tion occurred, the THD index was 7.89% for the method with-
out EID, while the THD indices of the EID method and ISMO-
EID were 5.85% and 6.07%. Moreover, the IEID method re-
duces the THD index to 4.81%. These results indicate that the
proposed IEID method achieves the best disturbance suppres-
sion effect.

5.2. Transient Operation Analysis

During the transient operation, the original operating conditions
were maintained. A sudden increase in load torque of 7.5 N - m
was set at 2.2s and 3.7 s, respectively. The simulation results
are shown in Fig. 11.

As shown in Fig. 11(a), the speed fluctuation PPV using the
EID method and ISMO-EID reached 22.7 and 20.2 RPM after
loading. However, the control of the IEID method optimized
the speed fluctuation PPV to 17.8 RPM, reducing the ampli-
tude of negative fluctuations and revealing better robustness.
It is worth noting that the introduction of the EID method will
slightly reduce the dynamic response speed.

When comparing Fig. 9(b) and Fig. 11(b), it can be seen
that no matter after the initial loading at 2.2 s or 3.7 s, the EID
method can still only suppress approximately 20% of the torque
fluctuation. However, the EID and ISMO-EID methods had al-
most no effect.

6. CONCLUSION

An active disturbance suppression strategy, termed “im-
proved equivalent-input-disturbance (IEID) method based
on enhanced estimators” is presented to address the control
performance degradation in the PMSM drive system caused
by multi-source disturbances in different frequency bands. A
PMSM model that considers multi-source disturbances was es-
tablished. The estimated EID configuration was integrated into
both the current and speed loops to counteract disturbances by
compensation. An analysis of the anti-disturbance mechanism
reveals that the system controlled by the conventional EID
method is prone to instability under parameter perturbation.
Specifically, this leads to vulnerability of the speed-loop to
high-frequency disturbances and the current loop to low-
frequency disturbances.  Subsequently, several enhanced
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estimators were designed to reduce the relative order of the
sensitivity function to 1, thereby eliminating the limitations of
the EID method and expanding the bandwidth for disturbance
suppression. The simulation confirmed the effectiveness of the
IEID method and showed superior performance in both steady
and transient states.

It is noteworthy that the EID method is an active disturbance
rejection method. Our future research will concentrate on inte-
grating the EID with robust control and SMC.
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