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Adaptive Integral Extended State Observer-Based
Improved Multistep FCS-MPCC for PMSM

Junxiao Wang
Fengxiang Wang

Abstract—In this article, an improved multistep finite control set
model predictive current control (FCS-MPCC) based on adaptive
integral extended state observer (ESO) is proposed for permanent
magnet synchronous motor. The improved multistep FCS-MPCC
based on sector is introduced in the current loop. The elements of
the voltage vector set are reduced with different sector division
method, so it could reduce the computational burden to some
extent. Meanwhile, considering that the high gain ESO will ob-
tain faster convergence, better tracking accuracy in theory and
the system disturbance rejection can be enhanced, but the noise
suppression performance will become poor. Thus, the adaptive
extended state observer (AESO) is proposed to balance the dis-
turbance rejection and noise suppression. When system is subject
to disturbance, the adaptive gain will increase to enhance the
system disturbance rejection and become small to improve the noise
suppression in steady state. However, disturbed by time-varying
disturbance, the small gain in the steady state will lead to poor
steady-state tracking accuracy. To improve the steady-state track-
ing accuracy, AIESO is proposed by adding the integral term into
AESO. Finally, in order to avoid the sector misjudgment caused
by parameter mismatch, the strategy based on ESO is used for
disturbance compensation. However the selection of inductance is
closed related to the estimated burden of the observer. Thus, the
inductance parameter estimation method is proposed to update
the initial inductance value to reduce the estimated burden, which
can help to suppress the parameter mismatches with a smaller
estimated burden of the observer. The simulation and experimental
results verify the effectiveness of the proposed method.

Index Terms—Adaptive integral extended state observer
(AIESO), finite control set model predictive current control (FCS-
MPCC), multistep model predictive control, permanent magnet
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synchronous motor (PMSM), the adaptive extended state observer
(AESO).

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has the
P advantages of small size, high power density, and high ratio
of moment of inertia, which makes it widely applied in industrial
robot, electric vehicles, aerospace, and other fields [1], [2], [3],
[4]. At present, model predictive control (MPC) has attracted
more attention in the field of motion control due to its advantages
of simple implementation and easy handling of nonlinearities
and multivariable problems [5], [6]. Among them, finite control
set MPC (FCS-MPC) does not require modulator, which can
directly utilize the discrete characteristics of the converter and
the finite switching siginals to manipulate the inverter, delivering
faster dynamic performance [7], [8]. Although FCS-MPC has
these advantages, it still faces some serious challenges. For
example, as the prediction horizon extend, the amount of com-
putation increases exponentially, especially with the application
of multilevel converter, the voltage vectors involved in FCS-
MPC also increase, which will result in heavy computational
burden [9].

Several research works have been carried out to solve the
problem of large amount of computation [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19]. In [14], a simplified FCS-MPC
was proposed to deal with the heavy computational burden
problem. Equivalent transformation and sector distribution were
adopted to reduce the amount of computation. In [15], a finite
control set model torque control based on a deadbeat solution
was proposed, it can avoid enumerating all voltage vectors to
reduce the amount of calculation to a certain extent. A model
predictive control algorithm based on fast vector selection was
adopted in [16], which only needs one prediction to obtain the
optimal voltage vector, significantly reducing the complexity
and computation of the algorithm. In [17] and [18], a multistep
MPC method was introduced. The amount of calculation can
be reduced and the performance of system can be improved
when the predicted step size is equal to two. In [19], a low-cost
multistep FCS-MPCC algorithm is presented for PMSM based
on a single dc bus current sensor, it can improve the steady-state
performance of the system without significantly increasing the
computational burden. In this article, in order to further reduce
the amount of calculation in [19], it is considered to apply the
different sector division method into multistep model predictive
current control in this article, which has less computational
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burden compared with [19]. In addition, the measurement noise
of speed loop was not discussed in [19]. Considering the PI con-
troller used in the speed loop for PMSM, it is difficult to satisfy
the tracking performance and disturbance rejection simultane-
ously. Thus performance tradeoffs often need to be considered
when selecting the parameters, which is not conducive to use
in high-performance applications. Described in [20], the two
degree of freedom structure of ADRC can balance the tracking
performance and disturbance rejection performance. The state
and disturbance of system can be estimated by using extended
state observer (ESO), and the disturbance rejection performance
of system can be improved [21], [22], [23], [24].

However, the measured speed will be subject to measurement
noise, this will make noise amplified with high gain ESO. Be-
cause of this, the ESO gain is usually limited to a certain value to
alleviate noise amplification. The conservative design sacrifices
the convergence rate of ESO to some extent, and weakens
disturbance rejection performance of the system. To solve this
problem, an integral ESO was studied in [25]. The integral of
measured output was viewed as a new state variable, which can
improve noise suppression but result in the increase of the ESO
order. In [26], a method to extend the filter equation into ESO
was proposed. The disturbance estimation and noise suppression
are considered simultaneously. Although noise suppression is
improved in [25] and [26], the increase of ESO order makes
their parameter tuning more complicated. The ESO based on
Fal function filter was studied in [27]. It can effectively suppress
the measurement noise without increasing the observer order,
thus avoiding the difficulty of parameter tuning. In [28], the
composite structure of Kalman filter and ESO was introduced to
deal with the balance between disturbance rejection of system
and noise suppression. The actual measurement signal in the
ESO was replaced with the estimation value in Kalman filter, and
the lumped disturbance in the ESO was applied to the Kalman
filter to improve estimation accuracy. The series structure of
filter and observer was used to deal with the contradiction be-
tween disturbance rejection performance and noise suppression
in [27] and [28]. However, the filter parameters have a certain
influence on the control performance because of the lack of
accurate noise statistics. The cascaded ESO was considered
in [29] and [30] to suppress the high-frequency measurement
noise. The cascaded structure also increases the difficulty of
parameter tuning because of multiple observers. Considering
the measurement noise of speed loop in this article, the adaptive
extended state observer (AESO) is proposed to balance the
disturbance rejection performance and noise suppression. And
the adaptive integral ESO (AIESO) is proposed to improve the
tracking accuracy when subject to time-varying disturbance.

Besides, due to the strong dependence of the FCS-MPC on
its own system model and the possibility of system parameters
variation during operation, the predicted performance is suscep-
tible to parameter uncertainties. For the parameter mismatch
problems, the incremental prediction model is considered to
eliminate the influence of flux mismatch on system performance
and the inductance extraction algorithm is proposed to correct
the inductance value in [31]. In [32], an incremental predictive
current control method and an online parameter identification
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algorithm based on model reference adaptive system (MRAS)
are proposed to eliminate the influence caused by parameter
mismatch. In [33], a robust predictive current control algorithm
is proposed to deal with the parameter mismatch problems by
applying weight factors. The proposed robust exploration based
on FCS-MPCC strategy is studied in [34] to improve the robust-
ness. The parameter mismatch problems can also be solved by
using observer or applying model-free predictive current control
method [35], [36]. In this article, considering that the parameter
mismatch will cause the sector misjudgment, the inductance
parameter estimation method and the disturbance compensation
mechanism are introduced into the improved multistep FCS-
MPCC based on sector to improve the parameter robustness.
Based on the analysis of the above literature, in order to further
reduce the calculation burden in [19], the cost function is first
modified to reduce the calculation times of predicted values.
Second, in order to avoid traversing all the voltage vectors, the
sector method is considered to be applied to multistep model
predictive current control. Different sector division methods are
combined to narrow the control set, which will further reduce the
amount of computation. Meanwhile, it is a fact that the high gain
ESO will amplify noise. There is poor convergence for low gain
ESO. Motivated by the challenge, the AESO is proposed to bal-
ance disturbance rejection performance and noise suppression in
this article. When the system is disturbed, the real-time gain of
the AESO will increase to improve the disturbance rejection per-
formance, and the gain will decrease to enhance noise suppres-
sion performance in steady state. However, when the system is
disturbed by time-varying disturbance, the steady-state tracking
accuracy will become poor because of the small adaptive gain in
steady state. Because of this, the AIESO is proposed to improve
the tracking accuracy, which not only retains the advantages
of AESO but also improves the steady-state tracking accuracy
compared with AESO. Considering that the system control
performance will deteriorate due to parameter mismatches, the
inductance parameter estimation method is proposed to update
the initial inductance of the observer and then combine the
observer to suppress parameter mismatches. Specifically, the
main contributions of this article can be summarized as follows.

1) First, in order to further reduce the calculation amount
of multistep FCS-MPCC for current loop used in [19],
modifying the cost function to decrease the calculation
times of predicted values, and combining the different
sector division method to multistep FCS-MPCC. The
calculation burden is reduced compared with the original
algorithm in [19], but the control performance of the
proposed algorithm is consistent with that of the original
algorithm.

2) Second, considering the fact that high gain ESO will am-
plify measurement noise and low gain ESO has poor con-
vergence, AESO is proposed to balance the disturbance
rejection performance and noise suppression. However,
disturbed by time-varying disturbance, the adaptive gain
in steady state will become small, which will lead to poor
steady-state tracking accuracy.

3) Third, in order to improve the poor steady-state tracking
accuracy caused by time-varying disturbance, the integral
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term is combined into the AESO, AIESO is proposed,
which not only balances disturbance rejection perfor-
mance and noise suppression but also improves steady-
state tracking accuracy.

4) At last, in order to avoid the sector misjudgment caused
by parameter mismatches, the inductance parameter es-
timation method is proposed and combines disturbance
compensation mechanism to improve the robustness of
the system to motor parameters.

The rest of this article is organized as follows. In Section II,
the mathematical model of PMSM system is introduced. In Sec-
tion III, the traditional single-step FCS-MPC, multistep FCS-
MPC, and the proposed algorithm are described. In Section IV,
the MATLAB/Simulink simulation results of the proposed algo-
rithm are shown. The experimental setup and results are shown
in Section V. Finally, Section VI concludes this article.

II. MATHEMATICAL MODEL OF PERMANENT MAGNET
SYNCHRONOUS MOTOR SYSTEM

The mathematical model of PMSM can be described as fol-
lows [1]:

dw,,

J =T, —Tr — Bwy, 1

7 L — Bw (1)
digq . .

Ld% = Uq — Rde+wreLqu (2)
di, , .

Lq% = Uq — Rslq - wre'(/)f — wrelqta (3)

where ug and 74 represent voltage and current in the d-axis,
respectively. u, and %, represent voltage and current in the g-
axis, respectively. L4, L, represent the stator inductance in the
d—qaxis,Lqg = Ly = Ls. Ry, Wre, Y, Wy, represent the stator
resistance, electrical angular velocity of the rotor, flux linkage,
mechanical angular velocity of rotor, respectively. .J represents
the moment of inertia, B represents viscous friction coefficient,
and T, and T7, represent the electromagnetic torque and load
torque, respectively.

As shown in Fig. 1, the two-level voltage source inverter is
used. U, N, Upn, Ucn represent the output voltage of the three
bridge arms of the inverter, respectively. Uy, represents the dc
bus voltage. S; — Sg represent the switching state.
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III. ADAPTIVE INTEGRAL EXTENDED STATE OBSERVER-BASED
IMPROVED MULTISTEP FCS-MPCC FOR PMSM

The control system of PMSM consists of two main parts:
1) current loop controller and 2) speed loop controller. In field
oriented control (FOC) strategy, both of these controllers use PI
controller, which require parameter tuning and modulation. In
this article, the FCS-MPC control method is studied, and the cost
function is used as the current loop controller, which does not
require complex pulsewidth modulation and parameter tuning,
bringing faster dynamic performance. In order to have less com-
putational burden compared with [19], an improved multistep
FCS-MPCC based on sector is proposed in the current loop. And
the speed controller based on AIESO is designed in the speed
loop. On the one hand, the computation burden is decreased
compared with [19], but keeps same control performance. On
the other hand, the contradiction between disturbance rejection
and noise suppression is well balanced, and the steady-state
tracking accuracy is improved subject to time-varying distur-
bance. Finally, in order to avoid the sector misjudgment caused
by parameter mismatch, the inductance parameter estimation
method is proposed and combines disturbance compensation
mechanism to improve the robustness of the system to motor
parameters. The control strategy adopted by the whole control
system in this article is shown in Fig. 2.

A. Current Loop Design

1) Single-Step FCS-MPCC: Compared with FOC strategy,
FCS-MPCC can quickly track current commands and does not
require parameter tuning in the current loop, which can make
the system obtain good dynamic response characteristics. The
discrete form of current prediction model can be obtained from
@)t (3)

i(k+1) = Ai(k) + Bu(k) + C 4)
where
. . T
i(k) = lia(k) iq(k) 1", u(k) = [ua(k) uq(k) ],
ao | R HEee® | o[
T | b (k) 1-RELETL
C 0 T.
= w_lf;je 7'e(k') s s

is the sample time.

Because there exists computation delay in the actual system,
the present optimal voltage vector will be applied to the inverter
in the next control period. For this reason, it is necessary to make
one-step delay compensation for the system. Equation (6) could
be used for one-step compensation, then the predicted current
value and cost function value can be obtained by using different
voltage vector from the finite voltage vector control set (u;) into
the following (6):

e (k +2) = Ai(k + 1) + Bu; + C. o)
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In order to better evaluate tracking performance, the cost function is
function form is as follows: T i 9
9i = ||y — uayl| - )

gi = |[iag — sk +2)| ©)

where iy, = [ig iy |7 represent the reference value com-
ponent of stator current in the d —q axis; iy, (k+2) =
[°(k+2) i5°(k+2) ]” represent the predicted stator cur-
rent in d — ¢ axis at (k + 2)T5, respectively.

Remark 1: As a two-level inverter is adopted in this article,
the number of elements in the voltage vector control set is finite,
which will result in unsatisfactory steady-state performance. For
this reason, the multistep FCS-MPCC is proposed to improve the
system steady-state performance.

2) Multistep FCS-MPCC: Compared with single-step FCS-
MPCC, multistep FCS-MPCC can improve the steady-state
performance of the system to some extent. Assuming that the
speed of PMSM does not change significantly in the prediction
horizon and delay compensation is considered, the prediction
model of multistep FCS-MPCC is shown as follows:

P(k+N)=AP(k+N—-1)+ Bu; + C (7)
where NN is the prediction horizon, and N > 2.
The corresponding cost function form is
N
=3 igq—z‘gj(kJrn)H. @®)
n=2

However, with the increase of the prediction horizon, the
voltage vector combination will increase exponentially, which
makes it difficult to apply the multistep FCS-MPCC strategy
to practical applications. An improved multistep FCS-MPCC
based on sector is proposed to reduce the computational burden
in this article.

3) Improved Multistep FCS-MPCC With Low Parameter Sen-
sitivity Based on Sector: In traditional FCS-MPCC, the cost
function based on current error is viewed as the current loop
controller. However, eight times of predicted value calculation
should be carried out according to the prediction model during
the control process. In order to reduce the amount of calculation,
the cost function based on voltage error is taken. The new cost

The voltage vectors corresponding to subminimum value
and minimum value of cost function values are represented as
Usyb_min and Umin, respectively

Ugub_min — ar'g SUb_min{gi}

Umin = arg min{g; }

Ugub_mins Umin S {uzvl = 07 ]-v 27 37 4; 57 67 7}
In order to reduce the impact of delay on control performance,

one-step current prediction is adopted to realize delay compen-
sation

(10)

igq(k +1) = Aigy(k) + Buly, + C. (11)

The predicted reference voltage equation after delay compen-
sation is

uy, = Aig, + Big, +C (12)
where
ing =i iy s =i i5 )"
. o R, — é: —Lwye
udq—[u’& UZ} , A= 5
stre Rs - T.:
B= [é = } L O =10 wpety ]T.

The predicted reference voltage in the o — /3 coordinate is

[ u;JZ ] _ {c‘f)sﬁ —sin 6 ] [ug] . (13)

ug sinf  cosf Uy

Calculate the sector position of the predicted reference voltage
Hy = Uz
Hy = —3uf, + Bu, (14)
Hy = —Luf, — Bus,.

The serial number of the sector is

H = 4sgn(Hy) + 2sgn(H1) + sgn(Hy) (15)
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TABLE I
RELATIONSHIP BETWEEN H AND SECTORS
H 1 2 3 4 5 6
Sector 1 I II IV V VI
Fig. 3. Sector division method. (a) Two vector. (b) Three vector.

1 x>0
0 <0

As is shown in Table I, the value H is used to determine the
sector position of the predicted reference voltage.

The sector division method in Fig. 3(a) can effectively ensure
that there is only one nonzero vector and two zero vectors in each
sector. In single-step FCS-MPCC, the cost function value corre-
sponding to the nonzero vector and the zero vector can be com-
pared to output the optimal voltage vector. This sector division
method can effectively reduce the times of predicted values and
cost function optimization. However, the multistep FCS-MPCC
algorithm proposed in [19] involves optimal voltage vector and
suboptimal voltage vector, the selection process of suboptimal
voltage vector will become complicated if the sector division
method in Fig. 3(a) is used to select the suboptimal voltage
vector. Therefore, the division method in Fig. 3(b) is considered
to simplify the selection process of suboptimal voltage. At the
same time, considering the sector division method in Fig. 3(a)
can simplify the selection process of the optimal voltage vector,
two different sector division methods can be combined with the
multistep FCS-MPCC to improve the steady-state performance
of the system without significantly increasing the calculation
burden.

Similar to the process to locate the voltage vector in Fig. 3(a),
it is easy to obtain the relationship between the serial numbers
G and sectors in Fig. 3(b) by interchanging ug, and uj;, as shown
in Table II.

where sgn(z) =
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TABLE II
RELATIONSHIP BETWEEN G AND SECTORS

G 1 2 3 4 5 6
Sector III I V IV VI 1I

TABLE III
COMPARISON OF PREDICTION TIMES

multi-step predictive control times
traditional multi-step predictive control 72
multi-step predictive control [17] 16
multi-step predictive control [19] 24

multi-step predictive control in this article 10

With the predicted step size N = 3, The predicted current

value after delay compensation is
ih(k +2) = Ai§,(k+ 1) + Buj, + C. (16)

In the second step of prediction, the predicted reference
voltage can be expressed as

ui = Ai) (k+2) + Bij, + C 17)
where j e {mim sub_min}, zﬁiq(k +2) €ip,(k+2).
At this point, the cost function is
A ot = ]| Nl
4] [l T
‘ usub_min - udq ‘ Husub_min

Then the voltage vector ultimately acting on the inverter is

U ) Umin
out —
Usub_min

In order to verify the effectiveness of the proposed algorithm
in the current loop, the prediction times of several multistep
predictive control methods are compared for the case N = 3,
as is shown in Table III. The improved multistep FCS-MPCC
based on sector is not only suitable for the case N = 3, but also
can be extended to a longer prediction horizon.

Depending on the specific form of the ESO, it is easy to see
that providing an initial inductance value for the observer design
is necessary. If the initial inductance value is not appropriate, the
estimation burden of the observer will be increased. Therefore,
arough estimation method of inductance parameter is proposed
in this article to provide a relatively accurate initial inductance
value to reduce the estimated burden of the observer. The rest of
the disturbance is solved by the observer. In addition, because
the estimated inductance value is obtained by using the voltage,
current, and position information of the system, it is relatively
closer to the real value. Considering that the inductance value
has a great influence on the system performance. Therefore,
it is reasonable to update the estimated inductance value to the
prediction model to improve the system performance. In a word,
the inductance parameter estimation method in this article can
be combined with the observer to update the initial inductance
value, which can help to suppress the parameter mismatches with
a smaller estimated burden of the observer. When the parameters

if min(g) € A

if min(g) € B. (19
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do not match, the robustness of the system to the parameters is
improved by using the observer with the updated inductance
parameter

ia(k) —ia(k —1) = F[ua(k = 1) = Ria(k — 1)
+¢fwre sin(0(k — 1))]
ig(k) —ig(k —1) = T2 ug(k — 1) — Rig(k —
-Hl)fwre( 1) cos(6(k — ))]~
(20)

According to (20), the following can be obtained:

%[ua(k — 1) cos(O(k —

S

1)) + ug(k — 1)sin(6(k — 1))

— R(ig(k — 1) cos(0(k — 1)sin(6(k —1)))]
= (ig(k) —ig(k —

+ (la(k) - ia(k -

1)) +ig(k —
1)) sin(0(k — 1))
1)) cos(6(k — 1)). 1)

Ignoring the resistance voltage drop, (21) can be written as

%[ua(k —1)cos(8(k — 1)) + ug(k — 1) sin(A(k — 1))]
~ (is(k) — sk — 1) sin(6(k — 1)
+ (ia(k) — ia(k — 1)) cos(6(k — 1)). (22)
Let K = it can be obtain

Es
K = [(iq(k) —ia(k — 1)) cos(6(k — 1))
+ (ip(k) —ig(k — 1)) sin(6(k — 1))]

J[ta(k — 1) cos(B(k — 1)) + ug(k — 1) sin(0(k — 1))].
(23)

When the sampling period is short, the inductance can be
estimated according to K, which can be used to update the initial
inductance of observer to deal with parameter mismatches with
a smaller estimated burden. And the estimated inductance is
also used to update the prediction model to improve the system
performance. The above method can be considered to improve
the robustness of the system to the inductance parameter L

L=L
K

The other parameter mismatches will also lead to the selection
of the wrong voltage vector. In order to reduce the influence
caused by other parameters, the ESO with updated inductance is
considered to deal with the parameter mismatches with a smaller
estimated burden.

Letxy g = i4,224 = fq, @24 = hq, and hy is bounded, then
(2) can be written as

Trg= 1+ 224
Tr g = hy.

(24)

(25)

According to (25), the d-axis observer is designed as follows:

{éﬂdzz‘j‘f'zzd‘f'ﬁld(l‘ld_zld) 26)
Za=PFra(x14a— 214)
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The g-axis observer design is similar to the d-axis observer

{Zlq - %Z + ZQq + 61(](3:1(1 -
Z2q = Paq(T14 — 219)

where 31 4, B14,8,4.8,4 Tepresent the observer gain, satisfy-
ing the condition that 3; ¢ = 14 = 2wq and 3 4 = B2, = w3.
fa, fq represent lumped disturbance. By using the observer to
compensate the disturbance caused by parameter mismatch, the
robustness of the system to stator resistance R4 and flux linkage
¢ can be improved to some extent.

#1q) 27)

B. Speed Loop Design

1) ESO-Based Improved Multistep FCS-MPCC: Consider-
ing that the speed loop is susceptible to model parameter uncer-
tainty and external disturbance, ESO is considered to be applied
to speed loop to improve disturbance rejection performance for
PMSM.

Let 2 = Wy, Ty = - Iy SWf Liq — big*, then (1)
is arranged into the form of state space

$1:b23+l’2
To=h

_ Bwp,

(28)

where x5 represents lumped disturbance, h represents the deriva-
tive of lumped disturbance, and p represents the pole pairs.
According to (28), the observer is designed as follows:

{961 = biy + Zo—P1(F1—21)

29
To = —ﬁ2(’£1—$1) 9

where 2 represents the estimated value of state variable x1, 2
represents the estimated value of lumped disturbance x2, and
(1, B2 represent the observer gain.

The observer error equation can be obtained by subtracting
(29) from (28)

éer | _|[—=p 1 el 0
=B e b
where ey = 1 — Z1,e9 = X9 — To.
The characteristic equation of the error equation is
P(s) = s+ 15+ Pa. G1)

Assume that the expected poles of the system A} = Ay =
—w(w > 0) are true, then

P(s) = %+ Bis+ o= (s4w)? = > + 2ws +w?  (32)

s0 81 = 2w, B2 = w? can be obtained.

Aslong as the parameter w are properly selected, the estimated
speed 2, and the estimated lumped disturbance 25 can be ob-
tained through the ESO. However, the fixed observer gain does
not improve both disturbance rejection and noise suppression.
The analysis of disturbance rejection and noise suppression
about ESO is shown as follows.

Let u = ig, the Laplace transform of (29) can be obtained

{SXl = bU+X2 — BI(XI — Xl)

N . 33
sXy = —f2(X1 — X1). G
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Fig. 4. Amplitude-frequency response curves of (35) under different gains.

Rearranging (33), it can be obtained

V. _ _Bist+pBe bs
X1 = 524615+ 62 X1+ s24B15+ 62
(34)
v Bas _ bB2
Xo = 524615+ 02 X s24B15+62 U.

In order to more accurately analyze the impact of observer
gain on disturbance rejection and noise suppression perfor-
mance, the analysis is carried out from four cases.

Case I. Consider the influence of disturbance on estimated
value X 1-

According to (34), the transfer function between disturbance
F and the estimated value X 1 can be obtained as follows:

X b
21 278 (35)
F s2 4+ B1s+ Bo
. Case II: Consider the influence of noise on estimated value
Xi.
According to (34),Athe transfer function between noise V and
the estimated value X; can be obtained as

&: P15 + B2
Vo 24+ Pis+ e

Case III: Consider the influence of disturbance on estimated
value X. 9.
According to (34), the transfer function between disturbance
F and the estimated value X. 5 can be obtained as
X2 = —L. 37
F 52+ Bis + o
Case IV: Consider the influence of noise on estimated value
Xo.
According to (34), the transfer function between noise V and
the estimated value Xz can be obtained as
& — L (38)
Vo s2 4 Pis+ B
The corresponding Bode diagrams for the four cases are
shown in Figs. 4-7, respectively. As shown in Fig. 4, it is obvi-
ous that there is strong disturbance rejection on low-frequency
disturbance, when selecting the higher observer gain. However,
there is poor noise suppression with high gain in Fig. 5. In
Fig. 6, the low-frequency disturbance rejection performance is
almost the same when different gains are selected. Similar to

(36)
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Fig. 5. Amplitude-frequency response curves of (36) under different gains.
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Fig. 6. Amplitude-frequency response curves of (37) under different gains.
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Fig. 7. Amplitude-frequency response curves of (38) under different gains.

the conclusion in Fig. 5, the noise suppression performance is
gradually weakened as the observer gain increases in Fig. 7. In
a word, the conclusion will be drawn that high gain can improve
the disturbance rejection but amplify the measurement noise.

Because of strong disturbance rejection of high gain, the high
gain is often considered in theory. However, the measured speed
is subject to measurement noise in practice, the measurement
noise will be amplified by high gain. In order to deal with the
contradiction, AESO is proposed in the following to balance
between disturbance rejection and noise suppression.

2) AESO-Based Improved Multistep FCS-MPCC: The form
of AESO is shown as follows:

€1 =21 — 21
21 = z2 + Pr(w)er + biy
9 = Ba(w?)eq

(39)

where W = Wiin + (Wmax — Wimin) * 2 * atan(k * |e1 |)™.
The design process of the corresponding controller is as
follows.
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Let ug = biy" + 22, the lumped disturbance estimation value
zo obtained by the observer is used to replace x, then the
reference current value of the current loop in the g-axis can
be obtained after disturbance compensation

4 Up — 22
g =—3 - (40)
The linear state error feedback control law is adopted for u,
so the control law based on disturbance compensation can be

obtained
kp(w* — 21) — 29
iy = -
where k,, is the proportional gain.
Assumption 1: Assume the lumped disturbance xo and the
derivative of lumped disturbance h are bounded.
Theorem 1: If (28) satisfies Assumption 1, the estimation
error of AESO is bounded.
Proof: Define the estimated error variable: e; = 1 — 21,
eo = X9 — 29, then the estimation error equation is

é = A.e+ B.h

(41)

(42)

T —B1(w) 1 T

where e=|e; e , A= ,B.=10 1| .
e e LIRS

To facilitate parameter adjustment, let [;(w)=

Biw, B2(w) = Bow?, then the estimation error equation can be

expressed as

él . —Blw 1 €1 0
BN E e IR RO
Lete; = —#¢,i = 1,2, then
. h
€ =wAcee+ B.— (44)
w

o T o —51 1
where ¢ = [51 €9 ] VA = [—52 0 ]
B.=[0 1]".
The solution of the estimation error equation (44) can be
expressed as

t

e(t) = e* e (0) + / ewAs“*T)BEgdr 45)
0

where £(0) = [1(0) &2 (0)]7 = [e1(0) SZT(O) 7.

Since the derivative of lumped disturbance h is assumed to
be bounded, there exists a positive real N number such that
|h| < N.

Let p(t) = [5 e4<=7) B Ldr then

N [t .
|§01(t)| S;A ewAg(t )BsdT

IN

N
—(JAZ'B. |+ |AZ e <! Be]). (46)
w2 € €
Selecting the appropriate 51, 82 such that the matrix A. is the
Hurwitz matrix, thus there is a time constant 7'(7" > 0). When
t > T is true, then
1

‘ I:ewAat:I S 5 (47)

ij w
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1
[ehtB],| <

(48)

where 7,7 = 1, 2.
The inverse matrix A_* can be easily derived from the matrix

thus

_1 £
|[Angg]i|=H§f] e T T TR CO)
B2 i Ei:Q

where v = max{ﬁ—z, %}
According to (48) and the inverse matrix A1, the following

equation can be obtained for the case (¢ > T):

1
B

|[Atew4etB,] | < { <P lim <1 (50
7 L (l_i_&) w2
w2 B2 i
=2
where 7 = max{ 5, (1 + %)}
It is easy to get the following result from (49) and (50):
N n N~ Nn
|<Pi(t)|fﬁ(7+ﬁ) =§+F~ (51)
From (47), we can obtain
w €1(0)] + |e2(0
He AEt&(O)H < | 1( )| 2| 2( )| (52)

w
Thus,

lei(t)] = le1(0)] + [e2(0)]

|[e#4t<(0)],] + lei(t)] <

w2
N N
+ =Ly =L (53)
w w
Equation (53) can also be expressed as
e1(0)] + |e2(0 N N
)] < O ]ROF, T T 4
w w w

Because the condition wpi, < w < wpax 18 satisfied, the
upper bound of estimation error can be expressed as

e1(0)] +le2(0)] Ny N
les(t)] < eal )LQ“ 2(0)] +w3_71. + =L vt T (55)
m

Remark 2: From (55), it is easy to know that the estimation
error of AESO is bounded, and its upper bound is related to the
initial estimation error, the upper bound of the derivative of the
lumped disturbance, and the observer gain. With the decrease
of observer gain, the estimation error of observer will increase
gradually.

Next, the relationship between the estimation error and gain
of AESO will be analyzed when disturbed by different types of
disturbances.

The Laplace transform of the (43) can be expressed as

{SEl = —fwE + E

SE2 = —BQW2E1 + sF. (56)
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From (56), the transfer function from the lumped disturbance
to estimation error e; can be obtained
E s
== 5. (57)
F $2 + Prws + Bow
When the lumped disturbance is constant disturbance
and time-varying disturbance, respectively, the corresponding
Laplace transform is F' = £, F' = =, the steady-state estima-

tion error can be obtained according to the final-value theorem

0 (F=}

e1(o0) = { 1 8 (58)

me (F=3%).

It can be seen from (58) that when the system is disturbed
by time-varying disturbance, the steady-state estimation error
of the observer will increase with the decrease of the observer
gain.

Theorem 2: Suppose that Assumption 1 is satisfied. The
bounded stability of (28) under the control law (41) for any
bounded x2 and h is guaranteed if the observer gain in (39) and
controller gain in (41) are chosen such that A_ is the Hurwitz
matrix and &, > 0.

Proof: The control objective of PMSM speed control system
is to track the reference speed. Define the tracking error as 6 =
w* — w, then

0 =" —w=—bij — 2. (59)
According to (28) and (44), it can be obtained
d=0" —kyd+ [k, —1]e
=& —kpyd+ [~kp —w ]e. (60)

The reference speed value given in this article is constant, so

0= —kyo+ [k, —w]e. (61)
The error equation (44) is rewritten as
h _ _
& =wAce + BE; = A.e + B.h. (62)

In order to ensure the stability of the closed-loop system, the
tracking error equation and the estimation error equation can be

obtained as
) 0
HJ+{BJh. 63)

[ 5 ] - {—kp [~k —w ]
el |0 A

Supposing the derivative of lumped disturbance is bounded,
it is easy to get the conclusion that the tracking error and the
estimation error are bounded if the matrix A, is the Hurwitz
matrix and the condition &, > 0 is true. |

In order to further investigate the performance of AESO pro-
posed in this article, different disturbance types are considered
to study the effect of AESO gain on the tracking accuracy. First,
the Laplace transform of the (43) and (60) can be obtained

sA = 7]CPA — kal — EQ

sBy = —fwl + By
sky = —ngzEl + sF.

(64)
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From the above equation (64), the transfer function from the
lumped disturbance to tracking error can be obtained
A —5(s + frw + k) 65)
F o (s+4 kp)(s? + frws + faw?)’
When the disturbance form is constant disturbance, that is,
F= %, the steady-state tracking error can be obtained according
to the final-value theorem

0(c0) = lim sAF
s—0

= lim (s + b1 + ky) 1
5—0 (S + k'p)(52 + ﬂlws + [‘32&)2) S
If the disturbance form is time-varying disturbance, that is,

F= s%, the steady-state tracking error can be obtained accord-
ing to the final-value theorem

0(c0) = lim sAF
s—0

=0. (66)

= lim (s + Fiw + ky) L

T 550 (S =+ ,Z{}p)(82 + ﬂlws -+ BQCUQ) 52

_Piwtky

B k’pﬁng

- 751‘”; 5 ey (). (67)
P

When the system disturbed by time-varying disturbance re-
turns to steady state, the adaptive gain of AESO will decrease
to improve noise suppression. However, it is obvious that this
will lead to a relatively large estimation error according to (58).
According to (67), it can be known that the steady-state tracking
accuracy will deteriorate due to the large estimation error. In
order to improve the steady-state tracking accuracy caused by
time-varying disturbance, AIESO is proposed to deal with this
problem.

3) AIESO-Based Improved Multistep FCS-MPCC: Different
from AESO, the integral term is consider in AIESO, which can
not only deal with noise but also improve steady-state tracking
accuracy. The specific form of AIESO can be described as

€1 =21 —21
zZ = Zp + B1(W)EL+ b’i:;
Zp = Ba(w?)er + B3(w?) [ &
where W = Win + (Wmax — Wmin) * = * atan(k  |&|)™.
In order to track the reference speed, the control law is
designed as follows:

(68)

. k;pl(w* — 51) — 29
iy = 2
where k) is the proportional gain.
Assumption 2: Assume the second derivatives of lumped
disturbances are bounded, that is || < M.
If Assumption 2 is satisfied, (28) can be arranged in the

following form:

(69)

jl‘l = bl; + X2
.i‘gixg
T3 = h.

(70)
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Theorem 3: If (70) satisfies Assumption 2, the estimation
error of AIESO is bounded.

Proof: Regard z3 = f33(w?) J &1 as a new state variable,
define the estimation error variable e, = x1 — Z1, 65 = 2o —
Zo, €3 = X3 — Z3, then the estimation error equation is

&= Ace+ Beh (71)
where
é:[él €2 eg]T
—_Bl(CU) 1 0
A= |—B(w?) 0 1|,B:=[0 0 1)7.
—,63((,03> 0 0

Let (1(w) = fiw, B2(w) = Baw?, B3(w) = fsw?, thus the
estimation error equation is written as

€1 —Bw 1 0] [e 07
ég = —@2&)2 0 1 es | + (0 | h. (72)
ég —53w3 0 0 €3 1
Take &; = %, 1=1,2,3, then
€ =wAs + B:—; (73)
where
B 10
g = [61 Eo 53]T, Az = *[;32 0 1|, B:= [0 0 l]T
-p3 0 0

Similar to the previous analysis to prove the convergence of
AESO, the estimation error of AIESO is

. e1(0)] + [e2(0)] + [es(0)] | M7y Mn
l&s(t)] < w3 + oAt T T ve>T

(74)

wherey = max{é, %, %}, = maX{B—ls, 1+ %, 1+ %}l

Remark 3: Similar to AESO, the bound of estimation error
depends on the initial estimation error, the upper bound of the
second derivative of the lumped disturbance, and the observer
gain. However, comparing (55) and (74), if the parameters 31, 32
and f31, B, remain the same, and the parameter (33 is assigned
to a specific value, the estimation accuracy is higher under the
same working condition.

Theorem 4: Suppose that Assumption 2 is satisfied. The
bounded stability of (70) under the control law (69) for any
bounded £ is guaranteed if the observer gain in (68) and con-
troller gain in (69) are chosen such that A¢ is the Hurwitz matrix

and k,; > 0.
Proof: Define the tracking error variable: 6 = w* — w, then
0 =w"—w=d" —bi} — 2. (75)
According to (70) and (73), it can be obtained
0= —kpd+ [~k —1 0]e
=& —kpd+ [—kp —w 0]¢
= —kpd+ [~kp —w 0]& (76)
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TABLE IV
PARAMETERS OF PMSM

Descriptions Parameters Values

Stator Resistance R, 0.42 ()
Stator Inductance  Lq 0.0035 (H)
Flux vy 0.168 (W)
Pole Pairs P 4.0

Moment of inertia  J 0.113( g - m?)
Rated torque T. 239 (N -m)

Rated Speed N, 3000 (r/min)

The error equation (73) is rewritten as

. h o - .
g = (A)Agf + Bgﬁ = AgE + th (77)

The tracking error equation and the estimation error equation

can be obtained as
51 _[~km [~k —w 0] 5 0 1;
{5]_{0 Az §+Bg h-
(78)

Similar to the AESO, the stability of the closed-loop system
based on AIESO is completed. |

IV. SIMULATION RESULTS

In order to verify the effectiveness of the proposed control
strategy, the control strategy in Fig. 2 is verified by Mat-
lab/Simulink software. The simulation parameters are the same
as the actual platform parameters, as shown in Table IV. The
simulation step size is 10 us.

First, in order to demonstrate the effectiveness of the improved
multistep FCS-MPCC based on sector proposed in the current
loop, some simulations have been performed. The proposed
control strategy is compared with the strategy in [19]. Except
that the control strategy in current loop is different, the other
condition keep same. The speed controller parameter is 0.2.
The corresponding observer parameters are chosen as w =
1500, #1 = 1.5, B3 = 0.1. The simulation results are shown in
Fig. 8. The reference speed is set to 800 r/min, PMSM starts at
no load and the load torque 77, = 5N - m is applied to PMSM at
t = 0.15 s. It can be seen that speed, current, and optimal voltage
vector demonstrated under the two control strategy keep same,
which is not only suitable for no-load but also for load operation.
Especially the error of the optimal voltage vector number is
0, which further demonstrates the efficiency of the proposed
strategy in this article.

Second, to further verify that AESO can deal with the con-
tradiction between disturbance rejection and noise suppression,
the composite control based on ESO and AESO are selected
to compare. In order to ensure the fairness of comparison, an
improved multistep FCS-MPCC based on sector is adopted
in current loop. The controller parameter in speed loop is set
to 0.2. The parameters of ESO are chosen as wy,i, = 800,



11270 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

— T
- 20 5
EE‘ o g - “Reference — Proposed 3 f;
s o 2
3 = ok A { =z
I I I I I | | | I I 0
_ F= i i i i T =l T T T T T ] .
530 | & - Reference —In [19]] 2 2
2 - Reference —1n [19] P ] £ |
= z
2 ‘ [ [ S op- ‘ ‘ ! ‘ ‘ 1 0
s T T s I T T g 1F
0 o 0 9
=S = =)
a L L a L L a L L
Bl -1 -1
0 0 02 0.3 0 0.1 02 0.3 0 0.1 02 03
Time(s) Time(s) Time(s)
(a) (®) ©

WA _ (A
L) L i)
WA

L L

Difference , “
Difference

Difference
-

o
e
o
o
o
e

03 0.2 03 .
Time(s) Time(s) Time(s)

(d (© ®

o
o
o
o
o
&

Fig. 8. Difference between the proposed current loop control strategy based on sector and the strategy in [19]. (a) Speed. (b) T¢. (¢c) Number. (d) ¢4. (€) 2p. (f) ic.

TABLE V s00F —
PERFORMANCE COMPARISON IN SIMULATIONS /
600 S0 === — - Reference ||
.8 — HGESO
speed drop(r/min)  recovery time(s) £ a0 780 V — 1eeso0 |

HGESO 20.7 0.0563 "0 e — Ars0

LGESO 27.5 0.1083 , ‘ ‘ ‘ ‘

AESO 25 0.0888 0 0.1 0.2 Time(s) 0.3 04 0.5

(a)

% — HGESO
wmax = 1500, and the corresponding coefficients are set to Is 5 — LGESO |
B1 = 15,8, = 0.1, k = 0.5, m = 5. The simulation results of Z0 — AESO
high gain ESO(HGESO), low gain ESO(LGESO), and AESO f\“: o2 T o208 AN |
are shown in Fig. 9. The speed, g-axis reference current, gain, F
and estimated value of the lumped disturbance x» are included. "O o s P y os
The corresponding speed is shown in Fig. 9(a). The load torque Time(s)
is suddenly added to PMSM at ¢ = 0.2 s, and the load torque (b)
is 5 N - m. The corresponding speed drops and recovery times
with the three observers in simulations are shown in Table V. It 1400 E——
is easy to find that the disturbance rejection performance of the 21200 — LGESO | |
system with AESO is improved compared with the LGESO. The Smoo T ABSO ||
conclusion can also be drawn from Fig. 9(c). The adaptive gain
of AESO increases when the load torque is suddenly changed. w0 | | | |
However, the adaptive gain keep lower gain when the system ‘ " 2 Time(s) 0'3 o 0'5
returns to the steady state again. According to the analysis of last (c)
section and the simulation result in Fig. 9(d), it can be accepted Lsx1d — S
that the adaptive gain change will improve the disturbance \ 7 — HGESO
rejection performance under load change and better suppress e "-“‘W _ ig:;o
noise in steady state. In other words, the proposed AESO can &0 ' '

adjust the gain in real time between low gain and high gain
according to the estimation error, which can balance well the

disturbance rejection performance and noise suppression. 0 01 02 Time(s) 03 04 03
Considering that the adaptive gain of AESO is adjusted based )
on estimation error and the disturbance will have a great impact

on estimation error even gain of AESO, so the next task is 0 Fig. 9. Comparison of simulation results of low gain ESO, high gain ESO,
verify the impact of different disturbance on AESO. First, the and AESO. (a) Speed. (b) 73. (c) Gain. (d) Z2.
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Fig. 10. Comparison of simulation results about speed of AESO subject to
constant disturbance and time-varying disturbance.
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Fig. 11. Comparison of simulation results of AESO and AIESO subject to

time-varying disturbance. (a) Speed. (b) ifl. (¢) Gain.

PMSM is disturbed by constant load torque, the simulation result
is shown in Fig. 10 (red curve). It can be seen that the speed
of PMSM can quickly track the reference speed, and can also
quickly recover to the steady-state value when disturbed by the
sudden load torque. The blue curve in Fig. 10 represents the
speed of PMSM subject to time-varying load torque. Except for
the difference of disturbance type, other parameter conditions
remain the same. It is obvious that the tracking accuracy for
PMSM subject to time-varying load torque becomes poor. In
other words, the speed can converge to the reference speed
subject to constant load torque, there exists tracking error subject
to time-varying load torque.

As seen in Fig. 10 (blue curve), the tracking error is about
5.6 r/min disturbed by time-varying load torque. To verify the
improvement about tracking accuracy for the proposed AIESO,
the same time-varying load torque is applied to compare. The
parameter (33 is selected to be 53 = 0.0005. The simulation
result is shown in Fig. 11. the tracking error is about 1.2 r/min
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Fig. 12. Simulation results of the inductance parameter mismatch (L, =
1.5L5). (a) iq and ij. (b) iq and dg. (c) iq and 4 based on disturbance
compensation. (d) iq and 77 based on disturbance compensation.

in Fig. 11(a) (blue curve). Compared with AESO, the proposed
AIESO can improve the tracking accuracy to some extent. The
corresponding g-axis reference currents are shown in Fig. 11(b).
Fig. 11(c) represents the gain of observer subject to time-varying
load torque. When the system is disturbed by time-varying load
torque, the gain will vary with the estimation error to balance
the disturbance rejection and noise suppression.

Finally, in order to verify the proposed current loop control
strategy with low parameter sensitivity based on sector and the
improved multistep FCS-MPCC based on sector are simulated.
The simulation results are shown in Figs. 12—17. The perfor-
mance of the proposed method under load variation is verified,
the load torque of PMSM changed from 2 N-m to 4 N-m
at t = 0.2 s. Fig. 12 shows the current tracking curves with
L, = 1.5L,. Fig. 12(a) and (b), respectively, show the tracking
curves of current 74 and ¢, when inductance parameter does
not match. It is easy to see that the current tracking accuracy
is poor when inductance increases. In theory, when inductance
parameter does not match, if the initial value of inductance
is significantly different from the actual value, the estimated
burden of the observer will be increased. In order to improve this
problem, the state information of PMSM itself is used to make
the estimated inductance value relatively closer to the real value,
and the initial inductance value of the observer is updated with
the estimated inductance parameter value, which will reduce the
estimated burden of the observer. In addition, updating the pre-
diction model will also improve the prediction performance of
the system to some extent. The ESO is considered in this article to
suppress the parameter mismatch. The parameter of the observer
is chosen as wy = 250. The corresponding simulation results are
shownin Fig. 12(c) and (d), respectively, representing the current
tracking curves after disturbance compensation. By comparing
the simulation results, It is easy to see that the observer with the
updated inductance value can well deal with tracking accuracy
decline caused by the increase of inductance parameter. In order
to compare the simulation results more accurately, integrated
time absolute error (ITAE), and root mean squared error (RMSE)
were used for quantitative analysis

ITAE = [ t|iq —if|dr
RMSE = /i L (i, — i7) dr.

(79)

When parameter mismatch exists, the change of current i,
is easy to observe. For convenience, current i, is taken as an
example to evaluate the performance index. Table VII describes
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TABLE VI
PERFORMANCE COMPARISON IN EXPERIMENTS

speed drop(r/min) recovery time(s)

HGESO 4.1 0.0665

LGESO 8.9 0.0745

AESO 8 0.0732
TABLE VII

PERFORMANCE INDEXES OF PARAMETER MISMATCHES IN SIMULATIONS

Cases Current ITAE RMSE

i,(0—04s) 0023  0.0051

L,=15L, iq(0 — 0.45) 0.0178 0.0028
Improvement  22.61%  45.10%

i(0—0.4s) 00257  0.0062

Ly=05L, i,(0—0.4s) 00179  0.0028
Improvement  30.35%  54.84%

i,(0—0.4s) 00286  0.0070

Dy =150 ig(0—04s) 00167  0.0027
Improvement  41.61%  61.43%

i,(0—0.4s) 00321  0.0085

Gp=05p;  ig(0—04s) 00203  0.0039
Improvement  36.76%  54.12%

iq(0 — 0.45) 0.01741  0.002686
Ry =15R, i,(0—0.4s) 001740  0.002681

Improvement  0.06% 0.19%

i,(0—0.4s) 0019  0.0032

Ry =05R, i,(0—0.4s) 00185  0.0030

Improvement  2.63% 6.25%

: e fr—
E & o
2 T {%(S) 0.4 % . 1?5)(5) 0.4
@2 g“mw
K Tir?{g(s) o4 % Tir?{g(s) o4

(c) (d)

Fig. 13. Simulation results of the inductance parameter mismatch (L, =
0.5Ls). (a) iq and }. (b) iq and ij. (c) ig and i}; based on disturbance
compensation. (d) iq and 4;, based on disturbance compensation.

the simulation performance indexes corresponding to Fig. 12.
In order to make the quantitative analysis more reliable, the
performance indexes in Table VII not only considers the steady-
state situation when the inductance parameter does not match but
also takes into account the dynamic process when the load torque
changes. When the inductance parameter is increased, the ITAE
and RMSE of current %, are increased by 22.61% and 45.10%
with Ly = 1.5 L, respectively. Similarly, when L,=050L,,
the performance indexes of ITAE and RMSE are improved by
30.35% and 54.84%, respectively. The corresponding simulation
diagram is shown in Fig. 13. Through the above simulation
verification results and quantitative analysis results, it can be
easily verified that the robustness of the system to the inductance
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Fig. 19.

is improved by using the observer with the updated inductance
value.

Then, in order to further verify whether the method of distur-
bance compensation can improve the robustness of the system to
stator resistance and flux, the observer with updated inductance
is still used for disturbance estimation and compensation. When
the flux mismatch occurs, the corresponding simulation results
are shown in Figs. 14 and 15. Fig. 14(a) and (b) represent the
curves of current 74 and ¢, with ﬁf = 1.5%;. Fig. 14(c) and (d)
represent the curves of current 4 and 7, based on disturbance
compensation. The disturbance compensation is accomplished
by utilizing the observer with the updated initial inductance.
The track curves of current with 1) ¢ = 0.5¢; are shown in
Fig. 15. As can be seen from Figs. 14 and 15, the current tracking
accuracy is improved after disturbance compensation by using
the observer with the updated inductance. Similarly, when the
stator resistance does not match, the curves of current 4 and i,
are shown in Figs. 16 and 17. The comparisons of performance
indexes in simulations are shown in Table VII. It is easy to see
that the system with disturbance compensation can well suppress
the stator resistance mismatch and flux linkage mismatch.

V. EXPERIMENTAL RESULTS

In order to validate the feasibility of the proposed control
strategy, a experiment platform has been set up, as shown in
Fig. 18. The platform is based on dSPACE 1103 controller board,
the dc bus power supply is used to power the inverter and three
phase current are measured for closed loop control by using
the current sensors, the load motor is employed to provide load
torque for the controlled PMSM. The parameters of the PMSM
are shown in Table IV.

The experimental results of HGESO, LGESO, AESO, and
AIESO are discussed in Figs. 19-21. The controller parameter
in speed loop is set to 0.05. The parameters of ESO are chosen
as Wmin = 1500, wmax = 2000, the corresponding coefficients
are set to $; = 1.5, 82 = 0.1, and the other coefficients are
k = 4.6 x 1072, m = 10. The reference speed is 800 r/min. The
load torque is 1 N - m. Fig. 19 shows the speed, g-axis reference
current gain and estimated value of the lumped disturbance x5
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Fig. 20. Comparison of experimental results about speed of AESO subject to
constant disturbance and time-varying disturbance.

corresponding to HGESO, LGESO, and AESO. When the load
torque of PMSM changes, the corresponding speed drops and
recovery times with the three observers in experiments are shown
in Table VI. Similar to the simulation results, the speed decrease
of the composite control strategy based on AESO is between
HGESO and LGESO when the load torque is added to PMSM.
That is to say, compared with LGESO, the disturbance rejection
performance of the system with AESO has been improved. The
adaptive gain corresponding to AESO also show the similar
conclusion in Fig. 19(c). And it can be obtained that the noise
amplification caused by high gain is improved to some extent
according to the Fig. 19(d).

When PMSM is subject to the constant load torque and
time-varying load torque, respectively, the experimental result
is shown in Fig. 20. PMSM is in steady-state operation at the be-
ginning. When subjected to the constant load torque, PMSM can
return to reference speed again. However, when the time-varying
load torque is applied to PMSM, the tracking error will occur,
which means that the tracking accuracy for the closed-loop
system becomes poor. In order to deal with this problem, the
experimental result of the composite control strategy based on
AIESO is shown in Fig. 21.

In order to verify whether the integral term will improve
tracking error, the other parameters are kept same except for
the parameter (3. The parameter (3 is selected to be (3 =
3.33 x 1072, It can be seen that the tracking accuracy of the
composite control strategy based on AIESO is higher than that
of the composite control strategy based on AESO in Fig. 21(a).
The g-axis reference currents are also demonstrated in Fig. 21(b).



11274 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023
4 T T 1. 60 T 2000 T 2000
“so—niso o
l I I : 220¢ 500, 160/ 160 4
s 30 ;:EQ,O.S* § 180! 0.576 0.58 0.584 0.765 0.77 0.775|
% / / 1800~ 1604 \ \ \
378 0 4
0 0.39 0.394 0.398
7 7
| 055 0555 056 0,756 0.76 | | | ) | | |
0 02 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 h 0.2 0.4 0.6 0.8
Time(s) Time(s) Time(s)
(a) (b) (©
Fig.21.  Comparison of experimental results of AESO and AIESO subject to time-varying disturbance. (a) Speed. (b) iy . (c) Gain.
3 — = 4 3 = —~ 4
— g = 14 . — g = 1y _
—i,—
3 4 3 4
0 Time(s) 080 Time() 08 ’ Time(s) o Time() o8
@ ®) ; @ 4 ©
3 ; = 4 ’ —i— i
—ig— iy - - "
3 = —i— = = —
3 4 2o 04 08 o 04 038
0 T I%:(a) 0.8 0 . r?].:(q) 0.8 Tir(ne;(s) Tix(nde)(s)
S, S C
(c) (d)
Fig. 22. Experimental results of the inductance parameter mismatch (L, = Fig. 26. Experimental results of the stator resistance mismatch (R, =

1.5L5). (a) iq and 7j;. (b) iq and 4. (c) iq and 7 based on disturbance
compensation. (d) ¢4 and i’(‘l based on disturbance compensation.

<
B
~o 04 0.8 0 0.4 0.8
Time(s) Time(s)
, ® . (b)
—ig— iy
Wﬁﬂ %oy ""‘“"ﬁ_i_f
30 0.4 0.8 40 0.4 0.8
Time(s) Time(s)
(©) (d)

Fig. 23. Experimental results of the inductance parameter mismatch (L, =
0.5Ls). (a) iq and 4. (b) iy and i:;. (c) ig and 4); based on disturbance
compensation. (d) iq and 4;, based on disturbance compensation.

0 04 0.8 0 04 0.8
Time(s) Tm]]je(s)
, ) i . (b)
2 e 2 sy
B e — g —
30 0.4 0s o 0.4 08
Time(s) Time(s)
(c) (d)

Fig. 24. Experimental results of the flux linkage mismatch(JJf = 1.5%9y).
(a) iq and i;. (b) ig and i;. (c) iq and i} based on disturbance compensation.

(d) iq and ifl based on disturbance compensation.
—_—y = i,

iq(A)
o

0 0.4 0.8 0 0.4 0.8
Time(s) Time(s)
, ® . ®)
—ia— iy
<o <o Y A .
3 = —i,— i
30 0.4 0.8 40 0.4 0.8
Time(s) Time(s)
(© (d)
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TABLE VIII
PERFORMANCE INDEXES OF PARAMETER MISMATCHES IN EXPERIMENTS

Cases Current ITAE RMSE

i (0—08s)  0.1846  0.1014

Ly,=15L, iq(0 — 0.8s) 0.1283 0.0413
Improvement  30.50%  59.27%

i(0—08s)  0.1512  0.0611

Ly=05Ls i,(0-0.8s) 0.1395  0.0512
Improvement  7.74% 16.20%

iq(0 — 0.8s) 0.1642 0.0674

=150 i,(0-08s)  0.1202  0.0379
Improvement  26.80%  43.77%

i(0—08s)  0.1532  0.0642

Gp =050, ig(0—08s)  0.1235  0.0428
Improvement  19.39%  33.33%

iq(0 — 0.8s) 0.1074 0.0316

Rs =15R; i,(0-08s) 0.1056  0.0285
Improvement  1.68% 9.81%

iq(0 — 0.8s) 0.1005 0.0267

R, = 0.5R, iq(0 — 0.8s) 0.0916 0.0227
Improvement  8.86% 14.98%
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No matter strategy based on AESO or strategy based on AIESO,
when the system is disturbed by time-varying load torque, their
adaptive gain will change accordingly in Fig. 21(c).

Similar to simulation, it is verified whether the observer
with updated inductance has disturbance compensation effect
on parameter mismatches (including load torque variation). The
parameter of observer are chosen as wg = 500. The correspond-
ing experimental results are shown in Figs. 22-27. And the
comparisons of performance indexes in experiments are shown
in Table VIII. It can be easily concluded that the observer
with updated inductance parameter can improve the tracking
accuracy of current when the parameters do not match. That
is to say, the robustness of the system to motor parameters is
improved to some extent.

VI. CONCLUSION

In this article, an improved multistep FCS-MPCC based on
AIESO has been proposed for PMSM. First, in order to further
reduce the computational burden of the multistep FCS-MPCC
in [19], an improved multistep FCS-MPCC based on sector has
been studied. The control performance of the proposed method
is consistent with that of [19], but less computation. Second, in
order to balance the disturbance rejection performance of system
and noise suppression. AESO has been proposed to solve this
problem. However AESO will lead to poor steady-state tracking
accuracy because of the time-varying disturbance. Thus, AIESO
has been proposed to improve the steady-state tracking accuracy,
which not only balances disturbance rejection performance of
system and noise suppression but also improves steady-state
tracking accuracy. Third, in order to suppress the impact of
parameter mismatches, the inductance parameter estimation
method and disturbance compensation mechanism are applied to
the current loop to improve the robustness of the system to motor
parameters. Finally, simulation and experimental results have
shown the effectiveness of the improved multistep FCS-MPCC
with low parameter sensitivity based on AIESO proposed in this
article.
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