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ABSTRACT: To address the issues of weak disturbance-rejection capability and poor parameter robustness in traditional model predictive
control, a deadbeat model predictive current-control strategy with an improved disturbance observer is proposed. First, an active dis-
turbance rejection controller is designed to replace the PI control, achieving both fast response and overshoot-free performance during
speed tracking. Then, the influence of parameter disturbances on motor control performance in conventional model predictive control
is analyzed, and a disturbance observer with adaptively adjustable gain is designed. The parameter mismatch disturbances can be com-
pensated. Therefore, the current ripple can be significantly suppressed, and the robustness of the system parameters can be enhanced.
Finally, the performance of the proposed method was demonstrated through simulations and experiments.

1. INTRODUCTION

Permanent magnet synchronous motor (PMSM) is a high-
order, nonlinear, and strongly coupled system. With the
development of permanent magnet materials, they have been
widely used in fields such as vehicles, industrial servos, and
aerospace due to their high power density and small size [1-4].
To achieve high-performance control in the above-mentioned
fields, control methods for the PMSM include field-oriented
control, sliding-mode control, model predictive control (MPC)
[5-7], etc.

Compared with field-oriented control and sliding-mode con-
trol, MPC has the advantages of a simple structure and fast dy-
namic response [8,9]. MPC mainly includes model predictive
current control (MPCC), model predictive torque control, and
deadbeat MPCC.

As an important branch of MPC, deadbeat MPCC has be-
come a current research focus owing to its advantages such
as fast dynamic response and small computational complex-
ity [10]. Currently, it has been applied to PMSM control sys-
tems and has achieved good control in relevant research.

The performance of the MPC is highly dependent on the ac-
curacy of the motor parameters. However, during motor oper-
ation, the parameters drift significantly due to factors such as
temperature changes, permanent magnet magnetization, speed
changes, and load disturbances, resulting in prediction errors
and decrease in motor control performance.

Refs. [11-13] introduce an extended state observer (ESO)
into MPC to reduce the impact of parameter mismatch on
prediction accuracy. The experimental results show that this
method can effectively improve the dynamic response perfor-
mance and parameter robustness of a motor system. To reduce
the impact of predictive model parameters on motor operation,
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ref. [14] proposes a novel model-free predictive current sliding-
mode control strategy to achieve strong robustness of the sys-
tem. Ref. [15] proposed the use of a sliding-mode disturbance
observer to compensate for parameter disturbances and em-
ployed a feedforward controller with sliding-mode load com-
pensation to replace the traditional PI controller. The experi-
mental results verify that this method exhibits better dynamic
response and current-tracking performance in the presence of
disturbances. Considering the issue in MPC systems where
computation delays in digital circuits lead to inaccurate cur-
rent tracking, ref. [16] proposes a sensorless MPCC for PMSM
based on delay compensation, which can effectively address
this problem. To enhance the robustness of the MPC system,
ref. [17] proposes a predictive control method based on an in-
cremental PMSM model. This strategy designs a current distur-
bance observer based on the concept of incremental iteration to
eliminate the influence of flux parameters on the motor. The
experimental results demonstrate that this method can signifi-
cantly reduce the steady-state current error caused by parameter
mismatches. Ref. [18] proposes an improved delay compen-
sation method. By predicting the current variation during the
delay time and performing compensation, the calculation de-
lay predicted by the model can be reduced. Compared with the
traditional two-step delay compensation, this method makes it
easier to achieve optimal control. In response to disturbances
caused by parameter variations, refs. [19-22] propose using
a Kalman filter to estimate changes in parameter disturbance
while reducing the impact of motor noise. To address the issue
of parameter mismatch affecting motor control performance in
traditional deadbeat MPCC systems, refs. [23—25] propose a
current error compensator. This method not only compensates
for current errors in real time but also calculates the motor’s in-
ductance and flux linkage for effective parameter identification.
The experimental results verify that this method ensures the ac-
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curacy of motor parameter identification and the robustness of
the control system.

It is a significant challenge to improve the disturbance re-
jection performance of control systems. The main contribu-
tion of this paper is that a deadbeat MPCC scheme based on a
disturbance observer is proposed, aiming to improve speed dy-
namic performance and enhance system robustness. To address
the issue that conventional active disturbance rejection control
(ADRC) employs only a single standard ESO, which exhibits
low sensitivity to errors, an ESO incorporating a derivative term
is introduced to enhance error sensitivity. However, the differ-
ential term will generate noise. This paper combines the advan-
tages of both ESOs by taking a weighted average of the distur-
bance estimates from Observer 1 and Observer 2. Meanwhile,
in the context of MPCC, parameter disturbance compensation is
applied. Traditional ESO requires bandwidth parameter tuning,
which is a complex process. This article proposes an ESO based
on adaptive bandwidth, which can flexibly adjust the observer
gain and enhance the accuracy of disturbance compensation.

2. MATHEMATICAL MODEL OF PMSM

Ignoring the motor’s hysteresis and eddy current losses, the
voltage equation of the surface-mounted PMSM is as follows:

—welig

ug = Rig + L%z
{ dt (1)

Ug = Rig + L%‘* +weliqg + wepy

where ug and u, are voltage components; ¢4 and ¢, are cur-
rent components in the d-q coordinate system; w, is the electri-
cal angular velocity; ¢ is the magnetic flux of the permanent
magnet; R is the stator resistance; L is the winding inductance.

The electromagnetic torque and mechanical motion equa-
tions of the PMSM are as follows:

_3 ;
L, BPnerta @
Jegr =T, — Ty, — Bwp,
where T, is the electromagnetic torque; 77, is the load torque;
D, 1s number of pole pairs; .J is the moment of inertia; B is the
viscosity coefficient.

3. BASIC PRINCIPLE OF DEADBEAT MPCC

As the core unit of the motor drive system, the performance of
the current controller directly determines the system’s dynamic
response and steady-state accuracy [26]. Compared with tra-
ditional field-oriented control, deadbeat MPCC has a faster re-
sponse speed. Therefore, a deadbeat MPCC strategy based on
a disturbance observer is proposed in this study. The structure
of the traditional deadbeat MPCC system is shown in Fig. 1.
The deadbeat MPCC is based on a discrete mathematical
model of the motor control system. First, the current value is
sampled in real time during each control cycle, and the current
value at current moment is used as a reference value. The opti-
mal reference voltage vector is calculated using the discretized
voltage equation, and switching signals for the inverter is then
generated via space vector pulse width modulation. Ultimately,
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FIGURE 1. The traditional deadbeat MPCC system.

the system achieved zero static error tracking for the reference
current. The discretized mathematical model is presented in
Equation (3).

ua(k) = Fia(k +1) + (R — £ )ia(k)
—we (k) Lig (k) 3)
uq(k) = Friq(k +1) + (R — £ )ig(k)

Fwe (k) Lia(k) + we (k)ey

where i4(k) and i, (k) are the actual output currents; i4(k + 1)
and i4(k + 1) are the given currents; T} is the sampling time.

4. IMPROVED DEADBEAT MPCC SYSTEM

4.1. Simplified Active Disturbance Rejection Controller

To reduce overshoot of the speed and improve response speed, a
simplified linear ADRC was designed to replace the traditional
PI controller [27]. Its structure is illustrated in Fig. 2.

w u
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- h(t)
w
. N ESO

FIGURE 2. Block diagram of simplified linear ADRC.

Compared with traditional controllers, the ESO proposed in
this study first uses two observers to estimate the disturbance
values, respectively [28—30]. Then, the sum of the disturbances
for the two observers can be calculated, and the average of the
two observer values can be considered as the new disturbance.
The new disturbance serves as an input to the observer, which
can improve the accuracy of disturbance estimation. The ob-
server gain is tuned using the bandwidth method [31].

The state equation shown in Equation (4) can be obtained
from Equation (2).

__ 3pny -

W = “55tig — %TL — %wm +d(t)
=bou+ f (4)
f==3Tp — Bw,, +d(1t)

where by = 1.5p, ¢/ J is the gain of the controller; u = i, is
the output of the controller; d(¢) is an unknown disturbance; f
is the disturbance except for byu.
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wm, and f are expanded into new state variables x5; and 5o,
respectively, as shown in Equation (5).

Ts1 = Wm

Ts2 = f

Ts1 = Ts2 + bou )
i‘sQ = f

Based on Equation (5), an improved extended state ob-
server 1 can be established.

€s1 = Wm — Zs1

Zs1 = Ze2 + 2woes1 + bou (6)
. _ 2 .

Zs2 = whes1 T 2woést

where z,; is the speed estimation; z,s is the disturbance esti-
mation; wy 1s the observer bandwidth.

Similarly, the mathematical model for observer 2 can be ob-
tained as follows:

€1 =Wy, — 21

,él = bou + 2(.4)061 + (ZQ + ZQ)/Q
= bQU =+ 2&)061 —+ h(t)

2o = wgel

(M

where 27 is the speed estimation; 2 is the disturbance estima-
tion; h(t) is the average value of the total disturbance estimated
by the two observers.

The improved ESO is shown in Fig. 3.
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FIGURE 3. The ESO structure diagram.

The formula for proportional error feedback control rate is as
follows:

e=Ww — Wn
ug = kpe ®)
u = (UO — h(t)/bo

where w;, is the expected mechanical angular velocity; e is the

difference between the expected and actual speeds; ug is the
control law; £y, is the proportional gain.

Based on Equation (6), the transfer function between z45 and
w,y, In observation 1 is obtained as:

zs2(s)  2wos® +wis

G = =
p1s(s) wm(s) 82+ dwos + wi

)

Based on traditional ESO, the disturbance of observer 1 is intro-
duced as the input of observer 2. The transfer function between
z9 and wy,,, in observer 2 is as follows:

zs2(8) wis

Gpas(s) = = (10)

wm(s) 2+ 2wos + wi

Observer 1 contains a second-order derivative term, indicat-
ing superior dynamic performance, whereas the conventional
ESO exhibits relatively poor dynamic performance. Observer
2 synthesizes the advantages of both observers: it leverages the
fast-tracking characteristic of observer 1 to compensate for the
insufficiency of disturbance compensation in the conventional
observer.

4.2. Analysis of MPCC Parameter Mismatch

The resistance, inductance, and magnetic flux change with vari-
ation in motor operating conditions, resulting in inaccurate pre-
diction accuracy and subsequently affecting the performance of
the control system. The MPCC’s parameter mismatch is ana-
lyzed in the following section.

First, voltage Equation (1) is transformed into a current equa-
tion.

diag _ Ry 1 ;

T e (an
dig _ _R; + Lo, — i, 1

a = L'Lq Luq Weld Lwegﬁf

Discretize to obtain the current prediction equation, as fol-
lows:

ia(k + 1) = (1= ZLYig (k) + Toug (k) + Toweiq (k)
iq(k +1)=(1- Rg‘“ )iq(k) + %uq(k) (12)
- sweid(k) - Tswe@f

According to the current prediction equation in Equa-
tion (12), the deviation between the predicted model parame-
ters and actual values is denoted as AR, AL, Aps. The new
current prediction equation is as follows:

ik +1) = (1 — BTy ()

-l-ﬁud(k) + Tsweiq(k)
Y R+AR)T, \ - )
ig(k+1) = (1= BEEDT i (k) + g ue (k)

; Ts(pr+Apy)
—Taweia(k) — = FEap " we

(13)

By subtracting Equation (12) from Equation (13), the current
error of the MPCC can be obtained.

_ T<RAL-T;LAR;

TSAL
€d = TTL(LFALD) ia(k) — L(L+AL) uq(k)
TsRAL-T,LAR T-AL
eq = = rgary (k) — zEaTy va (k) (14)
Tsweps AL=TsweApysL
+ L(LTAL)
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FIGURE 4. The influence of parameter error on current error: (a) the d-axis current error and (b) the g-axis current error.

where €4 and €, are the current errors of the MPCC in the d-¢
coordinate system.

As shown in Fig. 4, the prediction error of the d-q coordinate
current is mainly affected by the inductance error. If the resis-
tance error is constant, the absolute value of the current error
changes rapidly as the inductance error varies from 0 to 0.01,
reaching a maximum of 0.18 A. If the inductance error is con-
stant, the absolute value of the current error changes slowly,
and the change is almost negligible.

5. PARAMETER DISTURBANCE COMPENSATION OB-
SERVER DESIGN

Through the analysis of parameter disturbances, the voltage
equation with parameter disturbances can be obtained as fol-
lows:

ug = Rig + L;f;g weLiq + Gg

ug = Rig + L +welig + wepy + Gy
Ga = AL% + ARiq — ALw,i,

Gy =AL%: dz" + ARig 4+ ALweig + Apjwe

(15)

where G4 and G, are disturbances caused by the parameters.
The voltage equation is transformed into the current equation
as follows:

5 Ryt bua by~ $Go .
Gy _ Ry Ty a1y o 1 10
at — " Llat TUq —Weld — pWepr — 1 lyg
Let go = —1+Gaq, gg = —+ Gy, the parameter perturbation
equation is as follows:
gq = _%(ALdld + ARig — ALweiy) amn
gq = —1(ALSE dig 4 ARig+ ALwiqg + Apjw,)

where g4 is the d-axis component of the disturbance at current
equation, and g, is the g-axis component of the disturbance at
current equation.
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The mathematical model for the deadbeat MPCC considering
the influence of parameter changes can be written as:

uq(k) = 2d(k +1)+(R—- %)Zd(k)

—oe () Lig () — Lo "
uq(k) = Frig(k +1) + (R — £ )ig(k)

+we( )Lia(k) + w ( )sﬁf — Lgq

To improve parameter robustness and reduce current ripple,
an extended state observer was designed to estimate the total
disturbance and compensate for the deadbeat MPCC.

Let I11 = [id’iq]Tv g(t) = [gd<t))gq<t)]Tv
u = [ug + weLiq, ug — weLiqg — wegof]T

-

By combining Equations (16) and (17), the current state
equation can be obtained as follows:

_ER
L
0

{ Iy = ALy + Bu + g(t) (19)

g(t) =r(?)

Based on Equation (19), the current expansion state observer
is designed as follows:

211 = Az11 + Bu + 291
221 = —5261
e1 = z11 — I

— Bier
(20)

where 217 = [ 214 214 |7 is the current estimation; zp; =
[ 224 224 | is the disturbance estimation; 3; and (3, are the
observer gains; e; is the error between the estimated and actual
currents.

From Equations (19) and (20), the error state equation is ob-
tained as follows:

é1 = Aei +e2 — fieg
ég = —faer —r(t)

21
e1 =z11 —In E
es = 291 — g(t)
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where e5 is the error between the estimated and actual distur-
bances
Assuming that the upper limit of the disturbance change rate
remains within a certain range for a short period of time, namely
|g(t)] < G, the transfer function can be obtained based on the
current error and disturbance as follows:
E(s) s

T TR (B As B 22)

Let 81 — A = 2w, B2 = w2, and the following expression
can be obtained.
E(s) s

__ 23
82 + 2we0S + w (23)

where w. denotes the bandwidth gain of the current observer.
Since §(t) = r(t), the expression can be written as

E(s) _ 1 (24)
52 4 2weos + w?y

Equation (22) can be converted into the frequency domain
expression

1
- (25)

‘E(S)
R(s)

s=jw

Using the scaling method, the following relationship can be
obtained:

1
1E(8)]s=je < o2 |R(jw)] (26)

From |¢(t)| < G, |e1m| < w—% can be obtained.

If the disturbance changes, I;; will also change. I}, is ob-
tained via coordinate transformation and is also related to the
back electromotive force.

Lot —w2p cos O, @7
é5 wzgof sin 96
Maximum current error is
- wepy
lea < ‘E =L (28)

Weo

Based on Equation (28), the adaptive bandwidth can be ob-

tained as:
| ©f
Weo = We
|61|maX

where |e1|max 1S @ constant value representing the maximum
current error between the estimated and actual currents.

As long as the gain £ is a finite constant (i.e., |k| < 00), for
any bounded input |z(t)| < M < oo, the output is necessarily
bounded: |y(t)| = |k| - |z(t)] < |k|- M < oo. The system is
bounded-input bounded-output (BIBO) stable if and only if & is
finite. If k = oo, itis unstable (which does not exist in practice).

(29)
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The mathematical model of the d-axis adaptive disturbance
observer is as follows:

21d = Az1qg + Bu+ 29 — 2wep€1d
s _ 2

22d = —Wep€1d

€1d = 21d — Ud

(30)

The structural diagram of the d-axis continuous adaptive dis-
turbance observer is shown in Fig. 5.
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e
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u2

Y

FIGURE 5. The d-axis adaptive disturbance observer.

Similarly, the g-axis disturbance observer can be obtained as
follows.

The mathematical model of the d-axis adaptive disturbance
observer is discretized as follows:

eig = z14(k) —iq(k)

z1a(k+1) = (1= 2T))z1a(k) + T2uq(k)
T Toon (k)i (k) + Ty Zaa(k)
—2weoTse1q

224(k) = z2a(k) — w2 Tserq

€2))

where e14(k) is the error between the estimated and actual cur-
rents; 7T is the sampling time; z14(k) is the estimated current;
iq(k) is the actual current.

A diagram of the deadbeat MPCC system based on a distur-
bance observer is shown in Fig. 6.
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FIGURE 6. The improved deadbeat MPCC system for PMSM.
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FIGURE 7. Simulation comparison of current waveforms: (a) traditional deadbeat MPCC and (b) improved deadbeat MPCC.

oscilloscope

Magnetic
power brake

FIGURE 8. Experimental platform.

6. SIMULATION AND EXPERIMENTAL VERIFICATION

The motor control performance of the proposed control strat-
egy was verified. The simulation and experimental results are
presented for comparative analysis. In the traditional strategy,
kpis 0.14, and k; is 6.4. For the improved self-disturbance con-
trol, k,, is 300, and the ESO bandwidth is 300. For the current
disturbance observer, the bandwidth is 1500. The actual load
torque is SN - m.

6.1. Simulation Analysis

The simulation results for the mismatch of inductance under
a speed of 1000 r/min and rated load 5N - m are presented in
Fig. 7.

Figure 7 shows a comparison of current waveforms for the
two control strategies as the stator inductance changes from L
to 2L. From the waveforms, it can be seen that the current fluc-
tuation of the deadbeat MPCC is significant, and the g-axis cur-
rent fluctuates from 24 A to 3.4 A. The g¢-axis current fluctua-
tion range of the improved control strategy was maintained at
a small range, fluctuating from 2.6 to 3.1 A.

Through simulation comparison, similar results can be ob-
tained regarding the mismatch of parameters such as resistance
and magnetic flux.
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TABLE 1. Motor parameters.

Parameter Value
Resistance 2.857¢2
Inductance 8.5mH
Viscous Friction Coefficient 0.008 N-m-s
Pole-pairs 4
Rotor Flux Linkage 0.175 Wb
Inertia of the Rotor 0.003 kg - m’
Rated voltage 380V
Rated Torque I5N-m

6.2. Experimental Verification

To further validate the effectiveness of the proposed method,
a comparative analysis of the experimental waveforms is pre-
sented, including speed-tracking and load disturbance rejec-
tion performance. The experimental platform is shown in
Fig. 8. The experimental platform included a controller, in-
verter, transformer, PMSM, and magnetic powder brake. The
motor parameters are shown in Table 1. The sampling fre-
quency is 10 kHz.

Figure 10 shows speed waveforms for the two control strate-
gies. The speed was varied from 200 r/min to 400 r/min. From
the figure, it can be seen that the speed overshoot of the dead-
beat MPCC control strategy is 20 r/min, and the response recov-
ery time is 0.5 s, while the overshoot of the improved control
strategy is very small, and the response recovery time is 0.18s.

Figure 10 shows speed waveforms under the two control
strategies for loading and unloading 5 N - m at 300 r/min. From
Fig. 10, it can be seen that the speed of the deadbeat MPCC
decreases by approximately 35 r/min at the moment of load-
ing, and when unloading, the speed increases by approximately
23 r/min. By adopting an improved control strategy, the speed
decreased by approximately 15 r/min during loading and in-
creased by approximately 12 r/min during unloading.

From Figs. 9 and 10, it can be seen that the improved con-
trol strategy can achieve no overshoot in speed and has a faster
response speed. Compared with traditional PI controllers, the
improved controller has stronger disturbance-rejection perfor-
mance.

Figure 11 shows current waveforms of the two different
control strategies during loading and unloading at a speed

Www.jpier.org
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FIGURE 9. Speed tracking comparison: (a) traditional deadbeat MPCC and (b) improved deadbeat MPCC.
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FIGURE 11. Current waveforms comparison under load variation conditions: (a) traditional deadbeat MPCC and (b) improved deadbeat MPCC.

of 200 r/min. According to Fig. 11, at the moment of load
change, the maximum d-axis current fluctuation using the dead-
beat MPCC method is approximately 0.8 A, and the maxi-
mum current fluctuation of the improved control strategy is ap-
proximately 0.5 A. The g-axis current exhibits a similar phe-
nomenon. The current fluctuation of the improved control strat-
egy was significantly smaller than the traditional method. From
the waveforms in Fig. 11, it can be seen that compared with the
deadbeat MPCC, the current fluctuation under the improved
control strategy is significantly smaller than under load dis-
turbances, indicating better load disturbance rejection perfor-
mance.

7. CONCLUSION

This study proposes an improved deadbeat MPCC strategy for
PMSM based on a disturbance observer to enhance disturbance-
rejection capability and MPCC’s parameter robustness. An ac-
tive disturbance rejection controller was designed to replace
the PI control. A disturbance observer with an adaptively ad-
justable gain is designed. Parameter mismatch disturbances can
be compensated. The experimental results show that a simpli-
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fied linear ADRC speed regulator can achieve both a fast re-
sponse and overshoot suppression during speed changes. The
disturbance observer can significantly suppress current ripple
and exhibits better robustness in the presence of external dis-
turbances and parameter mismatches.
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