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Improved Deadbeat Predictive Current Control
With Extended State Observer for Dual
Three-Phase PMSMs
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Abstract—A deadbeat predictive current control (DPCC)
method based on extended state observer (ESO) is proposed to
improve the control performance of dual three-phase permanent
magnet synchronous motors (DTP-PMSMs) under parameter mis-
match. A variable gain coefficient related to the exponential func-
tion of tracking error is proposed to enhance the observer’s conver-
gence and robustness under complex conditions. Furthermore, the
prediction delay problem of DPCC model under digital hardware
is studied, and an improved prediction method is proposed to
compensate for the delay time, reducing the response time and
overshoot of the system under the DPCC algorithm. The proposed
ESO is combined with the improved prediction model, and DPCC
with two-sample delays is employed to reduce the prediction cur-
rent error and enhance the control performance of the algorithm in
practical applications. The stability of the system is demonstrated
using the Hurwitz Criterion. Experimental results validate the
superiority and feasibility of the proposed algorithm for the control
and drive of DTP-PMSMs.

Index Terms—Deadbeat predictive current control, dual three-
phase permanent magnet synchronous motors (DTP-PMSMs),
extended state observer (ESO), parameter mismatch.
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1. INTRODUCTION

UE to the positive characteristics of high power fac-
D tor, high operating efficiency and strong stability,
permanent magnet synchronous motors (PMSMs) and their
speed-regulating drive systems are widely used in ac electric
transmission [1], [2], [3]. In recent years, the demand for high-
speed drive power has increased in various applications, such
as metallurgical rolling, mine lifting, locomotive traction, and
marine propulsion [4], [5], [6]. However, due to the limitations
of the voltage and current tolerances of power switch devices,
it has become challenging to meet industrial needs by simply
increasing the current and voltage of three-phase PMSMs [7],
[8]. One way to realize high-power transmission is to increase
the number of motor phases and reduce the requirement of phase
capacity of the inverter [9]. Since the broad application of power
electronic frequency converter, motor drives can be completely
free from the restrictions of a three-phase power supply system.
Polyphase inverter power supplies can also achieve high-power
ac transmission [10].

In power electronics and electrical drives, dual three-phase
permanent magnet synchronous motors (DTP-PMSMs) have
aroused extensive interest in engineering and academic circles
because of their high reliability [11], [12]. In the application of
motor drive systems, DTP-PMSMs can satisfy the demands of
high power efficiency and wide range of load variation. In many
applications like electric vehicles, DTP-PMSMs have become
the best application choice [13], [14].

Although DTP-PMSMs offer several advantages, their appli-
cation is often limited by problems such as excessive harmonic
current. Therefore, an appropriate control strategy is critical
to applying polyphase motors. In recent years, the predictive
control method has become a new research hotspot due to its
advantages of low accuracy, strong robustness, and stability [15],
[16], [17]. In theory, deadbeat control eliminates the hysteresis
of conventional PI controllers and enhances motor control pre-
cision [18]. In [19], the use of virtual voltage vectors (VVVs)
simplifies the calculation of deadbeat flux linkage predictive
control, and greatly reduces the harmonics of DTP motors in the
71-Z5 subspace. In [20], a DPCC with closed error compensation
was designed, which eliminates the steady-state error through
feedforward compensation of the voltage vector and further
suppresses the noise impact the control system receives. In
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[21], a new multilevel inverter was introduced into deadbeat
control, and a fault-tolerant scheme was designed in case of
switch failure, which significantly improved the robustness and
reliability of the motor during operation and accelerated the
response of tracking current. In [22], the prediction model of the
speed loop was improved and combined with a robust cascaded
deadbeat predictive speed control method to reduce the delay
problem in the speed loop by directly compensating the torque.

However, the performance of deadbeat predictive control
largely relies on the accurate mathematical model. In industrial
applications, disturbance during motor operation is unavoid-
able, so the methods to improve robustness of the deadbeat
control have been analyzed as one of the concerns of many
researchers [23], [24], [25]. In recent years, the strategies based
on disturbance observer have been considered as an effective
means to improve the systems’ robustness [26], [27], [28].
In [29], a composite observer combining the advantages of
generalized proportional integral observer (GPIO) and sliding
mode observation (SMO) was designed, and introduced into
the DPCC control algorithm to reduce the impact of parameter
mismatch by reducing the overshoot and settling time when
the parameters change. In [30], the deadbeat algorithm was
used to predict the harmonic current in the DTP motor, and the
linear disturbance observer (LDO) was used to compensate the
harmonic plane to avoid the internal and external interference
of the motor, thus suppressing the fifth and seventh harmonic
problems. In [31], corresponding observers were designed for
parameter change and load disturbance. The lumped disturbance
was directly estimated and compensated to the current loop by
paralleling the feedback loop to obtain higher control accuracy
and robustness.

Compared to other observers, extended state observer (ESO)
has been widely concerned for its advantages of simple structure
and strong robustness [32], [33], [34]. In [35], an active dis-
turbance rejection strategy based on DPCC was proposed, and
the optimization and application of liner extend state observer
(LESO) greatly improved the robustness of the system. However,
the response speed of the strategy under extreme disturbance
needs to be further improved. To improve the antidisturbance
ability of the prediction system, Wang et al. [36] designed an
ESO based on the improved finite element discrete model, which
greatly improved the estimation accuracy of disturbance during
the transient period. But the enormous computational burden
of the strategy cannot be ignored. Compared with LESO, the
adaptive extended state observer (AESO) can adjust the observer
gain according to different system conditions and improve the
noise suppression performance of the system at high gain while
maintaining the antidisturbance ability [37], [38]. Therefore, itis
increasingly applied in predictive control strategies. By adding
an integral term to the system, Wang et al. [39] further improved
the accuracy of AESO disturbance compensation in the low gain
state. Meanwhile, an inductance parameter estimation method
was proposed to update the initial inductance value and reduce
the calculation burden of the observer. However, the strategy
ignores the inherent delay in the system and cannot cope with the
more complex and changeable working conditions. In addition,
model-aid extended state observer (MAESO), multifrequency
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Fig. 1. Structure of DTP-PMSM drives.

ESO (MF-ESO), and quasi-resonant extended state observer
(QRESO) are also proposed to further improve the immunity
of DPCC systems [40], [41], [42]. Although the performance
of ESO in the control system has been greatly improved after
continuous research, more effective strategies still need to be
explored in terms of robustness, dynamic response, static per-
formance, etc.

This article proposes an improved DPCC control system con-
sidering parameter mismatch and inherent delay to improve the
operation performance and robustness of DTP-PMSM control
under parameter mismatch. An ESO is designed to compensate
for the current loop, which takes the control error caused by
parameter changes as a lumped disturbance.

The main contributions of this article are as follows.

1) Aiming at the parameter mismatch problem of DTP-

PMSM under complex working conditions, a variable gain
ESO is designed, which has faster estimation speed and
better robustness performance.

2) The prediction model is further optimized for the delay in
conventional DPCC. By compensating the lumped delay
time, the delay caused by inductance, sensor, and other
factors is eliminated.

3) The DPCC strategy based on variable gain ESO is applied
to the main subspace and harmonic subspace simultane-
ously, which improves the robustness while reducing the
influence of fifth and seventh harmonic currents.

The rest of this article is structured as follows. The mathemat-
ical model of the DTP-PMSM is established in Section II. The
conventional deadbeat current control and its parameter sensi-
tivity are analyzed in Section III. The proposed control strategy
of DPCC for DTP-PMSM combined with ESO is introduced in
Section I'V. The control performance of the proposed algorithm
is evaluated by experiment in Section V. Finally, Section VI
concludes the article.

II. MATHEMATICAL MODEL OF DTP-PMSM

As shown in Fig. 1, a DTP-PMSM drive consists of two sets of
Y-connected three-phase symmetrical windings, which differ by
30° electrical angles in space. In the natural coordinate system,
the voltage equation of the DTP-PMSM can be expressed as (1),
and the flux equation can be defined as

dips

us = Ryis + 7

ey
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ws = Lgis + )\s'l/]f (2)

where us, i, 14 are stator phase voltage, stator phase current,
and stator flux, respectively. R and L, are the resistance and
inductance, respectively. A, is the flux coefficient, and vf is the
flux amplitude generated by the permanent magnet in each phase
winding.

In order to fully embody the multifreedom of DTP-PMSM, the
vector space decomposition (VSD) method is adopted. Through
VSD coordinate transformation, each variable of the motor will
be mapped to three orthogonal subspaces, respectively, a-3
subspace, z1-z2 subspace, and o0 ;-02 subspace.

The idea model under synchronous rotating coordinates ob-
tained by VSD can be expressed as

ug R, 0 0 07 [ig Va —,
ug| 10 R, 0 0o |i Wy Ya
w100 Ry oo i | T e | T 0
w,| [0 0 0 R |i, s, 0
3)

g | (L 0 0 07 [iq 1
del |0 Ly 0 0] |4 0
vl =10 0 1. ol + 0 )y 4)
U] L0 0 0 L. i, 0

Te = 3pn [(Ld - Lq) tdlq + iqwf} (&)

where L, is the leakage inductance, w, is the electric angular
speed of the rotor, T, is the electromagnetic torque, and p,, is
the number of pole pairs. Subscripts “dg” and “z1z2” denote the
voltage, current, inductance, and flux in d-g subspace and z;-z2
subspace, respectively.

In order to improve the performance of the conventional
vector control, an improved deadbeat predictive current control
is also used for z;-zo subspace in this article.

III. CONVENTIONAL DEADBEAT CURRENT CONTROL AND
PARAMETER SENSITIVITY ANALYSIS

A. Conventional Control Method

Conventional DPCC relies on precise discretized models of
PMSM. Since the current loop’s sampling period (Ts) is usually
very small, the zero-order hold method is used to discretize the
model. Combined with (3) and (4), the equivalent discretization
model of DTP-PMSM can be expressed as

id Ek + 1; iq E]? Ug Ek;
ig(k+1)| iq (k ug (k
i b+ )| T EE | TE | TMR)
(2 (k + 1) iz, (k) Uzy (k)
(6)

where M(k) = [0 -w (k)i /L, 0 0], F = diag[1/Lg 1/Ly 1/L,
1/L,,]

1- &L (k)2 0 0
_ LaT. | _ R.T.
Bk = | (k) &= 1 : (3”‘ 0
0 0 1- &L 0
0 0 0 1— —RLT
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Control diagram of conventional DPCC.

Fig. 2.

As shown in Fig. 2, the predicted voltage and their duty cycle
ratio are calculated in k control cycles. Limited by hardware
conditions, the microprocessor can only update the duty cycle
ratio until the initial time of k47 control cycles. The predicted
voltages can then be applied to the motor via SVPWM.

However, the actual current of the motor has been changed.
This will lead to inaccurate predictions of the reference voltage.
To eliminate the influence of sampling delay, the states at the k +
1 instant and & + 2 instant will be selected to calculate reference
voltage at the instant of k, which can be expressed as

Uq
’LL; _ F_1
uy,
U,
iq (k+2) ig(k+1)
ig (k+2) | iy (k+1) |
i (kt2)| TEEHD g L M+
inn (k4 2) inn (b 4+ 1)
)

where the current at time k 4 2 is replaced by the reference
current. The current at k + 1 instant cannot be directly obtained
and needs to be predicted at the instant of &, as given by

1d gk + 1; 4 Ek; u gk — 1;
ig (k+1) | ig (k i (k-1
i (k)| " BRI Tl )
iey (k+ 1) iy () ul (k— 1)
+ M (k). 8)

By combining (7) and (8), the reference voltage of DPCC,
considering two sampling delays, can be obtained.

B. Parameter Sensitivity Analysis on DPCC

As apredictive control algorithm based on the discrete model,
the DPCC greatly depends on the accuracy of the motor math-
ematical model. In practical application, temperature, load, and
other factors will cause mismatches for L, R, and 1) s, compared
with their calibrated values, thus further affecting the control
effectiveness. To further determine the impact of parameter
mismatch, the parameter sensitivity of DPCC is analyzed in
detail in this section.
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Since the consequences caused by parameter mismatch
mainly affect the d-g subspace, the analysis in this section
primarily concentrates on the d-g subspace.

According to (7), the ideal discrete current prediction model
of DTP-PMSM in d-¢q subspace can be represented as

[igef (k + 2)} =Eqk+1) [id (k+ 1)] + Fy, Bd* (k)]

igel (k+2) iq (k+1) “q (k)
+ Mg, (k+1) ©))
where .
1— BT (KT, 72
Eqq(k) = [—we(k)lﬁé‘j 1— RISIZ“[;d Faq =
g; O O - ref
0o I M 44(k) = _ we(k)YsTs ia" (k +2) and
L, L,

i,"%/ (k +2) are the reference currents. The actual current
prediction model considering disturbance can be expressed as

i3] = Bt (oG] R )
+ Mg, (k+1) (10)
where
. 1— Bl g () Tole| .
Bu= | i 1(_)RT ;quzhd T]
§ 0
Mg, (k) = _we(ki)foTs]-

R, =R, + AR, qu = qu + Aqu7 ?abf = wf + Awfa
AR, ALy, Aty are the difference between the actual and cal-
ibrated values of stator resistance, inductance, and flux linkage,
respectively.

According to (9) and (10), steady-state error will exist when
the parameters of DTP-PMSM are mismatched, and the actual
current loses the tracking ability to reference current. The error
can be expressed as

i (k+2)]  Tia(k+2) eq (k)
[ R e R | I
ea (k) =iy (k+2) —iq (k+2)
= —HyTsiqg(k+1)+ JgTsweiq (k+1)
+Rdeud (k)
eq (k) =g (k+2) —ig (k+2) (12)

= —HTiiqg (k+ 1)+ JyTsweiq (k+ 1)

where
H, = RsAL; — AR Ly _ RsAL; — ARsL,
Lg(Lg+ ALg) 1 Ly(Ly+ ALy)
J, = L,ALy— LgAL, . LyALg— LgAL,

Ld(Ld + ALd) ¢ Ld(Ld + ALd)
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Fig. 3. Relative errors of dg-axis currents when the value of each parameter
changes from 0.5 times of the calibration value to 1.5 times. (a) Errors of d-axis
inductance variation. (b) Errors of g-axis inductance variation. (c) Errors of
stator resistance variation. (d) Errors of flux linkage variation.

TABLE I
PARAMETERS OF THE DTP-PMSM

Parameter Symbol Value
No. of pole pairs P 22
Stator resistance R, 45Q
d-axis inductance Ly 25 mH
g-axis inductance L, 35 mH
Leakage inductance L. 8 mH
Flux linkage of magnet Wy 0.25 Wb
Inertia J 0.0015 kg.m?
Rated speed n 500 r/min
Rated power Py 30 kW
AL AL
Ry ¢ R, = a

T La(La+ ALy " Ly(L,+ ALy

Fig. 3 shows the relationship between the steady-state error of
the current response and inductance L, L, resistance R, and
flux linkage 1)y when the motor parameter mismatches at the
reference speed of 400 r/min, and the reference current of 10 A.
The main parameters of the DTP-PMSM are listed in Table I in
Section V.

According to Fig. 3(a) and (b), both d-axis and g-axis currents
are significantly affected in the case of mismatched inductance
Lg and L,. As shown in Fig. 3(c), when the sampling time is
sufficiently small, the minimal error that occurs by the stator
resistance mismatch can be ignored. While inaccurate flux link-
age will not affect the d-axis current, it will cause a large g-axis
current prediction error.

To improve the control performance of DPCC under param-
eter variation, an ESO is designed to enhance the robustness of
the predictive current controller.

IV. DPCC WITH EXTENDED STATE OBSERVER

A. Proposed Extended State Observer

Due to the effect caused by parameter mismatch and other
factors, the current dynamic model of DTP-PMSM can be
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expressed as (13). Considering that the z;-zo plane is similar
to the d-q plane, the analysis is only conducted in the d-g plane
for ease of calculation in this article

i=Ar+Bu+G (13)
where x = [ig4 iq]T, u=ugq Mq]T

R TR e R R
A= Ii; _LI%S ;G:[_weif‘|§B:[%d 1‘|'

—w. L g
eL‘I L(I

In order to express the error caused by parameter mismatch in
the form of lumped disturbance, (13) can be further expressed
as

i=Az+ Bu+G
:Ax+Bu+(A—A)x+<B—B)u+é
=Azx+ Bu+d (14)

where d is the lumped disturbance, and represents the error
caused by parameter mismatch.

Since the concentrated disturbance cannot be directly mea-
sured in practice, d is regarded as an extended state variable,
and the state-space equation can be expressed as

&= Az +d+ Bu

d=Fy (15)
where F; is the variation rate of d.
F ; can be discretized as
dk+1)—d(k
Fy (k) = —( ) ( ) (16)

T

It is worth mentioning that the changes of current A4, and
lumped disturbance Ad are actually limited in a sampling period
due to the limitation of space voltage and leakage inductance.
Therefore, combined with (16), the rate of change of the distur-
bance F; can also be assumed to be bounded in this article.

It can be seen from (15) that the current state-space equation
of DTP-PMSM conforms to the standard form of the first-order
extended state observer. Thus, the ESO can be designed as

follows:
x:Ax—l—{S'u—i—vLAC(x—x) 17
y=Cxzx
- T 2 T 2 5
where 7 = [v d]' ,x =[# d] .z and d are the observed

values of x and d, respectively. L is the feedback matrix. y is the
output of the observer and
it A I % B| =
A= [0 0} B - M .C=[C 0.
In this article, ¢ = 1. By designing a compensation matrix,
lumped disturbance and its rate of variation can be estimated by

ESO.
ESO gets an estimate of the current and lumped disturbance

throughz. The observed current replaces the original current
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feedback value to participate in the closed-loop control, and
the observed disturbance d acts as feedforward compensation to
eliminate the influence caused by parameter disturbance.

In order to study the selection of the feedback matrix L,
according to (17), the eigenvalue of the observer can be obtained
through

’sI— (Z—LE)‘ :ﬁ(s—)\i) (18)

i=1

where 7 is the dimension of  and A; is the eigenvalue.

It can be seen from (18) that the selection of the feedback
matrix L determines the position of the eigenvalues and poles
on the complex plane. The assignment of eigenvalues is studied
below to improve the observer’s performance in the system.
To simplify the calculation, single identical eigenvalues are
assigned. Assume

L_[ll 0 I o]T

0 Il 0 Iy (19

where [4,15,05,1; are positive values.
Combining (18) and (19), the eigenvalues can be expressed
as
Iy = —Rs/Lg — 21 — |we|
lo=—Rs/Ly— 2% + |we|
I3 =14 = A%

(20)

To improve the ESO’s robustness, a variable gain ESO param-
eter design method is adopted in this article. The control poles
and eigenvalues of the system will vary with the current tracking
error. The variable & is determined by the tangent function for
the current error and is proportional to the gain of ESO. When
a significant difference exists between the actual and estimated
values, the variable k is adjusted to enhance the observer eigen-
value and hasten observer convergence. Therefore, it obtains

E=1+tan(Cla—al/M),Ce 0,7/
)‘i :k)»i,i: 1,...77’L
where ¢ is the variable gain coefficient and M is the limit of
|l — .

By combining (19)—(21), the ESO expression can be rewritten

as

v=Av+Bu+ KL (7 -7 (22)
where K = diag[k &k k* k2.
The algorithm can be represented in Fig. 4.

B. Discrete ESO Design

The discretized state using the zero-order retention method
can be expressed as

E[k-&-l] = E[k.] + (Ai[k] + BU[k] + KLC (E[k] . E[k])) Ts.
(23)
In practical applications, the control signal will inevitably

be delayed in the hardware transmission, and the input signal
ufk] obtained by the control system will be different from the
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Fig. 4. Diagram of proposed ESO.

actual output signal, resulting in poor current response tracking
performance.

According to (23), the actual discretized ESO model can be
expressed as

Efk—o—l} = E[k.] + (Ai[k] + Bu[rk] + KLC (E[k] — EM)) Ts.
(24

Since the actual state of the motor changes when the control
voltage predicted by the conventional method is applied, the
current response cannot accurately track the reference current
all the time. The control indicators, such as overshoot and
settling time, are far less than expected. To improve the control
performance of the deadbeat system, because the error caused
by delay mainly depends on the inertia delay of the system, the
improved system can be expressed as

ey = o + (Azp + Bugy + KLC (29 - o))

(Ts + hTs) (25)

where hT, represents lumped delay time. It is mainly composed
of inductance delay 77, current and filter delay f;, and sensor
element delay #,. It can be expressed as

Wy =tr +1t;+1t,

t;, = LAi/(u— Rgi — e) (26)

where Ai = ¢* — i and e is the back electromotive force. In
practical application, the delay can be eliminated by adjusting
the filter parameters and types, and the influence of #; can be
ignored. Similarly, the delay effect of the sensor element can
generally be ignored. Therefore, the system delay time is mainly
affected by the inductive delay.

In practical application, the voltage vector, as the input control
signal, is given by SVPWM. The control period of DTP-PMSM
is derived from the AD module after the current is sampled and
interrupted. Therefore, the composition of the delay time in the
application is shown in Fig. 5.

To improve control accuracy and eliminate delay error, the
DPCC model considering double sampling delay is applied in
this article. The voltage vector uy, predicted at the k-1 sampling
period is taken as the input to obtain the state variable at the
moment k + 1, to predict the voltage vector applied to the
electrode at the next period. Combined with (24) and (25), the
proposed DPCC model can be expressed as

Thsr) = T + (AT + Bugery

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

k-1 k k+1 k+2
Ui+1
u | Ui ! (1)
[k-1] X[k+2
X[k+1] +2)
1 U 1 Ui | U2
__ timing

— State-variable
sequence e-variable

Fig. 5. Control time sequence of DPCC.

Fig. 6.

Diagram of the proposed predicted method.

+KLC (f[kﬂ] - E[1c+1])) (Ts + hT).  (27)

Since it is difficult to accurately obtain the state variable of
the k + 1 sampling period at the k + 1 sampling period, the
observer estimates the current at the k + 1 moment. According
to the analysis in the previous section, the estimated current can
rapidly converge to the actual current. Therefore, (27) can be
rewritten as

Thorsy = Tesn) + (AZpor + Bugay ) (T + hTL) . (28)

The improved discrete DPCC algorithm is shown in Fig. 6.

C. DPCC Method With Extended State Observer

Based on the discretization DPCC model and considering the
practical application, the cost function can be defined as

5= (7~ Tg) (7~ Fsa))

Differentiating the cost function and solving the minimum
value of the voltage vector u[y 1 1}, so the control voltage applied
to the motor can be expressed as

(29)

- -1 ok 2
wpry =B {& — [

+ Z%[k+1] (Ts + hTy)) }/(Ts +hTs)  (30)

|u[k+1}| S Umax- (31)

In accordance with the analysis in the preceding section, the
improved discretized ESO is merged with DPCC, and the control
block diagram of the system is shown in Fig. 7.
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Fig. 7. Diagram of the proposed DPCC algorithm with ESO.

According to (28), the state-space equation is expanded, and
DPCC with ESO can be expressed as

- Bl (6 31)- )
leu di) 0 0] [d 0"

i) — %D T
dy) —dw]/
According to (30) and (32), the deadbeat predicted current

control of DTP-PMSM with lumped disturbance compensation
combined with ESO can be expressed as

LKL[C 0] [ (32)

Ult1] = Bil{i* — [/Z[k+1] + (A’Ai[kdrl]
+ djgs) (Ts + hT))}/ (T + RTY).

In this section, the designed observer is discretized and com-
bined with DPCC. The control scheme of DTP-PMSM consists
of ESO and a deadbeat controller. By adding ESO to the predic-
tive current control algorithm, the impact of parameter mismatch
and delay will be greatly reduced, and the system’s robustness
will be improved.

(33)

D. Stability Analysis

For the proposed ESO, when the observer’s gain changes with
the adjustable factor K, the characteristic (18) can be rewritten
as

‘SI — (Z — KLE’)‘ = aus* + a3$3 + ass>

+a15” + ag (34)
where
ag =1,a3 =by +by >0
az = w2 + biby + kI3 + k*ly > 0
a1 = bik2ly 4 bok®ls > 0,a0 = k*l3ly > 0
by = Rs/La+kly > 0,by = Rg/Ly + kla > 0. (35)
The Hurwitz array can be expressed as
az a; 0 O
Ao |@ @ a 0 (36)

0 as aj 0
0 a4 a2 Qo
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According to Hurwitz stability criterion, the sufficient and
necessary condition for system stability is that all order main
subformulas of the component determinant of (36) are greater
than zero, which can be expressed as

Ay =a3 >0

Ay = az (w? +b1b2) + bikPls + bok®ly > 0

Ay = arag (w? + bibs) + biba (K2l — k21)° > 0
Ay = agAs + arasasay > 0.

37

Therefore, the system can remain stable when the designed
observer parameters satisfy the requirements in (37).

Lyapunov criterion can further prove the stability of the
proposed ESO. According to (33), the discrete-time Lyapunov
function can be expressed as

Vi = %(5* - %{k-ﬂ])T (5* - é[rk+2]) :

Its difference function can be expressed as

(38)

AV = Vi) — Vi
% 2 > T - >
== (255 e x[rk+2]) (x[rk+3] - $Tk+2]) .
(39)

It can be seen from (30), when the system constraint uy;,,
is satisfied, Viz) = 0 and AV = 0 can be always maintained.
Therefore, the system can achieve Lyapunov stability.

Considering the existence of external disturbance and other
factors, the system constraints may not be satisfied under harsh
working conditions. The system condition changes to

E[THQ] > 0Vjg >0 (40)
and
Ul4+1] < —UlimU[k42] < —Ulim
O U[kt1] > UlimU[k+2] > Ulim- (41)

Take the condition u[; 1) for example, according to (28), it
obtains

7" = Ty () = Ty + (AT 1) + Buesy)

(Ts + hTy)

< T]ppg) (—Uim) = Tppyr) + (AE[kJrl] + BU[k+1]>

(Ty+WTy) = & — & oy (—tim) < 0. (42)

Obviously, similar conclusions can be drawn for the other
cases in (41). Therefore, the difference (39) can be further
derived as

- 2, . T -
AV = — (2;[ — Tps) — 1’[1@4-2]) [I+A(Ts + hTy)

(o = ) )
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Fig. 8.  Test platform for the proposed DPCC method.
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Fig. 9. Comparison of execution time with different control methods.

At this time, for the output variables under different system
constraints, one can have

T2 < x[k+1],5[k+2] < 5[1g+1] (Uinput < —Ulim)

Tlpga] > Tty T k2] > Tlht1] Uinput > —Ulim) - (44)

Therefore, according to (44), even when the system constraint
is exceeded, there is still

Vi > 0,AV < 0. (45)

According to Lyapunov theorem, the proposed control system
can achieve stability.

V. EXPERIMENTAL RESULTS AND ANALYSIS
A. Experimental Parameter

The proposed DPCC control method with ESO and the con-
ventional DPCC control method are applied respectively in an
experiment to test the system’s effectiveness. Table I lists the
specific parameters of the motor used in the experiment. The
extended state observation gains are selected as A = 400, £ =
0.4m.

The test platform used in the experiment is shown in
Fig. 8, which mainly includes an experimental DTP-PMSM,
a TMS320F28335 digital signal processor, and a PC to monitor
and analyze the collected experimental data. In the experiment,
the maximum CPU frequency of the controller was 150 MHz,
and the sampling frequency is selected as 20 KHz.

Fig. 9 shows the comparison between PI control and the
number of executions of the proposed method in different stages.
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In the experiment, TMS320F28335 single-chip microcomputer
is used as the executive element of different control methods.
The sampling period of the controller in this article is 50 ps.
In most cases, the execution time of the two controls is similar.
The difference is mainly generated in the current control loop. A
total of 6 us is needed to process the proposed DPCC, which is
substantially more than the 3 us that is needed for conventional
PI control. From the perspective of the overall execution time,
the proposed control strategy is not much different from the PI
control, which is 47.3 pus, while the conventional PI control is
41.3 us. Since the controller’s sampling period is 50 us, both
can be implemented in one sampling period.

Overall, the proposed approach would take more time to
implement but would not impact overall control.

To further explore the proposed DPCC’s control performance
in parameter mismatch, a series of experiments are conducted
under various operating settings of the DTP-PMSM. Consid-
ering that the effect caused by stator resistance mismatch is
small and can be ignored in practice, the experiment only studies
the current response when the inductance and flux linkage are
mismatched. Notably, the current waveforms of three different
control methods are compared under each experimental con-
dition. In the subsequent figures, the waveforms from top to
bottom are obtained from conventional DPCC, the improved
DPCC strategy based on a composite observer including GPIO
and SMO [29], and the proposed ESO-based DPCC strategy,
respectively.

B. Comparison of the Control Performance Under the Step
Load Condition

To further analyze the control performance of the proposed
DPCC under given system parameter variations, the current
response of different control schemes under motor parameter
mismatch is compared using experiments. Figs. 10—15 show the
current responses of d-q axis when the flux and inductance of
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the motor deviate from the calibrated values, respectively. The
reference speed of DTP-PMSM is 400 r/min, and the load torque
changes from 0 to 50 N-m at 0.4 s.

Figs. 10 and 11 show the comparison of d-q axis current when
inductance changes, respectively. L 4, mutated to 0.5 and 2 times
of the calibration value at 0.25 s, respectively. As can be seen
from Figs. 10 and 11, when the inductance mismatch happens,
the current response under the control of conventional DPCC
produces a large current ripple. The DPCC based on composite
observer has longer response time and larger overshoot during
the torque’s step change. Under the same operating conditions,
the proposed DPCC compensates the voltage by means of a
disturbance observer, improving the current waveform.

Similarly, Figs. 12 and 13 compare d-q axis currents under
different control schemes when the flux linkage fluctuates. Ac-
cording to the sensitivity analysis of the motor parameters in the
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previous section, when the flux linkage is disturbed, the impact
on the motor mainly focuses on the current response of the
g-axis. As shown in Fig. 13(a), as the actual magnetic flux rises
to two times the calibrated value, a steady-state error with a peak
value of 1.1 A occurs for the g-axis current under conventional
DPCC control. As can be seen from Figs. 12 and 13, regardless of
the magnitude of the magnetic linkage error, the current response
of the d-g axis under DPCC control in this article can always
well track the reference value, and the steady-state error remains
around 0. Although the composite observe-based DPCC also
eliminates steady-state errors, the proposed scheme has better
performance in terms of both overshoot and response time.
Figs. 14 and 15 show the comparison of d-q axis currents of
different control strategies when the inductance and magnetic
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linkage vary simultaneously. The proposed DPCC has signifi-
cantly decreased the current ripple compared to the conventional
method. Atthe same time, as can be seen from Fig. 14, the current
of the DPCC based on the composite observer fluctuates greatly,
resulting in a temporary steady-state error. While the proposed
DPCC completely eliminates the steady-state error of the current
of g-axis with a peak value of 1.5 A through compensation,
improving control accuracy and robustness.

C. Comparison of the Control Performance Under the Step
Speed Condition

Figs. 16-21 compares the current response of the different
schemes when the rotational speed reference of a no-load motor
changes under different parameter mismatches. Before 0.25 s,
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the motor was operating at a stable operating condition of 400
r/min with accurate parameters. At 0.25 s, the motor parameters
change differently. At 0.4 s, the reference speed of the motor
steps to 420 r/min under parameter mismatch.

As can be seen from Figs. 16 and 17, the proposed DPCC
significantly reduces the peak current in the system response
when the rotational speed undergoes a sudden change, which
is only one-third of that of a conventional DPCC. At the same
time, the steady-state current of DPCC with ESO is more stable,
and the steady-state error is almost maintained at 0.

The experimental results of a step change in rotational speed
due to a mismatch in the magnetic linkage are shown in Figs. 18
and 19, respectively. Compared to other DPCC schemes, the
proposed DPCC greatly improves current overshoot caused by
speed steps, reduces the time for the system to reach a steady
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state, and improves transient control performance. As shown
in Fig. 19, in a conventional DPCC strategy, the g-axis current
response produces a steady-state error of about 1.5 A, which
prevents accurate tracking of the reference current. By adding
observer compensation, the error is quickly eliminated after a
short delay, effectively improving the control performance of
the system.

Figs. 20 and 21 show the current response when the magnetic
linkage and torque simultaneously deviate from the calibration
value. Under experimental conditions, the current response of
the conventional DPCC strategy has lost its ability to track the
reference current. Although the disturbance is compensated, the
poor dynamic performance and large current ripple of DPCC
based on composite observer cannot be ignored under parameter
mismatch. In contrast, the control indicators of the proposed
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DPCC have been significantly improved, eliminating steady-
state errors in a relatively short time and optimizing the current
waveform.

D. Comparison of the Conventional DPCC and Proposed
DPCC in Harmonic Suppression

In order to verify the performance of the proposed control
method in suppressing harmonics, the current waveforms under
three different methods are compared in the experiment. The
experimental reference speed is set to 400 r/min, and the load
torque is 50 N-m. At the same time, the parameters of the motor
are setto 0.5 times the calibration value to simulate the parameter
mismatch.
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Fig. 22 shows the phase current waveforms and FFT analysis
results of three different control methods. Compared with the
conventional DPCC and PI control strategies, the proposed
DPCC strategy basically eliminates the distortion that occurs
at the peak of the current, while also avoiding the peak at the top
of the waveform. The sinusoidal waveform of the phase current
has significantly improved.

As shown in Fig. 22, the fifth and seventh harmonics of DPCC
are significantly reduced. The proposed DPCC has lower total
harmonic distortion and better overall harmonic suppression
performance.

Considering that the fifth and seventh harmonics of the pro-
posed DTP-PMSM are mainly generated in z;-z2 subspace, the
main mean of suppressing harmonics is to control the current
in z1-zo subspace, so direct analysis of the current waveform of
i, can better verify the performance of harmonic suppression.
As can be seen from Fig. 23, the peak current of conventional
DPCC is as high as 0.6 A, while the peak under the proposed
DPCC is only about 0.1 A. At the same time, the jitter of the
current waveform is well controlled and becomes smoother.

Therefore, the proposed control method significantly im-
proves suppressing harmonic manifestations.

E. Comparison of Observer Estimation Performance

In order to further verify the superiority of the proposed ESO
in estimating performance, the disturbance compensation of the
proposed ESO under parameter mismatch is compared with that
of the conventional ESO in this section. In the experiment, the
load torque is set to 50 N-m and the speed is set to 400 r/min. The
resistance R, inductance Lg and L, and flux 1) of the motor
will deviate from the calibration value in 0.3 s, respectively.

As shown in Fig. 24, although both observers can re-
spond quickly and compensate the dg axis error at 0.3 s,
compared with the conventional scheme, the disturbance esti-
mate ripple of the proposed scheme is greatly reduced when
compensating for parameter mismatch disturbance. This phe-
nomenon is particularly obvious when the flux fluctuates. The
estimated disturbances dg and d, of the proposed scheme
are reduced from 27.3541 V and 17.9721 V to 21.3624V
and 13.5813 V by 28% and 32%, respectively. Similar con-
clusions are also obtained under other working conditions.
This proves that the proposed ESO has better buffeting
performance.

In summary, the proposed ESO achieves more stable compen-
sation performance and robustness under parameter mismatch
due to the addition of adaptive parameters.
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VI. CONCLUSION

A DPCC control method based on variable gain ESO is
proposed to solve the disturbance problem in the process of
DTP-PMSM operation. Considering the inherent delay in con-
ventional DPCC, an optimized prediction model is designed to
further eliminate the delay effect caused by inductors, sensors,
etc. The proposed strategy improves the control performance
and has better robustness when the motor parameters are mis-
matched. The application of the strategy in harmonic subspace
also further eliminates the effects of fifth and seventh harmonics.
Compared with other observers, the exponential variable gain
ESO accelerates the convergence rate of the observer. By esti-
mating and compensating current loop disturbance quickly and
efficiently, the observer can improve the control accuracy and
response time of the system, especially in the case of variable
system parameters. At the same time, the ESO-based DPCC
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proposed in this article has fewer adjustment parameters, strong
robustness, and can better adapt to complex and variable working
conditions, and improve the typical harmonic problems in the
operation of DTP-PMSM. The experimental results support the
feasibility of DTP-PMSM and the superiority of the proposed
DPCC and observer.
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