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Abstract—In order to achieve high robustness and high-precision
current control, this article proposes a disturbance correction ob-
server based on repetitive control (RDCO) for deadbeat predic-
tive current control (DPCC-RDCO) scheme of permanent magnet
synchronous motor (PMSM). In this technology, the disturbance
correction based on the disturbance estimation of the extended
state observer is presented to enhance the observer robustness.
Meanwhile, a repetitive controller is embedded into the disturbance
correction term to improve the estimation accuracy of periodic
harmonics. Furthermore, the estimation performance, parame-
ter characteristics, and convergence stability of the proposed ob-
server are theoretically analyzed. With the current disturbance
and current prediction accurately estimated by the RDCO, the
improved DPCC scheme based on the established predictive cur-
rent model is developed. Compared with the basic schemes, the
proposed DPCC-RDCO can effectively suppress current deviation,
and achieve excellent dynamic tracking and robust performance.
Finally, the effectiveness and superiority of the studied method are
verified experimentally in PMSM drives under different operating
conditions.

Index Terms—Deadbeat predictive current control (DPCC),
disturbance correction observer, permanent magnet synchronous
motor (PMSM), repetitive control.
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1. INTRODUCTION

N ELECTRIC drives, there is an increasing demand for

high-precision and high-dynamic current control of perma-
nent magnet synchronous motor (PMSM), especially in high-
performance servosystems such as high-positioning turntables
and high-direction large-aperture telescopes [1], [2], [3]. There-
fore, in order to achieve the current with high accuracy and
fast response, many scholars have investigated many intensive
control strategies for the current loop, such as sliding mode con-
trol [4], active disturbance rejection control [5], and predictive
current control (PCC) [6], and so on.

Among these advanced algorithms, the PCC method stands
out as a potential scheme for precise current control due to its
high dynamic response and compatibility with digital control
system [7]. The PCC scheme can be divided into two categories
based on the existence of space vector modulation: finite control
set PCC without the modulator and continuous control set PCC
with the modulator. Deadbeat PCC (DPCC) is regarded as an
effective control strategy of continuous control set with space
vector modulation based on the current predictive model [8].
However, in the practical implementation, DPCC has two key
issues that need to be solved. The first is the inherent delay in the
reference voltage calculation and implementation, which dete-
riorates the control performance. Fortunately, the delay problem
can be eliminated by one-step forward prediction [9]. The other
issue is that due to the high dependence of DPCC on system
model [10], it is vulnerable to unmodeled disturbances in PMSM
systems, including model mismatch [11], periodic harmonics
caused by deadtime effect and flux harmonics [12]. Thus, it is
essential to enhance the robustness of the prediction model to
improve the accuracy of deadbeat control.

In recent years, the predictive control combined with var-
ious disturbance observers has become a promising scheme
to achieve excellent robustness, such as Luenberger observer
[13], extended state observer (ESO) [14], sliding-mode observer
(SMO) [15]. In [8], a DPCC method with adaptive SMO based
on a novel exponential reaching law is presented to optimize
the current control performance. Yu et al. [16] proposed a com-
posite observer based on SMO and generalized proportional-
integral observer (GPIO) to inherit the advantages of high dy-
namics and disturbance suppression. In addition, some novel
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structures of observers are demonstrated to improve the current
prediction accuracy and reduce the current tracking error. For
example, an enhanced observer based on a prediction error
model is investigated in [17] to achieve both current prediction
and disturbance estimation, a parallel observer is designed to
achieve accurate current prediction in [18], and a hybrid ESO
structure is developed to suppress prediction control noise [19].
Furthermore, the adaptive and nonlinear methods are studied
to further enhance the observer robustness, such as exponential
ESO [20], adaptive full-order observer [21], and adaptive flux
observer [22]. Although these DPCC techniques with enhanced
observers can improve dynamic performance and robustness
to parameter mismatch, the current periodic harmonics are not
eliminated, which may cause intolerable mechanical vibrations.
Hence, it is necessary to further investigate the strategies of
periodic disturbance suppression in predictive current control
theory.

At present, the methods based on internal model control are
the mainstream of research on current harmonic suppression in
predictive current control, which include resonant control [23],
iterative learning [24], and repetitive control [25]. In [24], an
enhanced DPCC with iterative SMO is presented to improve the
current control accuracy of PMSM. Tian et al. [25] combined the
repetitive control with the active disturbance rejection in parallel
in the discrete domain to attenuate the current disturbances.
Song et al. [26] proposed a predictive vector-resonant current
control based on ESO to eliminate the model mismatch and
periodic disturbances. However, the resonant control requires
multiple parallel connections to suppress multiple harmonics,
which may make the system unstable and parameter tuning
difficult [27]. Besides, the iterative learning control increases the
computational burden. Thus, the repetitive control is a promis-
ing candidate to deal with multiple harmonic components of
periodic disturbances.

To improve the robustness of the observer technique and
achieve high-precision current control, this article proposes an
improved DPCC scheme with repetitive control-based distur-
bance correction observer (RDCO). Compared with the existing
DPCC schemes, the main contributions of the proposed method
are summarized as follows.

1) The correction term of the disturbance estimation based
on the ESO is proposed to enhance the disturbance robust-
ness, thereby forming the disturbance correction observer
(DCO).

A novel structure of RDCO is proposed, which introduces
repetitive control in the correction term of the designed
DCO to handle harmonics. The disturbance estimation,
parameter characteristics, and stability of the RDCO are
analyzed.

The proposed DPCC-RDCO features aperiodic and peri-
odic disturbance estimation, current prediction and dead-
beat control, and its superiority is validated by experi-
ments.

The rest of this article is organized as follows. In Section II,
the dynamic model, conventional DPCC, and disturbance anal-
ysis are presented. In Section III, the proposed DPCC scheme
with RDCO is designed and the performance is theoretically

2)

3)
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Fig. 1. Schematic diagram of the digital system control timing sequence.

analyzed. In Section IV, the experimental comparisons are pre-
sented to verify the performance of the studied method. Finally,
Section V concludes this article.

II. PROBLEM FORMULATION

A. Mathematical Model of PMSM Drives

Assuming that the three-phase winding structure of the em-
ployed PMSM is symmetrical and the eddy current losses and
magnetic saturation are negligible, the ideal mathematical model
of the stator current in the dg synchronous rotating frame can be
presented as

i idc _ *Rs/Lsd cUequ/Lsd Z‘dc
dt Z'qc B _WeLsd/qu _Rs/qu iqc
1/L 0 v 0
1|1/ vy (1)
0 1/Lsq| |uqu —pwe/Lsq

where i 4. and ug4, represent the d-axis stator current and voltage,
respectively; 4, and w4, represent the g-axis stator current and
voltage, respectively; R, and vy denote the stator resistance
and permanent magnet flux, respectively; w, is the electrical
angular speed; L.q and L, stand for the stator inductances of
the dg-axis, respectively. Specifically, the subsequent analysis
employs a surface-mounted PMSM, where Lyq = Ly, = L.

The sampling time 7 of the current loop is usually small
enough, then at the & sampling instant, the equivalent discrete
current model of PMSM based on 1) utilizing the zero-order
hold method is described as

iac(k+ 1) iac(k) Ugy (k)
ige(k +1) = H(k) ch(k r gy (k TME) @
where
Hk) = 1— R,T,/L, we (k)T
~we(k)Ty,  1—R,T,/L,
| Ts/Ls 0 B 0
P= 0 T,/Ls M) = ~we (k) Tstpy/Ls |

B. Conventional Deadbeat Predictive Current Control

Due to the PWM implementation of the digital control system
as presented in Fig. 1, the one-sampling period delay between
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the reference voltage uy,, calculated at the k instant and the
actual active voltage uqq, employed at the k£ + 1 instant is not
considered under the conventional DPCC framework. The one-
step delay can be modeled as

lu:;,,(k)] _ [ude +1)

3
udv(k’—i—l) ®)

Then, taking into account the one-step delay, the reference
voltage at the k instant can be calculated from the states at the
k + 1 instant and &k + 2 instant, which can be derived as

ud’u(k) :[Tl 7M(]€)
g, (k)

. . . (4)
where H(k), P, and M (k) are the given parameters for the
controller, including nominal values R, 9¢, and L. we(k + 1)
is approximate to w, (k) under sufficiently small 7. According

to the discrete model at the k instant, the dg-axis currents at the
k + 1 instant in (4) can be predicted as

iqc(k

idc(k+2)
ige(k+2)

idc(k—‘rl)
ige(k+1)

—H(k)

'zdc(kj + 1)

. +P
feelk+ 1)

i (F - 1) + (k).

u

qv(

Substituting (5) into (4), and the actual current vector after two
modulation periods is close to the reference currents, then the
control voltages with one-step delay compensation in conven-
tional DPCC scheme can be constructed as

un®] o flnt+2] o Tiaekan]
[uzvuf) ‘F{izcww) H0 G 1) M(k)}'
(6)

C. Disturbance Analysis

In the DPCC framework, the control performance is closely
related to the accuracy of the model of the electrical motor.
However, the PMSM deadbeat control system inevitably suf-
fers from aperiodoc disturbance introduced by model mismatch
and unmodeled dynamics, periodic disturbance caused by flux
harmonics and inverter nonlinearity. These disturbances usually
result in current steady-state error and current harmonics. Thus,
it is essential to consider these various disturbances when con-

structing the DPCC.
T

T
Defining vector = [idc iqc] and u= {udv uqv} , the

state-space realization of the model can be expressed as
&t =Ax+ Bu+ D
+ AAx + ABu+ AD + €+ B(Au + wtpp) (7)

fa fo
and
A —Rs/Ls we B= 1/Ls OA
—We —Rs/Ls 0 1/Ls ®
D 0 - &a Au— Aug
—wewf/L & Auyg

where A represents the corresponding parameter variation, &
denotes the dg-axis unmodeled dynamics, Aw is the dg-axis
voltage harmonics due to inverter nonlinearity, ¥, is the dg-axis
flux harmonics; f, and fj represent aperiodic disturbance and
periodic disturbance, respectively, and their sum denotes the
lumped disturbance f,i.e., f = fq + fp. The projection of the

T
aperiodic disturbance on the dq axisis fo, = [ fad faq} , which
can be specifically given as

_ RiAL.a=AR.L.; ALgg

faa = Lo(LotALeg) 46T To(L.tALug) tdv

wg(Aqu ALgd)

+ L.+AL.. lqc + fd 9

Fow = RSALW—ARSﬁSi ALy )
W T L (LatALag) 9¢ 7 To(LatAL.y) Uqv

wg(AL sd— ALSq) ’L/JfAqu A’L/JfL

L.4+AL,, det Lo(Ls+ALgy) “Wet&q

where AR, = R, — R, Ay =py — 'lZ)f; ALy = Log— L,
and AL, = Lgq — Ls mean that the d- and g-axis inductance

of the surface-mounted PMSM may vary inconsistently.
Besides, from [25] and [28], Aw and )5, can be modeled as

o[ | e X i snlGhe)
u = _AUq B 47;dj[idc {kil[%k%_l cos(kaet)} _1}
B [ Yan | g:l Yok SIN(6kwet)
" -_wdh] - 5:1 Paskn cos(6kwet)

(10)
where T, U, and k are the dead time, dc-bus voltage, and pos-
itive integer, respectively; 1 qsxn and 1gerp denote the dg-axis
magnitude of 6kth flux harmonics, respectively. From (10), the
inverter nonlinearity and flux harmonics will cause 6kth periodic
fluctuations in the dg-axis current.

III. PROPOSED RDCO-BASED DPCC SCHEME

To suppress the adverse effect of the aforementioned param-
eter mismatch and current harmonics, an improved deadbeat
control strategy with a roust enhanced disturbance correction
observer based on repetitive control is proposed in this section.
The details of the proposed strategy are presented as following.

A. Design of RDCO

The proposed RDCO is developed on the basis of conventional
ESO, in which the correction of disturbance estimation is added
to enhance observer robustness and a repetitive controller is
embedded into the disturbance correction term to deal with
harmonic disturbances.

As aforementioned in Section II-C, in order to accurately ob-
serve the harmonic disturbances resulting from flux harmonics
and inverter nonlinearity, a repetitive controller is introduced
and formulated in the continuous-time domain as

K7-0673TN

sTK
1= Qs)e V"

Gre(s) = a1
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Fig. 2. Bode plots of the repetitive controller under different parameters.

where K. is the control gain, ()(s) is normally chosen as a
constant with amplitude less than 1 [25], esTK denotes the
phase-lead compensator, e~ *7¥ is the delay link, N = T}, /T,
Ty, = 27 /wp, and wy, is the harmonic frequency and it need to
be selected as w;, = 6w, to calculate the NV in real time.

The bode plots of the repetitive controller are presented in
Fig. 2. It can be seen that there are some large gains at the
integer multiple frequencies of wy,, while at other frequencies
the amplitude decreases. In addition, a larger K. and Q(s)
have better harmonic elimination capability, but the selection
of their specific values should be weighed with the stability
consideration in the practical system.

Then, a novel RDCO from (7) with the disturbance correction
term based on the repetitive controller is proposed as

&=Az+Bu+D+f—(& -z
£=-"n(@-) ) (12)
f =[Gt + 2] (@ — ) - 22l (F )

where G,..(t) is the expression of G,..(s) in the time domain, &
denotes the vector of dg-axis current estimation, which can be
expressed as & =[i4. iq4c|T, 2=[24 24)" is the disturbance es-
timation vector before correction, f = [ fd fq]T is the corrected
lumped disturbance reconstruction vector. w, is the observer
bandwidth, « is the disturbance correction factor, which ranges
from O to 1. 7; and v, are the observer gains, which from the
pole configuration [29] are employed as

2! ii_19
P Tt
Remark 1: 1t should be noted that the proposed RDCO is con-
structed by introducing the repetitive control of extracting peri-
odic harmonics on the basis of the proposed DCO. Meanwhile,
the DCO is also a novel observer proposed in this article, which
is formed by designing a correction term with enhanced distur-
bance estimation on the basis of the conventional ESO. Fig. 3
shows three different observer structures formed by connecting
three different terminals to terminal 4. The expression details of

Vi = 13)
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Fig.3. Structures of the conventional ESO and the proposed DCO and RDCO.

the conventional ESO and the proposed DCO are introduced in
the Appendix.

B. Performance Analysis and Parameter Characteristics

In order to demonstrate that the proposed RDCO can better
estimate low-frequency disturbance and periodic disturbance,
this section conducts a comprehensive theoretical comparative
analysis of the three observers in Fig. 3.

First, to evaluate the accuracy of disturbance estimation of the
RDCO, according to (12) and (13), the transfer function of the
proposed RDCO from the actual disturbance to the estimated
disturbance, i.e., F'(s)/F(s) can be derived as

BR(s) = 20G e (8)8% + 2wo2s + w3 — aw? .

2083 + (wo + 30w, )% + 2w,?s + w3 — aw?
(14)
Then, the transfer function from the actual disturbance to the

disturbance estimation error, i.e., [F'(s)— F(s)|[/F(s) is

208% + [w, + 3aw, — 2aG..(s)] 82
2083 + (wo + 3aw,)s2 + 2we?s + w3 — w3’
s)
Similarly, based on (28) and (29) in the Appendix, the corre-
sponding transfer function expressions of ESO and DCO are
also given as follows

O (s)=

Bl wo® HE() . —s2—2w,s
(I)d (S) = 2w, st (I)e (S) T 822w, stw, 2
D . 2wo2stwd —awd
(I)d (S) T 2a83Hw3aw, ) 22w, 2 stwd-awd (16)

. 2053+ (wo+3aw,)s?
2as3HwA3aw, ) s22w, 2 stwd—aw?

@7 (s)=

where @ (s) and ®Z (s) are the transfer functions of disturbance
estimation and error of ESO; ®2 () and ®(s) are the transfer
functions of disturbance estimation and error of DCO.

Obviously, when the disturbance is a step signal, three ob-
servers can estimate the step signal without error in the steady
state. When the disturbance is a ramp signal with a slope of A,
i.e., F((s) = h/s?, the disturbance estimation errors based on
the final value theorem can be obtained as

tli}rglo PEM)f(t) = £1£I(1) s®L(s)F(s) = —2h/w,
lim 92(1)f(t) = fim 58P (5) F(s) = 0
lim L) (1) = lim s82(s)F(5) = 0.

a7



CAO et al.: IMPROVED DEADBEAT PREDICTIVE CURRENT CONTROL OF PMSM DRIVES 805

B | ipiiil e
T .yl 20dB/dec - _.--="
FECL S
- A
E o l-b
g0 40dB/dec
S 0
-
. — — ] -
om0 T
é" FT.7)) N S " L e e e )
s 90 1
90| .
180 L . Ll
10° 10! 2 10°

10
Frequency (rad/s)

Fig. 4. Bode diagrams of @ (s) for three different observers.

Accordingly, the conventional ESO has a steady-state bias in
estimating ramp disturbance, while the estimation errors of the
proposed DCO and RDCO can converge to zero, which indicates
that the DCO-based observers enhance robustness to various
disturbances.

Furthermore, the Bode plots of the disturbance estimation
error characteristics of three different observers under the same
parameters w, = 200, « = 0.4, K,. = 30, and Q(s) = 0.9
are shown in Fig. 4. It can be observed that at low frequencies,
the slope of the amplitude curve of the conventional ESO is
20 dB/dec, and the slope of the amplitude of the presented
DCO is 40 dB/dec, while the proposed RDCO exhibits an
even higher slope, which indicates that the observers based on
the proposed disturbance correction have better low-frequency
disturbance rejection characteristics to enhance the estimation
capability of slow-varying disturbance. In the mid-frequency
band, the proposed RDCO and DCO amplitudes are consistent
and have no amplitude higher than ESO, which means that
the proposed disturbance-corrected observers possess the sat-
isfactory dynamic estimation response. In addition, the RDCO
appears a significant amplitude decrease to attenuate periodic
harmonics at the integer multiple frequencies of wy,. Therefore,
the proposed RDCO can simultaneously improve the estimation
performance of aperiodic and periodic disturbances.

The Bode diagrams of the disturbance estimation transfer
function ®%(s) of RDCO with w,=200 under varying param-
eters are presented in Fig 5. The specific parameters are set as
follows: Q(s)=0.95, «=0.3, and N=250in Fig. 5(a), K ,.=300,
a=0.3, and N=250 in Fig. 5(b), K,.=300, Q(s)=0.95, and
N=250 in Fig. 5(c), K,.=300, Q(s)=0.95, and «=0.3 in
Fig. 5(d). It can be noted from Fig. 5(a) that the amplitude
at the harmonic frequency becomes larger with the increase of
K., which means that the estimation capability of harmonic
disturbance is enhanced. Similarly, from Fig. 5(b), the effect of
Q(s) on the estimation of harmonic disturbance is consistent
with changes in K,... In Fig. 5(c), with o decrease, the distur-
bance with larger bandwidths can be accurately estimated, which
indicates that the decreasing v can improve the estimation ability
of low-frequency disturbances, and the reduction of « also plays
a little attenuating effect on the amplitude at the harmonic

—— K, = 100 065)=0.95
—— K, = 300 20|—— Q(s)=0.90 :
2 | K. = 900 s Qs)=0.85 Q(’)L-.,‘ A * \ |
g Rl |||
:, [, S
& 2 bR I
Z 5 El
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-40 -30 1
10" 10' 10° 10' 10 10°
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30 30 o)
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=
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=
E‘-
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Fig. 5. Bode diagrams of <I>§(s) under varying parameters.

frequency. N can be configured according to the harmonic
frequency to be suppressed, and from Fig. 5(d) that the proposed
RDCO has a strong selection capability for periodic disturbance
frequency. Thus, the proposed RDCO can effectively estimate
disturbances by selecting appropriate parameters.

C. Stability and Convergence Analysis

Defining z; = 2; — x; as the estimation error of RDCO,
where i=1,2, 2;=[#,2]|T, and z;=[z, f]T. Let n; =
Zi/wi~1, where j = 1,2, then the redefined observer estimation

error can be presented as
N =w,Wn+¢L/w, (18)

where ¢ is the first derivative of the lumped disturbance, and

-21 0
n=|",w= :
2 -1 O -1
It can be easily deduced that both the eigenvalues of W are

—1, W satisfies Hurwitz stable. Furthermore, a unique and
symmetric positive definite matrix G exists and satisfies that

L=

wWTG +GW = —1 (19)

1 _1
where G = {i 1 32] .Choose V' (1) =1 Gn as a Lyapunov
2 2
function and taking derivative. Hence, it yields
V(n) =n"Gn+n"Gn = —w|In||* + 2w, 'n" GLy.
(20)

Since ¢ is globally Lipschitz in terms of x, that is, there exists
a constant p such that ¢ < p||x; — 2;||, it follows that

20, 'nTGLy < 2pw,'nTGL||z; — 2:||. (21

When w, > 1, we get w,'||z; — 2] = w, 2] < |In]l-
Then, as given by

2w, 'n"GLp < A|In|? (22)

where A = |G Lp||? + 1. Substituting (22) into (20), we get
V(n) < —(wo — A)||nll? (23)
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that is, V() < 0 if w, > A. Thus, we obtain lim,_,, Z; = 0.

It can be noted that the Lyapunov asymptotic stability the-
orem holds. The analysis of the disturbance correction term is
similar to the convergence of the second estimation term. Thus,
when time tends to infinity, the estimation error of RDCO is
zero. Based on the Lyapunov theory, the proposed observer is
convergent in the engineering sense.

D. Implementation of Proposed DPCC Based on RDCO

The aforementioned design and analysis of the proposed
RDCO are presented in the continuous domain. However, the
proposed RDCO is only calculated at discrete instants and
employed to the digital controller during the sampling interval.
Considering that the current sampling time 7 is small enough
in the discrete-time system, the aforementioned zero-order hold
strategy is utilized to discretize the integrators.

Thus, based on (12), the discrete form of the proposed RDCO
in the dg-axis can be obtained as

lae(k +1) = ac(k) — & ‘& ide(k) + Tswe (k)ige(k)
+gzudv( ) + T fa(k M [ —ch(k)}
2ak+1) = za(k) = Tva [w( ) — iac(k)]

falk+1) = fatk) — 2027, [ fa(hk) — za(b)]

+ [Grel(2) + T 2] [zdc(k) —zdc(k)]
(24)
EQC(I{/’ + 1) = iqC(k) - Tﬁé ch(k) - Tswe(k’)idc(k)
+ Fugy (k) = BB T fy ()
371[ ( ) ch ]
. . (25)
2ol 1) = 29(8) = T [iae(h) — ()]
folk+1) = ( B) — 0T [, (8) - 2(h)|
+ [Grel2) + T 2] [zqc(k) . zqc(k)}

(
where G,.(z)
expressed as

is the discrete form of G.,.(s), which can be

KTCZ_N+K
1-Q(z)z~"

Then, the reference voltage at the k instant with the lumped
disturbance compensation based on (6), which can deduced as

Gre(z) = (26)

u:;lv(k _ p-1 ch(k+2) 7 idc(k+1)
L;;v(k) =r { ite(k+2) Hk) [ch(m 1)
~ falk+1)
— M(k) - Pk } 27

Accordingly, Fig. 6 presents the whole structure diagram of
the proposed DPCC based on the RDCO. The DPCC-RDCO
scheme investigated can be divided into three components:
disturbance estimation, current prediction, and DPCC con-
troller. The disturbance estimation based on RDCO can achieve

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

PWNM1

DPCC-RDCO

controller

=0y SVPWM|[Fwaiz
—— |t Deadbeat predictive Juy,, " PWN3

lye [T PWM4, |

- | current control PG>

p— I PWM6

| Yqzq (k-l—l) W k) fiq(k'i'l)

! (k)

i | Current (k) Disturbance

{ N

i | prediction J=—>| estimation

b - b T

i

{

H

' B b)) )

Speed Wing* _ Position and
wm( k) Speed detection

Fig. 6. Structure diagram of the proposed DPCC based on the RDCO.

Fig. 7.

PMSM test platform.

the accurate estimation of aperiodic and periodic disturbance
qu(k + 1). Furthermore, the current prediction utilizes the es-
timated disturbance to calculate the current 44,(k + 1) at the
next sampling instant. Besides, the DPCC controller with one-
sampling delay compensation can obtain the reference voltage
based on the estimated disturbance qu (k + 1) and the predicted
current 744 (k + 1).

IV. EXPERIMENTAL EVALUATIONS
A. Experimental Setup

The feasibility and effectiveness of the proposed DPCC-
RDCO scheme are comprehensively evaluated experimentally
on a PMSM test bench, which is shown in Fig. 7. Meanwhile,
the key specifications of the PMSM are summarized in Table 1.
In this tested bench, the control algorithm is employed on the
dSPACE MicroLabBox. The switching frequency of the inverter
is 10 kHz and the current sampling period is 100 ps, which
ensure that the prediction algorithm is completed within one
control cycle. The load PMSM operates in speed mode and the
test motor works in current mode to avoid the impact of the speed
controller on the verification algorithm.

In order to make a fair comparison between the proposed
DPCC-RDCO with DPCC-ESO and DPCC-DCO, the exper-
imental conditions and parameters are consistent. According
to the parameter characteristics presented in Section III-B, the
appropriate parameters are selected based on trial and error
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TABLE I
KEY SPECIFICATIONS OF THE PMSM

Symbols Parameters Values  Units
Py Rotor flux linkage  0.092 Whb
Lg dg-axis inductance 5.7 mH
R Stator resistance 1.1 Q
Pn Pole pairs 4 -
1T, Rated torque 2.4 N-m
Un Rated voltage 220 \%
Py Rated power 0.75 kW
In Rated current 4.2 A
— T —— B i
DPCC-ESO Bl e
- Current loop
|:| Transformation
1 svewm
DPCC-DCO
DPCC-RDCO
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Execution time (y1s)

Fig. 8.  Comparison of the computational burden of three different methods.

method within a certain parameter range. The parameters of
the three observers are set as follows: w,=4007, v;=2513.3,
v2=1579136.7, and a=0.4 to achieve low-frequency distur-
bance correction estimation. The parameters of the repetitive
control are selected as follows: K,..=500, Q(s)=0.95 [25], and
K is typically set as 3 [30]. In addition, the current perfor-
mance deterioration is more prominent under the low speed and
heavy load [12], [23], and [25], so the speed reference is set to
400 r/min in the following experiments.

The comparison of the computational burden of three different
control strategies in dSPACE MicroLabBox is shown in Fig. 8.
From Fig. 8, the execution times for sampling, filtering, coordi-
nate transformation, and SVPWM are consistent across the three
strategies. The DPCC-ESO, DPCC-DCO, and DPCC-RDCO
are different current loop control strategies, and their execution
times are 10.7, 11.6, and 15.9 us, respectively. It is observable
that the execution times of the proposed DPCC-RDCO and
DPCC-DCO are marginally longer than that of DPCC-ESO.
Fortunately, the three methods can complete the calculation
within a sampling period of 100 us. Thus, the slight increase in
execution time is considered a worthwhile tradeoff for the sig-
nificant performance improvement achieved with the proposed
RDCO approach.

B. Dynamic- and Steady-State Performance Evaluation

In order to compare the dynamic and steady-state performance
of the three different DPCC methods, Fig. 9 shows the overall
experimental results under rated load. For each subfigure, from
top to bottom are the d-axis current, zoomed part of g-axis

TABLE II
COMPARISON OF HARMONIC AMPLITUDE UNDER RATED LOAD

Harmonic amplitude of FFT analysis (%)
Harmonic order

DPCC-ESO DPCC-DCO  DPCC-RDCO

Sth 5.67 4.78 0.43
7th 2.95 2.63 0.21
11th 1.44 1.35 0.19
13th 1.05 0.96 0.09

steady-state current, g-axis current, A-phase zoomed current,
A-phase current, and the fast Fourier transform (FFT) results of
A-phase zoomed current, respectively. The experimental con-
dition is that the g-axis current reference steps from 5% of the
rated current to 100%. With the DPCC-ESO method, there are
obvious steady-state fluctuations in the dg-axis currents, with
values 0f 0.993 A and 0.311 A, respectively. The A-phase current
has obvious distortion, and its total harmonic distortion (THD)
is 6.52%, which is caused by periodic harmonics disturbance.
According to the FFT results of phase A current and Table II, the
current appears 5th, 7th, 11th, and 13th dominant harmonics, that
is, the 6th and 12th harmonics on the dq axis, which is consistent
with the theoretical analysis. From Fig. (9(b)), due to the en-
hanced disturbance estimation and elimination of DPCC-DCO,
the dg-axis current ripples and A-phase current distortion are
slightly reduced and alleviated. The dg-axis current ripples and
the THD of the A-phase current are reduced to 0.781 A, 0.296 A,
and 5.37%, respectively. With the proposed DPCC-RDCO, it
can be seen that periodic harmonics are effectively attenuated.
Specifically, the dg-axis current ripples are 0.325 A and 0.187 A,
respectively. The THD of A-phase current decreases to 1.53%,
and the amplitudes of each order harmonics are significantly
reduced from Table II, and the current sinusoidality is obviously
improved.

Furthermore, the g-axis current dynamic response time is
decreased from 4 ms for DPCC-ESO to 2 ms for DPCC-DCO
and DPCC-RDCO, and the current dynamic overshoot is also re-
duced, which is consistent with the analysis in Section I1I-B. The
performance comparison of the three DPCC schemes under rated
load is summarized and shown in Fig. 10. It can be seen more
intuitively that the DPCC-RDCO solution has lower current fluc-
tuations, less harmonic distortion, and faster dynamic response.
In addition, Fig. 11 presents the THD comparison of A-phase
current of three different DPCC schemes under different loads.
As can be seen, the DPCC-DCO is always slightly better than
DPCC-ESO because of its enhanced disturbance estimation, and
DPCC-RDCO has the lowest THD and is better than the other
two algorithms owing to the repetitive control embedded in it.
For example, under 40% rated load, the harmonic distortion of
the proposed DPCC-DCO is reduced by 1.5% compared with
the DPCC-ESO, while the THD of the studied DPCC-RDCO
is decreased by 4.2% compared with the DPCC-DCO. There-
fore, the studied DPCC-RDCO has better dynamic performance
and stronger disturbance suppression capability, especially in
dealing with periodic harmonics.
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Experimental results with three different control schemes of the dg-axis current, A-phase current, and its FFT analysis under rated load. (a) DPCC-ESO.
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Fig. 10.  Performance comparison of three DPCC schemes under rated load.

C. Parameter Mismatch Evaluation

In order to evaluate the parameter robustness of three DPCC
schemes, Fig. 12 presents the comparison experiment of param-
eter mismatch under rated load, from top to bottom are the d-axis
current, the g-axis current and its zoomed part, and the A-phase
current, respectively. It should be noted that PMSM operates
without parameter mismatch in the first 0.5 s, and then the flux
changes suddenly with 0 + = 0.5¢y. Then every 1 s interval, the
resistance and inductance successively make a sudden variation
with f?s = 3R, and ﬁs = 2L, respectively. In the dynamic
characteristics at the moment of parameter mismatch, the g-axis
current overshoot of DPCC-ESO is relatively largest (Ae,: 0.49,
0.93, and 0.54 A), followed by DPCC-DCO (Ae,: 0.34, 0.38,

DCO schemes achieves shorter recovery time (At: 8, 6, and
6 ms) compared with DPCC-ESO (At: 10, 8, and 8 ms). Com-
pared with the steady-state currents before and after parameter
mismatch, the proposed DPCC-RDCO has the smallest current
variation (THD before mismatch: 1.53%, THD after mismatch:
1.56%, 1.61%, 1.57%), followed by DPCC-DCO (THD before
mismatch: 5.37%, THD after mismatch: 5.39%, 5.58%, 5.47%),
and the worst is DPCC-ESO (THD before mismatch: 6.52%,
THD after mismatch: 6.43%, 7.29%, 7.11%). The robustness
comparisons under parameter mismatch are summarized in
Table II1.

In order to evaluate the robustness of the proposed method
to model parameters that are greater or less than the nominal
values, Fig. 13 shows the experimental results of dg-axis cur-
rent and A-phase current of the proposed DPCC-RDCO with
parameter mismatch under rated load. It should be pointed out
that the PMSM operates without parameter mismatch in the first
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Fig. 12.  Experimental results of dg-axis current and A-phase current of three

DPCC schemes with parameter mismatch under rated load. (a) DPCC-ESO.
(b) DPCC-DCO. (c) DPCC-RDCO.

1 s, and then at every 1 s interval, the inductance, resistance,
and flux deviate from the nominal value by 40% upward and
downward, respectively. It can be seen from Fig. 13, at the
moment of parameter mismatch, the g-axis current has a slight
fluctuation, and the fluctuation is quickly eliminated. After the
parameter mismatch in the steady state, the mismatch caused by
inductance, resistance, and flux linkage causes almost no current
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Fig. 13. Experimental results of dg-axis current and A-phase current of

the proposed DPCC-RDCO with parameter mismatch under rated load.
(a) Inductance mismatch. (b) Resistance mismatch. (¢) Flux mismatch.

change compared to the nominal value parameters. In addition,
the phase current THD under the mismatch parameters is still
around 1.53% of the nominal value parameters. Thus, it can be
concluded that the proposed DPCC-RDCO scheme has excellent
robustness to inductance, resistance, and flux mismatch.

To further evaluate the current tracking performance under
parameter mismatch, Fig. 14 demonstrates the experimental
results of current step and sinusoidal tracking of three DPCC
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TABLE III
ROBUSTNESS COMPARISON UNDER PARAMETER MISMATCH

Parameter index DPCC-ESO DPCC-DCO  DPCC-RDCO

recovery time 10 ms 8 ms 8 ms
'&f = 0.5¢ overshoot 0.49 A 0.34 A 0.30 A
THD 6.43% 5.39% 1.56%
recovery time 8 ms 6 ms 6 ms
Rs = 3Rs  overshoot 093 A 0.38 A 0.29 A
THD 7.29% 5.58% 1.61%
recovery time 8 ms 6 ms 6 ms
f}s =2Ls overshoot 0.54 A 032 A 0.27 A
THD 7.11% 5.47% 1.57%
[30ms/div]
3 V M
()
[30ms/div]
2 A A
3 U V
i [30ms/div]
< Wi
Ly
Fig. 14. Current step and sinusoidal tracking experiments of three differ-

ent DPCC schemes under ﬁs = 0.7Ls. (a) DPCC-ESO. (b) DPCC-DCO.
(¢c) DPCC-RDCO.

schemes under ﬁs = 0.7Ls. The left side of Fig. 14 shows the
step from 5% of rated current to 100%. The step time of the
three DPCC methods with different disturbance observers is
extended by 2 ms compared with the case without mismatch, but
the overshoot of the two DPCC methods based on disturbance
correction is significantly lower than that of DPCC-ESO, which
is also verified that the proposed disturbance correction strategy
is more robust. The right side of Fig. 14 presents the tracking
3 + sin(10m) sinusoidal current reference. Obviously, the pro-
posed DPCC-RDCO has the smallest tracking error, while the
tracking error of DPCC-ESO is relatively large. Fig. 15 presents
the current tracking experimental results of three DPCC schemes
under L s = 1.3L;, and the similar conclusion as that in Fig. 14
can be obtained. In summary, the investigated DPCC-RDCO has
stronger robustness and tracking performance under parameter
mismatch.
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D. Speed Dynamic Performance Evaluation

Since N in the proposed DPCC-RDCO is calculated in real
time based on speed, the performance of the studied strat-
egy should be verified under speed changes. Fig. 16 presents
the experimental results of speed changes of DPCC-ESO and
DPCC-RDCO under rated load. For each subfigure, from top to
bottom are the speed, d-axis current, g-axis current, and A-phase
current, respectively. It can be seen that the speed increases from
400 to 600 r/min and then to 800 r/min, and the ripples of
dg-axis steady-state current in both control schemes increase,
but the ripples of DPCC-RDCO are consistently lower than
those of DPCC-ESO. According to the THD analysis of A-phase
current, the THD of DPCC-RDCO (1.93%, 2.42%) after the
speed increases is significantly lower than that of DPCC-ESO
(6.79%, 6.82%), which indicates that the proposed method
possesses excellent disturbance suppression performance under
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TABLE IV
SPEED VARIATION COMPARISON UNDER RATED LOAD

Parameter index 400 r/min 600 r/min 800 r/min
d-axis ripple 0993 A 1.048 A 1.085 A
DPCC-ESO g-axis ripple  0.311 A 0.521 A 0.557 A
THD 6.52% 6.79% 6.82%
d-axis ripple 0328 A 0413 A 0488 A
DPCC-RDCO  g-axis ripple  0.187 A 0.256 A 0.297 A
THD 1.53% 1.93% 2.42%

speed variation. According to Table 1V, it can be found that
the proposed RDCO has a better current ripples minimization
performance at different speeds. Although the amplitude and
frequency characteristics of current harmonic change under vari-
able speed conditions, the proposed DPCC-RDCO based on the
repetitive controller is able to adapt the frequency characteristics
to effectively suppress current fluctuations in the entire speed
range.

V. CONCLUSION

In this article, an improved DPCC with a disturbance correc-
tion observer based on repetitive control is proposed to achieve
excellent current response and enhance current disturbance sup-
pression performance. Specifically, the disturbance estimation
correction is designed to enhance the robustness and the repeti-
tive control is embedded into the disturbance correction term to
deal with the periodic harmonics. Meanwhile, the disturbance
estimation performance, parameter characteristics, and stability
of the proposed observer are theoretically analyzed in detail.
The proposed DPCC-RDCO scheme is highly effective in at-
tenuating both aperiodic and periodic disturbances. The exper-
imental results indicate that compared with the basic schemes,
the proposed DPCC-RDCO not only minimizes the current
errors and harmonics but also maintains steady-state control
accuracy and excellent dynamic response, even under parameter
mismatch and speed variation conditions. The proposed scheme
is potentially achievable to be transplanted to the topological
industrial fields.

APPENDIX

The conventional ESO from (7) in the continuous domain can
be designed as
&=Ax+Bu+D+f—v(&—x)
(28)

f=—n@-=x).
The proposed DCO performs disturbance estimation correction
on the basis of conventional ESO to enhance the observer
robustness, which is constructed as

#=Ax+Bu+D+ f— (& —x)
2= () (29)
f=2@-—a) - =(f-2).
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