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Model-Free Predictive Current Control of PMSM
Using Modified Extended State Observer

Zixuan Liu
Geng Yang ¥, Member, IEEE, Yunchong Wang

Abstract—This article proposes a modified model-free predictive
current control (M-MFPCC) integrated with a modified extended
state observer (MESQO). The goal is to reduce torque ripple and
improving current distortion caused by inverter nonlinearity and
other system disturbances. The disturbances are precisely observed
with unity gain and zero phase delay. Adaptive gain updating of
the proposed observer is implemented to track the frequency of the
disturbance and sustain the noise suppression performance under
various operating conditions. The proposed M-MFPCC can elimi-
nate the high frequency harmonic disturbances without requiring
additional information about inverter nonlinearity or necessitating
extra parameter tuning. Experimental results confirm the proposed
method’s efficacy in suppressing current Total Harmonic Distor-
tion (THD) and torque ripple under a variety of load conditions.

Index Terms—Inverter nonlinearity, model-free predictive
current control (MFPCC), permanent magnet synchronous
machines, ultralocal model.

NOMENCLATURE
R Stator resistance.
Lg,Lq dg-axis inductance.
Py Rotor flux linkage.
We, O Rotor electronical speed and rotor position.
Ug, Uqg dg-axis voltages.
Uy, Uy dg-axis voltage references.
1d,1q dg-axis stator currents.
iy, iy dg-axis stator currents references.
P, Motor pole numbers.
T. Motor torque.
fa, fq dg-axis disturbance.
fas 1y dg-axis un-modeled disturbance.
W Bandwidth of the ESO.
Vg, Vg dg-axis inverter nonlinearity voltage error.
Vas Vb, Ve Three phase inverter nonlinearity voltage error.
Verr Theoretical value of the inverter voltage error.
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h High frequency disturbance.
wh, A, ¢ Angular speed, amplitude and phase of the high-
frequency disturbance.

1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have

become increasingly popular in speed control systems,
owing to their exceptional power density and efficiency. Com-
pared to field-oriented control, conventional deadbeat predic-
tive current control (DPCC) proves to be a highly effective
control method for PMSMs [1], [2]. It exhibits faster dynamic
response, superior steady-state performance, and reduced com-
putational complexity. However, the effectiveness of DPCC
is significantly reliant on the precision of the PMSM model
[3]. Under heavy load working conditions, the stator resis-
tance, stator inductance, and permanent magnet flux are time-
varying [4]. Both dynamic and steady-state performances of
the PMSM control system may deteriorate due to parameter
mismatch, external disturbances, and environmental uncertain-
ties. To overcome the impact of parameter mismatch on DPCC
and improve its control performance, model-free predictive
current control (MFPCC) techniques have been proposed in
(51, [61, [71, 8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], and [24]. The MFPCC
methods use adaptive models whose parameters are obtained
from the collected data. Without the need for motor parameters,
the MFPCC demonstrates enhanced performance and robust-
ness in the face of varying working conditions and parameter
mismatch.

There are usually two types of MFPCC. The first category
involves the storage of current variations [5], [6], [7] instead
of conventional PMSM model. This method stores the data of
the current measurement variations caused by different voltage
vectors in a look-up table (LUT) [5]. Then the predictive current
variations are calculated using the stored data. This method
assumes that the current gradient remains constant during the
adjacent updates of the LUT. Thus, the performance deteriorated
under low updating rate of the LUT. Rui et al. [6] proposed
a double-vector MFPCC method to eliminate the stagnation
phenomenon of the LUT and reduce the current ripple. In [7],
the current gradients caused by the applied voltage vectors were
estimated using two contiguous measured current gradients, all
current gradients can be updated within every control period. In
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[8], the conventional control set is extended using discrete space
vector modulation.

Instead of the current variations LUT, the second type of
MFPCC utilizes an ultralocal model. The mathematical model of
PMSM was simplified into a first order system with an unknown
term consisted of all the disturbance. To obtain the unknown part
of the ultralocal model, several methods have been proposed
[9]1, [10], [11], [12], [13], [14], [15]. In [9], an extended-state
observer (ESO) was utilized to obtain the disturbance in the
ultra-local model. Zhao et al. [10] simplified the ultra-local
model and the disturbance can be directly calculated using the
current differences of the past two control periods. Zhou et al.
[11] proposed an algebraic parameter identification technique
to estimate the optimal angle of the voltage vector. Wei et al.
[12] extended the ultralocal model to observe the inertia of the
system online, achieving better dynamics and current quality
with enhanced robustness. Chen et al. [13] proposed a new
ultralocal model considering the motor speed to improve the
performance and the robustness. Furthermore, the performance
of the ultralocal model was enhanced using the exponential-like
error feedback [14], and the nonlinear ESO [15]. However,
the simple structure of the ultralocal models cannot reflect the
motion characteristics of the motor accurately and timely. In
[16], [17], and [18], the data-driven method was used to update
the model in the form of discrete-time transfer functions. In [19],
a continuous control set data-driven method was developed to
achieve better control performance.

Despite that the stator resistance and the permanent magnet
flux were not required by using the ultralocal model, the stator
inductance was still needed as the control gain. The inductance
mismatch caused high-frequency disturbances to the controller
and could not be observed due to the limited bandwidth of the
ESO [20]. Hence, researchers have focused on developing online
methods to estimate inductance [21], [22], [23], [24]. In [21],
the stator inductance was obtained using the integral of the d-
axis current prediction mismatch. Furthermore, researchers have
shown that inductance can be derived by driving the error of the
d-axis current prediction to zero using a PI regulator [22], or
by employing the gradient descent method [23]. In addition,
Wau et al. [24] proposed a new method to directly calculate the
inductance parameter, achieving real-time convergence.

Another major disturbance which greatly influences the per-
formance of the MFPCC is the nonlinearity of the inverter
[25], [26], [27], [28]. The nonlinearity can be caused by the
dead time in the gate signals, finite turn-ON/turn-OFF time,
voltage drop, and other unknown physical characteristics of the
switching devices [28]. The nonlinearity of the two-level voltage
source inverter (2L-VSI) will generate the sixth-order harmonic
component in the synchronous frame, which is usually close
to or beyond the bandwidth of the ESO [21]. When estimating
disturbances using the ESO, significant gain error and phase
delay may occur. The estimation error of the disturbance can
cause performance distortion of the MFPCC [16], [17], [18].
Conventional MFPCC used offline compensation methods to
reduce the disturbance caused by the inverter nonlinearity [22],
[24]. Nonetheless, compensating for such nonlinearity precisely
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Fig. 1. Control diagram of the conventional DPCC. (a) Overall control dia-
gram. (b) SVM saturation method.

is challenging due to the high number of the time varying
parameters required.

Therefore, there is a need to improve the online estimation
performance of the ESO specifically for such disturbances. A
parallel-cascade ESO was proposed by Jose Rodriguez et al.,
to enhance the disturbance rejection and noise suppression per-
formance [29], [30], [31]. However, this approach necessitates
the parallel and cascade connection of multiple ESO units,
leading to additional network configurations and increasing
the computational burden. Moreover, the bandwidths and the
parameters of all ESO units are pre-set offline, preventing them
from sustaining stable performance across full speed range. Xu
etal. [32] proposed an improved ESO to observe the disturbance
at certain frequency. However, the method was designed to
track disturbances that have a much higher frequency than the
bandwidth of the ESO. Furthermore, the method still encounters
challenges in mitigating gain error and phase delay. In [33], an
improved ESO was proposed to eliminate the estimation phase
delay in synchronous frequency, but it required the information
of stator resistance and additional parameter tuning.

In conclusion, there are three main challenges remaining.
First, the disturbance frequency caused by inverter nonlinearity
varies with changes in motor speed. Therefore, it is difficult
to be tracked adaptively. Second, accurate observation of the
disturbance required additional information of the motor and the
inverter, etc. Finally, the observer requires complex parameter
tuning, and is difficult to be updated adaptively online. To over-
come the above challenges, a modified MFPCC (M-MFPCC)
with a modified extended state observer (MESO) is proposed
in this article. The proposed method achieves three main con-
tributions. To begin with, the proposed MESO enables accurate
disturbance observation at full speed range with unit gain and
zero phase delay. In this article, the tracking frequency was set
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to the 6th harmonic disturbance caused by the inverter nonlin-
earity. Next, adaptive gain updating for the proposed MESO is
achieved with low computation cost to effectively sustain the
noise suppression performance while tracking the disturbance
when the motor speed varies. Finally, this method requires no
additional motor or inverter information, nor does it need extra
parameter tuning compared to conventional MFPCC methods.
The proposed M-MFPCC has been experimentally verified to
exhibit better performance compared to the conventional MF-
PCC (C-MFPCC) in terms of torque ripple, steady-state torque
tracking error, current THD, and parameter robustness.

The rest of this article is organized as follows. Section II
provides an overview of the conventional DPCC and the ESO-
Based MFPCC. The analysis of the disturbance caused by in-
verter nonlinearity is also carried out. Section III introduces the
proposed M-MFPCC, including the principle of the MESO, the
bode diagram analysis, and the control flowchart. Section IV
provides the experimental results of the proposed method and
other conventional methods to validate the effectiveness, steady-
state performance, and parameter robustness. Finally, Section V
concludes this article.

II. CONVENTIONAL ESO-BASED MFPCC
A. PMSM Modeling and Conventional DPCC

Neglecting the nonlinearity of the inverter, the dynamics of
PMSM in the synchronous dg-axes frame are described as

d . .
%’qu = A’qu + Budq +D (1)
where
A _ _Rs/Ld weLq/Ld
o —weLd/Lq —RS/Lq
/Ly 0 0
B= ,D =
[ 0 1/Lg, } [ —wetpr/Lq ]
are the system matrixes, wgq = | Uq Uq ]T and 44 =

[ ig 4 ]T are the dg-axes voltage and current, respectively.
Lg, Lyare the dg-axes inductances, I?, is the stator resistance,
¢ is the permanent magnet flux, and w, is the rotor electrical
speed. The torque of PMSM can be calculated using

3
T, = §Pn (wfiq + (Ld - Lq) idiq) (2)

where P, is the motor poles number. In order to implement the
conventional DPCC method based on the accurate model, the
discrete model of PMSM can be obtained from (1) as

taq (k+1) = T+ TsA)igy (k) + TsBug, (k) + TD  (3)

where T is the control period and I is the unit matrix. k is
the number of the sampling period. Due to the update delay
caused by the microcontrollers such as digital signal processors,
one-step delay compensation should be introduced from (3) as

bag (k+1) = (I+ TuA) igq (k) + T.Bug, (k) + T,D (4)

where 4g,(k +1) is the estimation of the current in the
(k + 1)th control period using the conventional PMSM model.

idq(k), waq(k) are the dg-axis current and voltage in the k"
sampling period, respectively.

Then reference voltage vector of conventional DPCC method
uqq(k + 1) can be calculated as [16]

waq (k+1) =T, "B (i, ~ (I+ T,A) iy (k + 1)~ T.D)

(5
where 4y, is the reference current and w4 (k + 1) is the required
dg-axes voltage vector. Space vector modulation (SVM) tech-
nique is used to generate the required voltage vector. The overall
control diagram of conventional DPCC is shown in Fig. 1(a). The
tracking error of the current is eliminated in the (k + 2)th control
period if the model (4) is accurate. When the vector exceeds the
linear region of the modulation [35], the amplitude of the vector
should be saturated to the linear modulation region, as shown in
Fig. 1(b). To achieve better performance, inverter nonlinearity
compensation is needed [25], [26], [27], [28]. The compensation
method will be further introduced in Section IV.

B. Conventional ESO-Based MFPCC

The above conventional DPCC method is highly dependent on
the accurate model of the PMSM, which requires the information
of R,, Lgq and 1, as shown in Fig. 1 [17], [18], [19]. The
parameter mismatch will cause current tracking error and deteri-
orate the dynamic performance [19]. Therefore, the conventional
ESO-based MFPCC (C-MFPCC) is introduced. The ultra-local
model can be expressed in the synchronous dg-axes frame as [9]

d .
—iy = bpUy + fo,x € {d, q} ©6)
dt

where lA)1C =1 /ﬁ16 is the control gain of the dg-axes voltage. Lis
the estimate inductance used in the model. = € {d, ¢} is the
dg-axis index. f, is the total disturbance, which can be written
as

_ 1 1 weLgiqg — Rgig ,
fd_(Ld £d>Ud+ Ld +fd

1 1 —We (Ldid + wf) - Rsiq /
= —-= 7
fq (Lq L4>uq+ Lq +fq @

where fl.x € {d,q} is the un-modeled disturbance, e.g., the

disturbance caused by the inverter nonlinearity and the current

measurement noise [29], [30], [31]. One can get from (7) that the

first term of f, is caused by the inductance mismatch and will

introduce high frequency component into the total disturbance.
The structure of ESO can be constructed as

L = bt ot (10— 1)

L) ®

where 7, and ﬂE are the current estimation and the total dis-
turbance estimation using the ESO, respectively. 5,y € {1,2}
is the gain of the ESO. Unlike the Luenberger observer (LO),
the ESO extracts disturbances within the model as a virtual
state variable and observes it, thereby enhancing the traditional
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Fig. 2. Control diagram of the C-MFPCC.

LO’s capability in disturbance observation. In order to analyze
the frequency domain performance of the ESO in (8), Laplace
transform is performed to (6) and (8) as

sl, = b,U, + F,

sk, =2 (L~ 1.). ©)

One can get the transfer function of the total disturbance
estimation from (9) as [29]

£,

Gy (s) = 7 P2

52 4 501 + B2

where G¢¢(s) is the transfer function of the total disturbance
estimation. In order to get stability and better dynamic perfor-
mance, the two roots of (10) are set to wy,, which is the bandwidth
of the ESO [9]

(10)

B1 = 2wy, Bo = wp?. (11)

The choice of bandwidth for the ESO is a critical factor in
achieving fast convergence and efficient noise suppression. In
scholarly literature, it is common practice to set the bandwidth
around 10 p.u., considering the rated electrical frequency of the
motor as the reference value [22], [24]. The control diagram of
the C-MFPCC is shown in Fig. 2.

The ESO shown in (8) is discretized as

. . byt (k) + fo (K)

Compared to the estimation of the conventional DPCC based
on the accurate model in (4), the ESO based ultra-local model
only requires the information of the stator inductance, as shown
in Fig. 2. Thus, the robustness of the model is enhanced [10].
After the one-step delay compensation, one can get the reference
voltage vector using the same deadbeat principle in (5) as

ug (k+1) = T, 103" (z i (k+1) = Tofs (k + 1)) .
13)
Finally, to achieve superior performance, it is crucial to in-
clude inverter nonlinearity compensation in the control scheme
to compensate the un-modeled term f., in (6), which will be
discussed in Section II-C.

12)
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C. Disturbance Analysis Considering 2L-VSI Nonlinearity

Among the unmodeled disturbance described in (7), the non-
linearity and the unsymmetric output voltage of the 2L-VSI con-
stitute one of the most severe disturbances. Therefore, this article
primarily focuses on addressing and mitigating this particular
type of disturbance. Ignoring the turn-ON/turn-OFF dynamics of
the switching components, the disturbance caused by the 2L.-VSI
can be structured theoretically as [28]

Uy = Versign (i2) , z € {a, b, c} (14)

where v, is the error voltage between the reference phase voltage
and the real phase voltage output, v, is the theoretical amplitude
of the disturbance, i, is the phase current, sign(-) is a signum
function, z € {a, b, ¢} is the index of the three half-bridges of
the 2L-VSI and

Tdead + Ton -

off ( VUee + V4
T

Verr = Ude — Vce + 'Ud) + (15)
where Tyeaq is the dead time, Ty, Tog are the turn-ON and
turn-OFF time of the switching component, respectively. vg.is
the dc bus voltage. v.. and vy are the voltage drops of the
switching component and the freewheeling diode, respectively.
Itis important to note that all parameters of the 2L-VSI discussed
above are variable and subject to change based on the half-bridge
current, except the dead time.

Assuming that the motor ran at 74 = 0 control strategy and
the rotor position is #. = w,t. One can take the a phase current
in the motor windings as an example

lq = I.sin (wet + m) (16)

where I is the amplitude of the phase current. The phase currents

of the other two windings are 2/3m and 4/3m delayed, respectively.
Substituting (16) into (14), one can get the Fourier expansion

form as

Z sin(n(wet+m))

— 4
Vg = Uerr; n

vy = UGTT% > Sin(n(uJEt:FQ/?)W)) ,ne{l,3,5,...}.
)

™ n

Ve = Verr

a7

One can get from (17) that the 3kth order harmonic dis-

turbances in the three-phase system act as common mode

components [34]. Therefore, only the remaining harmonics of

6k — 1th, 6k + 1th exist in the phase current. One can get the
disturbance in the dg-axes synchronous frame as

¢
{Ud _ _417;:rr E 5111(2we )

_ A Aveg O Cos(nwet)
Vg = ﬂZ Py

ne{6,12,...}. (18)

Equation (18) indicates that the disturbance caused by the in-
verter nonlinearity introduces dc biases and 6kth harmonics to
the dg frame. As discussed in Section II-B, the bandwidth of the
ESO is usually set to around 10 p.u. When the motor ran at rated
speed, the frequency of the 6th harmonic is close to the ESO
bandwidth, while the 12th, 18th, ... harmonics are beyond the
bandwidth. Therefore, the disturbance tracking performance of
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Fig. 3. Bode diagram of conventional ESO under different bandwidths.

the ESO deteriorates when faced with the disturbance caused by
inverter nonlinearity due to limited bandwidth.

The bode diagram of (10) under different bandwidths are
shown in Fig. 3., where wy, is the frequency of the sixth harmonic
disturbance, i.e., 6 p.u when the motor is at rated speed. For
bandwidth of 10 p.u., the gain of the transfer function is 0.74
and the phase delay is 61.93°. It suggests that estimating sixth
harmonic disturbances by conventional ESO may suffer from
significant gain error and phase delay.

In addition, the bode diagram of conventional ESO under
20 p.u. bandwidth is also shown in Fig. 3. Increasing the band-
width ensures improved estimation performance. However, this
comes at the cost of degraded noise suppression capabilities, and
the limited in phase delay is slight.

III. PROPOSED MODIFIED MFPCC
A. Design of the Proposed MESO

Considering the disturbance at certain frequency wy, as

h = Ay sin (wpt + ¢p) (19)

where h is the certain frequency disturbance, Ay, is the amplitude
and ¢y, is the phase of the disturbance. One can get the dynamics
of (19) as
d2
dt?
This illustrates the proportionality between the second deriva-

tive of a disturbance and the disturbance itself. Thus, disturbance
in (7) can be reconstructed as

h = —wh2Ah sin (wht -+ d)h) = —thh. (20)

d A
d? 9
where h,, 2z € {d, ¢} is the disturbance under frequency wy, in

the dg-axes. Thus, the proposed MESO is constructed as

%%z = byuy + fo + ha + By (Zz B iz)

%fz =2 (Zr - iz)

%ﬁm =d, +fs (Za: - %x)
%czz = —wnhy + B (ie — i (22)

where d, = %hx is the first derivative and 5,y € {1,...,4}
are the gain of the MESO. y € {1,...,4} is the index of the
observer gain. To guarantee the same stability and noise sup-
pression performance as the conventional ESO, the four roots of
the observer are all set to wy,, which leads to

B1 = 4ws
Ba = wy* Jwi?
Bz = — (wp? — 6wy wn® + wp ) Jwn?

Ba = 4wy — dwpwp?. (23)

In order to analyze the frequency domain performance of the
MESO in (22), Laplace transform is performed to (22) and (21)
as

sl, = b,U, + F, + H,

sl = b,Uy + By + Hy + By (Ix - flc)
sk, =2 (L~ 1)

sH, =D, + B3 (L~ 1.

sDy = —wp2Hy + Ba (II _ fz) . (24)

The transfer function of the estimated total disturbance can
be obtained from (24) as
F, + H,
F, + H,
52 (6wb2 — wh2) + 4s (wb3 — wbwhz) + wpt

(s +wp)*

Gy (s) =

(25)

From (25), it can be observed that the transfer function of the
disturbance estimation is augmented with two extra zeros and
poles. In addition, the gain and the phase of the transfer function
under wy, can be deduced from (25) as

fo (jwh) = 1400. (26)

Equation (26) suggests that accurate estimation of the distur-
bance at particular frequency wy can be achieved with unity
gain and no phase delay. Therefore, by setting the frequency
to wp, = 6w, we representing the motor real time electrical
frequency, the proposed MESO can precisely track the sixth
harmonic disturbance injected by the inverter nonlinearity.

The bode diagram of the proposed MESO is shown in Fig. 4.
When the motor ran at rated speed, i.e., the frequency of the
6kth harmonic disturbance by inverter nonlinearity is 6 p.u., the
gain and phase delay of the estimation transfer function (26)
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under 10 p.u. bandwidth is shown. The figure illustrates that the
MESO provides precise estimation with unity gain and no phase
delay. Consequently, the estimation performance of the MESO
is enhanced compared to the conventional ESO.

When the motor speed varies, wy, and the observer gain in
(22) can be updated in real time. Fig. 5 shows the disturbance
estimation of the proposed MESO and conventional ESOs when
the motor ran at 0.5 p.u. speed. For conventional ESOs, when
compared with Fig. 4, the estimation gain error decreases be-
cause the frequency of the disturbance drops from 6 p.u. to
3 p.u. However, the phase delay still maintained to be 33.4°
for 10 p.u. bandwidth and 17.06° for 20 p.u. bandwidth. For
the proposed MESO, unity gain and no phase delay still hold
due to the real-time update of the observer coefficients. In both
Figs. 4 and 5, overshoots are observed around the bandwidth wy,
for MESO.

However, since the disturbance component at this frequency is
insignificant, these overshoots are not expected to notably affect
the performance of the MESO.

B. Proposed M-MFPCC

The control diagram of the proposed M-MFPCC is shown in
Fig. 6. First, the MESO is discretized as
( + he (k)
— i (k )

k+1) —i, (k) =T. batiz () + 1
R T
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dy (k+1) —d, (k) = T, —enha (k)
’ ST\ k) (i () — 0 () )
27
The observer gain 3, (k),y € {1, ..., 4}is updated by substi-
tuting real-time motor speed into (23) as
ﬂl (k) = 4wb
) = fon(h)?
63 (k) = — (wb4 — wa2wh(k‘)2 + wh(k:)4)/wh(k)2
B (k) = dwp® — dwyewp (k) (28)

where wy, (k) = 6w, (k) is the frequency of the sixth harmonic
disturbance injected by the inverter nonlinearity in the kth
sampling period. Then, the reference voltage vector of the M-
MFPCC can be obtained using the deadbeat principle in (5) as

o (k4+1) =T, ;" (Zx_” (k1)

_Tsfac (k + 1) - Tshz (k + 1)) '
(29)
With improved disturbance rejection against inverter nonlin-
earity, M-MFPCC can directly control the voltage vector without
additional requirement of motor or the inverter to compensate
the output voltage.

IV. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed approach,
a comparative analysis is conducted between the M-MFPCC
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Fig. 7. Experimental platform. (a) Test motor and load motor. (b) Control
system of the load motor. (c) Inverter of the test motor. (d) DC power supply.

TABLE I
PARAMETERS OF THE TESTED PLATFORM

Parameter Value
Poles 8
Stator Resistance 32Q
Stator Inductance 5.97 mH
PMSM Permanent-Magnet Flux Linkage 0.055 Wb
Rated Speed 1000 r/min
Rated Current 3.6 A (Peak)
Rated Torque 1.27 Nm
DC Bus Voltage 300 V
Switching Frequency 16 kHz
IPM Model PS21765
Inverter Collector-Emitter Saturation Voltage 1.6V @30A
Diode Forward Voltage 1.5V@30A
Turn-oN Time 1.3 us @30A
Turn-OFF Time 1.5us @30A
Bandwidth of ESO 10 p.u.
Controller Dead Time 2.0 us

and two other methods: the conventional DPCC equipped with
inverter nonlinearity compensation (DPCC-NC), and the C-
MFPCC. The bandwidths of both the C-MFPCC and the pro-
posed M-MFPCC are set to 10 p.u. Steady-state experiments
of the above three methods are carried out using the PMSM
platform shown in Fig. 7. Table I gives the parameters of the test
motor and the inverter. The performance of the three methods
under inductance parameter mismatch were also tested.

To guarantee the computation performance in (28), careful
selection of the minimum value of wy, is crucial. When motor
ran at very low speed, wy, is significantly smaller than wy, the
total transfer function of the MESO (25) can be simplified to

6uwp?s? + dswy® + wpt
(s 4 wp)*

Gy = (30)

which indicates that the update of very low wy, will not effec-
tively influence the performance of the MESO. Therefore, after
experimental verifications, the general minimum value was set
to

Wh,min = 0.0lwb. (31)

20 — T T T T T T T T T T
ﬂkti»::a:&;f&mw

Experimental |
= = Theoretical

AR
-2 -1.5

Output Voltage Error (V)

b
20 L L L . . L L
2. -1 -0.5 0 0.5 1 L5 2 25

Phase Current (A)

5

Fig. 8. Output phase voltage error of the tested inverter.

By substituting w, = 10(p.u.) into (31), one can getwy, min =
0.1(p.u.).

To validate the accurate nonlinearity disturbance of the tested
inverter, the output error voltage was measured experimentally
offline when the motor stopped. First, a reference dc voltage
was added to the A and B phase of the motor, leaving the C
phase open-circuit. One can get the voltage equations of the A
and B phase as

qu = VUq (ia) + Rgig — vy (Zb) — Rgip. (32)

Assuming that the three phase of the inverter was symmetrical,
and ), , .. = 0,0one can get from (32) that

upy = 20 (i) + 2Rt (33)
where
v(t) = vy(i), z € {a, b, c}
i= iy = —ip. (34)

Therefore, one can get the experimental data of inverter
nonlinearity error from (33) as
— Rgi. (35)

The experimental data collected using (35) and the theoretical
value calculated using (15) are shown in Fig. 8. It indicates
that the theatrical value cannot reflect the characteristics of the
inverter accurately. Therefore, the DPCC-NC used the experi-
mental data to compensate for the inverter nonlinearity as

w," = u +v(iy) (36)

where u,** is the reference voltage value after the compensation.
It should be highlighted that the compensation method used in
the DPCC-NC required offline data collection, large memory
storage and increased computation burden. Therefore, the ex-
perimental results of DPCC-NC serve only as a reference under
ideal nonlinearity compensation condition. The computation
durations of the three methods are 13.6 us for C-MFPCC, 14.2 us
for M-MFPCC and 14.7 us for DPCC-NC.

A. Steady-State Performance

To verify the effectiveness and feasibility of the proposed
method, simulations were conducted using MATLAB and
Simulink. The simulation results of C-MFPCC and M-MFPCC
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TABLE II
THD RATIOS OF THE TESTED METHODS
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Simulation results of the C-MFPCC under rated speed and 0.1 p.u.
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Fig. 10.  Simulation results of the M-MFPCC under rated speed and 0.1 p.u.

load. (a) Time (s). (b) and (¢) Harmonic order.

are shown in Figs. 9 and 10, respectively. The motor operated
at rated speed with a 0.1 p.u. load. Figs. 9(a) and 10(a) show
the three-phase current waveforms for both methods. The M-
MFPCC achieves a more sinusoidal current waveform compared
to the C-MFPCC. Torque waveforms are presented in Figs. 9(b)
and 10(b), where the M-MFPCC effectively reduces torque
ripple from 1.6% p.u. to 0.7% p.u. Harmonic components of both
methods are illustrated in Figs. 9(c) and 10(c), revealing that the
fifth and seventh harmonics of M-MFPCC are lower than those
of C-MFPCC. In conclusion, simulation results indicate that
M-MFPCC successfully reduces current harmonics and torque
ripple compared to C-MFPCC.

Then, comparative experiments between M-MFCC. C-
MFPCC and DPCC-NC were conducted. Fig. 11 showed the
steady-state performance of the three methods when the motor
operated under rated speed and 0.1 p.u. load. The yellow, purple
and green traces in the figures are the three phase currents of the
motor. The blue trace is the instant torque control error of the
motor. Both the torque ripple and the steady-state torque tracking
error can be obtained from the blue trace. The DPCC-NC method
achieved minimum torque ripple and current distortion among
all methods, which is 1.03%. This is due to the overall offline
inverter nonlinearity compensation and accurate PMSM model.

Speed (p.u.) Torque (p.u.) Method THD (%)
C-MFPCC 7.717
1.0 0.1 M-MFPCC 3.49
DPCC-NC 2.06
C-MFPCC 2.68
1.0 1.0 M-MFPCC 1.02
DPCC-NC 0.48
C-MFPCC 2.99
0.5 0.5 M-MFPCC 0.88
DPCC-NC 0.68

For the C-MFPCC, the torque ripple is 1.89%, which is
larger than the DPCC-NC. This is because that in rated speed,
the inverter nonlinearity leads to high frequency voltage error
disturbances. The observation of conventional ESO to these
disturbances causes gain error and phase delay due to the limited
bandwidth of the ESO.

The M-MFPCC exhibits a torque ripple of 1.24%, which is
34.4% lower than that of the C-MFPC. This improvement is
attributed to the innovative MESO structure employed in the
M-MFPCC. The MESO effectively mitigates observation errors
related to the sixth harmonic induced by inverter nonlinearity,
thereby enhancing torque quality and reducing current distor-
tion. Consequently, the M-MFPCC achieves lower torque ripple
compared to the C-MFPCC, while also demonstrating superior
torque tracking accuracy compared to the DPCC-NC.

To further validate the performance of the proposed method,
the current and torque waveforms under rated conditions are
also tested, as shown in Fig. 12. When using the proposed
M-MFPCC, the torque ripple reduced 47.0% when compared
with the C-MFPCC. Furthermore, the tracking error of the M-
MFPCC is lower than the DPCC-NC. In addition, the DPCC-NC
has larger steady-state torque error. This is due to the parameter
mismatches between the model used in the DPCC-NC and the
real platform. These mismatches are usually caused by unknown
disturbances, e.g., the saturation effect of the motor core.

To validate the harmonic rejection ability of the proposed
method, the FFT results of the current waveforms are illus-
trated in Fig. 13. Under 0.1 p.u. load condition, the proposed
M-MFPCC reduced the fifth and seventh harmonics to 0.64%
and 0.35%, respectively, compared to 7.12% and 1.76% for the
C-MFPCC. Furthermore, the performance of the M-MFPCC is
superior to that of the ideal DPCC-NC in terms of the fifth
and seventh harmonics. For the 11th and 13th harmonics, the
M-MFPCC is slightly lower than the C-MFPCC and maintains
the same level as the DPCC-NC. In rated load conditions, the
proposed M-MFPCC still maintained the lowest level in terms of
the fifth and seventh harmonic among the three methods, which
are 0.15% and 0.08%. For the 11th and the 13th harmonics, the
ideal DPCC-NC exhibits superior performance compared to the
two model-free methods. The proposed M-MFPCC is slightly
lower than the C-MFPCC.

The harmonics component ratios and the THDs of the three
methods in more working conditions are further illustrated in
Table II. Under rated condition, the M-MFPCC reduced the THD
ratio to 1.02%, which is 61.9% reduction than the conventional
C-MFPCC. For low load and middle load conditions, the THD of



LIU et al.: MODEL-FREE PREDICTIVE CURRENT CONTROL OF PMSM USING MODIFIED EXTENDED STATE OBSERVER

i
Torque Ripple= 1.89% sty
Torque Error=0.03%
“mg{ '{gm mﬂg F}i%m AvgFrea(C1) 66.72161 Hz P-P(CA) 188.5mV
(a)
Fig. 11.

3

i
div

r@,;i
o N

RO TAT.Omh
pRea Rt

/\

3 ipas = 232mA

YATAREA
:
Torque Ripple = 1.24% isiptany]
Torque Error=0.03%
AvaFrea(C1) 66.69834 Hz P-P(CA) 124.0mV.

vty i

(b)

687

EX/

| |2veraiv

|
|
\
|

A MM A AR A Stis/div
| Torque Ripple =
Torque Error=1.17%
Wi‘ma} %553:\7{ a} gﬂ%&v AvaFrea(C1) 66.70547 Hz P-P(C4)  103.0mV
()

Current and torque waveforms of the tested methods. Motor ran at rated speed and 0.1 p.u. load. (a) C-MFPCC. (b) M-MFPCC. (c) DPCC-NC.

O, I I A

SO/ T Sms /&R [ S /G
,,,,,,,,,,,,,, 4 ‘ i
S Lo Zooi S Zoomi
SR inus = 2534 il R inys = 2534 iy i inys = 2524 e
TN TN i Sy N 7 an S N 7N T N i
2A/div 2A/div |2A7div
\ \ A y A 7
N N L N N/ PN | N/ N e
E/m """""" Ed. ___________ Ed
____________ i ‘ i , ‘ O Y, ;
yms/div Sms/div Sms/div
Torque Ripple = 3.45% Torque Ripple=1.83% Torque Ripple=1.45%
Torque Error =0.02% Torque Error =0.01% i HTorque Frroe 0477
a6} Fi% G R el e e e ) ) B U e memu e ) L G Ty e Beme oy o
(a) (b) (©
Fig. 12.  Current and torque waveforms of the tested methods. Motor ran at rated speed and rated load. (a) C-MFPCC. (b) M-MFPCC. (c) DPCC-NC.
= 8 T T T ©  C-MFPCC
2 7.12 I DPCCNC %107 /// ©  M-MFPCC
5 6+ [ C-MFPCC | 400 _— DPCC-NC
z [ M-MFPCC
;m 3
E4t
< z
L 1.76 =
g 2 107 1.32L301.36 - ;
g W os: 0 [M o043 Z
z, = 233 =Y £
5 7 11 13
Harmonic Order
(a)
2325 r . : :
3
S 206 I DPCC-NC
g 2r [ C-MFPCC
_5 [ M-MFPCC 1.0
215t ,
] 120
f 1r 0.89 Speed (p.u.)
s 063 061
=}
VT B ig. 14 ipples of the th hods at full speed and load
E T _— 09 Fig. 14.  Torque ripples of the three methods at full speed and load range.
0 o
5 7 11 13

Harmonic Order

(b)

Fig. 13.  FFT Analysis of the steady-state current waveforms. (a) Rated speed
and 0.1 p.u. load. (b) Rated speed and rated load.

the M-MFPCC is 3.49% and 0.88%, respectively. The reductions
compared to the C-MFPCC are 55.1% and 70.5%, respectively.
In conclusion, the M-MFPCC proves effective with superior
THD performance and lower torque ripple compared to the
C-MFPCC in a wide range of operating conditions. Moreover,

it exhibits reduced fifth and seventh harmonics in comparison to
the DPCC-NC.

To further compare the torque quality among the three meth-
ods, torque ripples across the full speed/load range were tested,
covering zero speed, low speed (0.1 p.u.), medium speeds (0.5
and 0.8 p.u.), and rated speed. The results are shown in Fig. 14. At
zero and low speeds, the performance of the three methods was
similar due to the negligible observation errors of M-MFPCC
and C-MFPCC at low frequencies. At medium and high speeds,
the torque ripple of M-MFPCC is significantly lower than the
C-MFPCC. In conclusion, the M-MFPCC can effectively reduce
the torque ripple when compared to the C-MFPCC at medium
and high speed. All methods have similar torque ripple at zero
to low speed.
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TABLE III
TESTED CONDITIONS IN THE EXPERIMENTS

Tested mismatch conditions Inductance Resistor mismatch
mismatch

Nominal value of the test rig. 5.97 mH 32Q

Value used in the controllers 9.95 mH 2.1Q

Mismatch rate Lyy /Ly =60%  R,/R, =150%

Other parameters Same as Table I Same as Table I
Motor operating ~ Speed L.Op.u 0.1 p.u.
conditions Torque 1.0 p.u. 1.0 p.u.

B. Parameter Sensitivity

In heavy load conditions, the stator inductance decreases
due to core saturation effects, while the stator resistance in-
creases with rising temperature. Therefore, robustness of the
three methods to these parameters is crucial. To validate the
parameter robustness of the three methods, the steady-state
current waveforms under parameter mismatch conditions are
tested. The parameter mismatch is simulated by deliberately
changing the parameters used in the controllers. The detailed
test conditions are given in Table III, where IA/dq, RS are the
parameters used in the controllers and Lgq, I75 are the nominal
value.
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Current and torque waveforms of the tested methods under 150% resistance mismatch. Motor ran at 0.1 p.u. speed and rated load. (a) C-MFPCC.

First, robustness against decreased inductance is evaluated
using configurations detailed in the second column of Table III,
where the nominal inductance is 60% of the controllers’ pa-
rameter. The motor operated at rated speed and torque, and
the results are depicted in Fig. 15. Among the methods, M-
MFPCC exhibits the least torque ripple at 1.84%. The torque
tracking error performances of the three methods are sim-
ilar. Additionally, all methods exhibit larger high-frequency
components in the torque waveforms compared to those with
accurate models as shown in Fig. 12, due to inductance
mismatch.

Next, robustness against increased resistance is also evalu-
ated, with results presented in Fig. 16. The nominal resistance
is 150% of the parameter used in the controllers, as detailed
in the third column of Table III. DPCC-NC shows the lowest
torque ripple at 1.04%. However, it exhibits a significant torque
tracking error of 3.22% due to the pronounced influence of resis-
tance mismatch under low speed and heavy load conditions. In
contrast, M-MFPCC demonstrates slightly lower torque ripple
compared to C-MFPCC and maintains good torque tracking
accuracy.

As a result, both C-MFPCC and M-MFPCC exhibit stronger
robustness against resistance mismatch compared to DPCC-NC,
attributable to their ultralocal model rather than the conventional
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PMSM model. All methods show increased high-frequency
torque components in the presence of inductance mismatch.
Under both testing conditions, M-MFPCC demonstrates lower
torque ripple than C-MFPCC.

V. CONCLUSION

This article proposed an M-MFPCC method equipped with
the proposed MESO which enables accurate disturbance ob-
servation at a specific frequency. The proposed method can
enhance the disturbance rejection performance against high
frequency harmonics caused by the inverter nonlinearity. It
achieves better performance than the conventional MFPCC in
a wide range of working conditions in terms of torque ripple,
steady-state torque tracking error, and current distortion. Fur-
thermore, it showed better performance than the ideal DPCC-
NC under heavy load conditions. In addition, the proposed
MESO eliminates the requirement of complicated compensation
of the inverter nonlinearity and is easy to be implemented to
other fields, such as torque ripple rejection. In terms of the
parameter mismatch, the proposed M-MFPCC shows better
robustness against inductance mismatch than the other tested
methods.
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