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Abstract: Predictive current control (PCC) is an advanced control strategy for permanent magnet
synchronous motors (PMSM). When the motor drive system is undisturbed, predictive current control
exhibits a good dynamic response speed and steady—state performance, but the conventional PCC
control performance of PMSM that depends on the motor body model is vulnerable to parameter
perturbation. Aiming at this problem, an improved model—free predictive current control IMFPCC)
strategy based on a high—gain disturbance observer (HGDO) is proposed in this paper. The proposed
strategy is introduced with the idea of model—free control, relying only on the system input and
output to build an ultra—local current prediction model, which gets rid of the constraints of the motor
body parameters. In the paper, the ultra—local structure is optimized by comparing and analyzing
the equation of the state of the classical ultra—local structure and PMSM system. The system’s
current state variables are incorporated into the ultra—local system modeling, as a result, the current
estimation errors existing in the classical ultra—local structure are eliminated. For the unmodeled
and parametric perturbation part of the ultra—local system, a high—gain disturbance observer is
designed to estimate it in real time. Finally, the proposed IMFPCC strategy is compared with the
conventional model—based predictive current control (MPCC) and the conventional model—free
predictive current control (CMFPCC) in simulation and experiment. The results show that the current
steady—state error of the IMFPCC strategy in the case of parameter variation is only 50% of the
MPCC method, which proves the effectiveness and correctness of the proposed strategy.

Keywords: permanent magnet synchronous motor; predictive current control; improved ultra—local
model; high—gain disturbance observer

1. Introduction

PMSM is widely used in electric vehicles, aerospace, and intelligent manufacturing
equipment because of its small size, high efficiency, and low noise [1]. Field Oriented
Control (FOC) and Direct Torque Control (DTC) are the most commonly employed motor
control strategies. However, they suffer from difficult parameter adjustment, large torque
ripple, and poor robustness to achieve high—performance control of PMSM under complex
operating conditions [2,3]. Therefore, the search for control strategies with better control
performance and better robustness has become a hot issue of research in the field of
PMSM drive.

Model—based predictive current control strategy (MPCC) has become a hot spot in
the field of PMSM control in recent years due to its excellent dynamic response perfor-
mance, simple and intuitive control idea, and significant advantages such as nonlinear
multi—objective constraints [4-6]. The prediction system and the cost function are the core
modules of model predictive control [7,8]. Although conventional model predictive control
has a fast dynamic response, it has poor steady—state performance at low frequencies,
and modulated model predictive control was proposed to optimize this problem [7]. The
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adjustment of the valuation function allows predictive control to achieve synergistic opti-
mization of multiple objectives. In [8], a Lyapunov energy function is proposed instead
of the cost function to improve the global quality of motor control. Although MPCC has
many advantages, it also has this fatal flaw. MPCC is extremely dependent on the motor
body model. The control performance of conventional MPCC is easily affected by the
change of motor parameters, which are bound to change during the actual operation of
PMSM due to complex working conditions and other reasons. For this reason, scholars
have conducted relevant studies on the effect of motor parameter drift on MPCC and its
optimization methods [9-13]. A mathematical model between the stator current prediction
error and parameter perturbations was presented in [10]. With the prediction error as the
evaluation target, it is proved through theoretical analysis and experimental verification
that the variation of inductor parameters has a large impact on motor performance, and
the prediction error generated by the positive and negative inductance deviations in the
d—q axis is different. In [11], a self—tuning strategy for the mathematical model of the
stator current was proposed, using the current prediction error to calculate the disturbances
caused by the changes in the motor body parameters, and periodically correcting the cur-
rent prediction model, which improves the robustness of the system to some extent. In [12],
a high—order sliding mode observer was designed to observe the disturbances in the speed
and current loops and feedback to the dual—loop controller, which improves the robustness
of the system to some extent, but it still relies on all motor parameters to construct the
predictive system. An inductance parameter compensation method was proposed in [13],
which uses the prediction error to estimate inductance deviation information and thus
perform inductance compensation. However, such online parameter identification methods
usually have high requirements for controller performance.

To further suppress the influence of motor parameters, academics consider combining
model—free control methods with PMSM drive systems. Incremental model —based predic-
tive current control can estimate the motor current at the next moment without using any
motor parameters, but the stator current needs to be collected twice in one control cycle,
which has high system hardware requirements [14-16]. Ma improves on the incremental
current prediction control by introducing a dual vector modulation method to reduce
current ripple and improve current prediction accuracy by shortening the current ramp
refresh period [17]. Although PCC based on an incremental model is not affected by motor
parameters, it increases the hardware burden of the drive system to some extent.

Michel Hliess proposed a new model—free control idea based on the construction of an
ultra—local model of the system input and output, which does not require concrete parame-
ters of the control object and improves the parametric robustness of the control strategy [18].
The new model—free control idea was first introduced into the drive system of PMSM by
Li’s team, and a series of studies were conducted [19-21]. In [20], an ultra—local current
model of a surface—mounted PMSM was constructed in conjunction with its mathematical
model form, and model—free predictive current control of a surface—mounted PMSM
was implemented. The effectiveness of the model—free control based on the ultra—local
model is demonstrated in comparison with the traditional PI control strategy. Furthermore,
model—free differential beat predictive speed control was proposed by Li, which verified
the feasibility of applying the ultra—local model to the speed loop [21]. However, all of
the above—proposed methods use the algebraic parameter identification method designed
in [19] for the estimation of the unknown part of the ultra—local model, which requires
collecting and storing the current and voltage of the motor for several cycles, which requires
too much performance of the controller, and the accuracy of the disturbance estimation
is not enough and fluctuates a lot. In [22], a dual—loop ultra—local prediction model for
the speed and current loops of the PMSM control system is established, and the system is
compensated for feedforward disturbances in real time with the help of an extended state
observer (ESO) and a disturbance observation compensator (DOC), which improves the
robustness and current tracking performance of the system. However, ESO tuning is more
complex and not easy to achieve optimal control of the system. The inclusion of feedfor-
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ward nonlinear disturbance compensation in model—free predictive control improves the
dynamic performance of the system and reduces cross—direct—axis current harmonics [23].
A simplified model—free control strategy was proposed in the literature [24], which reduces
the use of an extended Kalman filter (EKF) to estimate the unknown part of the ultra—local
model by simplifying the voltage selection process, and the simulation results show that the
EKF maintains strong robustness under various parameter variations. However, the design
process of EKF is tedious and the Q and R matrices are extremely expensive to compute.
Moreover, EKF is not applicable in some highly nonlinear systems [25]. To reduce the
negative impact of permanent magnet demagnetization on the PMSM operation process,
Zhao et al. proposed a robust model—free non—singular terminal sliding mode control
(MENTSMC) algorithm based on the ultra—local model [26]. The sliding mode observer
does not depend on the system model and has a simple design with strong robustness, but
due to its characteristics, it inevitably causes system jitter [27]. The high—gain observer is an
effective method for asymptotic estimation of state quantities based on measurements [28].
The high—gain observer originates from the theory of output feedback suppression in
nonlinear control. It is robust to modeling errors in the nonlinear part of the system and
well suited for strongly coupled nonlinear permanent magnet synchronous motor sys-
tems [29,30]. High—gain designs are well suited to counteract external disturbances and
modeling errors in permanent magnet synchronous motor drive systems, especially under
time—varying, multivariable and parameter—unknown operating conditions [31].

To improve the parameter robustness and steady—state control performance of MPCC,
an improved model—free predictive current control based on a high—gain disturbance
observer (HGDO) is proposed in this paper. The proposed IMFPCC strategy constructs the
ultra—local current prediction model based only on the inputs and outputs of the drive
system of the PMSM, which suppresses the effect of motor parameters change on the control
performance. Unlike the classical ultra—local structure, the improved ultra—local model
designed in this paper separates the current state variables from the unknown part and
incorporates them into the ultra—local structure modeling. As a result, the errors between
the current estimates and the actual values are eliminated, thus improving the accuracy
of motor current prediction and reducing the system steady—state error. In addition, the
HGDO that is independent of the exact model of the system is designed to estimate the
unmodeled and parametrically perturbed part of the ultra—local system. Compared with
the traditional algebraic parameter identification method, the HGDO does not need to
collect the knowledge of the system input and output for the past several cycles, which
greatly reduces the computational burden of the controller and improves the accuracy
of the disturbance estimation. The proposed IMFPCC strategy is proved to have strong
robustness and good control performance by simulation and experiment.

The rest of the paper is organized as follows: the conventional model—free predictive
current control is introduced in Section 2; the improved model—free predictive control cur-
rent algorithm proposed in this paper, including the optimization of the classical ultra—local
model and the derivation and modeling of HGDO, is presented in detail in Section 3. In
Section 4, algorithm simulations and physical experiments are conducted to verify the
dynamic and steady—state performance and parameter robustness of the proposed method.
Finally, a summary and outlook of this work are presented in Section 5.

2. Conventional Model—Free Predictive Current Control
2.1. Mathematical Model of PMSM Considering Disturbance Factors

During the actual operation of the motor, the electrical parameter values of the motor
body are easily affected by complex working conditions and extreme environments [32].
For the purpose of further improving the consistency between the mathematical model
of PMSM and the actual operational model, the parameter perturbation term, the sys-
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tem unmodeled term and the external disturbance term can be introduced into the ideal
mathematical model of PMSM, then the mathematical model of PMSM can be rewritten as:

. di .
{ g = (Rs + AR)ig + (Lg + ALy) % — o (L + ALg)ig + Vg + Ty »

ttg = (Rs + AR)ig + (Lg + ALg) Gt + we(Lg + ALg)ig +we (g + Bipy ) + Vg + T,

where 1, and 1, are the stator voltage components in the d and q axes, iz and i, are the
stator current components in the d and q axes, R; is the stator resistance; L; and L, are
the inductance components in the d and q axes, w, is the electric angular velocity, is the
permanent magnet chain, AR, AL;, AL; and Ay are the motor parameter perturbation;
V; and Vj represent the unmodeled part of the d and q axes, T; and T, are the external
disturbance terms in the d and q axes.

The total set disturbance of the motor in the d and q axes can be expressed as f; and fg:

{ fa = ARig + ALy % — weALgiq + Vg + Ty o

fa = DRig+ ALy 1 0 ALyiq + wel\ps + Vy + T,

Then Equation (1) can be simplified as:

. di .
uq = Rslq + Lq% + Cl)ngld + C(Jelpf +fq

2.2. Construction of Classical Ultra—Local Model for PMSM

The classical ultra—local model [19] of PMSM can be obtained from the mathematical
model of PMSM considering the disturbance factors as:

dig/dt|  [Bgy 0| |uy F;

Lﬁq /dt} - { 0 BJ L‘q "5 @
where B; and B, represent the scaling factors of the stator voltages in the d and q axes,
which are usually constant and adjusted by the designer, F; and F; represent the unmodeled
and total set disturbance parts in the d and q axes.

The estimates of F; and F; can be obtained by the algebraic parameter identification
technique [19], as follows:

A T, .
Fa==73Jo" ((Tr = 206)ia(6) + Bad Tk — 6)ua(8))ds “
A T, .

= —% o ((Tp —20)ig(8) + By6(Tr — 6)uq(8))dé
where Tr = np - Ts, nr is the window sequence length. T; is the control period. Here, the
value of nf is more critical, if the value of nf is too large, the system computation will
increase significantly, if the value of nr is too small, the control performance of CMFPCC
may be greatly reduced, here np = 5.

2.3. Conventional Model—Free Predictive Current Control

When the control period Ts of the motor drive system is small enough, Equation (4)
leads to the discretization of the ultra—local current prediction model as [19]:

(6)

where i;(k) and i;(k) are the sampled currents of motor d and q axes at the moment k,
il (k+ 1) and if (k 4 1) are the predicted motor currents at the moment (k + 1).
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PCC takes the current as the optimization target, so the main purpose of the cost
function is to make the predicted current at the next moment track the current reference
value in the d and q axes, so it can be designed as:

g= ij;—if;(k+1)‘+

ig —ig(k+1) (7)
where ij and i; represent the d and q axis current reference values.

3. Improved Model—Free Predictive Control of PMSM Based on High—Gain
Disturbance Observer

3.1. Ultra—Local Model Optimization

It is obvious from the structure of the classical ultra—local model that the classical
ultra—local model considers the motor current variables as an unknown part of the system
for estimation. However, there is bound to be some error between the estimated current
variable and the actual current variable. Since the manifestation of current state variables
in the drive system of PMSM is known and the true value of current is measurable. There-
fore, it can be separated from the unknown part and incorporated into the ultra—local
modeling [33]; thus, the current state variable estimation error is eliminated and the motor
current prediction accuracy is further improved. Then the classical ultra—local model can

be rewritten as:

did/dt . Ad 0 id Bd 0 Uug Ed

[dl‘q/dt} - { 0 Aq] [iq Lo B lu) T E ®
where A; and A, represent the current constant coefficients of d and q axes, B; and

B, represent the voltage constant coefficients of d and q axes, E; and E; represent the
unmodeled and total set disturbance parts of d and q axes.

3.2. Improved Model—Free Predictive Current Control

Equation (8) is discretized using the first—order forward Eulerian discretization, the
improved model—free current prediction is obtained as follows:

S ATRON 38l =

i (k+1)
iy (k+1)

where i (k+1) and i; (k + 1) denote the predicted currents in the d and q axes at the
moment (k + 1), respectively.

The PCC algorithm in practice may lead to deviations in the predicted current at the
next moment due to the delay in digital operations, so it is necessary to use a two—step pre-
diction to make up for the digital delay. The implementation process is shown in Figure 1.

The current prediction after the delay compensation can be rewritten as:

il (k+2)
if (k+2)

SIRAON <6 [ SR e

The cost function after taking into account the delay compensation is rewritten as:

g:

i — i§ (k+2)| +

i~ if;(k+2)’ (11)

where i} (k +2) and if; (k + 2) are the predicted values of the current at the moment (k + 2)
of the d and q axes.
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Initialization parameters

v

Obtain the optimal space vector Uop¢(k-1)
in the previous control cycle

v

Based on Uyt(k-1) predict the motor current
ia(k+1), ig(k+1) at the moment of (k+1)

v

Predict the motor current ii(k+2), is(k+2)at the moment
(k+2) based on the current at the moment (k+1)

v

Seven predictive currents bring into the value
function to find the best

v

Output the optimal switching state and store the
optimal voltage vector Usp«(k)

End

Figure 1. Flow chart of delayed compensation.

3.3. Design of High—Gain Disturbance Observer

The ability of the ultra—local model to approximate the actual operating motor drive
system relies heavily on the accurate estimation of the unknown parts E; and E;. The
traditional parameter identification method needs to collect the system input and output
quantities for multiple control cycles, which is a large burden on the controller and the
estimation accuracy is not high. Therefore, a high—gain disturbance observer is designed
in this paper to estimate E; and E, periodically and accurately.

Based on Equation (8), E;, Eg, iy and i, are defined as the system state variables, and
the motor system state equation is rewritten as:

dx _
{dt—Ax—l—Bu (12)
y=~Cx

(A I [A; O

A__o 0]’Ad‘7_{0 Aq}

[ By 0 [B; 0

B__o 0}’3‘1‘7_[0 Bq] (13)
10

c=|1 0]
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where x = [i; i, Ey Eq]T are the state variables of the PMSM drive system,
u=1lug u; 0 O]T are the input variables of the PMSM drive system, and y =

lig ig ig ig] T are the output variables of the PMSM drive system.
The high—gain disturbance observer is constructed based on Equation (12):

X _ aa 5
{ $t = A%+ Bu+H(y — C%) (14)

§=Cz

T T

where the “” sign represents the observed value, * = m qu EA p é\q} = {i/; 12 12 z/,; ,
hi/e 0 0 0

H= 0 /e 0 0 . His the high—gain observation matrix, /1, hy, h3, hy, €

0 0 h3/e2 0

0 0 0 hy/é

are positive constants and ¢ < 1.
When the characteristic polynomial of A = A—HC is a Hurwitz polynomial, then the

observer is stable.

’sI— A‘ = mys* 4 m3s® + mos® + mys + mg (15)
ﬂ14:1
ms =h1/£+h2/8—Ad—Aq
mzz(hl/S—Ad)-i—(hz/S—Aq)—h3/€2 (16)
my = h3/82(h2/€—Aq)
m0:0

The Hurwitz determinant of the characteristic equation can be obtained as:

my my 0 O
_|myg mp 0 0
Ay = 0 msz mq 0 (17)

0 my my my

The observer system is globally stable when the main determinant of A4 and its
sequential main sub—formulae are all positive.
The high—gain disturbance observer constructed by Equation (14) is discretized:

%(k+1) = Py (k)+B'u(k)+Hx(k) (18)
T
where  &(k+1) = sk +1) k1) Eyk+1) Ejk+1)] -
N A A A A T T
0 = lhw hw) Em Ewm] . w® = [uk) wk) o o],
(1 + Ts Az — h1/£) 0 s 0
3 0 (14 TsAy—ha/e) O To| ., . [By O
Py = —h3/€? 3 1 0 'BTS[ ! 0}
0 —hy/€? 0 1

4. Simulation and Experimental Verification
4.1. Simulation Analysis

The proposed IMFPCC algorithm was compared and validated by MATLAB/Simulink.
The simulated motor parameters are shown in Table 1.



Energies 2023, 16, 141

8 of 16

Table 1. Nominal values of PMSM parameters.

Parameter Symbol Value

Rated voltage Un 380V
Rated speed ny 1000 rpm
Rated torque TN 9.6 N-m

Stator resistance Rs 3.950)
Induction of d—axis Ly 33.65 mH
Induction of g—axis Ly 79.56 mH

Pole pairs P 3

Magnetic flux ¥r 0.457 Wb

The control block diagram of the PMSM drive system is shown in Figure 2. A PI
controller is used for the external speed loop and the IMFPCC controller is used for the
internal current loop. The sampling frequency in the simulation is set to 10 kHz. The PI
controller parameters K, and K; are set to 0.5 and 0.1, respectively, and the values of current
and voltage coefficients in the IMFPCC controller are set to A; = —120, Adq =50, B; = 30,
B, = 12 after adjustment.

L SA,A',B,B',C,C’
CL)” + ll] f
—>)—>| PI » Cost Function >
(;“ 0 = » Optimization ;
' S A — S S i
- T I N v
l1,(k) E (k+1)[ Model-Free | U (011 U, (100)
| HGDO ; Predictive s a
1, (k) "q (k+1) Control . \
I RSP B ¥ | U, (001)" TU.(101)
. | I o M M) )
| u (k) u (k) Delay A (k) 1 - a b ¢
' C tion [+— abc|,
! ompe:sa on I lq(]() T «
\‘ (uw(k-n uw(k-@I Pn
e e et e o — — —— — - 9
de, /dt il

Figure 2. Block diagram of improved model—free predictive control system based on HGDO
for PMSM.

In order to verify the correctness and superiority of the designed HGDO, simulations
with continuous variations of motor parameters are performed in this section. MPCC
and CMFPCC are compared with the proposed method in this paper for verification. The
motor reference speed is set to 500 rpm with a load of 4 N-m. After the motor operation is
stabilized, the motor parameters drop to 0.5*L4, 0.5*L,, and 0.5*Rs, respectively, and recover
to 1.0*Lg, 1.0*L,, and 1.0*R;s after 0.4 s, and rise to 2.0*Ly, 2.0*L,, and 2.0*R;s after 0.8 s. The
simulation results are shown in Figure 3.
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(a) (b) (0)

Figure 3. Simulation results of dq—axis current, phase current and dq—axis total disturbance under
the change of motor parameters: (a) MPCC; (b) CMFPCC; (c) IMFPCC.

It is clear from Figure 3a that the conventional MPCC method is very sensitive to the
changes in motor parameters, and the d—q axis currents all show a current shift from a
given value and an increase in current ripple, indicating that parameter changes have a
significant negative impact on the conventional MPCC strategy. On the other hand, the
steady—state waveforms of CMFPCC and IMFPCC strategies under parameter variations
are shown in Figure 3b,c, respectively. It is clearly seen that the motor maintains a relatively
smooth static performance under the two model—free control strategies, the steady—state
error of the three—phase current is very small, and the d—q currents follow the given values
well. It can be seen from the changes in system disturbance observations that both strategies
can detect the system disturbance caused by the internal parameter perturbation of the
motor in time. However, the disturbance estimation accuracy of HGDO designed in this
paper is significantly higher than that of the conventional algebraic parameter identification
method. It improves the steady—state performance on the basis of ensuring the robustness
of the motor drive system. The effectiveness and superiority of the designed high—gain
disturbance observer are demonstrated.

The Fourier analysis of the A—phase currents for the three control strategies is shown
in Figure 4. It is observed that the phase current THD of IMFPCC is 2.85% when the con-
troller parameters are 0.5*(Ld, Lq, Rs) and 4.19% when the controller parameters are 2.0*(Ld,
Lg, Rs). As can be seen, the proposed strategy can effectively suppress the negative effects
of motor parameter changes when the motor parameters are not matched. When the motor
parameters are matched, the THD of the three methods MPCC, CMFPCC and IMFPCC
are 4.52%, 4.62% and 4.02%, respectively. It is clear that the steady—state performance of
the CMFPCC method is worse than the other two methods, which is consistent with the
previous analysis that the classical ultra—local structure ignores the current state variables
and thus negatively affects the motor control performance.
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[ MpPcC
| [ CMFPCC

B IMFPCC

wn

N

THD of Phase Current/%
S

[a—

0.5(Ld.,Lq,Rs) 1.0(Ld,Lqg.Rs) 2.0(Ld,Lq.,Rs)

Parameters Change

Figure 4. Comparison chart of phase current FFT analysis under parameters change.

4.2. Experimental Verification

In order to further validate the practicability and effectiveness of the algorithm pro-
posed in this paper, physical experiments are carried out in this section. The Yanxu
S5P2000—based PMSM control drive platform is built, as shown in Figure 5, and the motor
parameters are shown in Table 1. The sampling frequency in the experiment is also set to
10 kHz. Experimental data are collected and stored by the host computer and imported
into MATLAB for analysis.

Torque
sensor

Eddy
current brake

SP2000
controller

Figure 5. Experimental platform.

To verify the steady—state performance of the IMFPCC strategy with matched motor
parameters, a comparison experiment is conducted with the conventional MPCC and
CMFPCC methods. The motor operating conditions are set to 1000 rpm with a load of
9.6 N-m. The experimental waveforms are shown in Figure 6.
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Figure 6. Experimental results of dq—axis current and phase current under matched motor parame-
ters: (a) MPCC; (b) CMFPCC; (c) IMFPCC.

id5A/div]
O

ia[5A/div]
o

ia[5A/div]
o

The comparison of the three subplots in Figure 6a—c shows that the steady—state
current ripple of the MPCC strategy and the proposed IMFPCC strategy are similar when
the motor parameters are matched. The steady—state current ripple of the CMFPCC
strategy is the largest. The phase current FFT analysis in Figure 7 shows the current THD of
17.89% and 16.52% for the two, respectively. It proves that the three—phase current ripple
of IMFPCC is slightly smaller than that of conventional MPCC. The steady—state current
ripple of the CMFPCC strategy based on the classical ultra—local structure is significantly
higher than that of the IMFPCC strategy based on the optimized ultra—local structure, and
its phase current THD is as high as 19.13%.

Fundamental(SOHz) 5.001 Fundamental(50Hz) = 5.082 Fundamental(50Hz) = 4.983
THD=17.89% NN

)
)
)

THD=19.13%

THD=16.52%

Mag(% of
Fundamental
_ N W
— N W
— N W

(e}

Mag (% of
Fundamental

o

Mag (% of
Fundamental

(=]

0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
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Figure 7. Phase current Fourier analysis of three control strategies under matched motor parameters:
(a) MPCC; (b) CMFPCC; (c) IMFPCC.

Figure 8 shows the steady—state experimental results of the three control strategies
when the motor parameters are varied from 0.5%(Ly, Ly, Rs) to 2.0*(Ly, Ly, Rs) in the controller.
The motor operating condition is set to 600 rpm with a load of 5 N-m.

As can be seen in Figure 8a, the dq—axis current of the conventional MPCC deviates
from the given value and the steady—state error increases when the motor parameters are
continuously varied. When the motor parameters are larger than the controller parameters,
the dq—axis steady—state current does not follow the reference value correctly, resulting in
a considerable increase in the low —frequency harmonics of the current. When the motor
parameters are smaller than the controller parameters, the current steady—state error of
MPCC increases significantly with d—axis current ripple up to 1.8 A. This is because the
model—based predictive current is inaccurate due to the mismatch of the motor parameters,
which prevents the controller from selecting the optimal switching state for the next cycle.
In contrast, the steady—state d—axis current ripple of the proposed IMFPCC is 0.9 A, which
is only 50% of the conventional MPCC method. Figure 9 shows the THD values of the three
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methods for the variation of motor parameters, and it can be clearly seen that IMFPCC has
the smallest total harmonic distortion rate of the three—phase currents, which proves the
superiority of the proposed strategy. In summary, the results show that both CMFPCC and
IMFPCC can ensure stable motor control performance when the motor parameters are not
matched, but the steady —state error of the proposed strategy is significantly better than
that of CMFPCC. It proves the effectiveness of the proposed improved ultra—local model
in this paper.
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Figure 8. Experimental results of dq—axis current and phase current under mismatched motor
parameters: (a) MPCC; (b) CMFPCC; (c) IMFPCC.
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Figure 9. Phase current Fourier analysis of three control strategies under mismatched motor parame-
ters: (a) MPCC; (b) CMFPCC; (¢) IMFPCC.

In order to verify the dynamic performance of the proposed strategy and the stability
of HGDO under the extreme operating conditions of the motor. Experiments of load
addition and reduction, brief overloads and brief overspeeds were performed. In the
experiment, the motor is initially operated at 600 rpm with a load of 5 N-m, then the load
increases to 11.5 N-m (1.2*Ty), and after a brief overload, the motor load is reduced to
5 N-m again, and the speed command is increased from 600 rpm to 1200 rpm (1.2*ny) after
a period of time. The dynamic experimental waveforms of the three control strategies are
given in Figure 10.

As shown in Figure 10, the dynamic response speed of the three methods is similar
for the same load variation. It can be seen from the dq—axis current comparison that the
MPCC and CMFPCC methods produce certain current fluctuations during acceleration. In
contrast, the dynamic process of the proposed IMFPCC is smooth, allowing the motor to
maintain a stable operating condition. The observation plots of disturbances in Figure 10b,c
show that both CMFPCC and IMFPCC can estimate the external load disturbances during
loading. However, it is obvious that the HGDO designed in this paper has higher accuracy
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in disturbance estimation. In summary, the proposed IMFPCC strategy exhibits superior

dynamic performance under loading and ramp—up conditions.
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Figure 10. Experimental results of dq axis currents, phase currents and dq—axis total disturbance
under dynamic working conditions: (a) MPCC; (b) CMFPCC; (c) IMFPCC.

Figure 11 shows the experimental waveform of motor forward and reverse rotation
under the motor parameters change. The specific working condition is that the motor
speed changes from 1000 rpm to —1000 rpm with a load of 5 N-m. The motor parameters
change from 0.5*(Ly, Ly, Rs) to 2.0%(Lg, Lg, Rs). It can be seen that the current of MPCC and
CMFPCC has a large error during forward and reverse rotation when the parameters are
not matched. In contrast, the dynamic waveform of IMFPCC is smooth and has less error.
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Figure 11. Experimental results of forward and reverse rotation under the change of motor parame-
ters: (a) MPCC; (b) CMFPCC; (c¢) IMFPCC.
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In order to compare the computation of the three algorithms, the algorithm controller
processing time is further analyzed, and the results are shown in Table 2. As can be
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seen from Table 2, the running time of the proposed algorithm and the traditional MPCC
algorithm is basically the same. The CMFPCC algorithm time is significantly higher than
the other two methods, which is mainly due to the increase in the controller burden by the
disturbance estimation strategy based on the parameter identification method.

Table 2. Processing time of the controller for the three algorithms.

Control Algorithm MPCC CMFPCC IMFPCC

Processing time of

the controller/ s 4 55 42

5. Conclusions

To address the problems of motor parameters sensitivity and low system robustness
in predictive current control of PMSM, an improved model—free predictive current control
that suppresses the motor body parameters and external disturbances are proposed in this
paper. The proposed strategy does not rely on motor parameters to construct the current
prediction model, which suppresses the effects of motor parameter variations and uncer-
tainty disturbances on motor control performance. Compared with the classical ultra—local
structure, the proposed strategy separates the motor current state variables from the un-
known part, which improves the accuracy of the current prediction system and enhances the
steady —state performance of the motor. For the unknown part of the ultra—local system, a
high—gain disturbance observer is designed for estimation. Compared with the traditional
parameter identification estimation method, the proposed disturbance observer does not
increase the system hardware cost and has higher disturbance estimation accuracy, which is
beneficial for practical engineering applications. Simulation and experimental results show:
(1) The proposed IMFPCC strategy has a similar control effect with the conventional MPCC
in the case of unregulated motor parameters, but the steady—state performance of IMFPCC
is slightly better than the conventional MPCC method. The CMFPCC method has a larger
current steady—state error compared to the other two methods. (2) The steady—state
error and dynamic performance of the IMFPCC are better than those of the conventional
MPCC and CMFPCC under the applied external load disturbance and inductor parameter
variation, which verifies the effectiveness of the proposed IMFPCC method. The HGDO
proposed in the paper reduces the controller computational burden and optimizes the
disturbance estimation accuracy. However, it increases the control parameters and system
tuning workload, so a series of studies will be conducted in the future around reducing the
control parameters of HGDO.
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