Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Improved model predictive control of permanent
magnet synchronous motor based on lumped
disturbance compensation

Liqun Huangfu
Huaiyin Institute of Technology

Chen Cen
Huaiyin Institute of Technology

Tao Zhang

Zhangtaohyit®12&, com

Huaiyin Institute of Technology

Research Article

Keywords: Permanent magnet synchronous motor, model predictive control, duty-cycle control,
disturbance compensation

Posted Date: December 8th, 2023
DOI: https://doi.org/10.21203/rs.3.rs-3678797/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-3678797/v1
https://doi.org/10.21203/rs.3.rs-3678797/v1
https://creativecommons.org/licenses/by/4.0/

Improved model predictive control of permanent
magnet synchronous motor based on lumped

disturbance compensation

Liqun Huangfu, Chen Cen, Tao Zhang
Faculty of Electronic Information Engineering, Huaiyin Institute of Technology, Huaian, Jiangsu

Province, China

Abstract: This paper proposes an improved finite control set model predictive current control
(FCS-MPC) for permanent magnet synchronous motor (PMSM), including the use of a sliding mode
observer for full electromagnetic parameter disturbance compensation and duty cycle control. First, a
PMSM prediction model containing lumped disturbances was established. Second, a sliding mode
observer is designed to estimate the lumped perturbation and compensate it to the reference voltage. The
reference voltage is obtained based on the deadbeat principle and requires further constraints to obtain
the optimal basic voltage vector. Then, a voltage-based cost function is constructed to calculate the
duration of the non-zero optimal voltage vector and output the amplitude of the duty cycle adjustment
voltage. Finally, experiments verify the effectiveness of the proposed FCS-MPC in improving robustness
and steady-state performance.
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1. Introduction

In recent years, with the excessive use of fossil energy, many countries and regions have been in a
state of energy shortage. At the same time, traditional energy has caused huge damage to society and the
living environment. Therefore, many countries, companies, and scholars have begun research on
emerging energy sources. Wind power generation, new energy vehicles, etc. have become hot spots in
research [1-4], in which motors play an important role. Currently, permanent magnet synchronous
motors are widely researched and applied due to their advantages such as small size, high power density,
and high efficiency [5-8].

High-performance motor control algorithms are very important for motor drive systems. Commonly
used solutions in the industry are field-oriented control (FOC) [9-11] and direct torque control (DTC)
[12-14]. FOC is limited by the internal current loop bandwidth and PI controller and is not suitable for
occasions with high dynamic performance and robustness requirements. DTC uses Bang-Bang control to
directly output switching actions based on torque and flux errors. Fast dynamic performance comes with
high torque ripple and switching losses. At present, many modern control strategies have been studied,
such as sliding mode variable structure control, adaptive control, internal model control, and model
predictive control (MPC). Among them, model predictive control stands out because of its fast dynamic
performance and its ability to handle systems with multiple input and output variable constraints in a
unified and clear way [15-18].

MPC establishes a prediction model based on the system model, obtains the optimal voltage vector

by minimizing the error between the reference value and the predicted value, and directly outputs the



switching action. According to whether the modulator is used, it can be divided into continuous control
set MPC (CCS-MPC) and finite control set MPC (FCS-MPC) [19-22]. FCS-MPC is more intuitive and
simple and has a faster dynamic response. The principle of finite control sets is even extended to
sensorless applications, where the discrete position angles are substituted into the cost function based on
the back electromotive force as a spare set to obtain the optimal value [23-26]. MPC's vector selection is
more accurate than DTC's. Although FCS-MPC has a faster dynamic response than FOC, its steady-state
performance is slightly worse because one control cycle only outputs a voltage vector with fixed phase
and amplitude. To solve this problem, many schemes have been proposed, such as virtual vector scheme,
duty cycle control, and multi-vector strategy [27-30]. In [31], a combination of a non-zero vector and a
zero vector is output in one control period by calculating the duration of the non-zero vector. In [32], a
virtual vector is constructed on the basis of the inherent basic vector of the inverter to adjust the output
voltage phase. However, the introduction of virtual vectors will exponentially increase the computational
burden. Furthermore, a generalized double-vector predictive control based on the synthesis of two
non-zero vectors is proposed in [33]. In [34], it is further expanded to add a zero vector to realize
three-vector predictive control. However, the above scheme introduces a modulator, and MPC loses its
fast dynamic performance.

Furthermore, another factor affecting prediction accuracy is parameter dependence. The prediction
model established by FCS-MPC for PMSM based on the system model will no longer be accurate when
subject to external interference or internal temperature rise, further deteriorating the control performance
[35-38]. Commonly used robust schemes can be divided into prediction model improvement, parameter
identification, and observer-based estimation compensation schemes [39]. Predictive model
improvement solutions such as driver solutions require a large amount of data training and have high data
quality requirements [40-43]. Parameter identification often requires the identification of multiple
parameters, which increases the complexity of the system [44-46]. Therefore, the observer-based
estimation compensation scheme (OBEC) has gained more favor. OBEC uniformly estimates and
compensates for the lumped disturbance caused by parameter mismatch, making it simpler and easier to
understand [47-50]. A composite sliding mode controller is proposed in [51] to estimate the error and use
it as a voltage compensation to the reference voltage of the deadbeat predictive control (DPCC) output.
In [52], a robust control scheme combining DPCC with stator current and disturbance observer is
proposed, which also achieves the same effect. However, the compensation voltage obtained by this type
of estimation is more suitable for non-finite set model predictive control.

This paper proposes a finite set predictive current robust control scheme that combines duty cycle
model predictive control and observation compensation. A voltage positioning scheme based on the
deadbeat principle is used to determine the reference voltage and the reference voltage is constrained to
obtain the optimal basic voltage vector, thus reducing the computational burden caused by iterative
calculations. On this basis, the sliding mode observer is used to estimate the lumped disturbance and
compensate for the reference voltage, which reduces the parameter sensitivity of the system. The
remainder of this article is organized as follows. Section 2 describes and analyzes the modeling of
PMSM and traditional FCS-MPC. Section 3 presents the design of the machine model and sliding mode

observer incorporating lumped perturbations. Then, in Section 4, the overall implementation of duty



cycle control with SMO is described. The experimental results are shown in Section 5, and the

conclusions are shown in Section 6.

2. The modeling of PMSM and FCS-MPC
2.1. Mathematical modeling
Since the surface-mounted permanent magnet synchronous motor (SPMSM) satisfies Li=L,-L, the

voltage equation of the SPMSM established in the rotating coordinate system is as follows:

q

di
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where U, i, and w are the stator voltage, stator current, and electrical angular velocity, respectively. Ry,
wr and L represent stator resistance, flux linkage, and inductance.

The electromagnetic torque equation of the SPMSM is given by

3.
T,=2Piy, @)
where P is the number of pole pairs of SPMSM.

2.2. Finite control set model predictive control
FCS-MPC uses the Euler formula to discretize the PMSM model, uses the current as the control

variable, and takes one step forward to obtain the predicted value of the future moment:
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where T is the control time, U(i) represents the voltage component generated by the inherent basic
voltage vector of the inverter, k and k+1 represent the current moment and the next moment,
respectively.

The optimal voltage vector is selected by minimizing the cost function of the current tracking
error. This article uses the two-level voltage source inverter. The cost function of MPCC is defined as
follows:

J= (lref . k+1)2 )
where i4q™ represents the reference current.

The block diagram of conventional FCS-MPC is shown in Figure 1.
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Figure 1. Block diagram of conventional FCS-MPC.



3. Lumped disturbance model and sliding mode observer design
Taking into account all electromagnetic parameter mismatches produces lumped perturbations and

rewrites the voltage equation:
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where ¢4, are electromagnetic parameter disturbances.

Based on (3), the lumped disturbance design observer is estimated as follows
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where Fand ¢ are sliding mode control function and sliding mode parameters, respectively, i and &
represent the estimated current and electromagnetic parameter disturbances.
Combining (5)-(7), the error between the actual value and the observed value is:
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where e =i, —1,,e,=1,—i,,e,=¢,—-¢, and ¢, =¢, —¢,.

A sliding mode observer is used to converge the error, and a simple linear sliding mode surface is

selected:

~
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To improve the observation accuracy and convergence speed of the sliding mode observer, a
power term is added based on the exponential approaching law to design the sliding mode control
function:

% =~k sgn(s) — As|s|" (10)



where, A>0, k;>0 and 0<a<l1.
Substituting (9) into (10) yields
d a
i —e|e|" —k, sgn(e)

p (11)
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Treat e3 and e4 as disturbances of the control function and ignore them. Combined with (8) and
(11), design the following sliding mode control function:
F, =L[Zee|" +k sgn(e)]-Re, 12)
F, =L[Ae,|e,|" +k sgn(e,)]-Re,
In addition, to make the estimated stator current and lumped disturbance converge, the parameters

of the observer need to be designed according to the Lyapunov function:

poladv_ ds
2 dt dt

Taking the d-axis as an example, substitute the error term into (13). Combined with (7), (8) and

<0 (13)

(10), the stability condition is rewritten as follows:

dv 1 a
Tt e, = el e[ ~kesen(e) <0 (14)

Under the condition of stability, the parameters k; in the d-q axis were obtained.
1
ky > Zmax(|63|,|e4|) (15)
The above analysis proves that SMO is stable with appropriate parameters.

4. Duty-cycle FCS-MPC based on SMO

After obtaining (12), the voltage equation of the observer is discretized.
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Traditional model predictive control requires 8 iterations to calculate the optimal voltage vector. To
reduce the computational burden, the optimal voltage vector is obtained by referring to the deadbeat
principle.

e _ Lo, RT, » 5
Ud ef = ldcf _(1_ sts )ldkH —Tsa)l k+]]
T L

q
L . RT . » Ty @
Uqref :_[lqref _(1_ s s)lqu +va1dk+l + f ]
T, L |
The above-mentioned reference voltage obtained is an unconstrained solution because FCS-MPC
needs to obtain the optimal value from the inherent 8 voltage vectors [53], so next it is necessary to
locate the optimal voltage vector based on the reference voltage. The method is to calculate the angle

of the reference voltage in the stationary coordinate system a-f to determine the optimal value as



shown in figure 2. This solution reduces eight calculations to one, significantly reducing the

computational burden.

U3(011)

U1(001) Us(101)

Figure 2. Voltage positioning method based on deadbeat principle.
To improve the accuracy of voltage output, duty cycle control is introduced to adjust the output
amplitude. According to (17), the cost function is rewritten in the form of voltage:
Ut
1, = -y (18)
T
where Uqp and fo are the optimal voltage vector and its duration.
Taking the partial derivative of the duration in the cost function obtains the corresponding

duration and limits it between 0 and T5.

Uref .Uop,
—— T (19)
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When the duration of the non-zero optimal vector is calculated, the zero vector adjustment
amplitude will be output for the remaining time, thereby improving the steady-state performance of the
system.

The overall proposed FCS-MPC is shown in Figure 3.
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Figure 3. Block diagram of the proposed FCS-MPC.
5.  Experimental result

Figure 4 shows the construction of the experimental device, and the relevant SPMSM parameters
are shown in Table 1. To verify the improvement of robust performance and steady-state performance of

the proposed scheme, it is compared with traditional FCS-MPC.



Figure 4. The experiment platform.

Table 1. SPMSM system parameters.

Parameters values
Inductance 6.6 mH
Resistance 1.6 Q2
Number of pole pairs 4
Rated speed 2500 rpm
Rated power 3.8 kW
Rated torque 15 Nm
Inertia 0.00277 kg.m?

5.1. Comparison of steady-state performance
To verify that the introduced duty cycle control improves the steady-state performance of
FCS-MPC, we compared the proposed scheme under normal parameters with the traditional single

voltage vector output FCS-MPC.

i, (A)
=) _°
% —
—
—=
——=
—=
——=
——=
——=
———=
—
—
—
—
—=
—=
——
)
=) =)
——=
—=
——
—
—
—
—
——
—=
——=
——
——=
——=
——
——=
—
——
—
—=
—
——
—
—
—
—
——
——
——=
——=
—

T (Nm)
Te (Nm)
IN =N

2 | | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(s) Time(s)

——
—~ 2500 — —~ 2500
g | o] g [
£ 2499F ' 1E 2499 =
= = /
2498 1 2498
249 ' 2497 ‘ '
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.3 0.4 0.5 0.6 07 0.8 0.9 1
Time(s) Time(s)
(@) (b)

Figure 5. Comparison of three-phase current, torque, and speed under normal parameters. (a)
Conventional FCS-MPC, (b) the proposed FCS-MPC.
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Figure 6. Comparison of THD of stator current under normal parameters. (a) Conventional FCS-MPC,
(b) the proposed FCS-MPC.

Figure 5 shows the comparison of torque and three-phase current between the two schemes when
the load changes from 3Nm to 6Nm at 2500rpm. To further illustrate the improvement of steady-state
performance, Figure 6 shows the THD comparison of the stator current of the two schemes.

It can be observed from figure 5 that the two schemes have similar dynamic performance, and the
steady-state performance of the proposed scheme is further improved due to the use of zero vectors. The
torque ripple in Figure 5 is expressed in standard deviation as 1.4587 Nm and 1.3963 Nm respectively.
The harmonics of the traditional scheme and the proposed scheme are 5.92% and 4.49% respectively in
Figure 6. Therefore, it can be concluded that the introduction of the duty cycle makes the voltage
selection more accurate, resulting in a smaller tracking error of FCS-MPC, and the corresponding
steady-state performance is improved.

5.2. Comparison of robust performance
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Figure 7. Comparison of current tracking, torque under R=3R0, y=2wp, and L=2L,. (a) Conventional
FCS-MPC, (b) Proposed FCS-MPC.
Since the motor cannot change parameters at will, robustness verification is achieved by changing

the parameters of the motor in the control program. Figures 7 and 8 respectively show the waveform
comparison between the traditional scheme and the proposed scheme under all electromagnetic
parameter adaptations. The working speed of the motor is 2000rpm. The electromagnetic parameters in
the controller are set to mutate at t=0.3s.

Figure 7 shows the d-q current tracking error under R=3R0, y=2yp and L=2Lo. R, ¢p, and Lo

represent the nominal values of the motor. It can be seen that the current tracking of the traditional



FCS-MPC is offset under parameter changes. The d-axis and g-axis deviation are 0.1487A and 0.2887a,
and the d-axis and g-axis deviation after SMO compensation are 0.0951A and 0.0895A. The torque
ripples are 1.4587 Nm and 1.3724 Nm respectively. Figure 8 shows that the harmonics of the phase

current are reduced from 5.03% to 4.57% after using SMO to compensate for the lumped disturbance.
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Figure 8. Comparison of current harmonics under R=3R., w~=2yp and L=2L,. (a) Conventional
FCS-MPC, (b) Proposed FCS-MPC.
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Figure 9. Comparison of current tracking, torque under R=0.5Ry, w=0.5wp and L=0.5Lo. (a)
Conventional FCS-MPC, (b) Proposed FCS-MPC.
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Figure 10. Comparison of current harmonics under R,=0.5R;0, y=0.5wp, and L=0.5L,. (a) Conventional
FCS-MPC, (b) Proposed FCS-MPC.

Similarly, Figure 9 shows the d-g current tracking error under R=0.5R0, y=0.5wp, and L=0.5L,.
The d-axis and g-axis current tracking deviation of the traditional FCS-MPC are 0.1278A and 0.1898A,



while the deviation after SMO compensation is 0. 1019A and 0.1362A. The torque ripples of the two
schemes are 1.456Nm and 1.426Nm respectively. Figure 10 shows that the harmonics of the phase
current are reduced from 6.73% to 5.45% after SMO compensation.

Through the above analysis, it can be known that the proposed sliding mode observer can
effectively reduce the sensitivity of parameters by estimating the lumped disturbance and performing
voltage compensation. Overall, the proposed scheme is improved compared to traditional FCS-MPC in

terms of steady-state performance and robust performance.

6. Conclusion

This paper proposes a lumped disturbance compensation duty cycle FCS-MPC, which combines a
sliding mode observer and duty cycle FCS-MPC. In this study, a sliding mode observer is used to
estimate the lumped perturbation caused by the electromagnetic parameter band mismatch and is used to
compensate for the reference voltage, which reduces the parameter sensitivity of the current loop. In
addition, the reference voltage is obtained using the deadbeat principle. The unconstrained reference
voltage obtained at this time needs to be further positioned in the vector space to calculate the inherent
optimal voltage vector of the inverter. This scheme only needs to be calculated once, which greatly
reduces the computational burden. The effectiveness of the proposed FCS-MPC is verified by comparing
experimental results. Compared with traditional FCS-MPC, the proposed control scheme can improve

steady-state performance and system robustness while maintaining fast dynamic performance.
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