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This paper is an extension of work originally presented in conference name” Study
Performance of Speed Tracking Control with Frequency and Amplitude Dependence”.
Though many PMSMs (Permanent Magnet Synchronous Motor) control approach have
already been published, little endeavors have been invested in the study of speed tacking
control with frequency or amplitude dependence. The use of NDI (Nonlinear Dynamic
Inversion) tracking control in versus amplitude and frequency dependence is the major

focus of this paper. The proposed tracking control demonstrates that NDI control presents

the ability to track the desired output with high precision. PMSM outputs are characterized
at different amplitude and frequency. The speed and the direct current versus amplitude
and frequency are successfully extracted. A mathematical (d-q) of the permanent magnet
synchronous motor model is also presented. A comparative study between desired data and
simulation results is conducted. Important to note, the proposed model and the simulation
results reflect a successful agreement as far as a amplitude and frequency dependence is
concerned. A new validity approach, namely "Validity Abacus" is proposed and discussed.

1. Introduction

In the electric drives systems, more than 70% of produced
electrical energy is converted into mechanical energy. Therefore,
a high energy efficiency of electric drives systems is demanded [1-
2]. PMSMs (Permanent Magnet Synchronous Motors) gain more
attention in variable speed drives due to their good efficiency, fast
torque response, high power density, cooling, and lack of
maintenance.

There are two types of PMSM: motors with surface mounted
permanent magnets (SPMSM) and motors with internally mounted
permanent magnets (IPMSM). The main difference between these
two types is the existence of reluctant torque component which
exists only in IPMSM due to the rotor salience [2]. The rotor of
IPMSM has high mechanical strength and therefore this type of
motor can operate in high speed drives [3-4].

Output tracking control has large applications in dynamic
processes in industry, biology, and economics [5-6-7-8]. The most
important objective of tracking control is to construct the output of
the system, via a controller and track the output of a given
reference model as close as possible [9].
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In a PMSM system, there are wide quantities of the
uncertainties and disturbances, unmodeled dynamics, friction
force [10-11-12]. It will be very hard to limit these disturbances
rapidly if adopting some classical control methods and also it is
very difficult to solve the tracking control problem with these
methods.

To circumvent some afore mentioned problems, an NDIC
(Nonlinear Dynamic Inversion Control) was introduced, in which
limit these disturbances rapidly and this approach solve the
tracking control problem [1-2-13]. NDIC has been used for the
study of direct current and speed tracking in PMSM, through this
method, simulation results were obtained and compared. A
performance study of this control technique was proposed and
developed and a new validity study namely “Validity Abacus” is
proposed in this work.

The present paper falls into five sections. It unfolds with a
section about the PMSM control and NDIC approach. Section 2
characterize a (d-q) mathematical model of PMSMs and proposed
an implementation of NDIC approach of the direct current and the
speed tracking control of PMSM. Section 3 introduces the
frequency and amplitude dependent model. Simulation results are
discussed and conclusions comments are given respectively in
sections 4 and 5.
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2. Preliminaries

In this section, some preliminaries are introduced, including
PMSM (d-q) model and NDIC method, to propose a new tracking
control approach.

2.1. Proposed Model

The important things are the design of tracking control systems
to realize the variation speed and high precision motion. The
PMSM electrical equations can be written in the (d-q) rotor flux
reference [14-15] as following:
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Iq and I d and q axis stator currents.

Q: rotor speed.

Uq and Ug: d and q stator voltages
2.2. NDIC Proposed Method

In this paper, the NDIC proposed approach will be used as a
tracking controller for the direct current and the rotor speed of
PMSMs to investigate its utility [1-16-17-18]. Figure 1 present the
structure of the inverting law of the nonlinear dynamic inversion
control approach.
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Figure.1. Nonlinear Dynamic Inversion Control approach [1]

The control objective is to track a desired direct current (Iqq)
and speed (€q) with respectively the actual direct current (Id) and
the rotor speed (€2). The dynamic nonlinear model of the PMSM
expressed in equations (1, 2 and 3) is taken in the following form:
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Using the nonlinear dynamic inversion proposed approach; the
input can be obtained using the successive derived from the output.
Then Uq(t) is expressed by equation 7.
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3. Validity Abacus Approach

In order to validate the proposed nonlinear dynamic inversion
approach, the following methodology is used in figure 2.

#first step: the mathematical nonlinear (d-q) model of PMSM
is developed.

#Second step: this step consists in describing the frequency
dependence of the speed tracking control model. In the third step,
simulation results are compared to the desired model for both the
direct current I4q and the speed Q.

# Third step: the errors between the desired data and the
simulation results are computed. Based on these errors,
discrepancies between them are depicted in order to finally judge
on the correction of the model parameters. Figure 2 summarizes
the previously presented steps respectively.
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PMSMs Mathematical (d-q) Model
#Step 1
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Development of the NDI tracking Control
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Implementation of the model in MATLAB
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simulated values with the
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Validated approach

Fig.ure 2.Validity Abacus Methodology

Important to note, that the estimated errors between the desired
outputs and the obtained ones, are in good agreements. This paper
presents.

A novel to easy methodology to easy study performance of
control methods by only optimization error between desired and
simulated results for rotor speed and direct current at different
frequency and amplitude levels. This methodology may be applied
for others control approach.

Table 1: PMSM parameters and values [1]

Parameter Denotation Value
P Pole pair number 2
R, Stator resistance 1.9Q
Lg d-axis inductance 42.44 mH
Lq g-axis inductance, 79.57 mH
f Frequency 50 Hz
or Magnetic flux constant, 0311 Wb
J Inertia of the motor 0.003 kg.m2
Cr Motor torque 3.954 Nm
B Friction coefficient 0.001 Nm/rad/s
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4. Simulation Results

The rotor speed and direct current tracking control using NDIC
approach and the frequency and amplitude dependent model of
PMSM are emulated in MATLAB. Table I present the numerical
parameters of the studied model.

Figure 3 and figure 4 shows the speed characteristics at
different frequency levels respectively in low and high frequency.
The different amplitude of the desired direct current (see figure 5)
the change in the saturation speed.
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Figure.3. Desired speed characteristics at different frequency (low- frequency f=
[10 =»50Hz]).
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Figure.4. Desired speed characteristics at different frequency (high- frequency =
[100 =»300Hz]).
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Figure 5. Desired current characteristics at different amplitude
(a). I max=[0.596.5A] for the low-frequency study and
(b).Imax= [5=»25A] for the high-frequency study
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Figure.6. Validity abacus of rotor speed tracking control in
low- frequency: (a) Q, (b) dQ/dt

Figures 6 and 7 are an illustration of validity abacus of tracking
parameter error (€2, dQ/dt). The rotor speed tracking of permanent
magnet synchronous motor has been performed for different data
both in low and high frequency. These latter, may be effective in
the optimization of rotor speed tracking using a nonlinear dynamic
inversion control approach. Then, these abacuses evaluate the
accuracy of simulation results.
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Figure.7. Validity abacus of speed tracking control in high-frequency
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Fig.ure 8. Validity abacus of direct current for rotor speed
[30 rad/s > 150rad/s]

The Q abacus (Figure 6.a and 7.a) illustrates that the nonlinear
dynamic inversion control approach of the rotor speed tracking
PMSM parameters offers a wide range of validity. The error
between the estimated maximal speed rotor € and the obtained
simulation is less than 0.2% for different rotor speed level in low
and high frequency. The d€Q/dt validity abacus shows an error less
than 0.5% at low and high frequency (Figure 6.b and 7.b). The I4
abacus (Figure 8) illustrate that NDIC of the direct current tracking
offer a wide range of validity. The error between the estimated
maximal direct current I4q and the obtained simulation get by this
approach is less than 1% for different current level for both the
proposed PMSM.
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The error is mainly due to the nonlinearity of PMSM model
equations. Parameters error is less than 0.5% for different
conditions. The obtained result proves the effectiveness of the
control to ensure a rotor speed and direct current tracking. The
abacus also helps the engineer to evaluate the simulation results
accuracy of given devices. Various upshots and diverse validity
abacus are satisfying so far. For a low and high frequency
conditions, the proposed methodology is then adequate. Moreover,
this model offers an efficient trade-off between ease and accuracy
of speed tracking control study.

However, simulation errors cannot be avoided. They are
calculated according to the rotor speed and the direct current at
different frequency and amplitude. An error less than 0.5% is
found for the permanent magnet synchronous motor model
proposed. In addition to its precision, the suggested model has got
a good convergence. Furthermore, the ease of use is one more
advantage. It consists in both the facility of implementation using
MATLAB and the simplicity in extracting PMSM model
parameters. Moreover, the proposed algorithm, integrating the
developed model, allows a better detection and adjustment of the
outputs tracking control (using NDIC approach). In fact, in the case
of poor design, the model replies routinely by detecting and tuning
it. Nonlinear dynamic problems are, therefore, methodically
avoided.

5. Conclusion

In this paper we have demonstrated that the PMSMs have the
direct current and the rotor speed proportional to the frequency and
amplitude. A mathematical nonlinear model of this motor is also
proposed. The novel of this model is that it takes into account the
design structure as well as frequency and amplitude parameters.
The model validation is performed by comparing desired results
with simulation. This model is run for a large range frequency and
amplitude, and the simulation investigations show a good
agreement with respect to the desired ones. These results are
validated and. Future works concern the validation of the NDIC
proposed approach associate the “Abacus Validity” approach
others nonlinear systems.
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