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Abstract: In order to realize sensorless control of permanent magnet synchronous motor (PMSM)
with high performance in low speed region, a novel rotor position observer scheme based on finite
control set model predictive control (FCS-MPC) is presented in this paper. Firstly, the FCS-MPC
is used to predict the current and drive the PMSM by selecting the optimal control quantity that
minimizes the cost function. Next, an adaptive second-order generalized integrator (ASOGI) with
adaptive center frequency adjustment was designed to replace the band-pass filter (BPF) in the rotor
position observer. The ASOGI can calculate the high frequency value that can be used for position
estimation by the controller switching frequency. The current ripple inherent in the FCS-MPC is
considered as the response current obtained by the high frequency injection (HFI) method. The
current ripple after ASOGI filtering is input to the phase-locked loop (PLL) for phase locking to
obtain the estimated rotor position. In addition, adaptive linear (Adaline) neural networks are used
to identify sensitive motor parameters online to avoid mismatch of model parameters, which causes
degradation of control performance. Simulation experiments and hardware experiments show that
this scheme is excellent in both static and dynamic conditions.

Keywords: permanent magnet synchronous motor (PMSM); sensorless control; adaptive second-
order generalized integrator; finite control set model predictive control (FCS-MPC); parameter
correction; phase-locked loop

1. Introduction

Permanent magnet synchronous motor (PMSM) has the advantages of high power
density, quick dynamic response, and great efficiency [1,2]. With the advancement in
microprocessors, predictive control is widely applied to the high-performance control
of PMSM [3]. Finite control set model predictive control (FCS-MPC) uses the discrete
quality of the inverter switching states to control the motor by selecting the switching
state that minimizes the value of the cost function from a finite number of alternative
switching states [4,5], eliminating the need for pulse width modulation (PWM) modulation
and generating the drive signal directly. Although the model predictive control has many
advantages, in practical applications, the computational delay of the digital implementation
brings degradation to the system performance. In [6], the one-step delay compensation
method in [7] was used to calculate the current compensation term using Heun’s method
for the action delay problem, which improved the prediction accuracy of current values.
The reference voltage is obtained by Deadbeat principle and the number of calculations for
the non-zero vector is reduced from 18 to 4 when selecting the optimal voltage vector and its
duty cycle, which greatly reduces the computational burden. In [8], the prediction model is
updated with the current in the α-β subspace at moment k + 1 as the compensation current
to obtain the prediction model at moment k + 2. Therefore, it is necessary to take measures
to compensate the MPC controller. Similar to field-oriented control, rotor position is also
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very important in model predictive control [9]. However, traditional mechanical position
sensors have problems such as high installation cost and low reliability [10]. Therefore,
sensorless control has gradually become a new control method for PMSM [11]. Due to the
small back electromotive force (EMF) of PMSM in the low speed region, the rotor position
is usually estimated using the high-frequency injection (HFI) method [12,13]. Ref. [14]
adopts a hybrid control strategy to achieve smooth switching from low speed to high speed.
The high-frequency signal injection method is used to effectively extract the back EMF
signal at a low speed, and then the finite-position-set-phase-locked loop (FPS-PLL) with
high accuracy and robustness is used at high speed. However, the HFI will inevitably
generate torque ripple and increased loss, and the dynamic performance will be insufficient
when the load torque and speed suddenly change [15,16]. The choice of discrete switching
states by the FCS-MPC creates an inherent high-frequency current ripple [17], and this
inherent characteristic can replace the additional signal in the sensorless control which
can be regarded as the response current generated on the q-axis when the d-axis is excited,
so that the motor produces a saturated saliency [18–20]. In [21], the traditional vector
control is replaced by the more advanced model predictive control. The combination of
MPC and FPS-PLL makes the controller structure simple and has better dynamic stability
performance. The FPS-PLL can directly search for the rotor position angle without adjusting
the parameters of the PI controller. Using filters to process the inherent current ripple is
an essential step in the rotor position estimation. In [22], a PLL with a modified control
function is combined with FCS-MPC, which avoids the wrong estimation during speed
reversal conditions as well as singularities. Unlike the fixed frequency injection signal of
HFI, the switching frequency of FCS-MPC is not constant. There are a large number of
changing high-frequency harmonics and noise, which makes it difficult to extract the signal
at a specific frequency accurately in the current ripple with changing frequency by directly
using the band-pass filter (BPF). The phase offset of the BPF will cause deviations in the
estimation result of the rotor position [23]. The second-order generalized integrator (SOGI)
has a simple structure without time delay which, combined with PLL, can eliminate direct
current (DC) offset and harmonics well to realize accurate estimation of rotor position [24].
The SOGI can improve the dynamic performance of sensorless control at low speeds [25,26].

In addition, MPC performs predictive control based on an accurate mathematical
model, and changes in the external environment and motor operating conditions may
cause changes in motor parameters, resulting in model mismatch [27–29]. It is necessary to
identify and modify the sensitive parameters such as the inductance and flux linkage of the
motor online to correct the preset parameters of the model [30].

An adaptive second-order generalized integrator (ASOGI)-PLL structure is proposed
to realize sensorless control of PMSM in this paper. The main contributions are shown
as below:

1. The rotor position is estimated using the inherent current ripple of the FCS-MPC
instead of the externally injected high-frequency signal.

2. The center frequency of the ASOGI can be adaptively varied to adaptively filter the
inherent current ripple with large frequency fluctuations, and it is used instead of
the BPF.

3. The parameters of the controller are corrected online using Adaptive linear (Adaline)
neural network.

The experimental results show that the proposed method can accurately estimate
the rotor position at low and even ultra-low speeds of PMSM. The PMSM has good load
carrying and anti-disturbance capability.

This paper is organized as follows: Section 2 analyzes the mathematical model and
the inherent current ripple of the PMSM at finite control set model predictive control.
Section 3 presents the ASOGI-PLL structure for rotor position estimation and uses Adaline
to correct the controller parameters. The simulation and experimental results are presented
in Section 4. Finally, Section 5 gives the conclusion of this paper.
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2. MPC Mathematical Model of Permanent Magnet Synchronous Motor

In this section, the mathematical model of the PMSM under finite control set model
predictive control is first established. In order to extract the rotor position using the intrinsic
current ripple, the inherent current ripple is further analyzed.

2.1. FCS-MPC Mathematical Model

The coordinate system of permanent magnet synchronous motor is shown in Figure 1.
ABC is the three-phase coordinate system, α-β is the stationary coordinate system, d-q is
the rotational coordinate system, θ is the angle between the rotor, and the A(α) axis, the d̂
axis is defined as the estimated d-axis and the q̂ axis is the estimated q-axis, θ̂ is the angle
between the d̂ axis and the A(α) axis, the estimated angular error is ∆θ = θ − θ̂, N and S are
the polarities.

Machines 2022, 10, x FOR PEER REVIEW 3 of 20 
 

 

This paper is organized as follows: Section 2 analyzes the mathematical model and 

the inherent current ripple of the PMSM at finite control set model predictive control. Sec-

tion 3 presents the ASOGI-PLL structure for rotor position estimation and uses Adaline 

to correct the controller parameters. The simulation and experimental results are pre-

sented in Sections 4. Finally, Section 5 gives the conclusion of this paper. 

2. MPC Mathematical Model of Permanent Magnet Synchronous Motor 

In this section, the mathematical model of the PMSM under finite control set model 

predictive control is first established. In order to extract the rotor position using the in-

trinsic current ripple, the inherent current ripple is further analyzed. 

2.1. FCS-MPC Mathematical Model 

The coordinate system of permanent magnet synchronous motor is shown in Figure 

1. ABC is the three-phase coordinate system, α-β is the stationary coordinate system, d-q 

is the rotational coordinate system, θ  is the angle between the rotor, and the A(α) axis, 

the d̂  axis is defined as the estimated d-axis and the q̂  axis is the estimated q-axis, θ̂  is 

the angle between the d̂  axis and the A(α) axis, the estimated angular error is  ˆ= -θ θ θ , 

N and S are the polarities. 

 

Figure 1. Coordinate system of PMSM. 

The voltage equation of PMSM in the d-q rotating coordinate system can be expressed 

as 

f

=

=

d
d d q q d

q

q d d q q

di
u L L i Ri

dt
di

u L i L Ri
dt


− +



 + + +




 

 (1) 

where ud and uq are the d and q axes voltages, id and iq are the d and q axes currents in the 

synchro-nous rotation coordinate system, respectively, 
f

  is the rotor permanent magnet 

flux linkage, ω  is the rotor angular velocity, Ld and Lq are the motor straight-axis induct-

ance and cross-axis inductance, respectively, and R is the stator resistance. 

The schematic diagram of the model predictive control of the PMSM is shown in Fig-

ure 2. The id
* and iq

* are reference currents on the d and q axes, respectively. 

Figure 1. Coordinate system of PMSM.

The voltage equation of PMSM in the d-q rotating coordinate system can be expressed as{
ud = Ld

did
dt −ωLqiq + Rid

uq = ωLdid + Lq
diq
dt + ωϕf + Riq

(1)

where ud and uq are the d and q axes voltages, id and iq are the d and q axes currents in the
synchro-nous rotation coordinate system, respectively, ϕf is the rotor permanent magnet
flux linkage, ω is the rotor angular velocity, Ld and Lq are the motor straight-axis inductance
and cross-axis inductance, respectively, and R is the stator resistance.

The schematic diagram of the model predictive control of the PMSM is shown in
Figure 2. The id* and iq* are reference currents on the d and q axes, respectively.
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In the finite set model predictive control, the controlled object is a discretized model,
and the d and q axes currents are chosen as state variables, and the predicted currents are
obtained by discretizing (1) using Euler method at the k moment. id

(
k + 1) =iM

d (k) + Ts
Ld
[ud(k)− RiM

d (k) + ω(k)LqiM
q (k)]

iq
(

k + 1) =iM
q (k) + Ts

Lq
[uq(k)− RiM

q (k) + ω(k)LdiM
d (k)−ω(k)ϕf]

(2)
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where the superscript M denotes the measured value, Ts is the sampling period. The
output of the inverter circuit Sabc represents the eight switching states of the inverter under
discrete control, consisting of six non-zero voltage vectors and two zero voltage vectors,
expressed as

V ∈ {V0, V1, V2, V3, V4, V5, V6, V7} (3)

where V denotes the alternative switching state, V1 to V6 are non-zero voltage vectors, and
V0 and V7 denote zero voltage vectors.

Due to the computational delay in the digital implementation, a two-step approach is
generally used to compensate for the one-step controller delay. After using Equation (2)
to obtain the predicted current at moment k + 1, we then used Equation (3) to predict the
current at moment k + 2 for each of the eight Sabc states. id

(
k + 2) =iM

d (k + 1) + Ts
Ld
[ud(k + 1)− RiM

d (k + 1) + ω(k + 1)LqiM
q (k + 1)]

iq

(
k + 2) =iM

q (k + 1) + Ts
Lq
[uq(k + 1)− RiM

q (k + 1) + ω(k + 1)LdiM
d (k + 1)−ω(k + 1)ϕf]

(4)

The controller traverses the discrete switching states. Since the sampling interval is
extremely short, the current loop is given a reference current i∗d , i∗q constant for adjacent
moments. Construct the cost function based on the value at moment k and the predicted
value at moment k + 2

J= [i∗d − id

(
k + 2)]2 + λ[i∗q − iq(k + 2)]2 (5)

where λ is the weighting factor, which is generally taken as 1.
The voltage vector that minimizes the cost function is selected as the optimal voltage

vector, and the corresponding ud(k + 1), uq(k + 1) and the optimal switch combination are
obtained for rolling the next control cycle roll. Since the set of alternative switching states
is fixed and discrete, it is finite control set as discrete control.

2.2. Inherent Current Ripple of FCS-MPC

The discrete switching control traverses each switching state at each control cycle in
Figure 3, corresponding to seven different spatial voltage vectors. The processor needs
to calculate the cost function which corresponds to the predicted current generated by
each voltage vector, which inevitably creates the high-frequency current ripple inherent in
FCS-MPC control.
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Figure 3. Spatial voltage vector.

In the motor synchronous rotation coordinate system, the current relationship between
d-q axis and d̂− q̂ axis is {

îd = id cos ∆θ − iq sin ∆θ

îq = id sin ∆θ + iq cos ∆θ
(6)
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Similarly, the voltage relationship between d-q axis and d̂− q̂ axis is{
ûd = ud cos ∆θ − uq sin ∆θ
ûq = ud sin ∆θ + uq cos ∆θ

(7)

The term ud(k)− Rid(k) + ω(k)Lqiq(k) in (2) is written as UD and the term uq(k)−
Riq(k) + ω(k)Ldid(k)−ω(k)ϕf is written as UQ, therefore the predicted current on the d-q
axis at moment k + 1 is {

id(k + 1) =id(k) + UDTs/Ld
iq
(
k + 1) =iq(k) + UQTs/Lq

(8)

The PMSM produces saturated convex polarity under high frequency excitation, so
that the inherent current ripple can be used as a high frequency characteristic instead of
external high frequency voltage injection to produce high frequency response currents, and
thus the position observer can be designed to extract the rotor position contained in the
current ripple. In order to make the current ripple high frequency signal more significant
and stable, the frequency distribution range of the current ripple is usually reduced using
the adjacent vector voltage selection method. As shown in Table 1, the optimal switching
state for the next moment that minimizes the cost function is selected from two adjacent
valid zero vectors using the switching combination of the previous moment.

Table 1. Switch Status Table.

Previous States Alternate States

000 (V0) 100 010 001
100 (V1) 000 110 101
110 (V2) 010 100 111
010 (V3) 110 000 011
011 (V4) 111 001 010
001 (V5) 000 011 101
101 (V6) 001 111 100
111 (V0) 011 101 110

We started the PMSM from static to 150 r/min (10% of the rated speed) with 50% of
the rated load. The d-q axis currents at moment k were obtained by Park’s transformation
after collecting three-phase currents, and the FFT analysis of motor phase currents is shown
in Figure 4. The current contains high-frequency current components that are much higher
than the fundamental frequency. It can be seen that this method makes the frequency of the
high-frequency part of the current ripple mostly concentrated in 500 Hz~2000 Hz. However,
due to the discrete switching characteristics, the frequencies of the currents are not fixed,
and the harmonic dispersion is more chaotic, which causes some difficulties in the selection
and extraction of the filter cutoff frequency and affects the estimation of rotor position.
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3. ASOGI-PLL Rotor Position Observer

In this section, a novel rotor observation structure is proposed. To solve the problem
that the BPF cannot adapt to the frequent changes of the inherent current ripple frequency,
the ASOGI with adaptive center frequency selection is designed. The ASOGI-PLL can
accurately estimate the rotor position. Furthermore, Adaline linear neural network is used
to correct the MPC parameters to avoid the system performance degradation.

3.1. Conventional PLL Rotor Position Observer

In the d̂− q̂ axis, the predicted current expression from (2) is îd
(

k + 1) =îM
d (k) + Ts

Ld
[ûd(k)− RîM

d (k) + ω̂(k)Lq îM
q (k)]

îq
(

k + 1) =îM
q (k) + Ts

Lq
[ûq(k)− RîM

q (k) + ω̂(k)Ld îM
d (k)− ω̂(k)ϕf]

(9)

From (6), the measured value of the current in the d̂− q̂ axis can be expressed as{
îM
d (k + 1) = id(k + 1) cos ∆θ − iq(k + 1) sin ∆θ

îM
q (k + 1) = id(k + 1) sin ∆θ + iq(k + 1) cos ∆θ

(10)

In the present control cycle, the current error between the estimated value and the
measured value is obtained from (9) and (10) as

∆id(k + 1) = îM
d (k + 1)− îd(k + 1) (11)

∆iq(k + 1) = îM
q (k + 1)− îq(k + 1) (12)

Due to the extremely short sampling time, the k and k + 1 moments can be considered
as steady states, and the current error on the q-axis is obtained by substituting (6) to (10)
into (12) and simplifying

∆iq(k + 1) = Ts(
UD
Ld
− UD

Lq
) sin ∆θ (13)

The position error information is included in (13), and the motor parameters can be
regarded as constants within a control cycle, UD and UQ can be used as control constants
without the interference of nonlinearity, and the interference of the cosine term is excluded
by establishing the q-axis current error correlation term.

Considering the rotor position information contained in the q-axis error current and
the effect of the d-axis current, the rotor position angle error term is established and derived
according to (8) and (13).

ε(k) = [îM
q (k)− îq(k)]ÛD = Ts

[
1
Ld
− 1

Lq

]
U2

D sin ∆θ cos ∆θ − Ts

[
1
Ld
− 1

Lq

]
UDUQ sin2 ∆θ (14)

Due to the orthogonality of d-axis and q-axis, UD and UQ are not correlated with each
other. In the steady state, UD and UQ are not constant at zero value in the discrete switch
control steady state, but their average values UD = 0, UQ = 0. Therefore, the second term
in (14) is approximately equal to zero, giving a function on ∆θ

ε(∆θ) =
Ts

2

[
1
Ld
− 1

Lq

]
U2

D sin(2∆θ) = Ke sin(2∆θ) (15)

where Ke is a constant.
When the estimated rotor position is true, the d̂ axis coincides with the q̂ axis, ∆θ = 0,

and (15) is also zero. Use the PLL in Figure 5 to lock the phase contained in (15).
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In the HFI method, the high frequency signal is usually processed by BPF first, and
the center frequency of the BPF is kept the same as the frequency of the injected signal.
However, in FCS-MPC, the frequency of the high-frequency signal is not stable and is
accompanied by high-frequency harmonics. The conventional second-order BPF has the
defects of phase shift and fixed center frequency, so it is necessary to design a filter that
can adapt to the high-frequency signal with varying current ripple and minimize the phase
shift, and then perform phase locking through the PLL structure to obtain the rotor position.

3.2. ASOGI-PLL Rotor Position Observer

The SOGI structure is shown in Figure 6. The transfer function can be expressed as

D(s) =
v′(s)
v(s)

=
lωcs

s2 + lωcs + ωc2 (16)

where l is the damping factor, ωc is the center frequency, v is the input signal, v′ and qv′ are
output signal.
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Figure 6. SOGI structure diagram.

Figure 7 reveals the Bode diagrams of the SOGI transfer function D(s) with l = 0.05,
0.1, 0.3, 0.5, respectively. The central frequency of SOGI in Figure 7 is 50 Hz (100π rad/s).
The bandwidth of D(s) is different for different l values. As l increases from 0.05 to 0.5, the
bandwidth widens, and the change of phase frequency characteristic curve also becomes
slow. It can be seen that there is no delay in the phase frequency characteristic curve of
D(s). Obviously, the filtering effect is better when the bandwidth is narrower, but from a
practical point of view, the passband need not be too narrow.

When the frequency of the input signal v coincides with the center frequency of the
SOGI, the output signals v′ and qv′ are two quadrature signals of the same amplitude, v′

overdetermined qv′ in phase π/2. D(s) can be considered as a second-order BPF. Let the
quality factor QD = 1/l, (16) can be modified as

D(s) =
ωc/QDs

s2 + ωc/QDs + ωc2 (17)

As can be seen from (17), the quality factor is related to the damping factor, and the
smaller the l, the better filtering performance will be, but the longer dynamic response time
of the system will be, generally taking the value about

√
2.

For the unstable current ripple frequency, a second-order generalized integrator with
adaptive center frequency adjustment is designed, and the structure is shown in Figure 8.
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The switching selection frequency of the FCS-MPC controller is sampled with a sampling
period of

tsa = ω̂eTs (18)

where tsa is the sampling interval time, ω̂e is the estimated electro-mechanical angular velocity.
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Due to the short sampling period, the average value of the current cycle switching
times can be regarded as the current switching times, and the average switching frequency
of the current cycle is

fA =
Sw

tsa
(19)

where Sw is the number of MPC switch selections in one cycle.
From this, the center frequency of the ASOGI-PLL can be calculated

ωcA =
πSw

180tsa
(20)

As can be seen from (20), the center frequency is related to the number of switch
selections and sampling interval, and the average frequency within tsa of MPC controller
operation can approximately represent the high-frequency of the current cycle. As shown in
Figure 8, compared to the SOGI with a fixed center frequency, it is possible to dynamically
adjust the value of the center frequency to keep it consistent with the high frequency of the
current ripple. Compared with the conventional BPF, there is no phase shift, and it is able
to extract the changing high frequency current ripple in FCS-MPC.

The DA(s) transfer function of ASOGI is

DA(s) =
lωcAs

s2 + lωcAs + ωcA
2 (21)
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When the calculated value of ωcA is changed, the center frequency of ASOGI is also
adjusted. The Bode diagrams of DA(s) are shown in Figure 9. For different frequency
input signals, ASOGI can adjust the center frequency adaptively. When ωcA is small, the
amplitude-frequency characteristic curve and the phase-frequency characteristic curve of
DA(s) will be shifted to the right and conversely to the left. These actions reflect that the
filter is changing the filter interval with the external signal while there is no delay in phase.
When l is changed, the −3 dB bandwidth is also changed. For the universal case, 0.707 is
taken, the signal frequency is generally higher in this scheme, and the value of l should be
reduced appropriately.
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Once the current passes through the ASOGI, the PLL can be used for phase locking.
The structure of the composed ASOGI-PLL rotor position observer is shown in Figure 10.
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3.3. MPC Parameter Correction

The operating point of the motor will change due to temperature and operating
condition changes, etc. Deviations between the prediction model of MPC and the actual
parameters of the motor will cause parameter mismatch, resulting in inaccurate current
prediction and poor control performance. As (1) and (2) show, the q-axis inductance, stator
resistance R, and flux linkage ϕf are critical to the performance of the MPC. In this section,
Adaline is used for online identification of motor parameters and real-time correction of
MPC prediction model parameters. Adaline neural network has a simple structure. It is
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a linear adjustable neural network with only the operations of addition, subtraction, and
multiplication. The Adaline input–output relationship is expressed as

O(Wi, Xi) =
n

∑
i=0

WiXi (22)

where Wi is the weight of the neural network, the weights are the identification quantities
Lq, R, and ϕf, Xi is the input signal, d(k) is the network target input, and O(k) is the output
of the network excitation function.

Adjusting network weights using least mean square (LMS){
Wi(k + 1) = Wi(k) + 2ηXiδ(k)
δ(k) = d(k)−O(k)

(23)

where η is the weight adjustment factor, ε(k) is the error between the neural network output
and the target.

When using the Adaline to identify the parameters of a motor, η should satisfy

0 < 2η|X(k)|2 < 1 (24)

The motor parameter identification model is constructed, and the cross-axis inductance
and flux linkage are identified first. The expression of the cross-axis inductance Lq is
calculated as 

XLq(k) = −ωe(k)iq(k)
OLq(k) = Lq(k)XLq(k)
dLq(k) = Urd(k)− Rid(k)
Lq(k + 1) = Lq(k) + 2ηLqXLq(k)δLq(k)

(25)

The calculated expression for flux linkage ϕf is
Xϕf(k) = ωe(k)
Oϕf(k) = ϕf(k)Xϕf(k)
dϕf(k) = Urq(k)−ωe(k)Ldid(k)− Riq(k)
ϕf(k + 1) = ϕf(k) + 2ηϕf Xϕf(k)δϕf

(k)

(26)

where Urd and Urq are the valid voltage values.
The temperature of the motor changes relatively slowly within a short period of time

when the motor is started, and the resistance value does not change significantly, the
calculated expression for the resistance R is

XR(k) = iq(k)
OR(k) = R(k)XR(k)
dR(k) = uq(k)− ϕfωe(k)
R(k + 1) = R(k) + 2ηXR(k)δR(k)

(27)

The overall control block diagram is shown in Figure 10.

4. Simulation and Hardware Experiments

In this section, simulation and physical platform experiments are designed and the
experimental results are analyzed.

The performance of the proposed scheme was verified using a PMSM with parameters
as shown in Table 2. Experiments were conducted for low speed operation, sudden variable
speed, and load disturbance of the PMSM, respectively, and the experimental results were
also analyzed.
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Table 2. Parameters of PMSM.

Parameter Value

Bus voltage 220 V
Pole pairs 4

Stator resistance 1.2 Ω
d-axis inductance 8.5 mH
q-axis inductance 8.5 mH
Moment of inertia 0.008 kg·m2

Permanent magnet flux 0.117 Wb
Rated speed 1500 r/min

4.1. Variable Speed Experiment at Low Speed

To verify the effectiveness of ASOGI-PLL for rotor position estimation at low speeds,
the speed is started at a given speed of 5 r/min, the speed is increased to 10 r/min suddenly
at t = 20 s, and then the speed is increased to 15 r/min suddenly after 15 s of stable operation.
The speed waveform is shown in Figure 11, the speed estimation error of PLL is within
2 r/min, and the speed estimation error of ASOGI-PLL is within 1.2 r/min. The “PLL” in
the legend of the experimental results refers to the BPF-PLL structure shown in Figure 5.
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Figure 11. Speed waveform at speed up.

Figure 12a illustrates the rotor angle waveform during the speed change, and
Figure 12b shows the rotor position estimation error. The maximum error of rotor es-
timation by PLL during the speed change is within 3.5◦ (0.06 rad), the maximum error of
rotor position estimated by ASOGI-PLL is within 0.93◦ (0.016 rad), and the error is reduced
by 73.33% relative to PLL. Figure 12c,d show the local enlargement for the speed change at
t = 20 s and t = 30 s, and it can be seen that ASOGI-PLL is also able to achieve good tracking
of the rotor position at the instant of speed change.

Figure 13 shows the variation of the ASOGI center frequency with the FCS-MPC
switching frequency for different speeds. It is worth noting that the center frequency f cA,
obtained from the calculations in the experimental results, needs to be converted to the
radian system when used for ASOGI. At different speeds, the f cA varies with the switching
frequency of the controller.
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Figure 13. Switching frequency of FCS-MPC and calculated value of ASOGI center frequency: (a) At
the speed of 5 r/min; (b) At the speed of 10 r/min; (c) At the speed of 15 r/min.

Generally, within 5% of the rated speed (75 r/min) is the ultra-low speed [31], and
within 20% of the rated speed (300 r/min) is called the low speed range [32]. To test the
performance of the proposed strategy in the whole low speed range, we varied the speed
from 0 r/min to 300 r/min and load from 0 N·m to 14 N·m. The corresponding rotor
position error changes, as shown in Figure 14a. Figure 14b shows the calculated values
of the center frequency f cA for different speeds and loads. f cA varies with the selected
frequency of the controller when the speed is stable. These show that the method has
excellent performance at low speeds.



Machines 2022, 10, 751 13 of 18

Machines 2022, 10, x FOR PEER REVIEW 14 of 20 
 

 

of the controller when the speed is stable. These show that the method has excellent per-

formance at low speeds. 

 
 

(a) (b) 

Figure 14. Results within 300 r/min: (a) Rotor position error at different speeds and loads; (b) Wave-

form of center frequency fcA variation. 

4.2. Motor Reversal Experiment 

The motor is started at a given speed of 10 r/min under rated load, and the given 

speed is abruptly changed to −10 r/min at t = 15 s. The speed waveform is shown in Figure 

15a, and the maximum speed estimation error is within 1.5 r/min for PLL and within 0.7 

r/min for ASOGI-PLL. It converges to the stable value about 0.08 s after the speed reversal. 

The maximum error of the rotor position estimated by PLL is within 4° (0.058 rad), 

while the maximum error of the rotor position estimated by ASOGI-PLL is within 1.15° 

(0.07 rad), and the error is reduced by 71.13% compared to PLL, as shown in Figure 15b,c. 

Figure 15d shows the local magnified waveform of the rotor angle at the moment of re-

versal. The rotor angle is reversed when the motor speed is reversed, and the ASOGI-PLL 

is more stable than the PLL rotor position estimation. 

  
(a) (b) 

 
 

(c) (d) 

Figure 14. Results within 300 r/min: (a) Rotor position error at different speeds and loads;
(b) Waveform of center frequency f cA variation.

4.2. Motor Reversal Experiment

The motor is started at a given speed of 10 r/min under rated load, and the given
speed is abruptly changed to −10 r/min at t = 15 s. The speed waveform is shown in
Figure 15a, and the maximum speed estimation error is within 1.5 r/min for PLL and
within 0.7 r/min for ASOGI-PLL. It converges to the stable value about 0.08 s after the
speed reversal.
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Figure 15. Rotor position waveform during motor reversal: (a) Speed waveform in reverse rotation;
(b) Rotor position waveform; (c) Rotor position estimation error waveform; (d) Rotor position local
enlarged waveform at t = 15 s.

The maximum error of the rotor position estimated by PLL is within 4◦ (0.058 rad),
while the maximum error of the rotor position estimated by ASOGI-PLL is within 1.15◦

(0.07 rad), and the error is reduced by 71.13% compared to PLL, as shown in Figure 15b,c.
Figure 15d shows the local magnified waveform of the rotor angle at the moment of reversal.
The rotor angle is reversed when the motor speed is reversed, and the ASOGI-PLL is more
stable than the PLL rotor position estimation.
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4.3. Load Mutation Experiments

To verify the usability of the low speed control strategy under sudden load changes,
the speed was started and stabilized to 15 r/min, and the load was suddenly increased
from 7 N·m to 14 N·m at t = 5 s and suddenly decreased from 14 N·m to 7 N·m at t = 10 s.
The speed waveform is shown in Figure 16. There is a small change in speed when the load
changes, but it quickly returns to the given speed.
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Figure 16. Speed waveform during sudden load change.

Figure 17a shows the rotor position waveform during sudden load change, and
Figure 17b shows the rotor position error waveform. The maximum error of rotor position
estimated by PLL is within 3.3◦ (0.058 rad), and the maximum error of rotor position
estimated by ASOGI-PLL is within 0.93◦ (0.016 rad). Figure 17c,d shows the local enlarged
view of the sudden load addition and sudden load reduction, and it can be seen that the
error of rotor position estimation by ASOGI-PLL is reduced by 1.41◦ compared with PLL
during sudden load addition and 1.33◦ compared with PLL during sudden load reduction.
The ASOGI-PLL is able to track the rotor position accurately during sudden load changes
and is more stable.
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Figure 18 shows the variation of the ASOGI center frequency with the FCS-MPC
switching frequency for different loads. At different loads, the calculated value of the center
frequency varies with the selected frequency of the controller.
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Figure 18. Switching frequency of FCS-MPC and calculated value of ASOGI center frequency: (a) At
the load of 7 N·m; (b) At the load of 14 N·m.

4.4. Online Parameter Identification Experiment

The PMSM parameters for different operating conditions were identified online using
the Adaline neural network. Figure 19a shows the parameter identification results for
the PMSM speed at t = 5 s with a sudden increase from 5% to 10% of the rated speed
and then a sudden decrease to 5% of the rated speed at t = 10 s. The load during the
speed sudden change is 50% of the rated load. The inductance and flux linkage decrease
when the rotational speed increases. They increase when the rotational speed decreases.
The resistance is closely related to the temperature, so the resistance value is increasing.
Figure 19b shows the parameter identification results when the PMSM load increases
suddenly from 50% to 100% of rated load at t = 5 s and then decreases suddenly to 50% of
rated load at t = 10 s. The speed during the load sudden change experiment is 100 r/min.
Both inductance and flux linkage decrease when the load increases, and they increase when
the load decreases. There is an increasing trend of resistance. The Adaline neural network
is accurate and fast for parameter identification under different operating conditions.
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Figure 19. Parameter identification results: (a) Results of PMSM parameters identification during
speed change; (b) Results of PMSM parameters identification during load change.

4.5. Hardware Experiments

To verify the viability and effectiveness of the proposed method, an experimental
platform of a 3 kW three-phase PMSM was conducted, as shown in Figure 20. The parame-
ters of the PMSM are shown in Table 2. The control system includes an upper computer,
DC power supply, ARM STM32F103, inverter, oscilloscope, PMSM, driver board, voltage
sensors, and current sensor. The sampling time used in the experimental test is 1 × 10−5 s.
The sampling rate of the current sensor is 10 kHz.
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Figure 20. The experimental platform.

Figure 21a shows the rotor position and phase current waveforms when the PMSM is
running at 10 r/min. The system operation is stable, and the rotor position is estimated
accurately. Figure 21b shows the waveforms of rotor position and phase current when the
load is suddenly increased. When the load increases, the current becomes larger, and the
motor quickly resumes running at the given speed after a brief decrease in speed. Figure 21c
shows the waveforms of rotor position and phase current when the PMSM is running at
higher speed with increased load and then rapidly decreasing the load, and the system has
good anti-disturbance capability and static stability. Figure 21d shows the change of the
controller selection switching frequency when the speed increases. The selective switching
frequency increases with the speed and load.
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Figure 21. Hardware experimental results: (a) Rotor position and stator current at low speed;
(b) Rotor position and stator current during sudden loading; (c) Rotor position and stator current
during load disturbance; (d) Variation of the controller selection switching frequency when speed
changes from 5 r/min to 10 r/min.
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5. Conclusions

In this paper, an observer composed of ASOGI and PLL is presented to estimate the
rotor position of PMSM in FCS-MPC. The inherent current ripple is generated internally
by the controller, and using it instead of HFI can avoid affecting the system’s dynamic
performance and reduce the system complexity. The frequency of inherent current ripple
is not stable. In the proposed scheme, ASOGI is used instead of BPF, and it adjusts the
center frequency adaptively according to the input signal. The irrelevant frequency signal
in the high-frequency current will be filtered out by ASOGI. The ASOGI-PLL structure
will estimate the rotor position accurately. PMSM parameters may change with operating
conditions, and sensitive parameters can cause parameter mismatch in the controller. Ada-
line neural network corrects controller parameters through online parameter identification,
the prediction variables will be more accurate. The experimental results demonstrate the
excellent performance of the proposed scheme in the low speed or even ultra-low speed
region of the PMSM.

Although this scheme has excellent position-free control performance at low PMSM
speeds, the fundamental frequency has a negative impact on rotor position estimation as
the speed increases, so this scheme may be limited at high speed. The strategy of combining
multiple methods for different speeds may be considered more suitable for full speed high
performance control of PMSM.
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