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Abstract: Permanent magnet synchronous motors (PMSMs) are widely used in high-power-density and flexible control methods.

Generally, the inductance changes significantly in real-time machine operations because of magnetic saturation and coupling effects.

Therefore, the identification of inductance is crucial for PMSM control. Existing inductance identification methods are primarily

based on the voltage source inverter (VSI), making inverter nonlinearity one of the main error sources in inductance identification. To

improve the accuracy of inductance identification, it is necessary to compensate for the inverter nonlinearity effect. In this study, an

overview of the PMSM inductance identification and the related inverter nonlinearity self-learning methods are presented.
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1 Introduction

Permanent magnet synchronous motors (PMSMs) are
widely used in the industrial field because of their high
torque and power density 121 The high-performance
control methods of PMSM primarily rely on accurate
parameters, among which the inductance generally
changes significantly during motor operation owing to
magnetic saturation and coupling saturation effects Bl
Hence, inductance identification is crucial for PMSM
control such as sensorless control [4'5], deadbeat
control [6'7], and model predictive control (MPC) 851,
The inductance can also be applied to the status
detection and fault diagnosis of PMSM.

In traditional motor-control  strategies, the
inductance is usually assumed to be constant. However,
in actual PMSM control, the stator current changes
under different operating conditions, causing magnetic
saturation and cross-saturation effects, and further
1% PMSM control methods

with high accuracy and performance have attracted

changing the inductance

increasing attention because inductance identification

[11]

strategies are required In early research,

inductance identification was performed using
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detection devices, which increased the cost and
reduced generality. Simultaneously, the detection
devices can only be used offline. The effects of
magnetic saturation on the inductance cannot be
considered. To solve these problems, the identification
achieved by the controller has been investigated over
the past decade.

Currently, VSI-based controllers are commonly
used in PMSM control systems, making the inductance
identification method more realizable and practical

12
(121 However,

under various operation conditions
because a VSI-based controller is not an ideal device,
inverter nonlinearity causes voltage errors in the motor
control, which also has an adverse impact on
identification ">, The

nonlinearity effect contains many error factors such as

inductance inverter
the dead time effect, parasitic capacitance effect, and
voltage drop of the switching device U4 In recent
years, studies on inverter nonlinearity estimation and
compensation have been conducted to further improve
inductance identification accuracy.

This paper presents a comprehensive discussion of
PMSM

inverter

the existing research on inductance

identification and related nonlinearity
compensation. This paper is organized as follows. In
Section 2, the characteristics of the inductance and
inverter nonlinearity under VSI-based drives are
PMSM

technologies are presented in Section 3. The inverter

introduced. inductance identification

2096-1529 © 2024 China Machinery Industry Information Institute
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nonlinearity self-learning and compensation methods
are presented in Section 4. Section 5 discusses future
trends and concludes the paper.

2 Inductance and inverter nonlinearity
models in VSI-based PMSM drive

In this section, the saturation characteristics of the
inductance are analyzed under different operating
conditions along with the rank deficiency in the
identification process. Furthermore, the inverter
nonlinearity effect in the inductance identification is

introduced.
2.1 Saturation effect of inductance

Owing to the saturation characteristics of the magnetic
material of the yokes, a magnetic saturation effect
occurs during actual motor operation o1, According to
the magnetization curve of ferromagnetic materials,
with an increase in the magnetic field, the flux linkage
simultaneously increases, which reduces the magnetic
permeability and inductance ) The simulation results
for the magnetic saturation effects of the PMSM are
shown in Fig. 1, wherein i, represents the rated value
of the current.

(a) ig=0, i;=0 (b) ig=—iy, i;70 (©) iy =0, i,=iy
"1 d-axis magnetic path 771 g-axis magnetic path

Commen magnetic path

Fig. 1 Simulation results of magnetic saturation of PMSM in

different working conditions

The density of magnetic lines represents the degree of
saturation. As shown in Figs. 1a-1b, the magnetization
and demagnetization currents in the PMSM increase and
weaken the degree of magnetic saturation, respectively,
which is defined as the magnetic saturation effect. As
shown in Fig. 1¢, a common magnetic path exists between
dg-axis magnetic circuits, causing a cross-saturation effect,

where the inductance is affected by both dg-axis currents.
2.2 Inductance identification models

As the dg-axis model is generally applied to PMSM

control, dg-axis inductances are the identification

targets. The dg-axis voltage equations are the most

commonly wused identification models and are
expressed as follows
. di, .
ud = Rsld +Ld7inc E_ a)eLqiupplq
)]
— : q .
u, =R, +LU1FE+ oL, it O,

where uy, denote the dg-axis voltages, iz, denote the
dg-axis currents, R, denotes the stator resistance, and
w, signifies the rotational speed. Lgq inc and Lag app
denote the incremental and apparent inductances in
dg-axes, respectively (3] Considering the magnetic
and cross-saturation effects, Lgq inc and Lgq pp are
different.

mathematically equal, and their expressions are as

However, Ligine and Lggap are

follows
diL, i)
L = x_app”x — d 2
Xx_inc dlx X ’q ( )
Among the existing inductance identification

methods, the methods based on steady voltage models
achieve Ly 4 identification, while the methods based

on transient voltage models achieve

[16-17]

Lag inc
identification In conventional inductance
identification methods, the number of unknown
variables exceeds that of the model equations. Hence,
a rank deficiency occurs during the inductance
identification process, which is a core problem that
must be solved.

Except for the dg-axis voltage equations, some
inductance identification strategies are based on other
models, such as af-axis model 18] These methods can
be transformed into a dg-axis model based method via
a coordination transformation. Furthermore, regardless
of the applied model, the rank deficiency problem

should always be considered.
2.3 Inverter nonlinearity effects

It is known that the VSI-based drive is not ideal, as the
physical properties and drive strategies lead to inverter
nonlinearity effects, including the parasitic capacitance
effect [
switching delay of switching devices 21 The overall

, dead time effect [20], voltage drop, and

effect of the inverter nonlinearity on the output voltage is
shown in Fig. 2. The parasitic capacitance effect exists
mainly in the relatively low current region, whereas the

dead time effect exists in the full current region (2]
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Fig. 2 Diagram of inverter nonlinearity effects

The inverter nonlinearity causes an error between
the voltage command and output voltage, which

reduces the control efficiency, especially under

(2324 The error

low-speed and light-load conditions
between the reference voltage and the output voltage
caused by inverter nonlinearity can be expressed as
u ()=Ri +u,, @) x=ab.c (€)
where uapeiny 1S the nonlinear voltage of the inverter in
the abc phases. The voltages are generally required in
the inductance identification, which makes inverter
nonlinearity a problem that must be addressed ">,
Owing to the absence of a phase delay between the
current and error voltage of the inverter nonlinearity,
the inverter nonlinearity error can be regarded as an
[14.26] " A illustrated in Fig. 3, in

Region 1, the inverter nonlinearity error voltage is

equivalent resistance

nonlinear in the low-current region, where the
equivalent resistance is large. When the current
exceeds a certain value, the inverter nonlinearity error
voltage is constant, and the dead-time effect, switch
device voltage drop, and turn-on/off delay are the
major components of the inverter nonlinearity effect,
as shown in Fig. 3, Region 2. In the absence of a
parasitic capacitance effect, the inverter nonlinear

error voltage acts as a sign function of the current.
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Fig. 3 abc-phase inverter nonlinear voltage error and

equivalent resistance

3 Inductance identification of PMSM

This

section

reviews

conventional

inductance

identification methods. The aforementioned methods

are classified into different categories based on

application

conditions

(offline

and online),

comparison of which is presented in Tab. 1. In actual

motor operation, the inductances of the PMSM change

under different operating conditions, as illustrated in

Fig. 4.

Tab.1 Comparison of offline and online inductance

identification methods

Contrastive Offline identification Online identification
items methods methods
Applicable Offline condition with  Different online operation
state rotor standstill conditions
. . . . Self-commissioning;
Identification ﬁrtto-umu(ljg fo};n macl;m;: Health state detection;
purpose start up and machine control g 14 Giaonosis
Signal HF signal injection for  HF/offset signal injection for
injection type  signal excitation solving rank deficiency
. Don’t consume online
Signal . . .
imicction control resources; Consume online resources;
e Don’t affect online control  Affect online control process
effectiveness
process
Identification Hard to simulate actual Identification under real-time
cacticalit online machine states; machine states;
P y Data storage requirement No data storage requirement
any
£
=
3
as)
E
g
(b) Lq under different iy q combinations
Fig. 4 Inductance surfaces for different i;, combinations

3.1 Offline inductance identification

As there is no current in the PMSM under offline

conditions, offline inductance identification can be
achieved using signal injection strategies. Based on the
injected signals, conventional identification methods

can be divided into square-wave and sine-wave
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injection methods.

3.1.1 Square wave injection based methods

The square-wave-injection-based method is the most
commonly used offline inductance identification
strategy. The injected voltage and the induced current
are first applied to achieve the flux linkage estimation,
and then the dg-axis inductances are calculated by the
differential operations of the flux linkage 27291 The
corresponding mathematical equations and block
diagrams are presented in Eq. (4) and Fig. 5.
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Fig. 5 Block diagram of offline inductance identification

strategy based on square-wave signal injection

v, ()= (1, ()~ R, )dt

x=d,q 4
LX (llx) = AWX /Aix

where y,, denote the dg-axis flux linkages. An
inductance identification strategy based on dg-axis
square wave injection was proposed in Ref. [28],
where the amplitude and frequency of the injected
voltages can be adjusted by hysteresis control. The
linear least-squares algorithm was used to improve the
identification accuracy. In Ref. [30], the square wave
injection method was proposed with the rotor position
closed-loop tracked so that the rotation of the rotor
during the signal injection process could be obtained
without the encoder, improving the stability of the
proposed identification method. In Ref. [29], a flux
saturation approximation function was introduced to
simplify the inductance identification procedure with
dg-axis square wave signal injection, where the
identification accuracy was verified by the maximum
torque per ampere algorithm.

High-frequency (HF) square-wave voltage injection
into a two-phase rotating coordinate system was
proposed in Ref. [31]. The dg-axis inductances can be
extracted from the HF (HF) response currents under

both offline and online conditions, improving the
universality of the algorithm. By increasing the
injection frequency of the square wave, the injected
signal becomes a pulse wave that can be used for
inductance identification. An inductance identification
method based on double-direction pulse signal
injection under a rotating shaft system was presented,
in which no additional auxiliary equipment was
required (21,

The square-wave injection-based offline inductance
identification method considers the saturation effects
of the inductance by adjusting the injection amplitude.
3.1.2  Sine wave injection based methods
Recently, the offline inductance identification method
based on sine-wave injection has drawn increasing
attention; its diagram is shown in Fig. 6. The
inductance can be calculated using the frequency and
amplitude of the injected signals, as shown in Eq. (5).
These methods can be further divided into several

different categories based on signal injection
.33
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Fig. 6 Block diagram of offline inductance identification

strategy based on sine wave injection

The dg-axis sine wave signal injection method is
first investigated. In Ref. [26], an injection method
with dg-axis HF sinusoidal voltage injection was
proposed, in which the inductance was estimated
based on the information of the injected voltage and
induced current. To prevent rotor rotation during the
identification process, a d-axis current bias is applied
to fix the rotor position. In Ref. [33], the DC square
wave and AC sine wave combination signal injection
method was applied with or without rotor locking,
which realizes inductance estimation considering the
magnetic saturation and cross-saturation effects. In

Ref. [34], the DC and AC combination signal injection
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method was further investigated, where the injection
amplitude and frequency were selected to improve
identification effectiveness.
To deal with the inverter nonlinearity effect, the
[35]
and the

injection

double-amplitude injection method

double-frequency double-amplitude
method "% based on HF injection have been proposed.
In addition to the dg-axis signal injection methods,
other signal injection strategies with different injection
axes or mixed signal injection have also been proposed
to satisfy different application conditions. In Ref. [36],
an offline inductance identification strategy was
proposed with sinusoidal voltage injection at different
rotor positions. The dg-axis inductance can be

obtained from a spatial inductance map.

u,=Re[U , exp(j(®,t+6,,))]

xh

Iy :Re[lxh exp(j(a)xht + 9,-‘1 )] x=d,q &)
ﬂ:| :&sin(lgﬂ, - Hxi)

a)x lxh x* xh

L = Im{

where u4 4, and iy 4 represent the injected d- and g-axis
HF voltages and currents, respectively. Uggr and I gn
denote the amplitudes of the injected dg-axis voltage
and current, respectively. Re[] and Im[] represent the
real and imaginary parts, respectively. Ogq, and 6,4
represent the initial phase angles of the HF voltage and
current. wgq, denote the injected dg-axis angular
frequencies. This type of method is immune to inverter
nonlinearity by avoiding the influence of the
equivalent resistance.

To consider the saturation effects of inductance,
different PMSM

simulated offline . To satisfy this requirement, the

saturation conditions must be
injected signals must be adjusted several times to
create different dg-axis current conditions where the
identified and

simultaneously B In this case, the complexity of the

inductance is sampled

data computation and storage is inevitably

increased ***7). To solve these problems, data fitting
and interpolation strategies have been proposed [13, 38]
Considering the applied dg-axis signal injection, most
conventional offline methods require an accurate
dg-axis position. Hence, encoder or sensorless control
is essential ****!, Furthermore, the injected signal may
cause motor rotation, which affects the identification

accuracy. To address this problem, motor stability

during signal injection has been analyzed, and
signal schemes have been

modified
]

proposed (28, 30

injection

When motor rotation is allowed, the inductance can
also be identified under the free rotation state in the
offline condition. In Ref. [39], by providing dg current
reference values, the dg-axis flux linkage versus
current curves could be identified under the PMSM
free rotation state. The dg-axis inductances can be
calculated using the dg-axis flux linkages.

Existing offline inductance identification methods
are based on PMSM voltage equations, where the
output voltage is affected by the inverter nonlinearity
should be

compensated in the offline inductance identification
[40-42]

effect. Hence, inverter nonlinearity

process . A comparison of widely used offline

methods is presented in Tab. 2.

Tab.2 Comparison of widely applied offline inductance

identification methods

Contrastive Method in Method in Method in Method in
items Ref. [30] Ref. [33] Ref. [34] Ref. [38]
Signal Square wave  Sine wave Sine wave & HF Sine wave

injection 4 DC current & DC current
nol:l\i]rfgri ¢ Affected by Affectedby  Affectedby  Immune to
effect Y inverter error inverter error inverter error inverter error

Allowable s S Full iy, range Full i,, range

identification  imited fag - Limited dgg " n o ed (with locked
range range
range rotor) rotor)

3.2 Online inductance identification

Although offline methods have made significant
progress in inductance identification, they cannot fully
simulate the actual online PMSM saturation conditions.
Online inductance identification methods have
received increasing attention for further improving
inductance identification technology.

3.2.1 Steady-state voltage equation based methods
The steady-state voltage equations are commonly used
in the online inductance identification, which can be
expressed in several forms, such as in dg-axes and
af-axes. The inductance can be calculated using these
equations under changing operating conditions [43-441,
However, rank deficiency is an essential problem that

[45-46]

must be solved . In addition, cross-coupling

exists between the parameters. Considering the
dg-axes voltage equation as an example, it can be

expressed as
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{ud =Ri,~w,L, i ©

u,=Ri +oL, ., i, +OY,

As the parameters are contained in multiple
components, the working conditions restrict the
application of these identification methods. Meanwhile,
the identification error of one parameter affects the
identification accuracy of the other parameters, owing
to parameter coupling. Several schemes have been
proposed to address this problem.
3.2.1.1

The most intuitive method for reducing the rank of the

Rank reduction strategy for identification method

voltage equations is to fix several other parameters in
the equations until a full rank is achieved. The most
commonly applied strategy for full-rank inductance
identification is to assume constant resistance and flux
41 An

inductance

linkage adaptive synchronization-based

identification method is proposed
considering the torque equation, where the moment of
inertia and flux linkage are assumed to be constant L8],
The resistance was obtained separately to deal with the
rank deficiency, and the identification error was
limited to within 0.14%
method was proposed to make the model full rank, the

identification error of which was within 1% %,

A flux-linkage-free

However, the parameters change with the operating
conditions, which should be considered in inductance
identification ',

To address the above problems, an identification
strategy based on two recursive least square (RLS)
algorithm segments of the fast- and slow-changing
(34531 The identification

model can be of full rank, and the inductance

parameters with the current

identification error can be limited to within 2% 1. To
further improve the effectiveness of RLS-based
inductance methods, optimization algorithms such as
the averaged sliding window and extended Kalman
filter have been applied to reduce the disturbance
influence during the identification process (56581
However, the inaccuracy caused by rank deficiency
cannot be solved thoroughly.

The identification accuracy under rank deficiency
can be improved to some extent by fixing or
classifying the parameters based on fast or slow
changing rates. However, these strategies cannot fully

consider the inductance variation under different

saturation conditions. Meanwhile, the rank deficiency
amplifies the identification error, particularly under
current disturbances caused by the pulsation error,
system delay, and inverter nonlinearity effects. As a
result, identification errors are also evident under
transient operating conditions [59-60]

3.2.1.2 Full rank model using signal injection

Unlike the rank reduction strategy, the increase in the
voltage equations by signal injection is another
method that deals with the rank deficiency [43'45], the
diagram of which is shown in Fig. 7. An inductance
identification algorithm based on the d-axis current
offset injection was proposed to develop another set of
voltage equations, so that the entire voltage
equation-based model is considered full rank, where
the inductance identification error is less than
49 4461621 1n Ref. [63], a g-axis current injection
was adopted, and the identification error was less than
10%. In Ref. [64], an HF square-wave voltage
injection was used and the identification error was

limited to 9.8%.

Steady-state voltage
equations with 4
parameters and 2 equations
are rank-deficient

ug=Rgiy _wel’q_ﬂppfq
ug=Ryig @ Ly gpplat @y

l.(f, q Identification ;.jeliod 1
111 Ig12

Identification period 2 . q
Extra offset /;; in d-axis

) &

! i constructs another set of
steady-state voltage equations

¢ making the voltage equations
full-rank

]
ata ata ~ Parameters
(e} recording recording estimation

] - 2
im |z Hlinj Gz

g1 =Rsigqi— @Ly_appiqi Full-rank voltage equations are
g1 =Rsigl1+ @eLy gppla1+@yy used to identify parameters such
as Ly 4, Ry and y, with the

. . sampled u,
ug12 =Rgig1at @eLg_applaint @y

g2 =Rsig12- @Lq,uppfqu

and i

d.q d, q

Fig. 7 Logic diagram of steady-state voltage-equation-based

methods with signal injection

Because the injected current bias affects the
saturation condition, the amplitude of the injected
current should be set to a small value to reduce the
negative effects 57 However, owing to changes in the
temperature and saturation effects, the parameters are
not constant, making the above algorithms inaccurate.
To further analyze the effect of the injected signal on
the inductance identification, a linear equation was
employed to simulate the saturation effect during
current injection, which can facilitate the estimation of
inductance  variations

induced by magnetic
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saturation ¥, However, the nonlinear characteristics
of inductance cannot be fully considered. Hence, the
effect of the injected signal on the inductance requires
further research and consideration ',

3.2.1.3 Artificial intelligence methods

In recent years, artificial intelligence (Al) algorithms
have been studied to optimize the efficiency of
inductance identification methods 2. Al algorithms
can deal with a large amount of nonlinear data with
autotuning functions and can also be trained to
unknown mathematical models under
In Ref. [66], an

high-performance

simulate
complex operating conditions.
artificial-neural-network-based
speed control system for PMSM was proposed. In
Ref. [67], an immune clonal selection differential
evolution algorithm was applied for inductance
identification. In Ref. [68], the genetic algorithm was
studied for the parameter identification process of a
PMSM under information interference conditions.

In addition to inductance identification, Al-based
algorithms can consider the PMSM states. In Ref. [69],
a particle swarm optimization algorithm (PSO) was
implemented to estimate the parameters, considering
the effect of temperature on the PMSM parameters. To
further improve the convergence speed of the proposed
method under different operating conditions, Al-based
algorithms can achieve good convergence of the
inductance, considering its nonlinear characteristics.
However, these algorithms are still based on voltage
equations, which are inevitably affected by the
aforementioned problems of voltage equation models.
However, Al-based methods are generally complex
and time-consuming, which limits their application.
3.2.2 Transient-state voltage equation based methods
Although steady-state voltage-equation-based methods
have made great progress in inductance identification,
several problems, such as rank deficiency and
coupling between parameters, remain (o Hence, the
identified inductance is affected by possible errors of
other parameters, such as sampling and perturbation
errors. In this case, steady-state voltage equation-based
methods cannot guarantee identification accuracy
under full operating conditions.

Recently, inductance identification methods based
on transient-state

voltage equation have been

investigated to address these issues 70" A detailed

comparison of the steady-and transient-state voltage

equation-based methods is presented in Tab. 3.

Tab.3 Comparison of steady- and transient-state voltage

equation based online inductance identification methods

Contrastive
items

Steady-state voltage
equation based method

Transient-state voltage
equation based method

Physical Fundamental  frequency HF equivalent impedance
model model model
Injected Square wave/offset signal HF Sine wave signal
signal type  injection injection
Application  Inapplicable to specific ~ Applicable to all working
limitation conditions conditions
Application ~ Affected by parameter Not affected by the
robustness  coupling error parameter coupling error

In these methods, HF signal injection is necessary,
is obtained. As the
frequency of the injected HF signal is generally much

and incremental inductance
higher than the motor speed, the transient components
are also larger than the steady components. To
simplify the calculation, steady parts were ignored.
The mathematical formulas and diagrams of the
methods are presented in Eq. (7) and Fig. 8.

uxh ~ Lx in(:dix /dt d
- X=d, 7
ininc = Uxh Sin(eux - eix ) / a)xlxh 1 ( )

| Ud, gh |

id, gh Lur q Rg
—
o——— YY1 ——o

; ; Wy gld ghl
Wy, q[‘d‘ qlcf, gh R.sldﬂ gh d, g'd, ghtd, ¢

(a) Physical model
Fig. 8 Diagram of PMSM transient model

(b) Vector form of model

As shown in Fig. 9, an HF equivalent impedance
model based on the transient-state voltage equation
was proposed in Ref. [10], in which the inductance
was calculated using sine signal injection. In Ref. [18],
the HF sinusoidal voltages are imposed on the of-axis
to identify the d- and g-axis inductances. In Ref. [63],
the difference between the incremental inductance
and apparent inductance was discussed in detail using
the proposed HF model. In Ref. [64], an HF square
injection-based identification method was proposed,
where the inductance can be calculated by the
amplitudes of different sequence components in the
HF current obtained by a fast Fourier transform (FFT).
Except for signal injection, the harmonics of the
pulse-width modulation excitation or current ripples
used for inductance

can be directly

identification "7,
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Transient-state voltage equations

g =Rigyt Ladigp/di=©Lgi gy
corresponding HF signal injection

”qh:R iqh'” Jqdiq/z/ dr+@Lgig,

i Identification Identification
g1 period 1 period 2 |

lq[,! A ,*, A lgh2
0o

)
iant ~ Ap, I ERent dio

The parameter information are
comained in the HF response of
transient-state voltage equations
under signal injection

Uy ™= Rl gpsin(wgt+ 6 g;)+

. Ly, 4 can be calculated by the
gL inclapsin(@gt+ 6gtm2) 01

frequency relationship between
the injected HF signal and the

Ugh ™ RolqrSin( @yt O induced HF response

OyLy_inclgnsin(@yt+ 047+ 1/2)

Fig. 9 Logic diagram of transient-state voltage-equation-based

methods with signal injection

Compared with steady-state voltage equation-based

methods, transient-state  voltage equation-based

methods have advantages in solving the rank
deficiency problem and coupling effect because the
HF transient-state model is independent of the PMSM
operation conditions. This method is immune to
inverter nonlinearity by avoiding the influence of the
equivalent resistance. In conclusion, the transient-state
voltage-equation-based  methods expand  the
application of parameter identification. Using the
transient-state voltage equation-based method, the
identification error can be limited to within 5% and
6% for dg-axis inductance, respectively [} However,
using steady-state voltage equation-based methods, the
identification errors were 10% and 9.8% for Ref. [63]

and Ref. [64], respectively.

4 Inverter nonlinearity self-learning and
compensation of VSI-based inverter

Inverter nonlinearity is a crucial source of errors in
inductance identification. This section reviews inverter

nonlinearity compensation and self-learning methods.
4.1 Inverter nonlinearity compensation

The inverter nonlinearity consists of many parts, such
as the dead-time effect, parasitic capacitance effect,
and voltage drop of the switching devices. As the
main part of inverter nonlinearity in the high-current
region, the dead-time effect has been widely
analyzed [7473] " The dead-time effect can be easily

compensated for by the sign function related to

[40. 44631 g improve the

three-phase currents
compensation accuracy, other inverter nonlinearity
effects should also be compensated. The parameter
function of the inverter nonlinearity is introduced,

accurate
[76]

which can theoretically provide an
description of the inverter nonlinearity effects
Hence, the parameter function can effectively improve
inverter

the accuracy of the nonlinearity

. 77 .
compensatlon[ I However, parameter-function-based
compensated methods require inverter parameters,

which reduces the universality of this method.

{ abcinv (ZabL ) quOﬁab( uqutm (lubL )
abcinv (labc ) - uabcinv (labc )Ts / Udc

ﬂ0~>ab( aﬂOznv (labc )

(®)
where  uggomvy and  ugpoiy denote the inverter
nonlinearity of dg0-axes and af0-axes. Cayo—abe

denotes the coordinate transformation matrices
between abc-phases and dg0-axes. C,po—ape denotes
the coordinate transformation matrix between
af0-axes and dg-axes. T, denotes the PWM period.
U, indicates the DC bus voltage. Tupciny represents the
equivalent dead time compensation.

To further improve the accuracy of the inverter
nonlinearity compensation, the parasitic capacitance
effect should be carefully considered L 781 The
characteristics of the parasitic capacitance effects of
power-switching devices have been analyzed [23, 71
Moreover, it was proven that the parasitic capacitance
mainly affected the three-phase current-switching
process. The equivalent voltage error of the parasitic
capacitance effect and its relationship with the
dead-time effect were introduced wusing the
78 To

address the parasitic capacitance in the inverter

corresponding mathematical relationship
nonlinearity effect, a compensation method based on a
trapezoidal voltage was proposed, which improves the
compensation effect in a relatively small current

[80-81]
range

. In this method, the nonlinear inverter
voltage error is equivalent to the slope function in the
low-current region, which can be described by
minimizing the current harmonics through a fast

Fourier transform %,
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To better describe the parasitic capacitance effect in
inductance identification in the low-current region, a
two-stage inverter nonlinear voltage error fitting
method based on the d-axis ramp current injection was
proposed for inverter nonlinear compensation 40 A
method based on a detailed physical model of a power
converter was introduced using a small set of
parameters, based on which an identification
self-commissioning procedure adopting multiple linear
regression was proposed 21 The application of the
inverter method s

illustrated in Fig. 10.

nonlinearity

compensation

12

o0
T

abe-phase current/A
SRS

SRS

gl s

1 1 1 1
0 /6 2n/3 T /6 4n/3 2n
Rotor position @./rad

Fig. 10 Waveforms of several common inverter nonlinear

compensation methods

4.2 Inverter nonlinearity self-learning

The sign function cannot describe the inverter
nonlinearity characteristics in every aspect 2 This
parameter function is widely applicable to various
controllers. Hence, in recent years, inverter
nonlinearity self-learning methods have been studied.
double

second-order generalized integrator frequency-locked

A self-learning scheme based on a
loop was proposed to achieve adaptive compensation
for the dead-zone effect and minimize current
zero-crossing distortion [ An inverter output voltage
error compensation method was introduced in which
the harmonic component of the current in the
synchronous rotating reference frame can be
minimized ™!, An online inverter nonlinearity effect
post-compensation scheme in a signal-injection-based
sensor-less method was developed by utilizing the
information of the positive-sequence carrier current
distortion .

As illustrated in Fig. 11, the offline inverter
nonlinearity self-learning method has been commonly

(81, 83]

applied , in which the inverter nonlinearity

characteristics under different currents should be
considered. The inverter nonlinearity error can be
measured directly by detecting the inverter
nonlinearity voltage error (54 Since the application of
the test device increases the consumption, inverter
nonlinearity self-learning methods based on signal
injection have been investigated. In Ref. [41], a d-axis
current-injection-based inverter nonlinearity
self-learning method was investigated, and the inverter
nonlinearity voltage error under different currents was
obtained. In Ref. [85], the a-axis DC current injection
based characterization algorithm was proposed for the
inverter nonlinearity compensation, which realizes the
VSI-fed drives

numerical solutions. Meanwhile, an offline inverter

self-commissioning  of without
nonlinearity self-learning method based on a- and
b-phase current injection (c-phase disconnected) was
studied . In the offline self-learning process, a
combination of the identified voltage error and current
information was sampled and stored in a lookup table.
The error voltage of the three-phase inverter can then
be obtained through a coordinate transformation.
Compensation can be achieved using real-time PMSM

41
control 1!,
iy iy
Uy Uy
3 Upd | e I I
Wy | | |
_____ dommnn t T T
i ] | | Iyl
Uy | | | I_YM
SO | o e I
."} : W\f L Ix4 ‘ — Uy — By === Uy
’ iy L2 ! x Sampling point
ttyo| fix0 42— \ | x=abc, dg, o
| 1 1 L L 1
fh 1) 5] 13 Iy In-1 Iy t
Fig. 11 Diagram of the inverter nonlinearity self-learning

process with signal injection

However, existing methods can only be applied
under specific rotor positions, which reduces the
generality of the algorithm. To further improve its
application and accuracy, an inverter nonlinear
self-learning method that considers the zero-sequence
voltage error was studied in Ref. [14], as shown in Fig.
12. Through offline inverter nonlinear self-learning,
the nonlinear characteristics of the inverter can be
considered to improve its accuracy and versatility.
Nonlinear inverter self-learning strategies have been
used in applications such as three-level T-type

[87] [88]

inverters -, multi-level inverters ©, and inverters
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[85]

with faulty units

Fig. 12 Zero-sequence inverter nonlinearity voltage error

versus current and rotor positions

5 Conclusions

This paper presented a detailed overview of
inductance identification methods for PMSM drives.
The methods were classified based on their application
models and algorithms for effective understanding of
the readers. Furthermore, inverter nonlinearity
self-learning methods, which are important error
sources in inductance identification, were reviewed.

However, significant progress has been made in the
inductance identification techniques for PMSMs. To
improve its effectiveness further, there are several
aspects concerning future research trends in
inductance identification.

(1) Conventional identification methods mostly
consider the dg-axis self-inductance. The identification
of PMSM mutual inductance should be further
investigated.

(2) Since inductance identification methods still rely
on signal injection, the effects of the injected signals
on the identification and operation conditions need to
be further studied.

(3) In actual machine control, the values of the
incremental inductance and apparent inductance are
not equal, which should be considered in PMSM
control.

(4) An effective control algorithm upgrade based on
the identified inductances and inverter nonlinearity

information should be investigated.
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