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Coupling and Saturation Effects
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Abstract—Existing online parameter identification methods of
permanent magnet synchronous motors (PMSMs) are generally
based on the voltage equations, the precision of which is affected by
the cross coupling and magnetic saturation effects. In order to deal
with this issue, a virtual-rotary-axis high-frequency signal injection
based online parameter identification method is proposed in this
article, where the cross coupling and magnetic saturation effects
on the traditional dg-axis model are analyzed. On this basis, an
optimized voltage model under the composite magnetic field rotary
axis is introduced. In the proposed method, the cross-coupling
angle and the dg-axis inductances can be identified by injecting the
high-frequency signal into the constructed virtual rotary axis. In
addition, the complex Simpson integral algorithm is adopted to ob-
tain the information of the incremental and apparent inductances.
Finally, the permanent magnet flux linkage can be estimated based
on the composite magnetic field rotary axis voltage equations. The
effectiveness and feasibility of the proposed method are verified by
the experiments on a 2.2-kW PMSM drive.

Index Terms—Cross coupling effect, inductance identification,
magnetic saturation effect, permanent magnet flux linkage identi-
fication, virtual rotary axis injection.

1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have

drawn increasing attention due to their good controllability,
high efficiency, and excellent power density [1], [2], [3], [4].
In recent decades, many advanced control schemes have been
proposed to meet the various application requirements. Most of
these schemes strongly rely on the accurate motor parameters
under different operation conditions. Generally, the PMSM pa-
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rameter can be obtained by the online or offline identification.
Among them, the online parameter identification estimates the
real-time electrical parameters such as stator inductance and
permanent magnet flux linkage, which is important for the
control performance improvement as well as the health monitor-
ing and fault diagnosing. In recent years, the online parameter
identification methods of PMSM are mostly developed under the
dg-axis, which can be further classified into two main categories,
the signal injection based methods and the nonsignal-injection
based methods.

In the signal injection based methods, the injection schemes
can be divided into the rotor position offset injection, the high-
frequency signal injection, and the d-axis direct current injec-
tion. On the one hand, the specific parameter could be identified
independently through the signal injection [5]. In [6] and [7],
rotor position offsets were injected as the disturbance signal
to estimate the permanent magnet flux linkage. For reducing
the influence of signal injection, dg-axis inductances can be
estimated by the small-amplitude high-frequency voltage signal
injection based equivalent impedance model [8]. On the other
hand, the d-axis direct current was injected to construct multiple
motor states, which could make dg-axis voltage equations reach
full rank [9], [10], [11], [12], [13], [14]. Then, the parameter
identification can be realized by the convergence algorithms,
such as Gauss—Newton iteration [9], recursive least squares
(RLS) [10], [11], or dynamic particle swarm optimization [12].
In addition, the permanent magnet flux linkage online can also
be estimated by injecting the zero-voltage vector where the
voltage equations of injection period and field oriented control
(FOC) period were combined [15]. In sum, the signal injection
based methods generally rely on the ideal dg-axis voltage equa-
tions, which did not give the full consideration of the nonideal
factors, such as the cross coupling and magnetic saturation
effects.

As for the nonsignal injection based methods, the degenerate-
rank of dg-axis voltage equations is the main problem to be
solved, which is generally dealt with by obtaining the partial
motor parameters in advance. The ways of obtaining the partial
parameters in advance are as follows: setting the fixed values,
offline measurement, or adding temperature sensor [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25]. Then, the param-
eters can be identified by the full-rank voltage equations. To
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further improve the precision, some repeated iteration method
is applied, such as the two time-scale affine projection algo-
rithms [16], the two time-scale RLS [17], [18], and the Popov
hyperstability theory [19]. In order to reduce the pulse width
modulation cycles required for online parameter identification,
the dg-axis inductances [23], [24] and permanent magnet flux
linkage [25] can be identified according to the motor opera-
tion information in each PWM cycle. However, the nonsignal
injection based methods still utilize the ideal dg-axis voltage
equations, where the parameter identification errors caused by
cross coupling and magnetic saturation effects are not taken into
account.

Different from the ideal dg-axis voltage equations [26], [27],
[28], [29], [30], there exist the cross-coupling and magnetic
saturation effects in the actual PMSM drive system, which lead
to the mutual inductances and the difference between the dg-
axis incremental inductances and apparent inductances. What is
more, the motor parameters change with the saturation degree of
the PMSM due to the magnetic saturation effect. However, most
of the online parameter identification methods based on the ideal
d-q axis voltage equations ignore these nonideal factors, which
lead to the parameter identification errors. These nonideal factors
were considered in partial parameter identification researches.
In [31] and [32], the «/3-axis voltage equations were used to
deal with the cross-coupling effect. In [5] and [7], the influence
of magnetic saturation effect on motor parameters identification
was considered. However, the nonideal factors were not com-
prehensively analyzed. At the same time, most of them rarely
consider the permanent magnet flux linkage identification under
different load cases. Therefore, the research about the influence
of the cross coupling and magnetic saturation effects on the
PMSM online parameter identification need to be investigated
further.

In order to solve the identification error caused by the cross
coupling and magnetic saturation effects, this article proposes
a virtual-rotary-axis high-frequency signal injection (VHEFSI)
based online parameter identification method. First, the influ-
ence of the cross coupling and magnetic saturation effects on
the dg-axis model is analyzed. On this basis, an optimized
voltage model under the composite magnetic field rotary axis
is established considering the influence of cross coupling effect.
By injecting high-frequency voltage signals into the constructed
virtual rotary axis, the incremental inductances and position
of the composite magnetic field rotary axis can be identified
online. Meanwhile, the complex Simpson integral algorithm is
adopted to obtain the information of incremental and apparent
inductances. Finally, the permanent magnet flux linkage can be
estimated based on the composite magnetic field rotary axis
voltage equations.

The main contributions of this article are summarized as
follows.

1) The proposed VHFSI based online parameter identifica-
tion method is used to scan the inductances of all rotor po-
sitions in PMSM, achieving the synchronous acquisition
of the incremental inductance and apparent inductance
at composite magnetic field rotary axis. Compared with
the traditional inductance identification method based on
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high-frequency signal injection [4], [8], the proposed in-
ductance identification method fully considers the cross
coupling and magnetic saturation effects. In addition, the
proposed method can avoid the identification errors caused
by the nonideal factors such as the inverter nonlinearity,
filter delay, and parameter mismatch.

2) The cross-coupling angle can be identified online by con-
structing S curve based on the position difference between
dg-axis and virtual rotary axis, so as to determine the posi-
tion of composite magnetic field rotary axis. The proposed
method can effectively solve the mutual inductances of
PMSM voltage equations.

3) The influence of magnetic saturation effect on permanent
magnet flux is innovatively studied. The permanent mag-
net flux linkage under different load cases can be estimated
based on the composite magnetic field rotary axis voltage
equations whose identification precision can be improved.

The rest of this article is organized as follows. In Section II,

the PMSM model considering the cross coupling and magnetic
saturation effects is analyzed. Then, the VHFSI based online
parameter identification method is presented in Section III. Ex-
perimental results are provided in Section I'V. Finally, Section V
concludes this article

II. ANALYSIS ON PMSM MODEL CONSIDERING CROSS
COUPLING AND MAGNETIC SATURATION EFFECTS

A. Analysis of Cross Coupling Effect on the dq-Axis Model

Considering the cross coupling effect, the dg-axis stator flux

linkage can be expressed as
|:"/)d:| _ |:Ld_app qu_app:| |:Zd:| + I:q/)fil 1)
Yq Lada_app L app | |%q 0
where 14 and 1) are the dg-axis stator flux linkage, Lq_app,
Ly_apps Ldq_app> and Lgd_app denote the dg-axis apparent self
inductances and the apparent mutual inductances, ¢ is the
permanent magnet flux linkage, iq and i, are the dg-axis stator
current components, respectively.
As can be seen from (1), the differential of dg-axis stator flux

linkage can be calculated as
qu inc d id
=, 2
Lq_inc dt |2q @

g |:wd:| _ |:Ldinc
dt wq N qu_inc

where Ly _inc, Lq_inc> Ldg_inc» and Lqq_inc are the dg-axis incre-

mental self inductances and mutual inductances, respectively.

As shown in (1) and (2), the cross coupling effect leads to
the existence of mutual inductances between dg-axis. Due to
the nonlinear relationship between the dg-axis flux linkage and
current caused by the magnetic saturation effect, there is the nu-
merical difference between the dg-axis incremental and apparent
mutual inductances. Furthermore, there is the cross-coupling
angle 0. between the air-gap composite magnetic flux linkage
and the permanent magnet flux linkage direction.

Fig. 1 shows the corresponding simulation results of PMSM
cross coupling effect in (1) and (2), in which the dg and the
d"-g"-axis denote the permanent magnet field rotary reference
frames and the composite magnetic field rotary reference frames,
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Fig. 1. Effect of cross coupling for PMSM. (a) 6. under iq = 0, iq = 0.
(b) Oc under iq = 0, iq = in. (¢) O under different load cases.

¥e

Fig. 2. PMSM reference frames considering cross coupling effect.

respectively. As shown in Fig. 1(a) and (b), the g-axis armature
reaction causes cross coupling effect, which manifests 6. be-
tween d-axis and d"-axis by redistributing the magnetic field of
yokes. As can be seen from Fig. 1(c), 6. is 0 when the g-axis
current is 0. With the increase of g-axis current or the decrease
of d-axis current, the absolute value of 6. increases.

The PMSM reference frames considering cross coupling ef-
fect are shown in Fig. 2 where the a/f3-axis denote the sta-
tionary reference frames. The d"-axis is in the same direc-
tion as the composite magnetic flux linkage, while the ¢"-
axis is perpendicular to it. There is no mutual inductance,
which means there is theoretically no cross coupling between
the d"-q"-axis.

Furthermore, considering the cross coupling effect, the stator
voltage equations in the dg-axis can be expressed as

Uq | 1q Ly inc Laginc | d [ia
=Rs|.7 | + — .
Uq 1q quﬁinc quinc dt |2q
—L 1 0
Laq app | [iq Uy
where uq and u, are the dg-axis stator voltage components,
R, denotes the stator resistance, and w, denotes the electrical
angular velocity.

The incremental and apparent mutual inductances exist in the
dg-axis voltage equations considering the cross coupling effect.
Since these nonideal factors are not considered in the traditional
dg-axis voltage equations, the precision of parameter identifica-

tion is affected. According to (3), the inductance identification
error without considering the cross coupling effect [4], [8] can

—L d_aj
+ wWe qd_app
[ Ld_app
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be expressed by
- 2
P Laine—Laine _  Ligine
d_inc = L_inc " L incLq inc (4)
e _ Lq_incfi/q_inc — qu_inc
q-nc Lq_inc Ld_inc Lq_inc

where €q_inc and e4_in are the d-axis and g-axis incremen-
tal self inductances identification errors caused by the cross
coupling effect, and ﬁq_im denote the actual d-axis and g-axis
incremental self inductances identification value, respectively.

The error of cross coupling effect is also verified by the
experiments.

Moreover, the precise acquisition of the maximum torque per
ampere (MTPA) and maximum torque per flux (MTPF) curves
and the extension of torque-speed curve are closely related to the
magnetic saturation and cross coupling effects [36], [37]. The
corresponding experiments are presented in Section IV.

B. Analysis of Magnetic Saturation Effect on Permanent
Magnet Flux Linkage

The permanent magnet flux linkage is not only related to the
rotor temperature, but also affected by the magnetic saturation
effect, which is rarely studied.

The demagnetization curve of the permanent magnet shown
in Fig. 1 can be expressed as

(bm = ¢r - AOFm (5)

where ¢,, and ¢, are the total magnetic flux per pole and
the virtual intrinsic magnetic flux, respectively, Ay denotes the
internal magnetic conductivity of the permanent magnet, Fy, is
the magnetic motive force in the external magnetic path. For the
given permanent magnet performance and size, ¢, and A, are
both constant.

The main magnetic flux, leakage magnetic flux and total
magnetic flux in the external magnetic path can be written by

05 = 61 — 6 = (Fn — F2) As = (B — Fu) poAs |

(v
o Fe i)
Om = Qs + ¢q

where ¢s, ¢o, ¢, and ¢, are the main flux, the leakage flux,
the flux of the permanent magnet interlinked with the stator
windings, and the armature flux generated by the armature
magnetomotive force, F, is the armature magnetomotive force,
As and A, are the permeance of main magnetic path and leakage
magnetic path, A5 and A, are the effective cross-sectional areas
of the main magnetic path and the leakage magnetic path, Iy,
lgo, lts, and Iy, are equivalent air gap lengths and ferromagnetic
material lengths of main magnetic path and leakage magnetic
path, p,¢5 and pi.¢, are the core relative permeability in the main
magnetic path and leakage magnetic path, respectively.
According to (5) and (6), the operating points of PMSM per-
manent magnet under different load cases, as shown in Fig. 3, can
be obtained. The point, where the ¢, curve intersects with the
®5+¢, curve, is the operating point of the permanent magnet.
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Fig. 3. Operating points of PMSM permanent magnet under different load
cases.
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Fig.4. Simulation results of PMSM magnetic saturation effect under different

load cases. (a) iqg = 0, iq = 0. (b) iq = —in, iq = 0. (¢) ig = in, iq = 0.

Combined with the ¢¢ curve, ¢, can be obtained. Furthermore,
the product of ¢,, and the turns of stator winding is .

The three operating points a, b, and ¢ in Fig. 3 correspond
to the load cases, where F, is 0, demagnetization and mag-
netization, respectively. As the demagnetization effect of F,
increases, the relationship among a, b, and ¢ is Fip, < Fpa<
Finc. In addition, F, acting as demagnetization will lead to
the increase of the ferromagnetic materials permeability. Thus,
the relationship of ¢; at three operating points a, b, and c is
Ot <dfa <@m,. That is, ¢¢ is positively correlated with the
demagnetization effect of F,.

The simulation results of PMSM magnetic saturation effect
are shown in Fig. 4, the load cases of which correspond to the
three operating points a, b, and ¢ in Fig. 3, respectively. As can
be seen in Fig. 4, v¢ increases with the increase of the weak
magnetic current.

C. Optimized Voltage Equations Under Composite Magnetic
Field Rotary Axis

Due to the nonideal factors, the dg-axis parameters number
increase, and the permanent magnet flux linkage is affected by
the saturation degree of magnetic path. Therefore, the composite
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magnetic field rotary axis voltage equations of PMSM are es-
tablished in this part to consider the influence of cross coupling
and magnetic saturation effects.

The dg-axis incremental and apparent inductance matrix
shown in (1) and (2) satisfy the following conditions: 1) The di-
agonal elements of the inductance matrix are equal, respectively.
2) The elements in the inductance matrix are all greater than 0.
Therefore, the dg-axis incremental and apparent inductance
matrix can be seen as the positive semidefinite matrix. Hence,
there must be an angle, 6. in this case, that converts the dg-axis
inductance matrix into the d"-¢"-axis diagonal inductance matrix
through rotation coordinate transformation T'qq—darq» (6c) [341,
which is

Tangraa (0) [LL; Lﬁf;"j] Taq range (60)

= |:Lan_inC Lq?_im} o
S e LRI

- |:Ldrb app quapp} ®

where Lgn_inc and Lqy_inc are the d"-g"-axis incremental self
inductances, Lqy_app and Lgy_app denote the d"-g"-axis appar-
ent self inductances, respectively. The mutual inductances in
the inductance matrixes are eliminated by the proposed rotation
coordinate transformation, as shown in (7) and (8).

According to (3), (7), and (8), the d"-¢"-axis voltage equations
of PMSM can be obtained as

Udn Idn Lan_inc 0 d Idn
=Ry |. - — .
an} an} - { 0 aninc} dt an}

0 _an_app:| I:Z:dn:| + We |:—wa1119‘3:|

Ldn_app 0 Lqn 1/}f0059C
)

where iy, iqn, Udn, and ugy, are the d"-g"-axis stator current and
voltage components, respectively.

As shown in (8), the proposed d"-¢"-axis voltage equations
contain only the self inductances. The combination of d"-¢"-axis
voltage equations and VHFSI can further realize the accurate
parameters identification, which is introduced in detail in the
following sections.

—i—we[

III. VHFSI BASED ONLINE PARAMETER IDENTIFICATION
METHOD FOR PMSM DRIVE

A. Online Inductance Ildentification at Virtual Axis

In order to accurately obtain the d"-¢"-axis PMSM parameters
under different saturation conditions, this article proposes a
VHEFSI based online parameter identification method whose
block diagram is shown in Fig. 5. The d"-q" virtual rotary axis
is constructed, as shown in Fig. 6.

During parameter identification, the rotation frequency dif-
ference between dg-axis and the constructed d”-q"-axis, that
iS we—wqy, 18 kept constant. After injecting high-frequency
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Block diagram of the VHFSI based online parameter identification

Fig. 6. Schematic diagram of virtual rotary axis.

sinusoidal voltage signal, the d"-¢"-axis high-frequency voltage
is as

|:udvh:| _ [UdthOS (wWavht + Qudvh) (10)

Uqgvh 0

where Ugyh, Wdvh, and ouqvn are the amplitude, frequency, and
phase of the high-frequency sinusoidal voltage signal injected
into the d"-axis, respectively.

Through the rotation coordinate transformation, the d"-¢"-
axis voltage equations can be obtained from (9), which can be
expressed as

Udy | __ idy ) g igy idy
|:qu:| = R |:iqv:| + quv_mc dt |:qu:| +wequv_aPP |:iqv:|

(1)

cosf.cos,, — sinf.sinb,,

+ we'(/)f l:

—sinf.cosf, — cosb,. sinﬁn]

quv_inc =

Lcln_inccoS2 On+ an_inc sin? O (Ldn_inc - an_inc) sinf,cosf,
(Ldnfinc - anfinc) sinfy,cosfy, Ldnﬁinc sin? On+ anfincco82 0
(12)

(Lgn_app — Lan_app) sinfy,cosb;,

-9 2
—Ln_appSin“th, — Lgn_appcos“ty

quv_app = ( 1 3)

2 .9
LdnﬁappCOS On + aniappSIIl 0,
(Lan_app — Lan_app) sinfncosb;,

where 6, is the position difference between d"-q" and d“-q"
axes, Laqv_inc and Lqqy_app are the d”-g"-axis incremental and

5795

2 1.2

Ldnjnccos 6 + anjmsm A : :
- 1
1 A 1
: Udvh :
— 1 Y 1
I ; |

_ i | vk
o, (Lq“ ap ~ L app)smﬁncosﬁn R, !

e

Fig. 7.

d"-axis high-frequency equivalent circuit.

apparent inductance matrices, gy, Uqgy, idy, and iqy are the d’-
q"-axis stator voltage and current components, respectively.

Since the high-frequency signal only exist in the d"-axis, the
expression of the high-frequency current response signal can be
obtained from (10) to (13) as

. U,
Tayh = :V: €08 (Wayht + Pidvh) (14)
Zon = (Rs + we (Lgn_app — Lan_app) sint9nc0s0n)2

+win (Lan_inc€0s26y + Ln_incsin?6,) 2
(15)

2 i 02
Wdvh (Ldn_inccos gn + an_incSH1 911)
= arctan

Pudvh — Pidvh -
Ry + we (Lgn_app — Lan_app) sindncosby,

(16)

where @iqyn 1S the phase of d'-axis high-frequency current
response signal, Zg,, denotes the impedance at the d'-axis
injection frequency wqyh, Which includes the equivalent re-
sistance and equivalent inductive impedance shown in (15),
Pudvh—®idvh 18 the d'-axis impedance angle, which is the
phase difference between the d"-axis high-frequency voltage and
current.

According to (14)—(16), the d"-axis high-frequency circuit can
be equivalent to the resistance and inductance in series, as shown
in Fig. 7. There is the phase difference between high-frequency
voltage and current. In addition, since the inductance changes
with the rotor position, the amplitude of the high-frequency
current response changes accordingly. Furthermore, the ampli-
tude and phase of d"-axis high-frequency sinusoidal voltage and
current signal can be extracted by the discrete Fourier transform
(DFT), where the d"-axis inductance identification value can be
obtained as

Uah .
Ly = 7 S0 sin (Pudvh — Pidvh)
dvhWdvh
_ Ldnfinc ; anﬁinc COSQQH + Ldnﬁinc ;‘ anfinc ) (17)

It worth mentioning that the VHFSI based online parameter
identification method is not affected by the inverter nonlinearity.
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Fig. 9. Schematic diagram of online cross-coupling angle identification
method.

For high-frequency signal injection, the inverter nonlinearity is
generally equivalent to the resistance. As shown in (17), the
resistance and inductance can be decoupled by considering the
phase of high-frequency voltage and current, thus improving the
accuracy of inductance identification.

In Fig. 6, there is the fixed difference between the rota-
tional frequencies of d"-¢"-axis and d"-q"-axis, which is 6,
= (We—wqy)t+0.. Thus, the d"-axis inductance at any rotor
position can be obtained from (17). The curve of L4, as 6,
varies schematic diagram can be obtained shown in Fig. 8. The
lowest point and the highest point of Ly, curve correspond to
Ly _inc and Lqy, iy, respectively, and the frequency of Ly, curve
i8S (We—way)/T.

The operation frequency of DFT used for Ly, identification
is the same as the injected high-frequency voltage signal. The
number of Ly, points calculated by DFT in each cycle Ly, curve
is

No — Wavh /2T Wayh
av = =
(WC - de)/Tr 2 (wc - de)

(18)

where Ny, is the number of Ly, points calculated by DFT in
each cycle Lgy curve.

According to (18), when wqyy, remains unchanged, Ny, de-
creases and Ly, curve frequency increases with the increase of
we—wdy, Which will affect the identification speed and precision
of Lan_inc and Lgn_inc. Therefore, the selection of wq, should
guarantee both the convergence rate and the accuracy. In this
article, wqy = (we+2m)rad/s is selected, where the difference
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tance conversion based on complex Simpson integral method solving stator flux
linkage.

between the rotational frequencies of d"-g"-axis and d'-g"-axis
can be selected as 1-5 Hz.

It should be noted that, since BPF and DFT are applied in the
proposed method, as shown in Fig. 5, the delay of which should
also be considered to improve the identification accuracy. For the
delay of BPF, it can be reduced by properly setting the bandwidth
of BPF. For the delay of DFT, its delay is fixed and small which
can be directly compensated online.

B. Online Identification of Cross-Coupling Angle

For achieving flux linkage identification under d"-¢"-axis, it is
necessary to realize the identification of the d"-¢"-axis position
in addition to the identification of d"-g"-axis inductances. In
this part, a cross-coupling angle identification method based on
sinusoidal signal reconstruction is proposed.

The above Lg, curve contains not only the d"-¢"-axis induc-
tances information, but also the d"-g"-axis position information.
The d"-axis and ¢"-axis positions correspond to the phases of the
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Fig. 15. Experimental results of the proposed VHFSI based online inductance
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TABLE I
IPMSM PARAMETERS

Z 1670 iy A—> Lun ¥ Ly nc¥ 3000min | !
E : : i : v ! Parameter Value Parameter Value
= | o i Rated Power 2.2kW Resistance 2.82Q
’*E | | | i | Rated Speed 1000r/min d-axis inductance 35.0mH
| : : : ! E: ! E Rated Frequency 50Hz g-axis inductance 64.0mH
N | | | IH i R YT Rated Current 5.6A Flux linkage 0.800Wb
Z ! A i Rated Torque 2IN'm Number of Pole Pairs 3
=5 I I H Vil f
S ARRAEARRS i 1
< I [ I I e R '
-5 I [ R o I B !
Noloadl 2% | 50% 75% 1 100% N w=30mrad/s ! E d ; 1 f the L ivel
© 08¢ 1ated loadyrated loadjrated load) rated load N ] ! minimum and maximum values of the Lqy curve respectively,
Time (10s/div) Time (200ms/div) which need to be determined by the dg-axis positions.
In PMSM drive system, 6, can be obtained by position sensor
(a) or position observation algorithm, where the d"-¢"-axis position

can be determined by obtaining f.. As shown in Fig. 9, the
trigonometric waveform can be constructed from the position
difference between d'-g'-axis and dg-axis, which can be ex-
pressed as

=0 iy ALy ¥ Lon ¥ 600/min |

Ly'(40mH/div)

Ul

S = —c082 (0o — Oay) = —c082 (We — way) t (19)

)

A/div
Wy

where 04, is the d"~axis position.

Then, the phase relationship between curve Lq" and S, as
shown in Fig. 9, can be obtained from (17) and (19). The phases
of L4y curve and S curve can be obtained by DFT as 04, and
s, respectively. The phase difference between Ly, curve and
(b) reconstructed waveform is the cross-coupling angle 6., which
can be expressed as

I
o d: 25% | osow |o7s% 1 100%
ooa [rated load yrated load rated load rated load

Time (10s/div) Time (200ms/div)

ii(10

Fig. 14.  Experimental results of the proposed VHFSI based online inductance
identification method under iq = 0 A. (a) 300 r/min. (b) 600 r/min. 0. =05 — Oray. (20)
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Fig. 17. d"-¢"-axis online identification results of incremental inductances
and apparent inductances conversion results of PMSM. (a) d"-axis. (b) ¢"-axis.

Fig. 10 shows the flowchart of online cross-coupling angle
identification method. By constructing the virtual rotary d"-
q’-axis, the inductances of all rotor positions are scanned and
identified through VHFSI, so as to obtain the Lg, curve online.
At the same time, S curve is reconstructed from the known
positions of dg and d"-g"-axis. The phase difference between
the Lq,, curve and the reconstructed S curve is the cross-coupling
angle. Thus, the exact position of the d"-¢"-axis can be obtained.

C. Inductance Transformation and Permanent Magnet Flux
Linkage Identification

In steady state, Lan_app and Lgn_app are used for the flux
linkage identification under d"-¢"-axis shown in (9). Therefore,
the identified Lqy,_inc and Lqy_inc need to be transformed into
Ly _app and Lqy,_app. In this part, an inductance transformation
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Fig. 18.  d"-¢"-axis incremental inductances online identification results error
of PMSM. (a) d"-axis. (b) ¢"-axis.

method based on complex Simpson integral method solving
stator flux linkage is proposed.

The relationship of d"-¢"-axis incremental inductances and
apparent inductances can be expressed as

Ly ine = diby/dix
e = W/ o g @n
Lx_app - wx/zx
where 14, and ¢, are the d"-¢"*"axis flux linkage by the d"-axis
and ¢"-axis current excitation, respectively.

Then, (21) can be transformed as [35]

ix .
fO ’ Lx_inc dzx

; x=d"q" (22)

Lx_app =

where i, is the current at the point of working condition to be
calculated.

Here, the complex Simpson integral method is used to nu-
merically quadrature 1/ of the required operating condition, by
which the d"-q" apparent inductances are obtained online.

Fig. 11 shows the Simpson integral method for the inductance
conversion. In order to obtain the g"-axis apparent inductance
Lan_app(idns, iqns), the integral interval (0, iyns) is divided into
n equal parts. The length of each subinterval is hgy,. In the
subinterval (iqn, iqn(k+1)), the three Lyn_ine online identifica-
tion points corresponding t0 iqnk, iqn(k+1), and their midpoint
iqn(k+1/2) are substituted into Simpson formula to obtain the
integral value. Then, by summing the integral values of all
subintervals as the approximate values of 14, under iqns and igns
condition, Lqn_app(idns, iqns) can be obtained. The expression
of Lqn_app(idnss igns) based on the complex Simpson integral
method is

anfapp (idnm Z’qns) = %anfinc (idn57 Z'qns)
h n—1
+ % Z an_inc (idnsa ian)
k=1
20 n—1
+ % Z an_inc (idnsu iqn(k+1/2)) .
k=0

(23)
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Fig.22.  Online identification experimental results of PMSM permanent mag-
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Similarly, the expression of Lgn_app(idns,iqns) based on
complex Simpson integral method iqps and iq,s condition is

hdn . .
7Ldn_inc (ZdnSa ans)

Ldn_app (idnSa iqns) = 6

h N n—1 ‘ .
+ ; Z Ldn_inc (ZdnS7 ank)
k=1
th n—1
+ 3 = Z Ldn_inc (idnsa z-qn(k—&-l/Q))

k=0
(24)

where hqy, is the subinterval length after dividing the integral
interval (0, i4y5) into n equal parts.

On the basis that the d"¢"-axis position and apparent induc-
tances have been obtained by the abovementioned method, the
d"-g"-axis calculation formula of permanent magnet flux linkage
in steady state can be obtained from (9), which can be expressed
as

V=

. L \2 . . \2
\/(udn - Rden FWwe an_applqn) + (uqn - Rslqn - Ldn_appzdn)

We

(25)

According to (9) and (25), the mutual inductances term in
permanent magnet flux linkage identification can be dealt with
by using d"-¢g"-axis voltage equations.

IV. EXPERIMENTAL RESULTS

The proposed VHFSI based online parameter identification
method is verified on the experimental platforms, as shown in
Fig. 12. The parameters of the test PMSM are listed in Table I.
The PWM carrier frequency is set as 6 kHz. The corresponding
algorithm is realized by STM32F103.

Fig. 13 shows the experimental results of the dg-axis in-
cremental self inductance identification errors caused by cross
coupling effect, where the inductances identification method
is consistent with [4] and [8]. According to the experimental
results, the maximum inductance identification error caused by
the cross coupling effect can reach 2%, while the maximum
inductance identification error in [4] and [8] is 6%. Under the
heavy load condition, the accuracy of inductance identification
can be significantly improved if the cross coupling effect is fully
considered.

Figs. 14-16 show the experimental results of the proposed
VHFSI based online inductance identification method under dif-
ferent working conditions, where the load changes from no-load
to 100% rated load with 20% rated load interval. As shown in the
results, the rotation frequency of the constructed virtual axis is
settobe 1 Hz different from the operating frequency of the motor.
In the experimental results, the inductance curves frequency
obtained under different working conditions is 2 Hz, where the
identification speed and accuracy of the inductance curves are
taken into account. At the same time, the high-frequency voltage
injected in the d"-axis is selected as 500 Hz.
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Taking Fig. 14 as an example, the maximum value and
minimum value of the obtained Lg4, curve are the Lqy_inc and
Lan_inc respectively. Under the condition of iy = 0 A, with
the increase of load, both Lyy,_inc and Lqy_inc decrease due to
magnetic circuit saturation. When the load increases from no
load to 100% rated load, Lyn_inc decreases from 60.3 to 50.4
mH and Lg,,_;nc decreases from 52.4 to 45.3 mH. Moreover, the
inductance identification results are not affected by the speed,
in which the proposed method shows strong robustness.

According to Fig. 17, the L"_i,c and Lq"_j,,c surfaces under
different load cases can be directly obtained from the exper-
imental data shown in Figs. 14-16. The Ly"_.pp and Lq" _app
surfaces can further be obtained by the proposed complex Simp-
son integral based inductance transformation method and the
Ly"_inc and Lq"_j,,c surfaces. As can be seen in Fig. 17, there
are differences between d"-¢"-axis incremental inductances and
apparent inductances under different dg-axis current combina-
tion. In addition, the inductances used in permanent magnet
flux identification in (25) are the apparent inductances. The
conversion results of apparent inductance for permanent magnet
flux identification fully consider the cross coupling and magnetic
saturation effects in the actual motor system.

By comparing the d"-¢"-axis online inductances identification
results with the finite element simulation results, the d"-¢"-axis
incremental inductances online identification results error of
PMSM, as shown in Fig. 18, can be obtained. According to
Fig. 18, the d"-¢"-axis incremental inductances identification
error is within 8%. The effectiveness and feasibility of the
proposed online identification method can be further verified.

Figs. 19 and 20 show the experimental results of online
cross-coupling angle identification under different speeds. Tak-
ing Fig. 20 as an example, the average phase difference between
Scurve and Ly is 0.9° when ig = 0 A and no load. However, it is
7.6°whenig =0 A and 100% rated load. The cross-coupling an-
gle can be effectively identified online by the proposed method,
the results of which are shown in Fig. 21. As shown in Fig. 21,
the cross-coupling angle increases with the increase of g-axis
current and the decrease of d-axis demagnetization current.
Accordingly, the position of d"-g"-axis is determined.

The online identification experimental results of PMSM per-
manent magnet flux in d"-g"-axis are shown in Fig. 22. The
identification results of permanent magnet flux linkage obtained
by the proposed method are approximately similar to the name-
plate value. With the increase of the flux-weakening current, the
online identification results of permanent magnet flux linkage
increase from 0.782 Wb to 0.807 Wb, which is consistent with
the theoretical analysis result in Section II-B.

To prove the usefulness of the proposed method further in
practice, the identified parameters are used in the PMSM con-
trol strategy, where the corresponding experimental results are
shown in the Figs. 23 to 24. Fig. 23 shows the experiment results
of MTPA and MTPF control with and without considering
cross coupling and magnetic saturation effects. According to
the experimental results shown in Fig. 23(a), the difference of
MTPA curves with and without considering cross coupling and
magnetic saturation effects becomes larger with the increase
of load torque. According to the experimental results shown in
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Fig. 23(b) shows the MTPF control experiment results with and
without the magnetic saturation effect, the MTPF curve cross
coupling and magnetic saturation effects is closer to the real
MTPF curve.

Fig. 24 shows the torque-speed curves of PMSM with and
without magnetic saturation effect. It can be seen from the
comparison that the control accuracy of PMSM can be improved
by considering magnetic saturation and cross coupling effects.
What is more, the torque-speed envelope is also expected. The
effectiveness and feasibility of the proposed method can be
further verified.

V. CONCLUSION

In this article, a novel VHFSI based online parameter identifi-
cation method has been proposed. By injecting high-frequency
voltage signal into the constructed virtual axis, the d"-¢"-axis
incremental inductances surface and position of PMSM have
been accurately identified online. Furthermore, the apparent
inductances surface has been obtained by the complex Simpson
integral method. Compared with the traditional method, the
cross coupling and magnetic saturation effects have been fully
considered in the proposed method. Meanwhile, the permanent
magnet flux linkage has been accurately identified, where the
influence of the magnetic saturation conditions has been fully
considered. The proposed parameter identification method can
accurately identify the parameters of PMSM under different
saturation, which is suitable for the motor drive system with
and without position sensor.
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