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Abstract—This paper proposes a method for online
estimating the rotor flux linkage and voltage source inverter
(VSD) nonlinearity of permanent magnet synchronous machine
(PMSM) drives. Thermocouples are employed for measuring
the temperature variation of the stator winding in order to
obtain the actual value of stator winding resistance. An Adaline
estimator is used for online estimation of distorted voltage (V..1)
due to VSI nonlinearity. Both are subsequently used for the
estimation of the rotor flux linkage. The proposed method is
experimentally validated on a PMSM drive system and shows
good performance in tracking the variation of rotor flux linkage
and compensating the VSI nonlinearity.

Index Terms—Nonlinearity compensation, parameter
estimation, PMSM, rotor flux linkage, voltage source inverter

I. NOMENCLATURE

R Stator winding resistance ().
L4 L, dg-axis inductances (H).

W Rotor flux linkage (WD).

Ug, Uy Actual dg-axis voltages (V).

Actual dg-axis currents (A).

Stator abc phase currents (A).

Denotes a variable specified by PI regulator.
n Denotes an estimated value.

Ig, I

ias: l.bsa ibs
*

u,”, uq* dg-axis reference voltages measured from PI
regulators (V).

Vm Estimated rotor flux linkage (Wb).

Vdead Distorted voltage due to inverter nonlinearity in
dg-axis reference frame (V).

w, 0 Electrical angular speed (rad/s) and rotor position
(rad).

y Angles between current vector and g-axis (rad).

Dd,Dg  Functions of 6 and the directions of three phase
currents.

II. INTRODUCTION

ue to high power/torque density, permanent

magnet (PM) synchronous machines are now widely
employed in industrial servo drives, electric/hybrid
electric vehicles, and wind power generators, etc. However,
there exists a risk of potential irreversible demagnetization in
the rotor magnets due to high temperature rise or large
demagnetizing current. Since the rotor PM flux linkage
decreases as the PM temperature increases, it is desirable to
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estimate the rotor flux linkage value no matter it is for torque
control/monitoring or for prevention of PM demagnetization.
For example, it is proposed in [37] that the influence from the
variation of rotor flux linkage on the computed torque in
direct torque control can be compensated by online
estimation of rotor flux linkage, in which the accuracy of
torque control is significantly improved. In addition, it is
reported in [9] that the state of rotor permanent magnet can be
monitored instantaneously by using a rotor flux linkage
estimator, and a warning signal can be given if magnet
demagnetization happens. The estimation of rotor magnet
flux for detecting broken magnet is investigated in [40],
which shows that there is separation between the estimated
magnet flux of the motor with broken magnet and all the
other faults and healthy cases. Thus, it is useful to online
estimate the rotor flux linkage for PMSM based drive
systems and various methods have been recently reported,
which can be classified and reviewed as follows.

As detailed in [1], the steady state PMSM equation is
rank-deficient for simultaneously estimating the dg-axis
inductances, the stator winding resistance and the rotor flux
linkage. Furthermore, since the estimation is usually based on
the parameter model of PMSM, mismatching of unestimated
machine parameter values will introduce a significant error
into the estimated rotor flux linkage. Thus, in practice, it is
required to design a full rank reference model to
simultaneously estimate the rotor flux linkage and other
parameters that have influence on the estimation of rotor flux
linkage.

For example, it is proposed in [2]-[5] to transiently inject
flux weakening current (i,#0) to activate the stator winding
resistance term in PMSM d-axis equation. With the injected
i/#0, the values of rotor flux linkage and stator winding
resistance can be simultaneously estimated if the dg-axis
inductance values are set to be their actual values. However,
the accuracy of this kind of method is easy to suffer from the
variation of voltage source inverter (VSI) nonlinearity,
dg-axis inductances and rotor flux linkage due to the injected
current. Furthermore, the injection of i#0 may introduce
unacceptable instability and torque ripples into the drive
system.

In addition, it is proposed in [6]-[9] to estimate the stator
winding resistance and rotor flux linkage separately by
changing PMSM working conditions such as rotor speed [7],
[8], and output torque [9]. However, it is not preferable to
change the working condition in some applications, which



require, for example, constant torque/speed control.
Furthermore, there also exists significant influence from the
VSI nonlinearity and varying stator winding resistance due to
temperature change on the estimation accuracy. Thus, the
application scope of methods in [6]-[9] may be limited.

For simplicity, it is reported that the combinations of
measurement sensors and estimation algorithms can be an
easy alternative to solve the rank deficient problem [18], [19].
For example, it is proposed in [18] to add a load test to
estimate the rotor flux linkage individually while the method
in [19] proposed to bury a thermocouple in the stator winding
for the estimation of winding resistance and rotor PM
temperature. Compared with [18], it is much cheaper to
employ a thermocouple in [19] than to employ a torque
transducer. However, the method in [19] needs to inject a
high frequency voltage signal into the stator winding and is
easy to suffer from the non-ideal behavior of the inverter.
Furthermore, it neglects the influence from varying
inductance and cannot estimate the actual value of rotor flux
linkage.

In this paper, a method for online estimating the PMSM
rotor flux linkage and distorted voltage (Ve.q) due to VSI
nonlinearity is proposed, which is suitable for most widely
used i~0 control. The winding resistance at normal
temperature and temperature coefficient of winding
resistance are measured before the implementation of
proposed method. Thermocouples are employed for
measuring the temperature variation in stator winding in
order to obtain the actual value of stator winding resistance,
which is used for aiding the estimation of rotor flux linkage
afterwards. Thus, this method does not need to inject any
signals such as i,;#0 [1]-[5] and DC voltage pulse [10]-[14] or
change the PMSM working condition [6]-[9]. Furthermore, it
is advanced that the accuracy of proposed rotor flux linkage
estimation will not suffer from the variation of dg-axis
inductances and has taken into account the compensation of
estimation error due to VSI nonlinearity thanks to the
proposed V.., estimator, which does not need any device
information of the VSI and PM machine. This method is
experimentally validated in a field oriented vector control
system and shows good performance in tracking the variation
of PMSM rotor flux linkage and compensating the VSI
nonlinearity.

III. PMSM MODEL INCLUDING VSI NONLINEARITY

Assuming that the PMSM has negligible structural
asymmetry, iron losses versus copper losses, and magnet
motive force harmonics of windings, the dg-axis equations of
the PMSM are given by:

di R

TRy R N R (1a)
L, . L,

di L u

_q:_ﬁi ——da)id+—q—ﬂa) (1b)
dt Lq" Lq Lq Lq

For machine parameter estimation, the steady-state
machine dg-axis equations in discrete time domain are
usually used for analysis [31]. The steady-state dg-axis
equations of PMSM are shown as follows:

u, (k) = Ri, (k) ~ L k)i, (k) (2a)
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Fig. 1. Waveforms of Dd and Dg under i,=0 control. (a) Simulated. (b)
Actual waveforms of computed Dd and Dgq, iy, and i, under i,=0 control and

w=15Trad/s.
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Fig. 2. Waveforms of i,, and i, under i,~=0 control and w= 157rad/s.

TABLEI
RELATIONSHIP BETWEEN CURRENT DIRECTIONS AND DQ-AXIS
DISTORTED VOLTAGE [22]

Sn/6—y~Tn/6—y 4V deaaSin(0,—m) 4V 4eaac08(0,—m)

b=0-m/2 e ViaiDd ViaiDa
a b c
—n/6—y~m/6—y I -1 -1 4V4.sin(6,) 4V 4eaac08(6.)
n/6—y~m/2—y 1 1 4V4uasin(0,-m/3) 4V 4eaac0s(0,~1/3)
n/2—y~5m/6—y -1 1 AVieussin(0,—2m/3) 4V geaac08(0.—27/3)
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-1

Tn/6—y~3m/2—y 4V deaaSIN(O—41/3)  4Vieasc0s(—4m/3)

-1
1
1 -1

3n/2—y~11n/6—y 1 I -1 4V4usin(0,~51/3) 4V jeaac0s(6,~51/3)

u, (k)= Ri, (k) + L,o(k)i, (k) +y,w(k) (2b)
where ‘&’ is the index of the discrete sampling instant. Under
iy =0 control, (2) can be simplified into:

u, (k) =—L, (k)i (k) (3a)
u, (k)= Ri (k) +y,ok) (3b)

The actual PMSM dg-axis equations including the
distorted voltages due to VSI nonlinearity can be shown as
follows [22]-[28]:

d L,i, _ » i . L, N u, iy Dd
dr| Ly, £y —L,0i, ~y, 0 ”; “!|Dg

“4)

m

Dd and Dq are expressed as follows:

cos(6) cos(ﬁ—zT”) cos(9+2—”) sign(i,,)

|:Dd:| _ 2 2 Slgn(lbv)
)

o L,i>=0

sign(i) = _1i<0 (6)

As detailed in [22]-[25], assuming that y is the angle
between current vector and g-axis and 6, =6’+% , the

distorted voltage due to VSI nonlinearity in dg-axis reference
frame are shown in Table I.

The simulated waveforms of Dd and Dg under i,=0 control
(y=0) is shown in Fig. 1(a), from which it is evident that the



distorted voltage in d-axis reference frame is a zero-mean 6th
harmonic component while the distorted voltage in g-axis
reference frame mainly consists of a DC component and a 6th
harmonic component. Fig. 1(b) and Fig. 2 show the actual
waveforms of computed Dd and Dg from (5), iy and i, at
300r/min, which are from the prototype PMSM shown in
Table III of Appendix A.

Comparing Fig. 1(a) with Fig. 1(b), it is evident that the
actual waveforms of Dd and Dg agree very well with the
simulated waveforms, which contain the 6th order harmonic
component.

IV. VSINONLINEARITY ESTIMATION

In discrete time domain, the steady-state PMSM equation
including the distorted voltage due to VSI nonlinearity can be
expressed as follows:

u, (k) +Dd(k)V,,,, = Ri, (k)~ L, a(k)i, (k) (7a)
u," (k) + Dg(k)V,,, = Ri,(k)+ L,(k)i, (k) +y, k)  (Tb)

lead

As can be seen from (7), the variable V4, which is related
to the distorted voltage due to VSI nonlinearity, will
introduce error into the machine parameter estimation. Since
Vieaa 18 €asy to vary with the current, it is necessary to online
estimate and compensate V., to ensure the accuracy of
estimated PMSM parameter values.

The technology for the online estimation/compensation of
the distorted voltage due to VSI nonlinearity has been widely
reported [22]-[30], [34]-[36], [41]-[43]. However, most
methods need accurate PMSM parameter values [22]-[27],
[35], [42], or zero rotor speed [8]. Thus, it is impossible for
these methods to estimate the distorted voltage prior to the
estimation of PMSM parameter values. In addition, since the
distorted voltages in dg-axis reference frame are mainly 6th
harmonic components [29]-[30], it is reported in [29] and [30]
that these distortions can be properly compensated by
minimizing the 6th harmonic components. In this section, an
Adaline estimator for the online estimation of distorted
voltage V.., due to VSI nonlinearity is designed, which does
not need any machine parameter values and is suitable for
i,~0 control.

As can be seen from Table I, Fig. 1(a) and Fig. 1(b), under
i,/~0 control, it is evident that the high frequency component
DdV ,..q is zero-mean and its contribution to d-axis voltage
(u,"(k)) is only a fluctuation around OV. In addition, it is
noteworthy that the 6th harmonic component DdV,,1s the
dominant term compared with other high frequency
components in d-axis equation. Thus, under i,=0 control, (7a)
can be decomposed as follows:

Ri, (k) = Ri, (k) + Ri,, (k) = Ri,, (k) (8a)
Dd(k)WV,,, =0 (8b)
u, (k)= Dd(k)V,,,, — L 0(k)i, (k) (8¢)
u,, (k) ==Dd(k)V,,, - L@, (k)i,, (k) (8d)

L,o(k)i, (k)=L,@(k)i, (k) + L,@(k)i,, (k) + L, @, (k)7, (k)
+L,,(k)i,, (k) (8e)

In (8), Td, w, ® and Z are the DC components of i,

Dd, o, and i,, respectively, while u,, , iz, wp, and iy, are the
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Fig. 3. Obtain high frequency component of u:; (k) by using first-order
low-pass filter.

high frequency components of u d* , Ig, 0, and iy, respectively.
At the steady state of i,=0 control, Ri,(k)=0 and terms such
as L a(k)i, (k) and Ri, (k)= Ri,(k) are in fact part of

gh
DdV jeqq because iy, and iy, are mainly generated by the 6th
harmonic component due to VSI nonlinearity. In addition, e,
consists of harmonic components due to VSI nonlinearity and
mechanical issues such as the rotating friction, load
oscillation, and eccentricities, etc, whose FFT analysis
(introduced in Appendix C) shows that those harmonic
components caused by mechanical issues are at relatively low
frequency range and have very small amplitudes. In addition,

the 6th harmonic component in L @, (k)z: (k) is also caused
by VSI nonlinearity and can be regarded as part of DdV .4,
As shown in Fig. 3, the DC component L, Z)(k)g(k) of (8e)

and those low frequency components in L w, (k)g (k) canbe

filtered by a discrete first-order low-pass filter. Thus, there
are only two high frequency terms, DdV jeqq and Lyw;(k)ign(k),
left in (8d) after filtering. It is also noteworthy that in reality,
L,ou(k)igu(k) is quite negligible compared with Dy (k)V eqq-
Thus, it is reasonable that u, is approximately equal to
D (k)V 4eqq and (8d) can be simplified to be (9).

udh*(k) ~ =Dd(k)V 40 ©)

Furthermore, since L,w,(k)i(k) is negligible compared
with Dy(k)Veaa, the influence of the variation of L, on the
estimation of V,,, will also be negligible. Taking the PMSM
used in this paper as an example, its nominal g-axis
inductance is 3.24mH. Assuming that the amplitudes of w,(k)
and i,,(k) are 5rad/s and 0.3A, respectively, and there is a
50% increase in L, the amplitude of L,wx(k)iy (k) will be
5%0.3x1.5x3.24e-3=7.29mV, which is quite negligible
compared with the estimated amplitude of D (k)V s
(2x0.25V=0.5V) as will be shown in Fig. 5.

Thus, from the above analysis, Vs can be estimated from
(9). Since Adaline Neural Network (NN) algorithm is simple
and low cost in computation, it is used to design all the
estimators in the proposed estimation. The design of V.
estimator and related design processes are described in

Appendix B. Assuming X,=-Dd(k) , W= T}dead ,

o(ky=-V,,Dd(k) and d(k)=u, (k) , the Adaline

estimator of V., can be expressed as follows:

Vseaa (b +1) = Vg (k) = 217Dd (k)(d (k) — O(k)) (10)
where 7 is the convergence factor. O(k) andV,, are the

output of variable model and estimated V4, respectively.



V. ROTOR FLUX LINKAGE ESTIMATION AND EXPERIMENTAL
VERIFICATION

A. Design of Rotor Flux Linkage Estimator
Under =0 control, (7b) can be simplified as:

u," (k) +Dg(k)V,,, = Ri, (k) +y, (k) (11)

ead

From (11), it is evident that the value of rotor flux linkage
can be estimated on condition that the values of V., and R
can be accurately obtained. V., can be estimated from d-axis
equation by using (10). Since the winding resistance R is a
linear function of winding temperature, two sets of
thermocouples are buried into two different sides of PMSM
stator winding and the actual value of winding resistance can
be computed by the measured average temperature through
(12).
R=Ry+TCR(TT)) (12)

Ry, R and TCR are the winding resistance value at room
temperature (7,=22°C), actual winding resistance value at
temperature 7, and temperature coefficient of winding
resistance. Thus, under i,=0 control, assuming X, = w(k),

0(k) =y, (a(k) and d(k)=u,’ (k) + Dg(k)V,,,, ~Ri, (k).

the Adaline estimator of rotor flux linkage can be derived
from (11) and shown as follows.
v, (k+1) =y, (k) + 2no(k)(d, (k) - O(k))

B. Compensation of VSI Nonlinearity

It is known that V,,, represents the VSI nonlinearity which

should be well compensated or minimized in real application.
However, it is known that the response of drive system to the
compensation of V. is not linear and an online tuning
process is usually needed for the minimization of V. For
example, Zhao [30] proposed an online tuning scheme to
minimize the 6th harmonics in dg-axis currents for the
compensation of VSI nonlinearity. Similarly, Park and Sul
[34] proposed to use trapezoidal voltage to compensate the
inverter nonlinearity, whose trapezoidal angle was real time
tuned by an integral controller.
In this research, since V.4 can be real-time estimated by (10),
the VSI nonlinearity can be well compensated through the
minimization of estimated V., The field oriented vector
control system shown in Fig. 4(b) is employed for validation.
Assuming that Vg, Vi, ¢ and y are the estimated Vg,,q by
(10), threshold voltage of minimized V., tuning factor and
gain factor of V.4, respectively, the schematic diagram of
related minimization process is depicted in Fig. 4(a) and the
adjustments of the tuning factor { and gain factor y are
introduced as follows:

a. Initialize V;,, { and y. For example, in this research, {
and y are initialized to be 1.0e—4 and 0.1, respectively, while
Vi 18 set to 1.0e—4V, which is quite close to 0.

b. If |Vseas [<Vi» it means that the VSI nonlinearity has
been well compensated and the value of y will be kept as a
constant for compensation.

¢. If [V jeaa >V it means that the VSI nonlinearity is not
well compensated. The value of y will be increased or
decreased in each step of computation until it reaches the
point that |V ..q |<Vy, The rule for decreasing or increasing y
is described in Fig. 4(a).

d. The real-time computed DdyV,;..q and DgyV..q will be
added to the output of dg-axis PI regulators for
compensation.
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Fig. 4. Process of VSI nonlinearity compensation and used control system.
(a) Compensating VSI nonlinearity by minimizing V... (b) Field oriented
vector control system with proposed estimation/compensation method.
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Fig. 6. Dgq-axis currents with and without proposed compensation of VSI
nonlinearity. (a) Without compensation. (b) With proposed compensation.

e. Go back to step b.

It should be noted that the value of {(>0) can control the
speed of the minimization of ¥, and an abrupt change may
be introduced into the control system if {'is too big. Thus, {'is
usually set to a small value (1.0e—4 in this paper) to smooth
the process of minimizing V teud-

The PMSM detailed in Appendix A will be employed for
validating the performance of proposed method. Fig. 5 shows
the estimation and compensation of V., and it is obvious
that V., can be minimized to be almost 0. Consequently, the
VSI nonlinearity is well compensated after this minimization.
Figs. 6-8 are the measured currents at 300rpm in different



reference frames with and without the proposed
compensation. It is obvious that with the proposed
compensation, the dg-axis currents will be with less 6th
harmonics while the phase current will be more sinusoidal.
Furthermore, it is evident that the circle of af-axis currents
shown in Fig. 7 (a) and (b) will be more orbicular with the
proposed compensation. It is also manifest from the FFT
results depicted in Fig. 7(c) and (d) that the 5th and 7th
harmonics in a—axis current are minimized to be negligible,
of which the sum is the 6th harmonic.

C. Rotor Flux Linkage Estimation at
Temperature

With aiding from the estimated V., and computed
winding resistance R, the rotor flux linkage can be finally
estimated by (13). The complete diagram of proposed method
is shown in Fig. 9 and the whole estimation are divided into
three steps: (1). At standstill, the stator winding resistance
value (R)) at normal temperature (7,) is measured by
milliohm meter and two sets of thermocouple are employed
for measuring the variation of stator winding temperature
(T,), which will be used for real time computing the actual
value of stator winding resistance (R). (2). The value of V.,
of distorted voltage due to VSI nonlinearity is online
estimated from the d-axis equation and employed for the
compensation of inverter nonlinearity. (3). The rotor flux
linkage is finally estimated from the g-axis equation with the

aiding from computed winding resistance and V...
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To confirm the accuracy of this method, the PMSM is
drawn by a DC machine and the rotor flux linkage at no-load
condition will be computed from the measured line
back-EMF for comparison. From Fig. 10, the amplitude of
the fundamental frequency component of line back-EMF is
obtained by using FFT and the rotor flux linkage at no-load
condition is derived below:

19.23V x 60s
27z><\/§><5><300rpm

The estimation of rotor flux linkage under different
working conditions is depicted in Fig. 11, in which the
estimation and compensation of V., are started after t=10s.
From Fig. 11, it is obvious that the estimated rotor flux
linkage at 300rpm (68.3mWb) is close to that at no-load
condition (70.7mWb) and the slight decrease in rotor flux
linkage (70.7-68.3=2.4mWDb) can be explained that it is
caused by the variation of flux density due to on-load.

=70.7mWb
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However, the estimated rotor flux linkage at 150rpm
(73.3mWb) is slightly larger than that at no-load condition
(70.7mWb), which is contrary to the basic theory that the
rotor flux linkage at loaded condition should be smaller than
that at no-load condition. This estimation error can be
explained that there are still influences from other
nonlinearities such as non-ideal position measurement,
current offsets and non-ideal measurement of DC bus voltage.
Since the back EMF of the PMSM used for experimental
validation is relatively small at low speed (less than 8V at
150rpm), the accuracy of estimated rotor flux linkage at
150rpm will suffer from these unestimated nonlinearities
significantly and present a relatively big estimation error
(73.3-70.7=2.6mWb) even if the VSI nonlinearity is well
compensated. The influences from these unestimated
nonlinearities will be negligible when the estimation of rotor
flux linkage is at a relatively high speed, at which a relatively
high ratio of back EMF versus other nonlinearities can be
achieved. For example, the estimated rotor flux linkage at
300rpm shows a much higher accuracy than that at 150rpm.

Furthermore, from Fig. 11, it also shows that the difference
between the results with and without the compensation of
Vdeaa (86.4-68.3=18.1mWDb) at 300rpm is almost half of that
(110.2-73.3=36.9mWb) at 150rpm. This can be explained
that the variation of V., at different working conditions is
relatively small but the ratio of DgV,.,, versus w,o» will

100 120 140 160

approximately decrease twice when the rotor speed increases
from 150rpm to 300rpm.

D. Temperature Rise in Magnet

It is known from [1] that under i,=0 control, the terms such
as stator winding resistance and rotor flux linkage only exist
in the g-axis equation if the PMSM is at steady state. Thus,
the estimation of stator winding resistance should be together
with or prior to the estimation of rotor flux linkage [10]-[17],
[44]-[46]. Otherwise, the estimation will face the
rank-deficient problem and the accuracy of the estimated
rotor flux linkage will suffer from the mismatched stator
winding resistance value used in the estimator [1]. For
estimating the stator winding resistance under loaded
condition, the injection of perturbation signals such as i,;#0
[1]-[5] or DC voltage [10]-[14] is usually needed. However,
this kind of method is easy to introduce instability and torque
ripples into the drive system and is not preferable in constant
torque/speed control. Thus, for simplicity, thermal couples
are employed for the measurement of winding temperature
with which the winding resistance is real-time computed and
used for aiding the estimation of rotor flux linkage. It is
noteworthy that in real application, thermocouples are widely
employed for the temperature monitoring of commercial
electrical machines, particularly for large machines. For
example, there are 14 thermocouple temperature probes in a
247 MV A synchronous generator [39].

To confirm the accuracy of proposed method in tracking
the wvariation of rotor flux linkage under different
temperatures, a comparison experiment is designed and
organized as follows:

1) A heater is used to keep on heating the PMSM for 20
minutes and then left for natural cooling.

2) Att=20, 25, 40, 55,75, 155 min, the DC machine will be
started to draw the PMSM and its rotor speed is fixed to
300rpm while the line back-EMF of PMSM at no-load
condition will be recorded by using a scope. The rotor flux
linkage at no-load condition can be computed from these
measured data with aiding from FFT.

3) At t=20, 30, 45, 60, 80, 160 min, the PMSM will be
loaded and the rotor flux linkage at loaded condition will be
online estimated with aiding from the measured stator
winding temperatures.

The actual stator winding resistance at different
temperatures is measured and shown in Fig. 12, which varies
with the measured winding temperature linearly and the
coefficient of temperature TCR can be obtained afterwards.
The experimental results of step 2 and 3 are plotted in Fig. 13,
which show that the proposed method has good performance
in tracking the variation of rotor flux linkage. As can be seen
from Fig. 13, the estimated rotor flux linkage will vary from
68.3mWb to 64.5mWb after 20 minutes’ heating. However,
since there is a heat transfer delay between the stator and
rotor PM, there will be a heat balance between the stator and
rotor and the rotor flux linkage value will go on decreasing
and be 64.3mWb after 10 minutes’ cooling. Then, the rotor
flux linkage will slowly increase with the decrease in
permanent magnet temperature and will reach to its normal
value at last.



VI. CONCLUSIONS

A new scheme for the online estimation of PMSM rotor
flux linkage and VSI nonlinearity is proposed, which can be
used for the condition monitoring of rotor permanent magnet.
Compared with existing methods for estimating rotor flux
linkage, the proposed method does not need to inject any
perturbation signals and has taken into account the estimation
and compensation of the distorted voltage due to VSI
nonlinearity. It is experimentally validated on a prototype
surface mounted PMSM and shows good performance. Thus,
its application in interior PMSM drive system still needs
further investigation. Furthermore, since it is only suitable for
i7~0 control, the estimation for i/#0 control will be
investigated and reported in future.

Appendix A - Test Bench and Machines
The PMSM driven by a DSPACE based vector control
system is shown in Fig. 14 and will be used for experimental
verification, whose design parameters are shown in Table II.
In addition, the parameter configuration of employed voltage
source inverter is shown in Table III, which is a Semikron
SEMIX stack with SEMIX71GD12E4s IGBT modules.

Fig. 14. Prototype PMSM.

X7 wi

oW, X,) = i WX,
X2 /kKZ S i=0
X3 S

Fig. 15. Structure of an Adaline NN.

TABLE I

DESIGN PARAMETERS AND SPECIFICATION OF PMSM
Rated current 10A
Rated speed 400 rpm
DC link voltage 36V
Nominal phase resistance (7=25 °C) 0.320 Q
Nominal self inductance 2.91mH
Nominal mutual inductance —0.330mH
Nominal d-axis inductance 3.24mH
Nominal g-axis inductance 3.24mH
Amplitude of flux induced by magnets 70.7 mWb

Number of pole pairs 5

Note: Nominal values are measured.

TABLE Il
TYPICAL ELECTRICAL PARAMETERS OF VSI
(FrROM SEMIX71GD12E4s DATASHEET)

Turn on delay 7, 0.160us
Turn on/off delay T, 0.433ps
Hardware dead time 4 us
Switch control dead time ¢, 2us
Voltage drop of the active switch(25°C)V. 1.85V
Voltage drop of the freewheeling 29V
diode(25°C)V, '
Supply voltage range 0-650V
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Fig. 16. Measured rotor speed with and without proposed VSI nonlinearity
compensation (i;=0A, i;=4A, 300rpm). (a) Without compensation. (b) With
proposed compensation.
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Fig. 17. FFT analysis for rotor speed with and without proposed VSI
nonlinearity ~compensation (i;=0A, i,~4A, 300rpm). (a) Without
compensation. (b) With proposed compensation.

Appendix B - Design Estimators by Adaline NN
Since Adaline NN algorithm [33] requires few
computations and can be used for parameter estimation of
machines [32], it is used to design all the estimators
throughout the paper. The mathematical model of Adaline
NN can be expressed as follows:

O, X)) =S WX, (B.1)
i=0

where W;is the net weight and JX; is the input signal. The
activation function O(W,, X,) of the network output node is a

linear function.
The structure of Adaline NN [33] is shown in Fig. 15. As
can be seen from (B.1) and Fig. 15, if d(k) is the sampled

target output, the weight adjustment can be obtained via least
mean square (LMS) method:
W,(k+1) = W,(k) + 27X, (d (k) - O) (B.2)
where 7 is the convergence factor which adjusts the
convergence speed. If the parameter to be estimated can be
mathematically expressed in the form of general Adaline NN
structure, as shown in Fig. 15, its estimator can be directly
derived from (B.2) by comparing its net structure with the
general Adaline NN structure.

In LMS theory, the convergence factor 7 should be limited
to a proper range of values, which can ensure the stability and
convergence of estimator (B.2) [33]. A general useful range
for 7 is

0<27|x,| <1 (B.3)



For estimator (10), X=—Dd(k) and it is obvious from Fig. 1
that the amplitude of |Dd(k)|=2. Thus, the convergence factor
n of (10) should be 0<7<0.125. Similarly, for estimator (13),
X=w(k)<=209.4 because the rated speed of used PMSM is
400rpm. Thus, the convergence factor 7 of (13) should be

0<7<1.1403e-5. In this paper, the convergence factors of (10)

and (13) are set to 1.0e—5 and 1.0e—6, respectively.

Appendix C — FFT analysis for rotor speed

Fig. 16 shows the measured rotor speed with and without
proposed VSI nonlinearity compensation. From the FFT
analysis results shown in Fig. 17, there are three main
harmonic components (5SHz, 10Hz and 154Hz) in the
measured rotor speed without proposed compensation. It is
known that the rotor speed is 300rpm (51/s) and the pole pair
number is 5. Thus, the SHz and 10Hz components are related
to mechanical issues such as the rotating friction, load
oscillation, and eccentricities, etc. In addition, since the VSI
nonlinearity is a 6th harmonic component and its frequency at
300rpm is 150Hz in theory, the 154Hz component shown in
Fig. 17(a) should be mainly related to the VSI nonlinearity
and can be compensated by the proposed nonlinearity
compensation, which is depicted in Fig. 17(b).
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