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PWM-based Flux Linkage and Rotor Temperature
Estimations for Permanent Magnet Synchronous
Machines

Shuai Xiao, Antonio Griffo, Member, IEEE
Department of Electronic and Electrical Engineering, The University of Sheffieldjebthe/K

Abstract—M onitoring of rotor temperature in permanent
magnet synchronous machines (PMSM) is of great significance as
high temperatures can cause partial or even irreversible
demagnetization of the permanent magnets. Rotor temperature
measurement unfortunately is particularly difficult in practice,
since it is difficult to access temperature sensors on a rotating
shaft. Nevertheless, rotor temperature can be predicted indirectly
with the information of rotor magnet flux linkage, as permanent
magnet (PM) remanence decr easeswith rotor temperature. In this
paper, a smple and relatively accurate method for online
estimation of PM flux linkage is presented, based on the
measurement of current response to the standard space-vector
pulsewidth modulation (SV-PWM). Thismethod usesthealr eady-
existing PWM voltage as the excitation signal in order to avoid of
the need for additional signal injection. Knowledge of machine
parameters, such as inductances which may vary due to
saturation, is not required. The proposed methodology is
experimentally verified and applied to rotor temperature
prediction.

Keywords—PM flux linkage, PMSM, Rotor temperature,
SV-PWM

|. INTRODUCTION

rotating shaft can only be accessed through slip rings [3],
infrared [4], [5] or other wireless sensors [6], [7], making direct
measurement unrealistic in most applications. Hence model-
based methods, have been investigated in recent years.

One of the most commonly employed approaches is based
uponthe use of a lumped parameter thermal network (LPTN).
It can be the basis for a thermal ‘observer’ which, combined
with loss models, is capable of providing accurate temperature
estimation during real-time operation. Two multi-node thermal
models for PMSM are presented in [8], [9]. They are able to
predict the temperatures in a number of locations within the
machine. However, the models require information on the
internal topology, materials and interfaces between them which
might not be directly available in practical applications. Low-
order LPTNs [1], [10] and [11] lump large regions of the
machine in few nodes and detailed knowledge of the motor
internal topology, materials and dimensions might not be
required if measurement-based parameter identification
procedures, which determine the values of the thermal
parameters based on the minimization of a specified cost
function, are used []2

As an alternative to model-based estimation, it is also
possible to determine motor temperatures via temperature

Permanent magnet synchronous machines (PMSMs) afependent electrical parameters. In [13] rotor temperature is

widely popular in servo and traction applications due to theiestimated by measuring the response to the injection of a
high torque and power density. Their use in applications wherulsating high-frequency current signal to the d-axis of the
high reliability must be guaranteed requires careful onlindMSM noting that the resulting high-frequency resistance
condition monitoring of the motor [1]. Thermal monitoring of changes with rotor temperature. Rotor temperature can also be
the machine is particularly important, since temperature igotentially acquired indirectly from the estimation of rotor
typically the main environmental stressor causing sthte- magnet flux linkage, as NdFeB PM loses approximaiel$o
health degradation and ultimate failure. In terms of motofémanence per one degree Celsius temperature riseA14].
stators, several direct and indirect temperature monitoringumber of methods regarding PM flux linkage estimation have
techniques are well established. Temperature sensors suchb@en presented in publications based on signal injection
thermistors and thermocouples can be relatively easil§echniques. Ref{15] proposes an online method to estimate
embedded into machine stators during the manufacturingfator resistance and rotor PM flux linkage under constant load
process. However, the requirement for additional sensors magrque with two sets afg-axis voltage equations corresponding
increase costs. Rotor temperature monitoring is of equdP ix = 0 and the injection of g # 0 test signal. Compared to
importance as high temperature increases the risk of partial, B¥6]-[18], it does not require the knowledge of the nominal
even total irreversible demagnetization of rotor magnets [2)alues of any unknown parameters in the voltage equation,
Rotor temperatures are difficult to measure in practice, as thihich may differ from their real values, and its accuracy is not
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affected by the variation in motor parameters dug; te 0. coefficient, which for the most widely used NdFeB magnet is
Likewise, by utilizing a zero-voltage injection scheme, fluxapproximately—0.12%/°C. The rotor temperature can then be
linkage is directly determined with the measurement of thealculated as:
average value of the voltage commands which are the output of 1 [ Y, (T) (2)
current loop PI controllers of the standard field-oriented control T'=Ter + a_ﬂr m - 1]
at different rotor speed [19]. In both methods, ttpaxis Itis cl hat th f the flux link N
inductance terms are cancelled during the derivation of the tis clear that the accuracy of the flux linkage estimation
methods, resulting in a parameter-independent estimatioﬁ?rongly influences the rqtpr temperature estma‘uon QUe to the
However, signal injection-related methods are not desirablti,r_nall temperature Coeﬁ'c'emﬁr at the denomlnator in (2).
because the additional signal disturbs the motor performance byg- 1 shows the magnet flux linkage as function of temperature
producing additional current and thus additional torque ripplefO" the experimentally tested SPMSM in this paper. It is clear
and additional losseShe use of rotor flux linkage model-based that the temperature coefficient has a small nonlinearity with
observer is proposed in [2]2Q] and [21] which is able to temperature which will ngeq to be taken into account for
accurately predict PM temperature. Nevertheless, this methgtfcurate temperature prediction.
is difficult to apply practically, because of the necessity of ¢
precise modelling for motor and inverter the model-related 0.0415
errors otherwise will be misinterpreted as temperature change
Flux linkage can also be identified with motor armature curren
and voltage measured laydigital power meter, as introduced
in [22]. However, such equipment can be expensive. I'E
addition, ref. [23] and [24] present a new estimation schem %0.0395 i
involving the use of curve-fitting parameter identification &
algorithm, such as recursive least squares (RLS), and extenc.:] 003851  Yprrsc-100°C)
Kalman Filter (EKF). As a result, the values of flux linkage car 5 ’
be updated continuously in real-time. =
This paper presents a relatively simple and accurate methc  0.0375¢ Upr(1000c~1250c)’ ~0-129%/°C
for online flux linkage and rotor temperature estimations, whicl
only involve the measurements of motor phase voltages ar 00355 ‘ ‘ ‘ ‘ ‘
currents in response to the standard SV-PWM. Similarly tt " 20 40 60 80 100 120
[15], [19], knowledge of inductances is not required for the Temperature(°C)
_es_tlm_emons. Furthermor?’ thI_S met_ho‘?' d_oes n_Ot need SIgﬂl?ilg. 1: The values of ag, at each temperature region for the tested motor
injection as the excitation signal is intrinsic in the PWM ) ) .
voltage. The principle of the proposed method was presented in ASSUMIng a relatively small value af, = —0.076%/°C,
[25], but only demonstrated through computer and real-tim&n 1% error in the flux linkage could result in1&°C error in
simulation using Hardwari-the-Loop (HIL) techniques. This the rotor temperature estimation.
paper, expanding on [25], provides extensive experimental The voltage equations of a PMSM represented in rotdting
validations as well as detailed analyses of the main sources &ference frame are expressed as:

a[}r(25°C~50°C): -0.076%/°C

0.0405 |

L= 0/ /O
aBl’(50°C~75aC)- 0.086%/°C

:-0.115%/°C

errors in practical applications. Vo = Ruiv + Lo i — oL
The main contributions of this paper include: 47 Tstd TR getd Trhata
e A d_etailed analysis of the _robqstness of this method v, = Ryig + Lqiiq + w,(Lgig + Pm) (4)
against a number of practical implementation issues, ST Tdt i
including inverter nonlinearity due to dead-time wherevy, vy, la, ig are thedgaxis voltages and currents,

e A comprehensive experimental validation of therespectivelylL,, Lq, Rs are thedg-axis inductances as well as
methodology conducted on a three-phase surfacdhe stator resistance, is the rotor speed, anfg, is the rotor
mounted PMSM (SPMSM). Relatively small errors in PM flux linkage.
the flux linkage and rotor temperature estimations in a In steady-state conditions and assumipg- 0, rearranging
variety of motor operating conditions and temperatureghe g-axis equation (4) it is possible to calculate the rotor flux
are achieved. Y, as:

_ Vg~ Rslg (5)
Il. FUNDAMENTAL THEORY ¥m = w,
) . i this simple method, denoted as ‘averaged model’ in the
Flux linkage is assumed to be linearly dependent on rotgpjowing, requires the measurements of voltage, current as
temperature as: well as the knowledge of machine param@erlt is evident
W (T) = l/)m(Tref)[l + aﬁr(T _ Tref)] (1) that the precision of rotor flux estimation relies on the precise
) knowledge ofR; and the stator voltage. Stator voltages are not
wherey,,, (T) andi,, (T, ) are the flux linkages at the rotor commonly measured in motor drives. Although reference
and reference temperatures;, is a temperature-dependent yoltage could be used, however, dead-times, voltage drops on
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the power switches and other inverter non-ideal effects wilvith k = 0,1---n — 2. It is noted that the last sampling point in

significantly affect the accuracy of the prediction. Thethe periodig8 =t1 + (n — 1)T;.

following analysis compares the accuracy of rotor flux When the motor operates at steady-state, the current

estimation based on (5) with a more accurate estimation basedntroller only responds to the currents measured at the

on the phase-voltage measurement. beginning of the non-zero active voltage vectors, which are
lqtz) @ndigsy and ensures that on average they remain

constant in steadgtate operation. This meai\g;») = iqs).
3 r T — T —— . " . "
________________ o e S e lqea) = lq(ery @Nd @lSAg 1) = iq(es)-
5.5 b b Multiplying the n — 1 equations bydt, which is the
= ' Loyl P sampling timel gives:
Z, b P R = T,Ryig(e1~
E 34 0l 3l [—PWML | (sl 7t 8l sVq(t1~(t1+Ty)) sL s.q(tl (£1+T5)) . (10)
5 DL - PWMSB Ly + Lo(igavry = lgen)
E 1.3 i ! 1'I PWMS - : + Tsw P
-2 E i 1 [Trq-current E 5 ! Tqu((t1+Ts)~(t1+2Ts))
E« 1} 5 ' ! 1 = TsRsiq(.(t1+TS)~(t1+2'T5)) (11)
18l : . + Lo(iqeeasary = lqeerery)
’ : : + Tswrlpm
0 ; ‘ ; :
0 20 40 60 80 Tqu((f1+(n—2)Ts)~f8)
t(ps) = TsRsiq(t1+(n-2)T)~t8) (12)
Fig. 2: Gate signals PWM1, PWM3, PWMS5, and the corresponding + Lo(lgesy = lger+m-2)15)
current variation in a single switching period + Tyw, P,
Fig. 2 shows an example of a single PWM switching periog,q,, adding each equation to the next, it yields:
with a duration otiiching = 1/fsw, Wherefs,, denotes the n-1 n-1

switching frequency, PWML,..3 being the gate signals T, Z Voen = TuR, Zl it w1 (13)
controlling the turn-on of the top three devices in a standard W Q) T Tewitching T Fm

two-level voltage-source inverterl --- t8 are the time instants  herej is thejth equat|on It can be noticed that the inductance-
at which a different voltage vector is applied [26]. The g-aXiSe|ated terms are eliminated.

equation (4) can be discretized with a sampling tifne< With regard to the voltage terms, it is evident that the sum
tswitcning - The resultant relationships between two adjacent, 71y, . measured between two adjacent sampling points
sampling points, assuming the d-axis current to be controlled {g always equivalent to the average PWM output voltage:

zero, are given as: d Ts3va() = (83 = t2)Vqr3-t2) + (84 — 3)Vg(ta—t3)
—p ; + (t6 — t5) v, (r6
Vq(e1~(t14Ty)) = Rslqei~e1419) T Lg 57 lqc1~e141)) a(t6-ts)
5 D e > ©) + (67 = t6)Vg(er-16) 4)

+ wrl/)m
Vq((t1+Ts)~(t1+2T5))

= Rslg((t1+T)~(t1+2T5) (t3 = t2)vq(t3-t2) = (£7 — t6)Vg(t7-t6) (15)

d () (t4 — t3)vg(ta-t3) = (t6 — t5)Vg(re-ts) (16)

It can be easily verified that:

t Logrlacarro~aary)
+ W, as the switching period consists of two symmetrical switching
rrm

combinations. Thereforel®) now becomes:

vq((t1+(n—2)Ts)~t8) 2[(t3 - tZ)Uq(B_tz) + (t4’ t3)vq(t4 t3)]

= Rsiq((t1+(n—2)T)~t8)

d ° (8) = TsRs Zlq(n (17)
o Lo g larm-am~e)
+ wrlpm + tsthchmgwrwm

whereT, is the sampling timg;1 is the starting point of the Also, the time difference&3 — t2) and(t4 — t3) can be
PWM period in Fig. 2, anch is the total number of the pre-calculated at the beginning of the SV-PWM based on the
sampling points in the period, which must be an integer téocation of the rotating voltage reference vector on the space
guarantee an integer number of equations. The speesl  vector diagram, and,z_;,) andv,4—3) are the results of
assumed to be constant during the switching period. Thge switching vectors being transformed fraffi-reference
derivative term can be approximated by: © frame todcgrreference frame. In conclusion, the rotor flux can
. _ b+ (k+DT) T lq(t1+kTy) 9 be calculated as:
dig/dt = T
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fsw As can be seen in the figure below, the accuracy of the
Ym = w—rz[(tS — t2)Vg(t3-12) estimation adopting the simplified method (5) is worsened as
+ (t4 — t3)vq(t4—t3)] (18) dgad-tlme increases, which is the reflectlon of the increasing
n—1 difference between the reference and resulting PWM voltages.
fw TR Zi . On the contrary, no more tha0.01% errors are conceded
w, UL a0 with PWM-based method, for the reason that the voltage and

The voltage reference can be the command voltage('}"rem are measured and the ones used for motor operations.

generated by the controller in the standard field-oriented contr:
(FOC). However, due to the command voltages being affecte §
by some motor control issues, such as inverter nonlinearit =
phase voltages are directly measured and the actual referer T

<

0205 ©-PWM-based Method »< Averaged Model

N
calculated fromv,,. after suitable low-pass filtering. ;D 0.045

In addition, the noise level of the flux linkage calculation 5 '
may be amplified as a result of the estimation of (9). Therefor £ o
a low-pass filter withl Hz passband edge frequency is applied = 04 ; A = g =3
to (18), in order to calculate the average flux linkage. Dead Time(s)
Nevertheless the tracking of changes in flux linkage due t
temperature will not be affected, as the temperature variation
comparatively slower with typical time constants of many
seconds/minutes depending on the size and cooling systems
the motor.

<-PWM-based Method -+ Averaged Model

I1l. PRACTICAL IMPLEMENTATION ERRORANALYSIS

Flux Linkage Error(%)
S

0 2 4 6 8 10

In practice, flux linkage estimation could be erroneous due t Dead Time(ps)
a number of sources of error. The effect of these errors on tlrig. 3: Flux linkage estimations (top) and the corresponding errors
proposed methodology can be potentially significant anbottom) with 0.5us, 1us, 2us, 5us, and 10us dead-times applied
therefore is evaluated in this section using a simulation mod

of the experimentally tested SPMSM (pargmeters specified i:_vs‘ 0.042 S M tased Method #-Averaged Model]
Table I) controlled using a standard field-oriented motor contrc=
with SV-PWM. T 0.0415"
a1
TABLE | 'E 0.0415
PARAMETERS OF THE SPMSM j
=
Quantity Unit Value = 0.0405 — ) ' ) ‘ : -
0.5 1 1> 2 2.5 3 3.5 4
Continuous Torque Nm 0.2754 Current(A)
Max Speed r/min 6000 .
DC Link Voltage \% 24 = 9 :
Peak Current A 71 E’ ~ |4-PWM-based Method <~ Averaged Model|
No. of Pole-pairs -- 4 LE- 1.5
No. of Slots - 18 o
Stator Resistance Q 0.36 S
d-axis Inductance mH 0.1569 =
g-axis Inductance mH 0.1569 50
PM Flux Linkage V/Hz 0.0409 =1 o . & ‘ ‘ )
= 0
0.5 1 1.5 2 2.5 3 35 +
Current(A)

A. Inverter Dead-time Effect

Inverter dead-time effect is the direct result of a delay tim¢ig. 4: Flux linkage estimations (top) and the corresponding errors
between the opening of the upper switch and the closing of {20 at i commana = 0-54, 14, 24, 34, and 3.84
Iowea s_witch,I altering tthe e_ffe((:jtive Ioutt)putthvoltzstfge of the rrlltotorB_ Inductance Saturation
which is no longer determined only by the reference voltage. . L
Several dead-times ranging from @s5to 1Qus, are applied Practically, the main inductancdg and L, of PMSMs

manually between the three phase PWM and theiFOUId be subject to saturation at high current level. The
corresponding complementary signals for the purpose 0qxistence of saturation means that the estimation is less precise

simulating this particular phenomenon. Fig. 3 plots the flu s the g-axis inductance terms in the voltage equations can no

linkage estimations along with the errors in comparison to thi?"9€r be eliminated. The constant inductances in the machine
reference. model are replaced with two look-up tables (LUT), which are

obtained from the calculations using Finite Element software.
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Fig. 4 illustrates theestimation results at; commana = —1A4, —1.54, —24 and—34 are imposed respectively, show
0.54, 14,24, 34, 3.84, respectively, showing slightly ovép, ~ more than-7% error in flux linkage being introduced, using
error with the PWM-based method and nea&dy with the  either method. It is assumed tiigtandL, are their nominal
simplified method. The inductances of the tested motor ivalues and remain constant. The estimation error can be
applications in which the current is smaller tH& do not compensated by adding the voltage tesp i, into (18) and
change dramatically. However the data in the LUTs is modified5):
such that the inductance at high curré&i)(is less thar20%

—1w -
that at low current((.54) for the purpose of demonstration. Vm = w, 2[(t3 £2)Vq(e3-12)
Equations (19) and (20) compensate the voltage errors in (18) + (t4 — t3)vq(t4—t3)]
and (5), and are used for re-estimating the flux linkage: f n-1
sw . 21
Ym = ]E)_WZ[(B — 12)Vq(t3-t2) C w, TsRs Z fa(p @D
T 1
+ (t4 - t3)vq(t4_t3)] n-l
n-1 — fuuTLL Z igci
fsw ' (19) fsw std adj)
- (,()_ TSRS lq(j) R 1
r 1 " _Y~ slq_L i (22)
n-1 m w atd
fsw . . 4
~ o 2, Law Uagern ~ iqe0) _
L N0.041
. . o
; Lgm) ~ lg(m-1) = I
Vg — Rsig — X Lg4 S (20) % 0.04
Y = o £0039;
in which: k is thek®" sampling point in one PWM switching i 035
. . . c , = ‘-&PWM—bascd Method - Averaged Model
period andg = k =1, 2,.--,n — 1, whereasn is the ‘current i 0.037 s S s ; 05
sampling point in real-time and = 2, 3, --- 0. Lg(; can be A

acquired from the LUT. The results are shown in Fig. 5, wher
the improvement on the estimation for both methods is evider
The small deviation in the level of error between the twc
methods exists, because the small voltage drops across |
power switches and shunt resistors are taken into considerati
in the inverter model, resulting in a slight mismatch betweel

\-Q-PWM-based Method ++Averaged Model

Flux Linkage Error(%)

C. Non-zero d-axis current

At iz # 0, the precision of the estimation is also affected du
to the cancellation of the voltage temmL,iy in (4). The
simulation results depicted in Fig. 6 aftgl.ommana = —0.54,

the reference and PWM voltages. 10 - ~
-3 -2.5 -2 -1.5 -1 -0.5
Current(A)
5 0.0413 Fig. 6: Flux linkage estimations (top) and the corresponding errors
= (bottom) at i; = —0.54, —14, —1.54, —24, and —34
oy B Fig. 7 shows the estimated flux linkage post-compensation,
= % with less thant0.01% and0.6% errors demonstrated adopting
o (21) and (22), respectively.
= ‘%PWMAbased Method -+ Averaged Model
= 0.0407 ; - o
0.5 1 15 2 2.5 3 35 4 20.0412 .
Current(A) =
S "
e 1 S0
5 £ 0.041 ¢
— o—
005 = & \
gn E 0.0408 ©-PWM-based Mclh_od*Avcragcd Model
20 3 2.5 2 -1.5 -1 0.5
— _ Current(A)
5 03 ‘—9 PWM-based Method + Averaged Model 2 |
=05 1 1.5 3 25 3 35 4 5
Current(A) 5
L
Fig. 5: Flux linkage estimations (top) and the corresponding errors 5" 0
(bottom) after using (19) and (20) =
il | =
¥ -“-PWM-based Method -~ Averaged Model
7=

-3 -2.5 -2 -1.5 -1 -0.5

Current(A)

Fig. 7: Flux linkage estimations (top) and the corresponding errors
(bottom) post-compensation
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IV . EXPERIMENTAL VALIDATION results are in agreement with Fig. 3, as the estimation

A. Experimental Setup deteriorates with larger dead-time.

Extensive experimental validations have been performed c 50
a two motor dynamometer test rig built with a pair of three- “PWM-based Method - Averaged Model|
phase PM servo-motors (Teknic M-2310P), with one connecte I
to a three-phase MOSFET inverter and the second serving a:
load and working as generator connected with a three-pha
resistive load. A quadrature encoder with 4000 counts/re
resolution is used for position measurement. The motor i
controlled using a Texas Instruments (TI) C2000 series FOC
enabled microcontroller LAUNCHXL-F28069M LaunchPad.

N
(=]

207

—
=1

Flux Linkage Error(%)

The presented flux linkage estimation algorithm is performet 0

on the FPGA-based data acquisition and control platforr -10 : : : :

OPAL-RT 5600. The code is programmed through RT-LAB, 0 2 4 6 8 10
which is a real-time simulation software fully integrated with _ _ Dead Time(ps)

MATLAB/Simulink. Fig. 9: Flux linkage errors with 0.5us, 1us, 2us, 5us, and 10us dead-

times implemented experimentally
B. Validation at Room Temperature L
. . . . . - C. Validation at Isolated Constant Temperatures

As with offline simulation, Fig. 8 exhibits the measured g- .
axis current variation and the three-phase PWM signals from In order_ to perform tests at various temperatures, the_ motor
SV-PWM. It can be noticed that at steady-state conditions, tHg_Placed in a metal enclosure and wrapped around with two
currents at the beginning of the non-zero voltage periods remafp? 7 x 50 mm silicone resistive heater mats powered by
identical because the PI controller regulates the average q-axig” DC voltage. The mats are connected with a power supply
current. via a temperature controller in which the desired temperatures

The steps shown in the g-axis current in Fig. 8 are the resi#f€ _spt 'for approxmatelyl 30 minutes until the internal thermal
of the fact that only ten current sampling points are acquired igquilibrium of the motor is reached. A K-type thermocouple
one PWM switching period. Voltages and currents are acquire§ith the sensing tip located at the motor winding is fitted into
at 100 kS/s. A switching frequency of0 kHz for PWM is the controller input modulg to provide ' temperature
employed to ensure that the total number of the sampling pointfi€asurement feedback. A simple hysteresis temperature
and thus the total number of the equations, in a switching perig@ntrolled is implemented to reach and maintain the desired
is integer. However this leads to current ripples as the testéynding temperature set-point. This is achieved by using an

motor has rather small inductances. electromechanical relay which i; mounted withir_l the controller
and connected to the output pins. The motor is then covered
5 ‘ ‘ ‘ ‘ ‘ with a calcium-magnesium silicate thermal insulation sheet in
i : order to keep the motor at elevated temperatures and emulate
ol “*ﬁw ‘ ﬁ-'%.m{ e o adiabatic thermal conditions. In this way, once thérma
Z ﬁm ¥ #""’V . : ;E;'.M quilibrium is rgached, it can _be a§sumed that rotor temp_era_ture,
‘§3 I »oiw*w P i which is not directly accessible, is very close to the winding
o —PWMI temperature which can be directly measured. The setup is
§2 | -~ PWM3 shown in Fig. 10.
@ PWMS5 7 ;
2 -=q-current /
sy J .' =
O PR TR, ,«\—r-..~.——...,<r,: :('<'v¢f)‘\-l‘|r\vl<‘r
-100 -80 -60 -40 -20

t(us)
Fig. 8: Three-phase PWM signals and the corresponding g-axis current
variation in one switching period in experimental testing

A set of dead-times Ous, 1us, 2us, 5Sus, and 1Qs, are
implemented in the inverter to verify the dead-time effect on th
presented estimation method. As is seen in Fig. 9, dead-tin
does not affect the decency of the estimation using the PWN
based method. The controller graphic user interface (GU
roughly calculates the voltage and current references, wit Temperature(l
which the flux linkage can also be estimated using (5). Th Controller L.,\

@
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the inverse relationship between flux linkage and rotor
temperature. As shown in Fig. 12, the accuracy of the
estimation shows some dependence on motor opgratin
condition (speed) and motor temperature, with the maximum
error of —1.3% detected at000rpm and125°C. It is also
worth mentioning thatas any other ‘sensorless’ methods for
back-EMF/flux linkage estimation, the proposed method shows
increasingly poorer performance as the motor speed decreases.
This may be related to the presence of speedat the
denominator of (10).

1

<05 .
@]
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[84)] ot
]
on
<05
(b) &7
Fig. 10: (a) Motor wrapped with heater mat and (b) kit wrapped with 2l
insulation material E )
Itis important that temperature dependence of stator windin .15 —>1000rpm"=-2000rpm = 3000rpm >4000rpm|,
resistance is taken into account in the proposed method. Up 20 40 60 so 100 120
3% error in flux linkage is detected otherwise at high motoi Temperature(°C)

temperatures. It is assumed that the temperature effect on iFig. 12: Flux linkage errors at 1000rpm, 2000rpm, 3000rpm, 4000rpm,
winding resistance can be described as the following lineeand rising temperatures

function: D. Rotor Temperature Estimation

Rs = Ryol1 + ar (T, — T, 23
) _ e sol T_( w = To)] (23) A calibration procedure has been adopted to evaluate the
in wh|chRs.0 is the phase re&stapgesaaeference temperature coefficient agr by measuring the open-circuit back-EMF at
Ty, anday is a temperature coefficient for copper with the valugyittarent rotor temperature andT, as

of 0.393%/°C. T,, is the winding temperature which can be 1 T.) — T 25
measured by thermocouples. apy = [¢m( 2) =~ ¥ 1)] (25)
Temperature also affects the B-H curve and permeability of Ym(T1) -T

stator core [27], [28], potentially affecting the accuracy of this Fig. 1 depicts the flux linkage references28eC, 50°C,
method. However, as demonstrated in [27] and [28], thgsec  100°C, and 125°C, respectively, along with,

temperature effect on the magnetic properties of Silicon-IroRg i jated using two adjacent temperature points. These values
(SiFe) material, used for the tested motor, is small in the typica)re selected for the estimation at each temperature region. The
operating temperatures range for electrical machine2(%€.  jifference inag, may be associated with the attribute of the
to 120°C) and therefore neglected in the work presented herematerial for the magnets.

The flux linkage reference is obtained from the phase The rotor temperature estimation errors at various motor

voltages at no-load condition as: speeds and temperatures shown in Fig. 12, are plotted in Fig.

Y = Vonase/ @y (24) 13. Approximately10°C maximum deviation is the result of the

0.041 error in the estimated flux linkage at low speed.
= 004} o
> =1
T Q L
%0.039 E 10
£ 0.038] L st
:
Z0.037] 5 |
r.n g— 0

0.036 : : : : : ©
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Fig. 11: Flux I.|nka9e estimations at 4000rpm and rising temperatures 20 40 60 80 100 120

The estimation results a#000rpm and constant-step Motor Temperature(°C)

el_evated motor temperat.ures Startlr?g.frZ)SﬁC arepIOt,ted In _Fig. 13: Rotor temperature errors at 1000rpm, 2000rpm, 3000rpm,
Fig. 11, where the flux linkage variations are consistent Wiso0orpm, and rising temperatures
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A thermal transient test over four hours is performed in Less than 1.7°C differences in the converged step
which the motor temperature increases and decreases in sté@siperatures between winding and rotor can be observed in Fig.
generated by temperature controller, as Fig. 14(a) illustrate$4(c). The estimation error is rather modest, as the error in flux
The setup shown in Fig. 10 is employed, such that at thermhhkage is less thaf.3% — 0.4% at high motor temperatuye
steady state, the rotor temperature is assumed to be identicabierording to Fig. 12. It is worth noticing that, the same flux
the winding temperature and the difference between theiinkage error at high motor temperature will lead to smaller
considered the estimation error. In order to validate therror in the estimation of the rotor temperature, due to the value
presented method in non-stationary conditions, a simplifiedf the coefficienins, increasing with temperature, as Fig. 1
duty cycle is appliedo speed and stator current and shown insyggests.

Fig. 14(b).
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Fig. 14: (a) Motor temperature profile during transient testing (b) Motor
speed and current profiles of the transient testing and (c) Flux linkage
(top) and rotor temperature (bottom) estimations under the transient
profiles

However during transient, the winding temperature cannot be
used as the reference to the estimation, because the thermal time
constant of the motor stator winding is smaller than that of the
rotor, based on the simulation results generated by the Finite
Element software Motor-CAD and shown in Fig. 15. It can be
explained by the fact that for the motor under test, a thermal
resistance between the stator and rotor exists and also in this
application, the external power from the heater mats flows from
the stator through the air gap to the rotor. These effects lead to
a faster stator temperature change. This is consistent with Fig.
14(c). In this application, it is impractical to install temperature
sensors directly on the rotor for the measurement of the
reference.

Also, the heater mat is slightly shorter in length than the
motor circumference. Therefore, the heating distribution in the
motor might not be uniform. Additionally, rotor temperature is
indirectly measured using stator windings temperature and
assuming adiabatic and steady-state conditions, assuming that
in these conditions stator and rotor have reached a thermal
equilibrium. These ideal conditions might not be perfectly
verified in practice.
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Fig. 15: Motor stator winding and rotor temperatures during transient
period acquired from the FE software Motor-CAD

V. CONCLUSION

This paper presents a relatively simple and accurate method
for online flux linkage and rotor temperature estimations of
PMSMs, based on the current response to the standard SV-
PWM which is commonly employed in most stafethe-art
power converter drive applications. This method is simple to
implement and does not require additional hardware neither
creates additional disturbance to the machine as no additional
signal injection is required. The method is also independent of
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machine inductances. Extensive simulations and experimentdpB] S. J. Underwood and I. Husain, “Online parameter estimation and
tests validating the proposed methodology on a typical SPMSM,

are provided to evaluate the sensitivity and robustness of thgy

method to a number of parameters including dead-time,
saturation and non-zero d-currefithe results demonstrate
good accuracy in rotor flux linkage and temperature estimatiorfé’]
in a wide range of machine operating conditions.
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