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Abstract—In order to monitor the thermal behavior of an
asynchronous machine with squirrel cage rotor, a 9t-order
extended Kalman filter (EKF) algorithm is implemented to
estimate the temperatures of the stator windings, the rotor cage
and the stator core. The state-space equations of EKF are
established based on the electrical, mechanical and the simplified
thermal models of an asynchronous machine. The asynchronous
machine with simplified thermal model in Dymola is compiled as
DymolaBlock, a physical model in MATLAB/Simulink. The
coolant air temperature, three-phase voltages and currents are
exported from the physical model and are processed by EKF
estimator as inputs. Compared to the temperatures exported from
the physical model of the machine, three parts of temperatures can
be estimated quite accurately by the EKF estimator. The online
EKF estimator is independent from the machine control algorithm
and can work under any speed and load condition if the stator

current is nonzero current system.
W applications such as the monitoring of the
environment, the industry and the tracking of
things. We focus on the algorithm implementation in one
host sensor node and the input signals acquired from
distributed sensor nodes. As a sensor node is low-cost, low-
power, weak calculation and small in memory size, the
algorithm should be simple and efficient so that it can be
implemented in a sensor node. The thermal behavior
monitoring system of an asynchronous machine is
examined for the further implementation on a sensor node.
Asynchronous machines are widely used due to their low
cost, robustness and low maintenance requirements. The
thermal behavior of an asynchronous machine largely
determines the maximum lifetime, the ability of over-load
and also the accuracy in high-performance controller [1].
Thermal stress and exceeding of the temperature
protection class may be the reason for insulation
deterioration as well as rotor faults [2]. So the temperature
monitoring of the stator winding, rotor cage and stator core
can be used for thermal fault detection and predictive
monitoring. It can help the machine to extend the life span
and contribute much to the high performance of the
machine [2].

I. INTRODUCTION
IRELESS sensor network has so many important

The most common method is the construction of a
temperature measurement system using mounted sensors.
Sensors can be fixed on the surface of the stator core and
embedded inside the stator winding. However, it is difficult
to acquire signals from the rotor while in operation. Local
temperature measurement, hot-spot measurement and
bulk measurement are described in [3]. Wireless sensor
networks can be used to acquire the rotor temperature, but
the high cost and the instability would be an obstacle for
the production [4], [5]. Two other types of indirect
approaches are the temperature calculation based on the
thermal model only, and the method based on the
estimation of resistive parameters. Thermal analysis based
on lumped-parameter thermal network, finite-element
analysis, and computational fluid dynamics are considered
[6]. The design of a state-of-the-art rotor temperature
monitoring system for contact measurement was proposed
[7]. Based on the stator windings resistance variation with
temperature, a sensorless internal temperature monitoring
method for induction motor is introduced [1]. J.K.AI-Tayie
[8] proposed a method to estimate the rotor and stator
temperatures using the extended Kalman filter. However,
only the temperatures of rotor cage and stator winding can
be estimated. Moreover, it must be assumed that there is
no rise in the coolant air temperature.

The thermal modeling of the machine is a complex multi-
disciplinary problem, and it must also evaluate the main
internal losses of the machine [9]. The most frequent
estimation techniques rely on a calculation of impedance in
steady state [10], [11] or on an extended Kalman filter. The
estimation of the stator resistance Rsand rotor resistance
R:-have presented in [8] and [12], and none of them can
estimate the resistances simultaneously.

Combining the electrical and mechanical model with a
simplified thermal model, an online approach to estimate
the temperatures of stator windings, rotor cage and stator
core is proposed. The extended Kalman filter can process
the three-phase voltages, currents and the coolant air
temperature. This paper defines the state-space equations
of the system and how to implement the temperature
monitoring system using the extended Kalman filter step
by step to estimate the three temperatures of the machine
directly. The state-space of the system is presented in
Section II. Section III illustrates the implementation of
EKF and the tuning of the covariance matrix. In Section IV,
the EKF estimator is performed in MATLAB/Simulink and
the simulation results are discussed. Finally, the
conclusions are given in the last section.

II. THE MODEL OF THE SYSTEM
EKF algorithm requires a state-space model of the whole
system which consists of the electrical and mechanical
models of the asynchronous machine in the a reference
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frame, and also the simplified thermal model of the
machine.

A. The Model of the Asynchronous Machines

The twin-axis reference frame is used to build the
electrical model of the three-phase asynchronous machine.
The voltage equations in arbitrary reference frame are
often written in the form below:

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

where vgs, vas are d-q stator voltages. vqr, var are d-q rotor
voltages. igs, 1ds are d-q stator currents. iqr, iq- are d-q rotor
currents. Rs, R, are stator and rotor resistance. w is the
reference frame speed and w-is the rotor electric speed. Ags,
Ads, Agrand Agrare stator and rotor flux linkages in d-q axis.
Ls, L are stator and rotor inductances and L. is mutual
inductance.

In order to reduce the number of variables, stator current
ias and igs, rotor current ig- and ig in twin-axis stator
reference frame is selected. The value of w is zero, and o =
Ler—LQm.

The final equations can be rearranged into state-space
format:

. . 2 . .
O-id,q - 7}?“]_-1,.]',]3 + L,nw!'?‘qs + R}'L)n'lrh'
+ Lr‘L?nw'I‘iqw‘ + L?'Url'a (9)
. . 2 - .
o—l(;.q = _F.\'L!'zfj’ﬁ - L,_.;-w'rtrj.s‘ + R‘:'Lm tq'r
+ L."Ln:w‘r'iqr + Lr’”qs (10)
./ N . .
O-Ed-,- - 7R.\«L??llds - Lh‘L'n),w'r’ll'q.s 7 R?‘Lal’ri?‘
— LoLywyigr — Lipvas (11)
.y - r s
U"'q;- = L.-s Lm.w'r'tr]s + B.-s L'm.&qs + LﬂLr'Wr""(lr'
- Rv'Lsiqr - Lqus (12)

The general mechanical model of the system comes from
the torque balance equation which can be expressed as:

T. = Fyw, + Juw. + T (13)

where T.is the electromagnetic torque and 7iis the load
torque. Fris the friction constant and J is total inertia. The
total electromagnetic torque of the asynchronous machine
T. can be expressed by the stator and rotor current
component in twin-axis reference frame:

Te = pnLm(igsidr — 1dsiqr) (14) where pnis the
number of pair pole. From (13), (14), the state-space of the
rotor speed is shown below:

y Pl ,. .
“r= g (gstar J J
B. The Thermal Model of the Asynchronous
Machines

Fruw, T;

- ’iljh"il['ﬂ') -

(15)

The thermal model of the machine is constructed based
on the thermal equivalent network established in [13]. The
heat of the machine is generated from the power losses,
which consists of the losses of stator winding, losses of the
stator core, losses of the rotor cage, losses of the rotor core,
friction losses and stray load losses [14]. There is no core in
the squirrel cage rotor, so the losses of rotor core is taken
as zero. In order to simplify the thermal model, the friction
losses and the stray load losses are dissipated to the
environment and not contribute to the thermal transfer.
The simplified thermal model equations in [13] can be
written as following equations:

T; o 7Rsu:Tq-u= + R.ﬁ??t'Ts‘z‘ + va
o C.&-u.‘ C.‘;'u.' C.‘;'us (16)
T,v _ 7Rr«:Tr(: + R-r(-Ts'(: + Pr(‘
e Cre  Cre (17)
T,u _ _RSTL‘T‘HU + RT‘(:.TTE + RS(’.I‘,
o Csc‘ Cs(: Csc‘
+ (st + th- + Rm;)rqr: R@r:
C.ﬂ.'(' C.s'f' (18)

where Tow, Tre, Tsc and Te are temperatures above ambient
of stator winding, rotor cage, stator core and coolant air
respectively. Rsw, Rrc and Rsc are thermal resistances. Csw,
Crcand Cscare thermal capacitances. Psw, Prcand Pscare the
losses respect to stator winding, rotor cage and stator core.

In the simplified thermal model, Psw,Prcare ohmic losses,
and Ps.is the frequency-dependent iron losses, Rs,R-are the
DC resistance, in ohms, between any two line terminals, wm
is the mechanical speed of the rotor in rad/s, kironis the iron
loss constant. The losses can be represented as:

3 . p
P, = §R5(3§s + lfzis) (19)
3 2 9
Pr‘!-‘ = ERT(?'L_H' + idr) (20)
2
Ps'(' = k.‘??'uri"’"‘m, (21)

C. The Combined Model of the System

In order to combine the model of the asynchronous
machines and the thermal model into a series of integrated
state-space equations, the temperature dependent
characteristics of the resistance is used. Both Rsand R can
be replaced by the following equations:

Rs= RsRef(l + (XSTSW) (22)
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Rr= Rrref(1 + arTrc) (23)
where Rsrer and Rirer are the resistances in the reference
temperature. as and ar are temperature coefficients of
stator winding (copper) and rotor cage (aluminum).

From (9)-(12), (15), (16)-(18), the final state space system
can be acquired by substituting Psw,Prc,Psc expressed in
(19)-(20) into (16)-(18), and substituting Rs,R:in (22), (23)
into (9)-(12), (16)-(18). Summarizing the previous
equations, the system can be rewritten as a gt-order
nonlinear continuous time-variant system in the state
space model form:

X'(t) = A(x(t)x(t) + B(H)u(t) (24)
- L. -
Lo 0
0 L 0
L
Lm0 0
0 L 0
B(f) = 0 0 0
0 0 0
0 0 0
0 0 0
L0 0 e
1 00 0 0 0 0 0 0
01 0 0 0 0 0 0 0
z(t) = Cx(t) + D()u(t) (25)
where:
X= [l'ds,l'qs,l'dr,iqr,a)r, TI,Tsw, Trc, Tsc]T (26)
z = [ids, Igs]T 27
u = [vds,vgs, Tc]T (28)
(29)
C=(30)
0 =LsLr—L2m (31)
a(t) = (Rs(1 + asTsw(t))) (32)
b(t) = (R(1 + arTic(t))) (33)

In the state equations, x(t) is the state vector, u(¢) is the
control vector, the system matrix A(x(t)) defined in (48) is
variable with time, B(#) is the input matrix which is
constant. In the measurement equations, C(t) is the output
matrix, D(t) is the feedthrough matrix which is zero here.
The load torque T is considered constant parameter due to
the slow variation with time.

III. THE IMPLEMENTATION OF EXTENDED KALMAN FILTER
ALGORITHM

The extended kalman filter is a nonlinear version of the
Kalman filter which linearizes about an estimation of the
current mean and covariance. In general, both the process
noise and the measurement noise should be taken into
account in the nonlinear system model and measurement
model.

(34) zx= h(xx)
+ Vi (35)

It is necessary to assume that the process wk and the
measurement noise vk are random white Gaussian noise
with zero mean and their variance can be described by
covariance matrix Q and R respectively. They can be
defined as

Xk = flXk-1,Uk-1) + Wik-1

E[w@w()] = Q5(y) (36)
E[v(@)vT(j)] = R6(1y) (37)
E[WDuT(j)] =0 (38)
6(iy) is a Dirac Delta function variation
. 1 i=j
5 2, =
" L]f%f (39)

where Q is a 9x9 positive semi-defined matrix and R is
2x2 positive semi-defined matrix. Both of them are
constant matrix. The state space of the system is nonlinear.

A. Initialization of the State Vector and Covariance
Matrix

As the discrete EKF is a recursive algorithm starting from
sampling time t = 0, the starting values of the state vector
is

x"(0) = E [x(0)] (40)

where the symbol“indicates estimated value of a state
vector. And a 9x9 error covariance matrix is a diagonal
matrix as below:

P(0) = Var[x(0)] (41)

B. The Prediction Stage of EKF
The prediction stage equations of EKF are shown in (42)
and (43). Equation (42) is used for updating the state
vector from previous sampling time k-1 to current time k.
Equation (43) is state of updating error covariance matrix.

X"k = flx" k-1,Ur-1,0) (42)
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P =F.P. . F+Q (43)

where Fis the process Jacobians at step k
_9f
F(44) +~ 5%|

Ty

Oh(z(k — 1))

ox
oh

0x(50)

The Jacobian matrix Fris defined in (55), where the
coefficients are below:

.1 ) 'The Dis?retization of ti.ze Model: The model above  L2ige(k) + Ly Lyig (k)T  R.a.Lyig. (k)T
is a continuous time system which can not be processed by fis = 5 ir= - 3
computer. Euler’s approximation is used to discrete the _ Rea,Lyige (k)T _ Ly(Lyigs(k) + Lyige (k)T
model, so that the sampled data can be used in the EKF fis = 5 yfos = — 5
algorithm. According to the definition of derivative, (24) R.a L iy (k)T Ryo,. Lyyig, (k)T
. Jor = — y fas = .
can be rewritten as: ) ]
T k —r }\ —1 o L'm,Lsirs(k) + Leri( 1'(}“')7 - BsasLm,infs(k)T
a(k) —z(k—1) _ Aga(k — 1) + Byu(k — 1) o) fas = — d ' ] far = ==
T
45 - Rr‘ar'Llidr(k)T o LmLsidﬁ(k) + Leridr'(k))T
By simplifying the equation above, the new equation can fas =— 5 1445 = 5
be expressed as: f RoogLyigs (k)T f R, Lyig. (k)T
ar=———+ S Jas=———F
x(k) = (1 + TAQ)x(k - 1) + TBau(k - 1) (46) 0 0
3(Reovs(ias(k)? + igs(k)?) — Row)T
Jrr=1+ 5C
As A and B are the matrix, the discrete model is fam 14 3( Ryt (i (k)2 + igr(K)2) — Rye)T
x(k) = Aax(k - 1) + Bau(k - 1) (47) 2C,
(Rsu: + Rr‘r: + R.s'r:)T
where Aq= E + 1A and Ba= 1B, E is 9x9 unit matrix, Cqis foo =1~ C..
equal to C, 7 is the sampling time. C. The Correction Stage of EKF
—a(t)L, L2 we(t) b(t) L Ly Loy, (t) oh
29 2 0 o - — T — T ~1
—L2 we(t) “ally  —Lelmwr(t)  bH)Lmes() Ky = Py B (s HE + R) (51)
s
a(t)Lom —L.Lmw,(t) —b(t)Ls —LsLrwr(t) X'k= X"+ Ki(zk— h(x"x,0)) 1 (52)
s 5 s s
Lo Lniwor(t) a(t)L, Lo Lpw, (1) —b(t) L, 0 0 0 0
E 5 3 5 Pg+1= (], - KkHk) Pk- (53
(x(t)) = —p,lf,?,qf.(t) ;:),,L,,-L;M(t) 0 0 QIB S‘} E) Ig) [()b | (48?
_ where HkiSQhC measurement Jacobian at step k
3a(t)igs(t) 3b(t)igs(t) 0 0
2C 0 20,
A . _
Rew Row
3b(1)iar(t)  3b(t)igr(t) G 05 i
tige(t 3b(t)ige(t —R,. Rye
0 0 2(7.,1.(‘ 2(7:,; 0 0 0 Chre Cre
0 0 0 0 buwontn(®) (B Eee  RowtBeckRe |
0 0 0 0 0 0 0 0 0
0 0 0 0
2) The Linearization of the Model: The linearization
of the non-linear model plays crucial role in the the H — (54)
x=x"k

implementation of EKF. The linearization is based on the
assumption, that the state variables in (26) are constant in
one step of the computation. The linearized state equation
can be rewritten in a new form:

af1) ~ OAg(R)z(k — 1) + Ba(k)u(k —
0

0X

(49)
And the output equation is below:

IV. SIMULATION MODELS AND EXPERIMENT RESULTS
A. The Combined Simulation Models

The model of a squirrel cage asynchronous machine with
losses couples with the simplified thermal model using
Dymola. The squirrel cage asynchronous machine with
losses is explained in [14]-[16]. The model can simulate the
transient electrical and magnetic behavior as well as six
parts of the machine losses. By connecting an internal

Journal of Computer Engineering | https://doi.org/10.5281/zenodo.1

9342613 Page 48



JCE

Temperature Estimation in Asynchronous Machines via...

thermal port of the machine to the thermal port of the
simplified thermal model, all the losses can be passed to the
thermal circuit. With the complete model, the
temperatures of stator wingding, rotor cage and the stator
core can be calculated. The simplified thermal mode is
shown in Fig. 1, and both the simulation model and the
experiment are explained in [13].

All parameters of the asynchronous machine were
identified at a test bench. The complete model is shown in
Fig. 2.

With the help of the Dymola-Simulink interface, the
complete model in Dymola can also run in a Simulink
environment [17]. Meanwhile EKF algorithm is
implemented as a S-Function in Matlab/Simulink, and
connected with the complete physical model. In the
complete model, the three-phase stator currents are the
measurements, the three-phase voltages and the coolant
air temperature are the control vector. They can be
exported from DymolaBlock as the input of the EKF. The
estimated temperature from EKF can be compared with the
temperature calculated by the thermal model. The online
EKF estimator in Simulink is shown in Fig. 3.

B. The Simulation Results by EKF Estimator

The parameters of the asynchronous machine and the
parameters of the thermal model are listed in Tables III-V
respectively. The implemented EKF algorithm is
independent from the control strategy and the running
conditions of the machine. The temperatures of stator
winding, rotor cage and stator core can be estimated in any
operating condition. Full-load test S1 and intermittent-
load test S6 have performed in Simulink and the sampling
time is 500 us. The initial error covariance matrix, process
noise covariance matrix and measurement covariance
matrix are obtained by trial and error method:

p(0) =diag[5 5 5 5 5 5 0 0 0

Q

=diag |3 3 05 0.5

F
0 0 3b(k:)(1;,g,.(k)T .‘H)(k){qr[k)f
0 0 0 0
g o o
2 2 2
£ g 8 rotorCage
S
o o
1 )
El a
=1
o |{D
& o
- ° g stator
2 4= B
off ¢ ,
sl &
5 2 [
2 g8 o
volumeFlow ? Q
2 ©
3 lo
=] o
| — L o
. il o
inlet =
il coolant
fan
I 1 — e)Ler L2 we (k)T b(k) Lyt Ly Lpw, (k)T
- 5 3 3 5
—Lfnwr(k)‘r 1 a(k)L,T — Ly Lyw, (k)T b(k)Lpyw, (k)T
5 - 5 3 5
a(k)LyT —LgLpywy (k)T 1— b(k)LsT —LsLyw, (k)T
4 ) 8 bl
LsLpmwy (k)T a(k)L,T LsLywy (k)T 1— b(k)LsT
5 5 5 o
(k) “Pnlmigr(k)T  pnlmidar(k)T Pnlmiqs(k)T —PnLmids(k)T
. J J J
0 0 0 0
3(t(kc)jd_.«,(k)r 3(‘)(-’\22;:(;5(-'1')7' 0 0

[0.1 0]
R |0 01

001 0.1 1077

Fig. 1 The Simplified Thermal

107 10

Two experiments are performed. One is the continuous

full load S1 which means the machine runs at the rated
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condition until the temperatures are stable. Fig. 4 shows
the comparison between the temperatures exported from
the physical model in Dymola and the temperatures
estimate by EKF in Simulink. The sampling time is 500 us
and the simulation period is about four hours.

Apart from the deviation for every point, the normalized
root-mean-square error (NRMSR) enrus defined in (56) is
used to evaluate the accuracy of the estimator.

N ' '
ENRMS = 1 Z( Ymea (1) — Yest (i) )
o N i=0 maz(Ymea) — MIN(Ymea)

(56)

The estimated temperatures follow the simulated
reference temperatures quite well. The maximum error and
the NRMSE value for each region under S1 condition are
summarized in Table I.

Another experiment is called S6 which is an intermittent
load with six minutes no-load followed by four minutes
full-load. The sampling time is also 500 us. The results of
the temperatures match the simulated reference
temperatures very well. Fig. 5 shows the comparison
between the temperature simulated and the temperature
estimate by EKF under an

9 ¢

=

/s

ol )%

EJF \_-;7/.7.

Q .

[0] »)
T—Q‘ o

L3

= 3

)

feedback
Simplified thermal model ~ duration=5.5
Fig. 2 The Complete Model
I
is2 >
is3—— ¥ H
vsl |~ BE—P = Pekf sfund
vs2 | » m m
vs3 [ > Rate Transition2 S Func
Tel” -
Tsw |~ |
Tre | | — [
| Tsc| ) T » ]]I { ) > 1
Asynchronous machine and thermal model Rate Transition3
DymolaBlock
Fig. 3 EKF Estimator in Simulir
TABLE I
THE ERROR AND NRMSE OF THE ESTIMATED TEMPERATURES UNDER S1
Parameters Maximum Error NRMSE
Stator winding 1.6°C 2.11%
Rotor cage 3.1°C 2.91%
Stator core 1.2°C 2.05%

intermittent load S6. The maximum error and the NRMSE
value for each region under S6 condition are summarized
in Table II.

TABLE II
THE ERROR AND NRMSE OF THE ESTIMATED TEMPERATURES UNDER S6
Parameters Maximum Error NRMSE
Stator winding 1.6°C 1.88%
Rotor cage 2.1°C 3.01%
Stator core 1.8°C 1.86%

V. CONCLUSION

This paper proposed an on-line method to estimate the
temperatures of stator wingding, rotor cage and stator core
of an asynchronous machine using an extended Kalman
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filter. By combining the model of the asynchronous
machine in twin-axis stator reference frame and the
simplified thermal model, the state-space equations have
been defined and implemented as a 9th-order extended
Kalman filter. The complete temperature simulation model
based on [13] is modeled in Dymola and runs well
compared to the results in [13]. The coolant air
temperature, three-phase currents and voltages are
exported from the asynchronous machine model in
Dymola which are the inputs of EKF. Both the Dymola
model and EKF algorithm complied in an S-Function can
be simulated in MATLAB/SIMULINK. The estimated
temperatures follow the simulated reference temperatures

very
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Fig. 4 Comparison of simulated and estimated temperatures under
continuous duty S1

9 80 T T
k4 60r
D40
-§~ -~ Simulation
5 20~ — Estimation ||
0 ‘ ‘ - -
w0 2000 4000 6000 8000 10000 12000
Time [sec]
_80 ‘ - .
@)
=60¢
gﬂ40
% - - Simulation
E 207 — Estimation ||
00 2000 4000 6000 8000 10000 12000
Time [sec]
? 60 T T T
v
§ 40~ - - Simulation ||
£ — Estimation
n 20 i i i
0 2000 4000 6000 8000 10000 12000

Time [sec]

Fig. 5 Comparison of simulated and estimated temperatures under
intermittent duty S6

well under both S1 and S6 conditions. The advantages of
the algorithm are as follows:

. The estimated temperatures can be obtained by
acquiring the three phase stator voltage, current and
the coolant air temperature. The rotor speed and the
torque can also be estimated simultaneously.

The estimator is independent from the operation
conditions. That means no matter what the rotor
speed is, and what the mechanical load is, as long as
there are currents through the stator winding, the
temperature can be estimated correctly.

APPENDIX
TABLE III
PARAMETERS OF ASYNCHRONOUS MACHINE
Parameters Symbols Values
Nominal output Pm 3kW
Nominal voltage 14 380V
Nominal frequency f 50 Hz
Nominal torque T 20deltaN-m
Connection
Pole pair pn
Stator resistance Rs 1.9693
Rotor resistance Rr 1.8081
2
Q
Q
52.025 Q2
2.02 Q
2.02 Q
Main reactance Xm
Stator leakage reactance Xs
Rotor leakage reactance Xr
Rotor’s moment of inertia Jr 0.01654 kg.m?
Iron loss constant kiron 0.00664 W/(rad/s)?
TABLE IV
THERMAL CAPACITANCES OF SIMPLIFIED MODEL
Parameters Symbols Values
Stator winding capacitance Csw 3000 J/K
Rotor cage capacitance Crc 1366 J/K
Stator core capacitance Csc 7000 J/K
TABLE V
THERMAL RESISTANCES OF SIMPLIFIED MODEL
Parameters Symbols Values
Stator winding resistance Rsw 13.8 K/IW
Rotor cage resistance Rrc 3.52 K/'W
Stator core resistance Rsc 153 K/W
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