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Keywords: equivalent circuit model, impedance responsejents to a certain extent. In [12] the turn to turn, turn tamjro
induction machine stray capacitances, skin and proximity effects, dielecind

iron losses are taken into account in the equivalent cirgiuit

a mush wound AC motor. The work of Mirafzal et al. [14]
Abstract proposed a universal three phase equivalent circuit madel f

low and high frequency characteristics of an induction mo-
The influence of temperature conditions on electric maching by considering lumped winding to winding and winding
models is not well understood. This paper investigates mad-frame capacitance parameters and nonlinear high freguen
elling the temperature dependence of equivalent circuémpa stator voltage gradient effects. More recently, H. Peng.et a
eters. Experiments have been performed on an induction 5] proposed a quick method for obtaining an ECM for AC
chine to characterise its impedance response (up to 10 Midad DC machines from impedance amplitude-frequency char-
over the temperature range (22.4-22Q). Using these mea- acteristic measurements.

surements non-linear parameter estimation is performed us del d studies d bv [12 13. 14. 15 d ke |
ing the Nelder-Mead method to derive temperature-depend €ls an studies done by [ Lo ] do not take ".m
consideration the extreme working conditions such as high

models, with an average absolute magnitude error of 270 humidi d vibration that eleciri Bi
The accuracy has been evaluated over the frequency rangé‘? pe;agu;e;, umidity an Vld ra'utont ?te ectrl!c r?_ae mg
the different temperatures and highlights where improwﬁmeSu jectedto in aérospace, and aulomotive applicationspeio

are needed. This work has important applications in etecth)sses’ iron losses and mechanical losses from the opeditio

machine design and condition monitoring. Also it providestzrzl""ctIon motors can raise machine parts to temperatureghs h

valuable precursor towards developing age—dependentlmo@é 108°C [16], 140°C [1.7]’ and 20_00C[18]’ depending on
for traction based applications. size, age, geometry, cooling and drive cycle. In the aforeme

tioned papers, the high and low frequency characteristics o
induction motors have been studied using data at room temper
1 Introduction ature and ECMs. ECMs are known for their limited flexibility
[2] and this suggests that parameters estimated at ceetain t

Electric machine models are useful for describing and ptediPeratures could result in large errors as operating camuiti

ing the machine’s behaviour. The predominant applicatiof8d consequently parameters change especially whenielectr
for models in this field are in machine design [1, 2], conditioMachines are used for traction.

monitoring for diagnosis [3, 4], ageing [5], modelling th@m |n this paper the temperature dependent parameters of an equ
chine temperature for cooling purposes [6, 7], and for @ntrgjent circuit model have been estimated. This paper investi
systems [8]. gates the suitability of ECMs for studying machine behawiou

Different types of models include equivalent circuit madefAt €xtreme temperature conditions and provides a valuagie p
(ECMs) [1, 2], finite element models (FEMs) [1, 2] and equiveursor to thew_appllcatlon in modelling machme degral_datl_
alent magnetic circuits [2, 9, 10]. ECMs are more commdipndition monitoring and advanced design. By considering
[2] and are based on the lumped RLC parameters of the stdfgpPerature effects on motor model parameters, the uaivers
and rotor windings electromagnetic network. The IEEE Staffiduction per phase motor model proposed in [10] has been
dard 112 defines a per-phase low-frequency equivalenticirdivestigated. The approach uses impedance measurements ac
model [11] for an induction machine. However, this model {guired at the terminals (U, V, and W) of an induction machine
for low-frequency (below the first resonant frequency),deen©Ver the temperature rangg; (room temperature) to 21CC.

it contains purely inductive and resistive elements andethe Stator and rotor parameters are estimated across the ®@mper
fore does not cater for inter-turmn capacitance and leakage ré range using the Nelder-Mead simplex algorithm, which i
pacitance between (stator and frame, rotor and stator,aatb & Well-defined and widely used numerical method. There is a
frame). Models presented by G. Grandi et al. [12] and O. Rumber of optimisation methods available, see [19]; howeve
Mohammed et al. [13] have incorporated high frequency efgstimation of ECM parameters can be easily transformed into



an unconstrained optimisation problem, hence it is beflevpower losses which occur in the rotor winding. The statot firs
that the simplex method is sufficient for this study. Usinig thturn leakage inductance ;) is defined by
framework, the temperature dependences of the various ma- )
i n
chine parameters have been analysed. DLy = (_f) L. )

2 Background toinduction machines wheren is the number of first few turns and refers to the
total number of turns per phase. The first turn stator leakage
In recent years, induction machines have also found emp|@ductance is used to account for the first few turns affect on
ment in electric vehicles, examples of these include théaTethe high frequency anti resonance. The slijs unity as the
Roadster, General Motors EV-1, and AC Propulsion vehiclegotational speed of the rotor for the experiments is zerds Th
Tzero technology which has been used in BMW Mini-E ani@cilitates the estimation oR, as a stand-alone parameter of
Taiwan’s Yulon MPV. While permanent magnet (PM) vehicléhe ECM.
machines are becoming more predominant in electric vedicl
still many merits remain in favour of induction machines,sno

? Parameter] Description |

notably low cost, well proven technology and their inherent | £s stator resistance
bustness. The particular machine used for this researclamwas £ rotor resistance
Alpak11 AC induction motor, 0.37 kW, RPM 1460. This ma-| Lir rotor inductance
chine of course is a lot smaller than that found in an electric Rcore core loss resistance
vehicle however in principle the theory and methodology sti| L magnetising inductance
apply as the physics remain the same albeit appropriateparg Lis stator leakage inductance
eter scaling in required. nLs stator first turn leakage inductance
Csw stator turn to turn winding capacitance
—— Csy stator to frame capacitance
3 Model description UR stator to frame to ground damping resistance
. ) N | Rsw damping resistance in winding
In this paper, the equivalent circuit model (ECM) for an in- 5 slip

duction machine proposed by Mirafzal et al. [14] is investi
gated, see Figure 1 and Table 1. This circuit is sufficient for
describing the impedance behaviour of an induction machine
at both low and high frequencies [14], i.e. between 10 Hz and
10 MHz. The parametets;s, Cs., Css, R, and Ry, have

Table 1: Parameters of ECM

4 Experimental procedure

Rsw
The experiment specimen i.e. the electric machine, waggdlac
Csw inside the laboratory oven as shown in Fig 3(a). Measuresnent
I R L of_impedan_ce for room temperature (22@) were first made
Phase W’I a ’\/W M AN prior to activating the electric oven. The frequency rangs w
Lis 100 Hz — 20 MHz. The temperature of the oven was then in-
Csy creased to 30C and thereafter increased at intervals ofZ0

" up to 210°C. An internal temperature sensor (thermocouple)
L% ;Rcm g_ was used to measure the specimen’s temperature using a YCT

Data Logger Thermometer (YC-747UD) and the impedance
Machine Chassis was measured using a N4L precision impedance/LCR analyser
(PSM1735 with Impedance Analysis Interface) see Fig 3(b).
The acquired impedance measurements for the three phases
(U,V,W) are shown in Fig. 2(a) and 2(b) for magnitude and
phase respectively.

HRs

Neutral

Figure 1: ECM of induction machine

been added to the conventional electric machine circujiras 5 Parameter estimation

sented in [11]. The stator resistance can be measured using a

rated DC current [4]. The termR;, which is proportional to The parameters of the ECM have been estimated for differ-
the stator resistance, is used to account for the first femstuent values of the temperatur€)and are presented in the Ap-
nonlinear voltage gradient at high frequency. For wire wburpendix A in Tables 2-4. In order to obtain each parameter set a
motors, the current flowing in the stator induces electraraot quadratic cost function has been minimised using the Nelder
force in the rotor windings which flows as the rotor is shortMead simplex method for nonlinear optimisation [20]. The
circuited. The damping resistance in winding represergs timodel has been fitted for the frequency range 100 Hz-10 MHz.
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Figure 2: Impedance measurements of the three phases (U, #&¥Wthe temperature randé to 210°C
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Figure 4: Dependency between temperature and identified val

Figure 3: The experiment setup ues ofR, andufi,

It is observed thaR?s, R.ore, nRs, andC.y increase with an and the anti-resonance when the temperature is relatioely |
increase of the temperature, see Figures 4-6. This is to-be &xe Figure 7. One can note a third resonance in the measured
pected as the resistance of the materials increases wiietemdata at approximately - 10° rad/s, see phase plot of Figure 7,
ature, non-linearly in this case as we are dealing with canpavhich appears to be not well accounted for by the model. This
ite materials, e.g. laminated steel and polymer coatederopythird resonance has relatively negligible effect on thgdiency
Furthermore, some of the ECM parameters have outliers comasponse of induction machine fbr< 130°C. However, as the
pared to those calculated for different temperatures, @R, temperature increases above 18D the third resonance be-
calculated for 3G'C. This might be due to noise in the data ocomes more pronounced, see Figure 8. The evolution of these
some limitations in the optimisation method used. Howevérends with respect to temperature was well presented in the
they have minimal influence on the overall analysis. Figireampedance measurements in Figure 4. It would appear that the
and 8 present frequency responses of the ECM compared vadtinsidered ECM model structure is insufficient for accuyate
the measured data for the two extreme temperature casesmedelling the induction machine over the spectrum considler
22.4°C and 210°C. The ECM can replicate both resonancebhis might also explain a significant change in the trend ef th
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Figure 8: Frequency response of ECM compared with mea-
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O 008 o : : : : : : : : This is probably due to the fact that the considered ECM is
“20 40 60 80 100 120 140 160 180 200 220 not sufficient for induction machine modelling in high tempe

Temperature‘C] atures. The average values of frequency response erréeglot

. ) ; for. different frequencies are presented in Figure 10. Ome ca
Figure 6: Dependency between temperature and identifie : )
value ofC's note that t_he ECM s_truggles to gccura_tely descnbe_ the induc
fs tion machine behaviour for relatively high frequenciesofab
108 rad/s) which could be related to high frequency effects and
_ associated parasitic elements e.g. from the measurenagist le
ECM parameters when the temperature increases abovC130
such as, for example, a ‘abrupt’ shift upwardgin,..., see Fig-
ure 5, or a drop iRy, see Table 2 (note thdt,,, increases

with an increase of the temperature or< 130°C).
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Figure 7: Frequency response of ECM compared with M&gag genote magnitude (top subfigure) and phase modelling er
sured data for = 30°C rors (bottom subfigure), whilst error bars represent thedzted

deviation of magnitude and phase response error.

In order to assess the goodness of fit of the ECM, a quanti-

tative efficacy index is required. In this paper averageeslu

of the absolute magnitude modelling error and absolutegohas .

modelling error, expressed in, relatively, dB and deg, aeu 6 Conclusions and future work

The efficacy indices are calculated by substracting the imagn

tude (or phase) of the model from the measured magnitude [jorthis paper the impact of temperature on the frequency re-
phase) and then computing the absolute value. Then an aeggpnse of the induction machine is considered. Based on ex-
value of the absolute magnitude (or phase) error is compapaEtimental data, the parameters of the ECM, which has been
for differenttemperatures, see Figure 9, or frequencessigy- originally developed by Mirafzal et al. [14, 21] for room tem
ure 10. One can note a significant increase in both average pdrature, are estimated for different values of the tenpera
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