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Abstract—In this paper a real-time permeance network based the use of optimized models combined with creative numerical
distributed model for induction machines is proposed which can procedures.

accommodate the local phenomena such as slotting and space  anqjication of an advanced electrical machine model in real-
harmonics inside a machine. A linear permeance network model .. died by Abourid | 13l In thei K d
(PNM) of a squirrel cage induction motor is successfully simulated time was studied by ouridat al. [3]. In their work, d-

in real-time by optimizing the numerical procedures inside the and g-axis inductances of a“permanent magnet synchronous
model. Particular attention is paid to the selection of an efficient motor for different operating points are obtained from the
linear solver for the model. Also, the moving band technique Finjte Element (FE) offline simulation of the machine. These
WhICh. is a!ready used in the finite element analysis of electrical inductance values aré then used during the real-time simula-
machines is extended to the PNM to reduce the domain of study . ith h th debinclud i ff lated
to one quarter of the machine. tion. Although the.mode includes nonlinear effects related to
Real-time oscilloscope results of the simulation of an induction Saliency and electromagnetic field distribution in the motor, it is
machine during the start up, no load and loaded operating only valid under steady-state conditions or for a limited range
conditions are shown in the paper. The real-time simulation results of transients:»This is due to the finite number of data points
are validated by comparing the effect of rotor slot harmonics in 4y ailable from the FE analysis. The inductance values at any
the frequency spectrum of the steady-state stator current with fi int-of th i hich d t tch ¢
analytical formulas. In order to investigate the effect of saturation OPCLSUREL DONGR! the motor, which do not maich an exac
on the performance of the machine, a comparison between the POINt in the available data set, must be interpolated because no
simulation results from the real-time linear PNM and offline /new FE analysis can-be done during the real-time simulation.
nonlinear PNM is also presented in the paper. Thus, it would be very useful for HIL simulation to implement
) . . an electric machine model which can perform both electric and
Keywords: Induction machine, permeance network model, real- . . . . ..
time simulation, rotor slot harmonics, sparse linear solver. magnetic analysis in real-time for all operating conditions.
In this paper, we propose a detailed permeance network
based induction machine model for real-time simulation. This
|. INTRODUCTION model can be used in a variety of applications, such as a
_ ) ) _ . comprehensive HIL simulation of speed estimation or fault
R_EAL-TIM!E_smuIatlon of electrical machines and drivesjiagnosis algorithms in electrical drives. It also provides a
is an efficient and cost-effective approach to evaluajfore rigorous method to study the interaction between power
the behavior of newly designed machines and controllegfectronic modules and the electrical machines in real-time.
before applying them in a real system. Using hardware-in-thene validity of the implemented model is verified by comparing

loop (HIL) simulation, new, controllers o machines can bge real-time simulation results with the results from analytical
tested against an accurate real-time model in a non-destruciygnulas and offline simulation.

environment [1].

Until now most of the research in the area of real-time
simulation of electric drives was focused on the accurate and
efficient modeling of power electronics apparatus and digital Permeance network model (PNM), also known as reluctance
controllers<[2]. While these are important issues, accuratetwork model or magnetic equivalent circuit, was developed
modeling of electric machines as integral parts of any drivgs a means for electrical machine analysis in the late 1980s
system is also’ vital for performing a realistic simulationpy Ostovic [4]. PNM can be considered as a compromise
Conventional lumped models of electric machines available petween FE and lumped parameter models. Its advantages
offline circuit simulation tools are incapable of including therre the relatively low computing time and the high accuracy,
spatial effects inside a machine. The main obstacle in utilizieghieved through a division of the geometry that is coarser
more detailed models of electric machines in real-time is thiean in FE models. Another advantage is the straightforward
large computation time which could only be overcome througixtension of PNM to 3D analysis.

The method is based on the representation of major flux
—— . o Haths in a machine with a series of lumped permeance el-
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Ampere’s laws in electromagnetics resemble the Kirchhoff’s
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Il. PERMEANCE NETWORK MODEL




permeance elements, which can be solved by typical electrivdiereM is the vector of magnetic potentials ahi the vector
circuit methods such as nodal or loop current analysis. Fig.ol stator phase and rotor bar currents. Matrieks and As
shows the PNM for a portion of a Squirrel Cage Inductioimclude the permeance elements and mmf sources connected
Motor (SCIM) in which main flux paths as well as the mmto the corresponding node in the system of nodal equations.
sources are specified across the geometry of the machine. Flux linkage equations of the stator windings and rotor loops
are also included in the PNM by the aid of winding function

Stator Yoke [ : Flux Tube theory [9] as:
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': '-' ': '-' where is the vector of stator and rotorflux linkages. Elements
Slot Leakages of A3 and A, can be obtained from the contribution of different
flux paths of the permeance network into the total flux linkages
Air-Gap of stator windings and rotor loops. - . .
To complete the machine model, electrical differential equa-
tions which relate the stator phase voltages, stator and rotor
Bar Leakages I—,‘:T'“_L,‘:T'__L,‘:T' flux linkages and currents are expressed as a separate set of
VT VG - equations.
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Rotor Yoke ... I wherev ;. IS the vector of stator phase voltages and the
vector of short circuit rotor loop voltageds elements consist
Fig. 1. Permeance network model for a portion of a SCIM of the stator winding and rotor bar and end ring resistances.

The methadology which is used in this paper for developing
PNM is gaining increasing popularity in the design optithe PNM equations is similar to the one in [5] where a state-
mization and transient simulation of electrical machines whey@riable model, based on the magnetic equivalent circuit of the
repetitive computations are required in a short time. Thfiotor is developed. The merit of this approach is that all of
method was successfully applied to different types of maghe permeance values of a machine are based on geometrical
netic devices such as induction machines [5], synchronagiga; thus no detailed field analysis is required to obtain
machines [6] and switched reluctance motors [7]. It has futufifese parameters. This results in the fast development of the
potential as a standard design and simulation approach as fg¢meance network equations for different machines which is
integrated CAD tools have also been developed based 0n thigessary for rapid prototyping. This method also includes
methodology in recent years [8]. the 3D effects of the rotor end rings which may affect the
Permeance values for different parts of a machine can performance of a SCIM considerably. A transformation to the
obtained either from a detailed field analysis or from thgdo stationary reference frame has been applied to the stator
geometrical data, as: variables in order to eliminate the mutual leakage inductance
1 1 between the windings. Rotor parameters are preserved in their
P=r=7 ; (1) original format.
S % Fig. 2 shows the structure of the PNM model. It can be seen
0 that state variables include the flux linkages of stator windings
where P, R, L, n, and S are permeance, reluctance, lengtAqq40) , rotor teeth A;.), and one of the rotor end ringa £).
permeability, and cross section‘area of an element respectivélifer integrating the differential equations, the state variables
lis the integration‘variable. In the case of a nonlinear magnetite applied to the PNM as the inputs. Based on the inputs at
device, the permeability of elements in the core region @ach time-step, the permeance network model of the machine,
described as a function of flux density. In electrical machineshich consists of a system of algebraic equations, are solved
air gap permeances are dependent on the position of rdimrobtain the stator and rotor currentg o, ¢, andiys.),
and are calculated based on the overlap between each pawbérei . is the rotor end-ring current. These currents are in
stator and rotor teeth. Knowing the winding distribution of #urn used to solve the differential equations of the machine
machine, mmf sources in the stator yoke can be obtained ibythe next time-step to continue the time-marching procedure
multiplying the currents in each phase by the number of turits the transient simulation. Stator voltages alayp axis are
in the corresponding slot. For a squirrel cage induction motdhe only independent inputs of the integrated model. Also a
rotor mmf sources are equal to rotor bar currents. “Torque Calculating Block” is used to obtain the developed
Once the permeances and mmf sources of the PNM a&lectrical torque by the machin&y) from the values of the
obtained, nodal equations of the magnetic circuit can be writtstator currents and flux linkages. The output torque is used in
as: the mechanical model to update rotor angle) (in the next
time-step. The main parameters and dimensions of the SCIM
AIM 4+ A1 =0, (2) which is simulated in this paper are given in Table I. Detailed




geometrical data and material characteristics of the machinél'he first method which is set as a reference to compare
can be found in [5]. the efficiency of other algorithms with is the conventional LU
decomposition. This method is easy to implement and general

Torque | T, | yechanical | 0r enough to be applied to a wide range of linear equations.
Calculation —»| Model [ T™ ) . .
r Block The permeance network equations of an electric machine
) are sparse in nature. This is because each node in the PNM is
only connected to a few adjacent nodes. Therefore, it seems
> Phado Agdo fadg appropriate to use a more advanced algorithm which exploits
Vado the sparsity pattern of the equations to reduce the computing
S i I LS time. Among different types of available open source sparse
solvers, UMFPACK was selected as(the second algorithm to
e, be tested on the PNM because it can solve unsymmetric sparse
systems as in PNM. UMFPACK is a set of routines for solving
t —l: sparse linear systems using the-Unsymmetric MultiFrontal
method and direct sparse LU factorization [10]. It is also

the basis of LU factorization and linear solutions for sparse

Fig. 2. Schematic diagram of a SCIM model matrices in Matlab and many other commercial softwares.
For a sparse system of equations with a moderate number
TABLE | of unknowns it might be possible to‘gain some advantages in
MAIN DIMENSIONSAND PARAMETERS OF THE SQUIRREL CAGE the computing speed at the price of sacrificing the memory

INDUCTIONMOTOR efficiency. The key idea is. to store the full coefficient matrix,

EZE:g‘ﬁ;e;_“ne Volge \z/g'c‘;f/ together with the information required to exploit matrix spar-
Rated frequency 60 Az sity, as proposed in a recently published paper [11]. Therefore,
Rated power 5 hp during the factorization stage the mathematical operations are
Number of pole pairs | 2 only performed on the nonzero elements of the matrix without
mﬂmgg 8; gget‘gfsslots 26 any need to use efficient storage formats or matrix ordering.
Number of rotor slots | 28 The details of this new algorithm, which is calléthive, is
IOuter(;s!iametter off sttatto :11(7)2 mm explained in‘[11], where it is also shown that it outperforms
(;‘L‘teerr d'iaar;‘qeeteerr%fi;(;’rr i mm popular’sparse solvers in computing speed for the simula-
Tnner diameter of roor T 35 mm tions of the dynamics of deformable multibody structures in
Connection star mechanical engineering. Since the structure of the coefficient

matrix in a PNM is similar to multibody systems (sparse
and unsymmetric with a moderate number of unknowns), the

b Matlab/?r_nullnk en\;!:)cl)nme_‘&t |?hused tlot_constr_uct lthte mod Cfive algorithm is selected as the third alternative to solve the
ecause it is compatible wi e real-time simulator usg) rmeance network equations.

in this study. Since the PNM subsystem is _a relatively large
m-

system .Of a_lgebralc equations, it QEESUTESS Qg of the CORY stand-alone C programs which accept matrid 59 x 159)
puting time in each time-step. Therefore, it is implemented a3

. ) ) o : a]nd vectorb (159 x 1) as inputs and solve for the unknown
a custom S-function written in C so that optimized numerica ; : .
vectorx. All numbers are expressed in floating-point format.

techniques could hegiiSed dugpy the Jgpgramming. For Othﬁ{e gce is used as the compiler in all three programs. During

parts of the model (e.g. integrators, voltage sources, etc.) Stﬁ?né test, the CPU time required by each algorithm to solve the

dgrd bIQCkS Jr .S'mU|.'nk I|brary_ are useq. The_ transIenermeance network equations on a Pentium 4 CPU 2.80GHz
simulation of a SCIM is typically‘carried out with a time-ste : L L
was obtained. The measured execution time of an application

in the range ofl00us to 200us to obtain accurate and stable L :
L ) rogram can vary significantly from one run to another since
results. This imposes a great burden on the numerical methgds .
€ program must contend with random events, such as the

which are used in developing a real-ime model, as they haé’)?ecution of background operating system tasks. It is important
to be fast, efficient, and accurate at the same time. 9 P gsy i P

then to measure a program’s total elapsed execution time sev-
eral times and take the average to make a fair judgment. Here,
the average CPU time for 10 successive runs was calculated.

In order to find an effif:ient linear solution algorithm, the PETh each single run the total CPU time for 600 iterations was
meance network equations of the SCIM (2)-(3) are COmb'n‘f)%tained. The results are summarized in Table II.
in the form of a single matrix equation, as:

The three types of solvers mentioned above are implemented

Ill. L INEAR SOLVER OPTIMIZATION

It can be seen from Table Il that the typical LU Decomposi-
Az — b ®) tion is_ extremely inefficient in solving the permeance network
‘ equations. Also, between the two sparse solvers tested on the
Once the values of coefficient matrixl] and Right Hand system the Naive solver seems to be considerably faster than
Side (RHS) vector i) are obtained for a single time-steplJUMFPACK (about 33 percent). Therefore, the Naive solver is
different algorithms are tested to solve for the unknown vectohosen as the general linear solver in developing the PNM
x. S-function.
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AVERAGE SOLUTION TIME OF DIFFERENTLINEAR SOLVERSFOR A
159 x 159 PNM f 1
i Current N
| Solver | Average computing time (s) | T,-J MWWVMNWVWWMMWWVW
LU Decomposition 9.840 ' o .
UMFPACK 1.736 I 1
Naive 1.159
IV. MOVING BAND TECHNIQUE l ; LLLC
In the FE analysis of electrical machines, antiperiodic bound- _ t ot
ary conditions are usually applied to reduce the domain of i
study to one pole pitch of the machine. These boundary
conditions can be used due to the symmetry in the structure #
Startup No-Load Loaded

of the machine. Although the symmetry assumption limits the
capability of the model to include some fault conditions such %E ALY,
as broken rotor bars or end rings, it has a great impact on

the speed of simulation. Therefore, the antiperiodic boundamg, 3. Real-time oscilloscope trace of transient responggao(%), torque
conditions are also used in the PNM. Since the SCIM undg¥.™), and speedf\%) obtained. from the linear PNM model
study has four poles, only the permeance network equations of

a quarter of the machine are included in the model. In order to

accurately model the deformation of permeance elements in the

air gap during the movement of rotor, a moving band techniql}&.ltst _rlo-loadhvz(;\jlgreolgA)AThe rlllot-load st_eagly-stlate gpberaitri]ng
similar to the one which is used in the FE analysis [12], oIt ISTreached iv.os. A smat torque 1S developed by the

implemented in the PNM. With this process the number achine to compensate the friction loss during the no-load

study area nodes increases but a dynamic allocation of &Pé.]d't'on' At9'58 a mechanlpal load s applied to the shaft
hich results in an increase in the value of current and torque

anti-periodicity conditions makes it possible not to increaé’(‘-"T ; . ,
the size of the matrix system to be solved. of the machine until they reach their new steady-state values
(224,124:9Nm).
Although the linear PNM is incapable of including the satu-
ration in the core region, it still has some valuable information
The real-time simulation of the SCIM model was carried owhout the effects of slotting and winding distribution on the
on a state-of-the-art PC-cluster based real-time simulator []@rformance of the machine compared to the conventional
using a distributed real-time software package known as Rlimped parameter models.
LAB [14]. The simulator is built-out. of high-speed targets One interesting point that can be observed from the real-
which work as the main computational engine, and the hosise simulation of the linear model is the effect of “rotor
which are used for model development and monitoring thgot harmonics” on the stator current spectrum. Rotor slotting
results. The target processors are 3.0 GHz dual Intel Xeon andses variations in the air gap permeance of the machine. The
the host processor is 3:0 GHz Pentium IV. The target computgf gap permeance waves produced by these variations interact
runs on a Linux based real-time operating system which offeggth the mmf in the air gap, which results in current harmonics
eXtra High Performance (XHP) mode operation through CPi the stator. It can be shown that the rotor slot harmonics in
shielding where one CPU is dedicated for the simulation whilfe stator current are described by [15]:
the other CPU is responsible for running the OS and other
jobs such as interrupt handling, writing to the disk and 1/O fon = f ((2Nr)(1 —5)+a) 6)
operations. Real-time simulation results are observed through sh=Js P ’
an oscilloscope connected to the FPGA based I/O terminals o
the target node.

Ch2| 5.00v M 100ms A CAL J 0.00A

V. REAL-TIME SIMULATOR DETAILS

(vhere fsn is the harmonic frequencyf, is the supply
frequency;N,. is the number of rotor slotg; is the number of
poles;s is the slip; andx is the airgap mmf harmonic order.
VI. REAL-TIME SIMULATION RESULTS AND DISCUSSION Typically, the slot harmonic resulting from = 1 or a = —1
By the use ofNaive linear solver and moving band tech-s stronger than other harmonics.
nigue, real-time simulation of the linear PNM of the SCIM was As can be seen from (6), the order of harmonics is dependent
successfully carried out without any detected overruns during the speed of the machine through the stip Therefore, the
the real-time execution. frequency of slot harmonics can be used for speed estimation
Fig. 3 depicts the real-time transient responses of phasén induction motor drives, as proposed in [15]. Fig. 4 shows the
current, torque and speed of the SCIM. It can be seen tls&tady-state stator current and its Fast Fourier Transform (FFT),
during the startup period the motor draws a high startinghich is calculated by the oscilloscope, during the no load and
current, and a large pulsating torque is applied to the shaftltmded operations. It can be seen that at each operating point,
accelerate the rotor. As the motor accelerates, the current drtpes stator current spectrum includes different slot harmonic
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is dedicated to the computation time due to the large number
of vector and matrix operations in the model. A small idle time

f\ ;""\ : of about 22:s is also available in each time-step to avoid any
> P2y . / 4 overruns during dynamic changes of parameters or increase in
RTBYEYRT r
\/ VNV \/ -

-

the number of hardware I/Os. The rest of each time-step is used
for data acquisition and handling the target and host requests.

G YU MA Reahs naas neane Todes oc - . XHP mode was used during the real-time simulation because
f.. =780Hz : - sharing the computational _task betwee_n the two processors of
f.,=4080Hz Ten=4240Hz | a target node would result in an excessive communication time
fan=850Hz £.,=1730Hz N\ _ and prevent the simulation to run in real-time with the current
J.L/ =35 ' time-step.
B.“’"”‘N"Jrﬂ” 'J'M.ru\‘-WLJmeP' o Gl 'ﬁ o ,,U i .
YT LT TS T T TR R TR T VII. SIMULATION OF A NONLINEAR PNM
(a) To investigate the effect ofsaturation on the performance of
— — the SCIM, a nonlinear PNM of the machine was simulated in

offline. Saturation data is obtained from [5]. Due to the iterative

i 3 nature of nonlinear solution algorithms with variable number
__ of iterations in each time-step, implementation of a real-time
¥ nonlinear PNM needs further research. This is because the

real-time transient simulation is<based on a fixed time-step
algorithm;

f=60Hz : , - , . .

il il el Rl s Rk The iterative procedure within each time-step is carried out

T~ f.n=750Hz by the use of the Newton-Raphson (NR) method as:
fsn=4110Hz
fsh=1010Hz - \ 4 ofT -1
il a— fsn=1680Hz nxk+l : nxk - nakn |:—:| f(nxk) ) (7)

i el 3 PR e T RS—— I ox

T IR T I T - Tttt wherex is the vector of unknownd, is the vector of residuals,

n is the time-stepk is the number of iterations, an[d%f—:} is
(b) the Jacobian matrix.

Fig. 4. FFT of the stator currentfg%) during (a) no-load and (b) loaded TQ avoid the_d|\_/ergence problem_ during th_e nonll_near Sim-

steady-state operations obtained from the linear PNM model ulation, an optimized underrelaxation factaris applied to
each individual iteration to make sure that tHe norm
of the residual vectof is decreasing [16]. Convergence is

) considered to have been achieved when the relative norm of
components besides the fundamental frequency componengat incremental vectorsf+! — x*) becomes zero within a

[ = 60Hz. The first significant componentf{, = 780Hz prespecified tolerance, or a prespecified maximum number of
for no load current, andfs, = 750Hz for load current) is jterations is reached.
equal to what is obtained from (6) by replaciagwith —1  Fjg 5 shows the transient response of stator phaser-
and substituting the corresponding slips into the equation. Thgt and torque for the nonlinear PNM, obtained from Mat-
other major harmonics in the frequeney spectrum of the staigp/Simulink. By comparing Fig. 5 with the real-time results
current can also be obtained from (6) by substituting the proggf the linear model (Fig. 3), it can be seen that the nonlinear
values for the slip and:. model draws slightly more current during the startup. The

Another important effect which can be studied by the aid @haximum peak currents for the linear and nonlinear models
linear PNM is the presence of torque ripple during the steadyre180A4 and190A respectively. Also the maximum developed
state operation of the machine, as can be seen from Fig.tétques for the linear and nonlinear models during the startup
This torque ripple is also the result of permeance variation apériod arel 36 Nm and128 N'm respectively. The discrepancies
non-sinusoidal distribution of the mmf in the airgap due to th@ the transient torque and current of the two models are
slotting. The ripple can be minimized by skewing rotor slotsecause of neglecting saturation in the linear model. The
up to one stator pole pitch; but an unskewed motor is simulatgécumulated magnetic energy in the air gap for a given value of
here to show the performance of the PNM. The harmonic ordée applied voltage is greater in an unsaturated machine so one
of torque ripple, which is dependent on the number of statean expect a larger torque and smaller current in an unsaturated
and rotor slots and the winding distribution, is equab® 7z machine during the transient period. The less developed torque
for the simulated SCIM in the paper. in the nonlinear PNM results in a small delag.qls) in

A detailed breakdown of the execution time for a singleeaching the steady-state operating point, compared to the
time-step (12@s) of the real-time simulation was studied tdinear model. In the steady-state loaded operation, the SCIM
evaluate the time consumption of different tasks in a time-stegorks near the knee point of the saturation curve. Therefore,
It was observed that the main portion of each time-step.95 small components df** and11*" harmonics are also observed



in the current spectrum of the nonlinear PNM in addition to
the rotor slot harmonics. IX. REFERENCES

[1] G. G. Parma and V. Dinavahi, “Real-time digital hardware simulation of
power electronics and drivesTEEE Trans. on Power Délivery, vol. 22,

200 issue 2, pp. 1235-1246, April 2007.

[2] M. O. Faruque, V. Dinavahi, and W. Xu , “Algorithms for the accounting

100 , of multiple switching events in digital simulation of power-electronic
systems”|EEE Trans. on Power Delivery, vol. 20, issue 2, pp. 1157-1167,
April 2005.

[3] S. Abourida, C. Dufour, J. Belanger, T. Yamada, and T. Arasawa,

-1001 B “Hardware-in-the-loop simulation of finite-element based motor drives with

RT-Lab and JMAG”,Proceedings of |IEEE International Symposium on

200, e ] Industrial Electronics, vol. 3, pp. 2462-2466, July 2006.

’ ’ ’ T time(s) ’ ’ [4] V. Ostovic, “A novel method for evaluation of transient states in saturated

electric machines”]EEE Trans. on Industry Applications, vol. 25, no. 1,

150 pp. 96-100, Jan.-Feb. 1989.

[5] S. D. Sudhoff, B. T. Kuhn, K. A. Corzine, and B. T. Branecky, “Magnetic

100 B equivalent circuit modeling of induction motord’EEE Trans. on Energy
Conversion, vol. 22, no. 2, pp. 259-270, June 2007.

[6] M. Andriollo, T. Bertoncelli and A. Di. Gerlando, “A.megnetic network
appoach to the transient-analysis of synchronous machi6EPEL: The
International Journal for Computations and Mathematics in Electrical and
Electronic Enginering, vol. 22, no. 4, pp. 953-968, 2003.

! ! ! ! ! [7] M. Moallem and G. E. Dawson, “An improved magnetic equivalent circuit
L nm%is) 06 0T 0809 ! method for predicting the characteristics of highly saturated electromag-
netic devices”|EEE Trans. on Magnetics, vol. 34, no. 5, pp. 3632-3635,

Sep. 1998.

[8] A. Delale, L. Albert, L. Gerbaud, and F. Wurtz, “Automatic generation
of sizing models for the optimization of electromagnetic devices using
reluctance networks”|EEE Trans. on Magnetics, vol. 40, no. 2, pp. 830-
833, March 2004.

[9] N. L. Schmitz, and D. W. Novotnyintroductory Electromechanics, New
York, Ronald, 1965.

[10] T. A. Davis, “Algorithm 832: UMFPACK, an unsymmetric-pattern mul-
tifrontal method”, ACM Transactions on Mathematical Software, vol 30,

VIII. CONCLUSIONS no. 2, pp. 196-199, June 2004.
[11] M. Morandini and P. Mantegazza, “Using dense storage to solve small
This pa ted I-ti del f irrel sparse linear systemsACM Transactions on Mathematical Software, vol
paper presented a real-ume model 1or squirre cage33' no. 1, Article 5, March 2007.
induction machines based on the permeance network methagl. B. Davat, Z. Ren, and M. Lajoie-Mazenc, “The movement in field

The model is capable of including the spatial effects such asmodeling’, IEEE Trans. on Magnetics, vol. MAG-21, no. 6, pp. 2296-
lotting and winding distribution of the machine. Since bot 2298, Nov. 1985.
slotting g : dfi3] L-F. Pak, M. O. Faruque, X. Nie and V. Dinavahi, “A versatile cluster-

magnetic and electrical equations of the machine are solved inbased real-time digital simulator for power engineering resear&ZE

real-time, it can be used in a wide range of operating points rans. on Power Systems, vol. 21, no. 2, pp. 455-465, May 2006.
. . . : [14] RTLAB Version 8.1 User Guide, Opal-RT Technologies INC., 2007.
without any need for offline field analysis.

[15] K. D. Hurst and T. G. Habetler, “Sensorless speed measurment using
A comparison between_the speed of<three different linear current harmonic spectral estimation in induction machine driveEEE
solvers for the permeancé network eqiations is also presenigdf", R =RV, Jep, o 70 2 R IR T8 IS o fo
in the paper. It is shown that the use of a linear solver whiCh getermining relaxation factor for modified newton-raphson MethtBEE
is specialized for relatively small sparse systems results in aTrans. on Magnetics, vol. 29, no. 2, pp. 1962-1965, March 1993.
considerable time saving<in comparison with general sparse
solvers or conventional LU .decomposition algorithms for the X. BIOGRAPHIES
PNM. By using the specializedinear solver and exploiting the
symmetry of the machine to reduce the domain of study, the
PNM of a squirrel cage induction motor can be successful
implemented in real-time. The real-time simulation results a
in close agreement with the results from the offline nonlinei
simulation and analytical formulas. The extension of the rec
time permeance network model to include the nonlinear effec
such as the saturation of the machine core is currently un
study.

The permeance network real-time models of electrical ma-
chines are e>_(pec_ted to be efﬂglent tO_OIS for t_he H”‘_ SImUIat_I({P nkata Dinavahi (M’'00) received his Ph.D. in Electrical and Computer
of speed estimation or fault diagnosis algorithms in electricgfgineering from the University of Toronto, Canada in 2000. Presently, he is an
drives. Also, these models can be used to study the interactissociate Professor at the University of Alberta and a Professional Engineer in
between power electronic modules, controllers, and electrié% Prqvmce of Alberta. I—_Ils research interests mcIude electromagnetic transient
. . ) . L. analysis, power electronics, and real-time simulation and control. He can be
machines in real-time in order to optimize the overall perfofeached at dinavahi@ece.ualberta.ca.

mance of integrated electrical drives.
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Fig. 5. Offline simulation results of transient response:; of and torque
obtained from the nonlinear PNM model
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