The current issue and full text archive of this journal is available on Emerald Insight at:
www.emeraldinsight.com/0332-1649.htm

COMPEL
37,5

1678

Received 9 January 2018
Revised 18 February 2018
Accepted 1 March 2018

COMPEL - The international
journal for computation and
mathematics in electrical and
electronic engineering

Vol. 37 No. 5, 2018

pp. 1678-1688

© Emerald Publishing Limited
0332-1649

Rapid parameter identification
and control of an

induction machine

Martin Marco Nell, Georg von Pfingsten and Kay Hameyer
Institute of Electrical Machines, RWTH Aachen University, Aachen, Germany

Abstract

Purpose — Traction applications, e.g. the IMs are mainly operated by field-oriented control (FOC). This
control technique requires an accurate knowledge of the machine’s parameters, such as the main inductance,
the leakage inductances and the stator and rotor resistance. The accuracy of the parameters influences the
precision of the calculated rotor flux and the rotor flux angle and the decoupling of the machine’s equations
into the direct and quadrature coordinate system (dg-components). Furthermore, the parameters are used to
configure the controllers of the FOC system and therefore influence the dynamic behavior and stability of the
control.

Design/methodology/approach — In this paper, three different methods to calculate the machine’s
parameters, in an automated and rapid procedure with minimal measuring expenditure, are analyzed and
compared. Moreover, a method to configure a control that reduces the overall Ohmic losses of the machine in
every torque speed operation point is presented. The machine control is configured only with the identified
machine parameter.

Findings — Simulations and test bench measurements show that the evolutionary strategy is able to identify
the electrical parameters of the machine in less time and with low error. Moreover, the controller is able to
control the torque of the machine with a deviation of less than 2 per cent.

Originality/value — The most significant contribution of the research is the potential to identify the
machine parameter of an induction motor and to configure an accurate control with these parameters.
Keywords Particle swarm optimization, Induction machine, Parameter estimation,

Equivalent circuits, Evolution strategies, Field-oriented control

Paper type Research paper

1. Introduction

The need for validation measurements of electrical machines on a machine test bench rises.
For the control of an IM, it is necessary to know the parameters, such as the main inductance
Ly, the leakage inductances of the stator and rotor L, , and L'5, . and the rotor and stator
resistance R, and R’, of the electrical machine to configure the controllers correctly
(Zhang et al., 2014). Therefore, a rapid characterization and control of electrical machines is
necessary.

An approach for such a rapid characterization and control of an IM for traction
applications is described and assessed in this paper. This approach is separated into two
parts: first, the identification of the machine’s parameters and the control of the machine
using the identified parameters is discussed, and second, the structure of the introduced
rapid characterization and control approach for an IM is described (Nell ef al., 2017).

The identification procedure uses the measured stator current, stator voltage and speed
information during a low-voltage and no-load start-up with a constant stator voltage and
constant synchronous frequency to calculate the parameters of the fundamental equivalent
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torque are measured with a dSPACE controller board ds1103 (Figure 1) and the Yokogawa
power analyzer WT1800. Using MATLAB, the k measured values are used to numerically
calculate the equivalent circuit diagram parameters. For this purpose, three methods are
introduced, discussed and analyzed: first, a particle swarm optimization (PSO) method
(Huynh and Dunnigan, 2010; Karimi ef al., 2007; Kennedy and Eberhart, 1995); second, an
R-X method (Lin et al., 2012), which relies on the measured overall machine reactance and
resistance; and third, an evolutionary strategy (Rechenberg, 1984; Schwefel, 1995).

2. Particle swarm optimization

The particle swarm optimization is a computational method analogous to biological swarm
behavior (Kennedy and Eberhart, 1995). A swarm of, in this case, » different parameter sets
Om is moved through a search area to get the best solution. The direction of movement
relies on the quality of the individual set and the overall best set. The quality is determined
by the mean square error of the measured and recalculated stator currents iy, 4, and iy 4, in
dg-components [equation (1)]. The fitness is calculated with N measurement points. In this
paper, in contrast to Sakthivel and Subramanian (2012), the PSO is used without any
knowledge of the machine’s manufacturer data.

For the calculation of the currents, the measured stator voltages and the individual
parameter set are considered. The PSO has multiple parameters to be set and different
methods to proceed (Huynh and Dunnigan, 2010; Karimi et al, 2007; Lin and Xu, 2015;
Sakthivel and Subramanian, 2012). In Karimi et al’s study (2007), a standard and in Huynh
and Dunnigan’s study (2010), an advance or dynamic PSO were introduced:

N
- 1 . am . ~m
FIT(Om) = > (0, — Tl — 17, — 11, 1) W
=1

Simulations, done in this paper, show that the dynamic method can find the correct electrical
parameters of the IM under certain conditions. First, the parameters of the PSO must be set
correctly, which is extremely difficult without any knowledge about the machine parameter
range. Second, satisfactory results are only reached with good initial electrical parameters of
the IM. Without a good approximation of these initial values, the method can get stuck in a
local minimum. o

The results of the simulations are shown in Figure 2, where AR, is the deviation of
the rotor resistance in the rotor flux oriented equivalent circuit diagram, AL, the
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Figure 1.

Test bench setup for
the automated
parameter
identification and
control
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Figure 2.

Deviation of given
and identified
machine parameters
in the rotor flux-
oriented equivalent
circuit diagram under
different noise and
sampling times (PSO)

deviation of the stator leakage inductance and AI:L the deviation of the main
inductance. To validate the method, the deviations of the estimated parameters relative
to the given ones are calculated for the rotor flux oriented circuit. The comparison in the
rotor or stator flux-oriented circuit is necessary because the identified parameters
belong to an equivalent circuit with an arbitrarily transformation factor, which all
describe the same physical effect. In the rotor flux-oriented circuit, one parameter is set
to zero and the transformation factor is fixed. The simulations are done with a sampling
time £, = 1us and a white noise amplitude for the stator voltage, stator current and
rotor speed of N,, = +3 V/A/rpm. The noise amplitudes are added to the simulated
stator voltage, stator current and speed. With accurate initial values, in a range of less
than 10 per cent of the supposed machine parameters, the method is able to find the
parameters with an error of less than 1 per cent (#PSO1). If the method gets stuck in a
local minimum, the error is obviously higher. In simulation #PSO2, the error for the
estimated main inductance is up to 14.38 per cent. Simulation #PSO3 in Figure 2 shows
the influence of bad initial machine parameters. If the initial machine parameters are
not close to the real ones, the PSO method is no longer able to find the right parameters.
With initial parameters that are in the range of 0 to 300 per cent of the supposed
parameters, the error rises up to over 50 per cent (#PSO3).

Overall, this method turns out to be unpractical for an automated and rapid parameter
identification of an IM due to the need of appropriate initial values of the machine
parameters and there is a possibility to stick in a local minimum.

3.R-X method

The R-X method is based on the calculated overall machine resistance R and reactance
X. With equations (2) and (3) and a minimization technique, the T-equivalent circuit
diagram parameters Ry, Xy, R%, X1, and X5,,, where R; is the stator resistance, Xj; is
the main reactance, R% the rotor resistance, X;,, the stator leakage reactance and X5,
the rotor leakage inductance, can be calculated from the measured slip dependent
resistance R (s(k)) and reactance X(s(k)), where s(k) stands for the slip in the k-th sample
point (Lin et al., 2012). The measurement of R (s(k)) and X (s(k)) is similar to the that of
the IEEE standard measurements (IEEE Std 112-2004, 1996):

/

2 K,

XMS
2

R=R +
RZ) + (XM +Xé,0_)2

@

/
N

#PSO, #PS0, #PSO,
AR in % | —0.89 429 13.37
ALty in % [ —0.10 1.10

ALL in % | 028 1438 = 427

#PSOy: ts = 1ps, Ny = +3V/A/rpm, Runl, O, € (0.9%6,1.1%0)
#PS0,: t; = 1ps, Ny =+3V/A/rpm, Run2, 0, €(0.9+*6,1.1+0)
#PSO3:ty=1ps, Ny =+3V/A/rpm, Runl, O € (0.0%0,3.0+0)
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The used minimization techniques considered are a gradient method and an evolutionary
strategy. For the gradient method, an objective function J» (4) is determined from the
measured resistance R(s(k)) and the unknown machine parameters of the T-equivalent
circuit Xz, R'5, X7, and X5,

N-1 2
Je= S [@ts@n (1 + 60K ) - stk,] @
k=0
2
Xu+X,, 2
with  QGs(k)) = R(s(R) — R; K = %; Kz—)lg—]f

Here, Q(s(k)) is the slip-dependend resistance substracted by the stator resistance, K7 and K»
are the auxiliary variables and N is the number of measurement points. The gradient
method applied to this objective function leads to [equation (5)] for the parameters K; and
K, which implied an inversion of the matrix A:

N-1 N-1 -1

S Qs =S () QUs(R))
K| = =
[KJ s 3 = 2
-3 (R Qs(B) (s(k))
k=0 k=0
©)
N-1 ) )
(s(B)X(Q(s (k)
x| = =A1xB
N-1

bl

=0

The matrix A of equation (5) can be ill-conditioned, which leads to high errors in the
parameter identification process. Especially for a high number of measurement point, the
matrix A can be ill-conditioned. Again, the rotor flux-oriented machine parameters are taken
into account for the validation of the method. The simulation result #RX, in Figure 3 shows
errors up to 600 per cent. Even with less values and therefore a better-conditioned matrix,
the error is high, due to few measurement values (#RXs). The minimization of the objective
function Jp with the evolutionary strategy produces satisfactory results under some
conditions. First, the synchronous frequency must be constant. Second, because the method
is not highly robust to noise, the measured values must have a low noise or be filtered. With
moving average filtered measurement values, with a window length of 15 us, a little noise
amplitude of N, = =3 V/A/rpm and a low sampling time of £, = 1us, the error of the
estimated parameters is less than 10 per cent, as shown in the simulation #RX;. Without a
moving average filter or with a larger sampling time, the accuracy of the estimated
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Figure 3.

Deviation of given
and identified
machine parameters
in the rotor flux-
oriented equivalent
circuit diagram under
different noise and
sampling times (RX-
Method)

Figure 4.

Mean squared error
(fitness) of an
evolutionary strategy
for the parameter
identification
(simulation)

parameters decreases clearly (#RX,, #RX3). Therefore, the R-X method can only be used
under the mentioned.

4. Evolutionary strategy

The evolutionary strategy is a metaheuristic optimization algorithm based on the theory of
evolution and related mechanisms, such as mutation, selection and inheritance. The use of
the theory of evolution to solve technical problems was described by Rechenberg and
Schwefel (Rechenberg, 1984; Schwefel, 1995) in the 1980s. In this method, the mean squared
error /(1) is used as a quality characteristic or fitness function. In a (w, A) strategy, where
stands for the number of parents and A for the number of progenies, the A descendant
parameter sets are compared due to their fitness (1). The best w of these sets will be selected,
will survive the current generation and will pass into the next generation. The new parent
parameter sets will undergo stochastic mutation and reproduction processes to generate
new progenies (Rechenberg, 1984; Schwefel, 1995). This procedure is convergent and will
soon reach the minimal fitness /, as shown in Figure 4. The procedure is shown in Figure 5.

The simulations of the evolutionary strategy are done with different sampling times 7,
and different white noise amplitudes N,,. As for the first two methods, the validation is done
by analyzing the deviation of the estimated parameters relative to the given ones, both for
the rotor flux-oriented circuit.

For sampling times of £, = 1 us and f; = 6.25 ms, the simulation results show a good
accuracy of the estimated parameters, also for high noise amplitudes up to N, = +10 V/A/
rpm. In Simulations #1, #2, #4, #5, #7 and #8, listed in Figure 6, the error is less than 2 per
cent. A long sampling time of £, = 56 ms leads to higher errors, which is shown in the results
of Simulation #3, #6 and #9. With higher noise, the error increases. Compared to the errors
of the PSO and the R-X method, which occur at short sampling times and low noise
amplitudes, the error is with less than 12 per cent still in a good range. Moreover, the
simulations show that the process of the evolutionary (u, A ) strategy does not stick in local

#RX, #RX, #RX3 #RX, #RXs

AR} in % | —448 ~13.53

AL{U in % | -826

ALY, in % | —0.55 4.05
#RX, t; = lus, N, =+43V/A/rpm, evolutionary strategy, Moving average
#RX, ts = 1us, N, =£3V/A/rpm, evolutionary strategy, no Moving average
#RX; ts = lus, N, =#£3V/A/rpm, evolutionary strategy, Moving average
#RX, t;=  625us, N, =+3V/A/rpm, gradient method. Moving average
#RXs tg = 1us, N, =£3V/A/rpm, gradient method, Moving average
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‘ Calculation of the ‘
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[ ESB-Parameter = % Y19, ]
#1 #2 #3 #4 #5 #6 #7 #8 #9
ARS in % | —0.24 0.02 3.13 0.13 0.47 3.59 123 1.78 4.83
Al}v‘, in % 0.5 0.18 —0.44 0.72 027  -0.71 1.39 0.66 -1.07
AE+M in % | 028 -0.16 -12.5 -0.03 0.12 -11.86 = 0.71 091 -10.34
Bty = Tus, N,=+ 3V/A/ipm;  #2:t,= 625ms  N,=+ 3V/A/tpm
Bt = S6ms, Ny =+ 3V/A/rpm  #it, = 1us  Ny=%  6V/A/rpm
#sit;=  625ms, Ny=+ G6V/A/rpm;  #6:t, = 56ms, Ny=+ 10V/A/rpm
BTt = Tus  Ny=+ 10V/A/rpm;  #8:t,=  625ms Ny =+ 10V/A/rpm
591, = S6ms, N, =+ 10V/A/rpm

minima. In addition, the simulated and with the estimated parameters calculated current

also agree closely (Nell et al., 2017).

The evolutionary strategy turned out to be a practical, fast and accurate method to
identify the parameters of an IM. It is very accurate if the noise amplitude is low and the

Figure 5.
Evolutionary
strategy

Figure 6.
Deviation of given
and identified
machine parameters
in the rotor flux-
oriented equivalent
circuit diagram under
different noise and
sampling times
(evolutionary
strategy)
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Figure 7.

Test results of the
parameter
identification
performed on the
40-kW IM on the test
bench

sampling time is not to large. It shows fast convergence, even for high disturbance and few
measurement values.

5. Parameter identification on the test bench

The evolutionary strategy was used to estimate the parameters of an unknown 40 kW
IM on the machine test bench. The only necessary and known information about the
machine are the number of pole pairs and the nominal machine voltage Uy and stator
frequency fy. The nominal machine voltage and stator frequency are necessary to
operate the machine at non-saturation conditions and to identify the parameters
without saturation effects. The stator current, stator voltage and speed measurement
were done with the dSPACE controller board ds1103 and a sampling time of £, = 1 ms.
The stator resistance was measured offline and is considered as a constant. In contrast
to Orlowska-Kowalska and Lis (2009), the identification process was done during a no-
load and low-voltage start-up, so that no further adjustments to operate at standstill are
necessary and a constant voltage and frequency can be used to operate the IM for the
identification procedure. The results of the parameter estimation for the stator
resistance Ry, the rotor resistance R?, the stator leakage inductance L and the main
reactance Ly, in the rotor flux-oriented equivalent circuit diagram are shown in
Figure 7. The parameters are in a tolerance band of (—2.5 per cent; 4.5 per cent). The test
validates the evolutionary strategy to be a good method for the parameter
identification.

6. Controller design

The control of the IM used here is a modified torque control illustrated in Figure 8. It
consists of a flux controller, a d- and g-current controller, which output parameters are
named with the index R, a decoupling network, which output parameters are named
with the index E, and a flux model. The deviation of the actual parameter value and its
reference value is described by the letter e. Instead of a torque controller, a calculation
of the reference torque Tr 1s used. The reference values of the torque and rotor flux are
given by a control strategy. This control strategy is based on the equivalent circuit of
the machine using the estimated parameters. In an [;-f»-Plane, every operation point of
the machine can be calculated (Von Pfingsten et al., 2017). The rotor flux ‘P’Z and the
Ohmic losses of the machine can also be calculated with the equivalent circuit diagram

+ o+ o+ o+ o+ +
210 g%
= Lok
= & '3 + *
St g 3 " +
0 30
2 3 e 5 [ i 2 : 4 5 3
test serios test series
0.178 3 125 +
-
= =
E o B
- 0,176 ~ 12 7l
IR = +
3
+  * ; ¥
0,174 o+ 115
| 2 3 4 5 r 1 2 3 4 5 [

test series test series
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and can be illustrated in the /;-f»>-Plane (Von Pﬁngsten et al., 2017). The control strategy
calculates the reference rotor flux ‘P2 of fOr a given reference torque Tyer for the
minimal Ohmic losses. Besides the control strategy, the estimated parameters are used
to configure the flux model and the decoupling network. In this paper, a U;/[;-model is
used, due to its property of using only the rotor flux-oriented machine parameters and
its insensitivity of the rotor temperature change (Zhang et al., 2014). With the identified
machine parameters, the machine can be controlled in the unsaturated regions. To
operate the machine in saturation, the saturation dependency of the inductance L; has
to be considered. L, is identified previously and deposited in a look-up table. The
configuration of the flux and current controller is based on the stator voltage equation
of the IM [equation (6)], where iy, ;, and 74, , are the stator currents in dq-components, #;,
aand uy, ; are the stator voltages in dg-components, o is the total leakage factor, 7; and
7o are the stator and rotor time constant, respectively, ‘¥, , is the d-component of the
rotor flux, L, is the stator inductance, L is the rotor inductance, w, is the slip frequency
and w,, is the rotor flux frequency:

dig (1 1-0\ . _ 1 = 1-g
dt oT] 0Ty 1d ol 1d oLy

PTy—characteristic (6)
dig (1 1-0) . _ 1
dt oT] oTo La = 0'L1

From the stator voltage equations, the transfer functions for the stator current Gs; (s) and
rotor flux Gg W, (s) are derived in equations (7) and (9). With these transfer functions, the
amplitude optlmum the symmetrical optimum and the estimated machine parameters, the
transfer functions of the PI current and flux controller can be calculated. For the inner
current control loop, the optimum amount is taken into account. Therefore, the current
controller transfer function Gg; (s) can be expressed by equation (8). For the outer
flux control loop, the symmetrical optimum is taken into account, which leads to the flux
controller transfer function Gy y; (s) in (10):

T2d+wu 1g

Mg+ wr—— LM ‘I"Z q— wld
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Figure 8.

Used control circuit of

the IM
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Figure 9.

Step response of the
controlled induction
machine for a torque
step of 70 Nm at
2,500rpm
(measurement)
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All controllers are configured by equation (7)-(10) and the estimated parameters of the rotor
flux (Llf” = oLy, Lj;, Ry) and stator flux (L;U, Ly, = L1, R;) oriented equivalent circuit

model of the IM.

7. Results of the control

The introduced control of the IM was tested on the test bench with an IM with the number of
pole pairs p = 3 and unknown machine parameters. The parameters of the machine were
identified as described in Section 5. The mean values of the measurement series of each
parameter were used to configure the flux model, the decoupling network and the
controllers, as described in Section 6. Furthermore, the saturation curve of the inductance ;
was identified and deposited as a look-up table to consider the saturation. The controller

100 ¢

g 60 V
Z
= 40
20
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0 2 4 6

time/s
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was implemented on a dSPACE controller board ds1103 and the machine driven by an
IGBT-inverter of the Semikron Company.

The result of the control is shown in Figure 9. The reference torque 7t is a step from 0 to
70 Nm back to 10 Nm with a fixed rotor speed of 2,500 rpm. The step response 7eqs Shows
an overshoot of around 40 per cent and a fast-transient oscillation for the first torque step.
The step back to 10 Nm has a lower overshoot. The deviation of the reference and measured
and controlled torque is less than 2 per cent.

8. Conclusions

Three rapid approaches to identify the equivalent circuit diagram parameters of an IM are
presented in this paper. Their benefits and drawbacks are outlined. The PSO and the RX
method turned out to be not accurate enough to identify the machine parameters. The
evolutionary strategy proved as a fast and accurate method to do so and was tested on the test
bench. Simulations and the test bench measurements show that this method is able to identify
the electrical parameters of the rotor flux-oriented equivalent circuit in less time and with low
error. With the identified machine parameters, a control strategy for a 40-kW IM, which
minimizes the overall Ohmic losses, was implemented and evaluated on the test bench.

The result shows, that the controller, which is configured just with the estimated
machine parameters, is able to control the torque of the machine with a deviation of less than
2 per cent. The torque is reached in a short time but with an overshoot of 40 per cent. Further
work can focus on damping that overshoot. Moreover, the machine parameter identification
process, the configuration of the controller and the control of the machine can be combined
in an automatic process.

In this paper, a rapid characterization and Ohmic loss minimal control of an IM was
studied in theory and validated by test bench measurements. Because of its rapidity, good
results and the fact, that just the stator currents and voltages and the speed of the induction
machine are used to identify the machines parameter, which, in turn, are used to configure
the control, this approach is a practical application for the identification and control of
induction machines.
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