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Abstract

This paper proposes an on-line rotor time constant estimation strategy for indirect field oriented induction machines. The

performance of the indirect field oriented control is dependent especially on the rotor time constant whose value varies according to

the temperature. The proposed method calculates the difference between the nominal rotor time constant and the real value from the
d- and g-axis integration terms of a proportional integral (PI) current regulator and the demanded voltages of the induction machine
to regulate the current in the steady state. Because the proposed strategy has a simple structure and is available in wide speed and

torque ranges, the proposed method can be easily used in the industrial field. The effectiveness of proposed strategy is verified with

simulations and a 7.5kW experimental setup.
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I. INTRODUCTION

In addition to their long history, induction machines are still
widely used in many applications such as automation,
electric/hybrid vehicles, and general purpose drives because of
their simple structure, low cost, robustness, improved
efficiency and reduced size [1]-[4].

Induction machines can be driven with various control
methods such as Constant Air-gap Flux Operation (V/f), Direct
Torque Control (DTC), Field Oriented Control (FOC), and so
on [5]-[7], [11]-[13]. Among the above control methods, the
Indirect Filed Oriented Control (IFOC) is widely used in the
industrial field due to its simplicity.

Fig. 1 shows a simplified control diagram of the IFOC for an
induction machine. As shown in the figure, an accurate rotor

time constant which is defined as ~" " " is required
for calculating the slip frequency, and the calculated slip
frequency is proportional to the inverse value of the rotor time
constant. Where the flux current is controlled as a constant
value, the rotor time constant, which is a temperature
dependent parameter, has a slow variation time-wise and
results in a severe torque error [8]. In some applications such as

winding and printing machines, a tension which is regulated by
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precise torque control is required, and the performance is
dependent on variations of the rotor time constant.

There have been several previous studies to update the
time-varying rotor time constant [8]-[17]. In [8], [14] and [15],
the rotor flux is estimated for updating the rotor time constant.
In this case, the accuracy of the estimated rotor flux was
dependent on the stator resistance which was another parameter
varying according to the temperature. In [9], an additional
external circuit was installed to measure the accurate output
pole voltage of the inverter in order to calculate the rotor time
constant. All of the output pole voltages of the voltage source
inverter were measured when both the upper and lower
switches were open, and a specific PWM technique was
considered. Due to cost issues, it would be hard to utilize an
external circuit. In [10], a recursive parameter estimation
method was used in order to update the rotor time constant.
Although a recursive parameter update scheme has been
widely used, it was necessary to have the transient inductance
value accurately measured off-line. In [11] and [12], the rotor
time constant was estimated by a reactive power calculation.
The performance of proposed scheme was independent from
variations of the stator resistance. However, the calculated
reactive power might be inaccurate in low speed and low
torque operations, and the performance might be dependent on
the output frequency. In [13], the dynamic characteristics of the
speed controller were investigated for estimating the rotor
resistance. This method changed the d-axis current reference
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Fig. 1. Block diagram of indirect field oriented control.

to induce the output of the speed controller and to inspect the
variations of the output of the speed controller. However, this
strategy could only be used in the speed control mode, and it
took a relative long time to settle down because an interaction
procedure was needed.

This paper proposes a novel on-line rotor time constant for
indirect field oriented induction machines. The proposed
method is easy to implement and the performance is
independent of variations of the stator resistance. In addition,
the proposed strategy works well even in low speed and low
torque operations. These advantages can be obtained with the
integral term of a Proportional Integral (PI) current regulator
including a feed-forward scheme. When the d- and g-axis
currents are regulated well in the steady state, the current
regulator takes a charge of the parameter mismatch. With the
characteristics of the PI current regulator, the time-varying
rotor time constant can be updated correctly. The effectiveness
of proposed method is verified by simulations and
experimental results obtained with a 7.5kW induction machine
prototype.

II. FEED-BACK CONTROL SYSTEM AND
CONTROLLER

Fig. 2 shows the simplified feed-back control system
where a feed-forward term is included for disturbance
rejection. In Fig. 2, “i(s)’, ‘o(s)’, ‘C(s)’, ‘P(s)’, ‘V(s)’, ‘vi(s)’,
and ‘U/(s)’ are the reference, the output signal, the controller,
the plant, disturbance term, the feed-forward term, and the
output of the controller, respectively.

The transfer function for the output signal is deduced as (1).

ofs) C(s)P(s) )i(s)+ P(s) (S)(V(S)_fo(s)) )

“ 1+ C(s)P(s 1+C(s)P

Vits) - 1(s)

- +
i(s) Uc(s) o(s)
— Cs) 2> 3 P(s)

Fig. 2. Simplified control block diagram.

In (1), the second term on the right hand side can be ignored
when the disturbance rejection is performed perfectly and the
control system can be considered as a disturbance-free system.
If the disturbance is not canceled out perfectly, the output
signal is affected by the error of the disturbance rejection in
order to regulate the output signal.

In addition, the output of the controller is given as (2).

_ )y Cls)Pls) 2
U e ) o O ) @

In a general control system, the multiplication of the
controller and the plant is usually much larger than ‘1°, and the
second term of (2) can be simplified. With the above
assumption, the output signal can be deduced as (3).

U (s)= HCC((SS))P(S)i(S)_ bs)-v, ()} O

In addition, the output of the controller can be defined as (4)
when the regulation is performed well.

U,(5)= C6)i6) -0} = L v, (9)-2(s) @
P( S) Vi
In (4), the output value of the controller, the feed-forward
term and the output signal are known values, and the average
error between the real plant, including the disturbance and the
nominal plant, can be calculated easily.

III. MODELING OF AN INDUCTION MACHINE AND A
PI CURRENT REGULATOR WITH A
FEED-FORWARD TERM

Fig. 3 shows an equivalent circuit of an induction machine in
the synchronous reference frame. As shown in Fig. 3, the d-
and g-axis equivalent circuits are coupled with each other, and
the d- and qg-axis stator and rotor voltages and fluxes of the
induction machine in the synchronous reference frame can be
given in (5) to (12).

Vder =Rs l;s + p/l;s - a)e//i’;s (5)
VE=R I+ R, + 0% ©)
0=R iy + pAy, —w, L, (7
0=R, i, + pA, +w,k, (®)
Aag = Lty + L, 15, ©)
Ay =Ly + L, (10)
Ay = Lyjig + LI, (1D
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Fig. 3. Equivalent circuit of induction machine in the synchronous
reference frame.
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are the d- and g-axis stator voltages, the d- and g-axis rotor
voltages, the d- and g-axis stator currents, the d- and g-axis
rotor currents, the d- and g-axis stator fluxes, and the d- and
g-axis rotor fluxes in the synchronous reference frame, along
with the stator resistance, rotor resistance, stator inductance,
rotor inductance, mutual inductance, rotor flux angular speed,
and slip frequency, respectively.

With the above voltage and flux equations, the d- and g-axis
stator voltages in the synchronous reference frame are derived
as (13) and (14).

e -e2
diy, —o,0Li; —O'LSLZ% (13)

r lds

V=R i +oL, —*

di, 1
— L 4w Li¢ +L,—i, (14)
dt R

r

V=R i, +oL,

sqs

where O'LS is the transient inductance, which is defined as

2
oL, = L—L—
L

i

In addition, @, is the electrical rotor

speed, and Tr is the rotor time constant.

The third terms at the right side of (13) and (14) can be
considered as back-EMF components because their magnitude
is proportional to the rotor speed. In addition, the last terms are
defined as the coupling terms.

A Proportional Integral (PI) current regulator with
feed-forward terms in the synchronous reference frame is
widely used in IFOC due to its simplicity and robustness. For
improving the performance of the current regulation of IFOC,
it is necessary to decouple the back-EMFs and the coupling
terms with a feed-forward scheme. The d- and g-axis output
voltages of the current regulator are given as (15) and (16). The
d- and g-axis feed-forward terms for decoupling can be given

as (17) and (18) considering the voltage equations of (13) and
(14).

e K e
Vds out _(K + s j( ds lds)+ Vdsﬁ/]' (15)
e K] e
Ve o :(KP +s]<"‘ -t Ve, (16)
vy i —of, L
ds_ g = @01 slqs —OL, =~ 17)
]:' Zd?
Ve y=oLi+L 1 18
/A dv s ]", qv ( )
where KP > K[ > i;.v 4 l;v > l;s ’ l;s > diiout > qesiaut ’

V. 4> and V 4 are the proportional gain, the integral

gain, the d-axis current reference, the d-axis feedback current
reference, the g-axis current reference, the q-axis feedback
current, the output voltage of the d- and g-axis, and the
feed-forward voltage of the d- and g-axis. In addition, ‘*’ refers
to the nominal values.

When the machine parameters are accurate, the back-EMF
and coupling terms are decoupled, and the transfer functions of
the d- and g-axis currents are given as (19) and (20).

i, K,s+K,
ok T 2
i olLs*+(R +K,)s+K,

(19)

Ly _ K,s+K,

i ols’+(R +K,)s+K,
In addition, if the proportional and the integral gains are set

as (21) and (22), the transfer functions of the d- and g-axis

currents can be designed as a 1* order low pass filter with the
designed bandwidth, as shown in (23) and (24).

(20)

K,=ol o, 1)
K, =R o, (22)
1 a,

ds — C (23)
i SsS+o

o

B (24)
1 S+

where @, is the designed cut-off frequency of the current

regulator.

IV. PHENOMENA WITH AN INACCURATE ROTOR
TIME CONSTANT

The performance of the IFOC is especially dependent on the
accuracy of the rotor time constant even though the rotor speed
is measured exactly. In the case of IFOC, the slip frequency
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and generated torque in the steady state are given as (25) and
(26).

1,
Oy =~ (25)
];’ lds
_3PL, ...

e 2 2 L lds qs =K l;)s ; (26)

where P is the number of poles, and K is the torque

constant.

Fig. 4 demonstrates the d- and g-axis current domain in the
synchronous reference frame when the rotor time constant is
inaccurate. In Fig. 4, the ‘“*” means the estimated axis with an
inaccurate rotor time constant. When the nominal rotor time
constant is larger than the real one, the estimated d- and g-axis
currents are lagging and vice versa. If the estimated frame is
leading in the steady state, the real d- and g-axis currents are
given as (27) and (28).

i =i COS(p—z sing 27
e e te -
io, =1, COSQ+1,Sing (28)
where @ is the angle between the real axis and the
Lig 1y
estimated one. Thatis, @ = I - dt.
T ldb T'r lds

By the definition, the slip frequency and the generated
torque are given as (29) and (30) in the steady state.
1 i, COsQ+i,sing
Dy =7, Te - (29)
T iy cosp—i, sing

r

fe2  fe2

lds - lqs

T, =K,|ii cos2¢p+ sin2¢ (30)

When the d-axis current is controlled as a constant value, the
slip frequency can be changed with an inaccurate rotor time
constant and the demanded torque cannot be obtained.

V. PROPOSED ON-LINE ROTOR TIME CONSTANT
ESTIMATION STRATEGY

A. Proposed Strategy

As mentioned in Section II, the output of a controller reflects
the error between the nominal parameters and the real ones
when the control performs well in the steady state. In this
section, a novel on-line rotor time constant estimation strategy
is shown considering the output of the current regulator.

In the steady state, the current variation can be ignored and
the demanded d- and g-axis voltages to regulate given d- and

g-axis currents can be approximated as (31) and (32).
-e2
1 Lys
—-ol,—* (31

r ldx

e
Vd s,steady —

=R i} —w.0oLi

s°qs

1.4 qq
iq@s lA‘IeS Te
ldv C,Z\
-d ~d
ld\ d
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Fig. 4. d- and g-axis current in the synchronous reference frame
with the inaccurate rotor time constant. () 7 »7.(b) 7 <7 .

e 1 . €
Vqs steady Rs + o leds + Ls F qu (32)
In addition, the output voltage of the current regulator can be
approximated as the output voltage of an integrator in the

average sense.

e K e
4 ,=—L (lds _lds)+ Vi o (33)
s

ds _out steady —

e ~£.8_ .
4 :SI( < ey

qs _out steady qs gs_If

(34

When the inductance values such as oL, and L are

accurate and the rotor speed can be exactly obtained with a
rotor position sensor such as an encoder and resolver, the
output voltage of the current regulator and the required voltage
of the induction machine to regulate the current are matched in
the steady state.

e _17€

Vds ,steady — Vds _out,steady (3 5)
e __1/€

I/qs,steaa’y - I/qs _out,steady (36)

With (35) and (36), the reflected parameters at the d- and
g-axis current regulator can be derived as (37) and (38).

K * L 1 1 ieSz
M——(;S—zds) Rsidi+O'L{A—)_qe (37)
N

r r ldx

N=Ki(e _i)=r i L (1—1}; (38)
s 7. T,

As shown in (37) and (38), the output voltage magnitude of
the d- and g-axis current regulator can be decided with the
voltage drop caused by the stator resistance and voltage error
which is due to the difference between the real rotor time
constant and the nominal one.

With the output voltages of the d- and g-axis current
regulator, the error between the real rotor time constant and the
nominal value can be easily calculated as follows:

NN (M:—de)
T i Gquqg +Lsia,i2

T T

r r

(39)



1004 Journal of Power Electronics, Vol. 14, No. 5, September 2014

e* 1
I/qsiinteg =N — AF 1
Ve* ) — M—»
ds_integ e o Eq(39) % Ki compﬂfcomp
IZ)‘Y — 0 —»e S
lds T
Flag comp

Fig. 5. Block diagram of rotor time constant error compensator.

In order to eliminate this error, a simple compensator is
designed as shown in Fig. 5. The compensator is composed of
an integrator with a specific gain, ‘K .,,,” and ‘Flag_comp’ is
a flag to decide whether the on-line tuning is operated or not.
The specific gain, ‘K; ., , can be set while considering the
convergence time of the proposed method. The variation of the
rotor time constant is slow depending on the temperature, and a
high specific gain may bring about large variations in the
current. In order to get rid of large torque variations while
identifying the rotor time constant, the specific gain should be
set properly so that it takes into consideration the temperature
variations around the test machine.

With the output of the compensator, the inverse value of the
rotor time constant is updated as (40), and the slip frequency
can be modified as (41).

1 1 1
— =t (40)
T;fupdated ]; T;’icump
1 i
0, =—%" (41)

T;‘iupdated lds

The updated rotor time constant value of (40) is utilized for
the feed-forward term of the current regulator. The proposed
strategy can update the time-varying rotor time constant
regardless of variations of the stator resistance, and it can be
easily implemented.

A control block diagram of the proposed scheme is shown in
Fig. 6. The output of the proposed scheme is utilized for
calculating the rotor flux angle and for updating the
feed-forward terms of the current regulator.

B. Validity of the Proposed Strategy

In this section, the validity of proposed on-line updating
scheme is shown mathematically. With an inaccurate rotor time
constant, the generated d- and g-axis voltages and currents in

the synchronous reference frame can be transformed as (42)
and (43).

Ve Ve
Sl=r0) *
Vqs V‘IS

(42)

R _+ol —wol. | i
— R—l (9 s s P e s d:
weLs Rx + O-pr

.o
lqs

.e* e*
ldx Vd,\' d Vdsv VSI
— - qs 5
ie* Current Ve* Vs
qs Regulator gs EL—.
> > dqge

abc

\ A

Angle
Calculation
P Rotor
0. = IE @, + o, difa speed
Y @,,, | calculation
1
r_comp e
4—11?
. lqs
-« N

i e
‘j’y =R(9) . @ (43)
[y s
cos sin
where R(H) = {_ sin(pgo cosg(ﬂ and

R’I(H)— cosp —sing
- sing  cos@ '

The differential terms of (43) can be calculated as (44).

oL, pi 4
f‘: oL, pf o
:@GLSdR(e) "l pi) P
dt dt i ZS O-Ls pl ;\‘

where 7(/) =0, -,
t
With (42) and (43), the transformed d- and g-axis voltages
can be rewritten as (45).

I}f R + 0ol —w,0L il
d: :Rl(g{ s s P e s j|R 0 d:

1}; o,L R +0ol.p i o
+R(0) do o, d R(0) L (45)
dt dt Iy
L pi ¢ |
+R'(O)R(0 O
oL, pi |

In addition, the output voltages of the current regulator in the
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steady state can be approximated as follows:

~ K " ~
e _ I .e .e ~ Te
Vds - (KP + s (lds 1y )_ weGleqs

K, (. A
~ 1 [:e .e o “e
:—S (z 1 ds)— @,0L i s (46)
j— al Fe
=M —w,0Li,,
R K . A
e __ 1 e e A se
V;S _(KP+—S (zqs —zq5)+a)eLszdS
K] ¥ e A e
= S (lqs - lqs)+ a)eleds (47)

=N+a&,Li;
With (45), (46) and (47), the following equations can be
obtained:

Se e .e2 A Te2
quS -Ni, = (— w,L i, +o,L1i, )
+ (— o, 0L, i + @, 0L, i df) (48)

+ (a)e ol i -, oL, fdiz)

From the above equations, the left side term of (48) is
convergent to ‘zero” when the estimated angle matches the real
one. When the rotor speed is measured and the slip frequency
is calculated exactly with the proposed strategy, the angular
speed of the rotor flux is accurate, and the error between the
estimated current axis and the real one is zero. As a result, (39)
is ‘zero’ with the proposed updating scheme regardless of
variations of the stator resistnace.

VI. SIMULATION AND EXPERIMENTAL RESULTS

To show the effectiveness of the proposed rotor time
constant estimation, some simulations and experiments are
carried out. The test machine is a 7.5kW induction machine.
Table I shows parameters of the tested machine.

Fig. 7 shows the simulation results when the induction
machine is operated at 100r/min, the load torque is given as
20% of the rated value and the nominal stator resistance is set
at 20% higher than the real value.

In the simulation, the specific gain, ‘K; ..., , is 0.5. In Fig.
7(a), the initial nominal rotor time constant is 80% of the real
value, and in Fig. 7(b), it is 120% of the real one. In this figure,
the blue solid line is the real rotor time constant, and the green
dotted line is the estimated value. At 5 sec, the proposed
estimation strategy is started. As shown, the proposed strategy
works well even though the stator resistance is inaccurate.

Fig. 8 demonstrates the performance of the proposed
strategy when the induction machine is operated at 1500r/min
and the load torque is 90% of the rated value. In this figure, the
stator resistance is given as 120% of the real value. After
starting the proposed estimation at 5 sec, the estimated rotor
time constant tracks the real value within 2 sec.

TABLE 1
TEST MACHINE PARAMETERS
Rated power 7.5 kW
Rated Voltage 220V s
Rated Current 26.3A
Rated Frequency 60Hz
Number of pole 4
Rated Slip Frequency 701/ min
Rotor Time Constant 280ms
Stator inductance 31.32mH
Transient inductance 2.81mH
Stator Resistance 0.175Q2
No load current 10.4A,
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Fig. 7. Performance of proposed rotor time constant at 100r/min
and 20% load torque (simulation). (a) Initial nominal value is 80%
of real value. (b) Initial nominal value is 120% of real value.
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Fig. 8. Performance of proposed rotor time constant at 1,500r/min
and 90% load torque (simulation).
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Fig. 10. Performance of proposed strategy at 100r/min. (a) Initial
nominal rotor time constant of 0.2s under 40% load torque. (b)
Initial nominal rotor time constant of 0.2s under 100% load torque.
(c) Initial nominal rotor time constant of 0.4s under 100% load
torque.

Fig. 9 is a photo of the experimental setup where a 18.5kW
load machine is coupled with the test machine. In Fig. 10 and
Fig. 11, the test machine is operated in the speed control mode
and the load machine is operated in the torque control mode. In
addition, the specific gain, ‘K; ., , is 1 in the experiments.

In Fig. 10, the induction machine is operated at 100r/min and
the nominal rotor time constant and load torque are variable in
order to investigate the performacne of the proposed method at
low speeds. In Fig. 10(a), the initail nominal rotor time
constant is set to 200ms under a 40% load torque. In addition,
the initial rotor time constant is 200ms under the 100% load
condition in Fig. 10(b), and it is 400ms in Fig. 10(c). After
starting the proposed method, the rotor time constant is
convergent to around 280ms without any bumps. According to
the initial value of the rotor time constant, the magnitude of the
g-axis current reference is changed to maintain the rotor speed.

In Fig. 11, the tested machine is run at 1500r/min under the
variable load condition. The initial rotor time constant is set to
200ms and the rated load torque is given in Fig. 11(a). In
addition, the initial rotor time constant is 400ms under a 50%
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Fig. 11. Performance of proposed strategy at 1500r/min. (a) Initial
nominal rotor time constant of 0.2s under 100% load torque. (b)
Initial nominal rotor time constant of 0.4s under 50% load torque.
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Fig. 12. Torque according to stator temperature.
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Fig. 13. Estimated rotor time constant according to stator
temperature.

Estimated Tr(s)

load condition. Within 2 seconds after the starting point of the
proposed method, the estimated rotor time constant is
converged to 280ms, and the g-axis current is changed
according to the value of the estimated rotor time constant.

In Fig. 12 and Fig. 13, the test machine is operated in the
torque control mode and the load machine is run in the speed
control mode.

Fig. 12 demonstrates torque variations according to the
stator temperature both with and without the proposed method.
In Fig. 12, the test machine is operated in the constant torque
control mode (100% torque) and the load machine is run in the
speed control mode (1000r/min) for an hour. As shown in Fig.
12, the torque variation due to the stator temperature is less
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than 1.1% with the proposed method and almost 20% without
the proposed method.

Fig. 13 shows the estimated rotor time constant with the
proposed method. As shown in this figure, the estimated rotor
time constant is reduced to 80% of the initial value as the stator
temperature is increased.

With the simulation and experimental results, it can be
concluded that the proposed on-line rotor time constant method
works well through a wide operation region regardless of stator
resistance variations.

VII. CONCLUSIONS

This paper proposed an on-line rotor time constant
estimation method for indirect field oriented induction
machines. In general, an inaccurate rotor time constant, which
is a time-varying value depending on temperature variations,
degrades the of IFOC. To
high-performance, the proposed strategy calculates the
difference between the nominal rotor time constant value and
the real one with the output voltage of a current regulator. In

performance achieve a

addition, the compensator is designed to update the rotor time
constant value.

The proposed estimation scheme utilizes the required stator
voltages to regulate the current in the synchronous reference
frame and the integration terms of the current regulator. The
integration terms of the current regulator reflect the
mismatched rotor time constant, and this error value can be
derived easily. The calculated rotor time constant error
converges on zero with the designed compensator and the rotor
time constant is updated simultaneously.

Even though the proposed scheme looks simple, the
proposed strategy can work well in a wide operation range
regardless of variations of the stator resistance. In addition, the
proposed method works in both the speed control and the
torque control. Experimental results with a 7.5kW induction
machine demonstrate that the torque variation due to the stator
temperature is less than 1.1% with the proposed method.
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