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1. INTRODUCTION

Since induction motors (IMs) have low cost, high efficiency, and high reliability, so, they are widely
utilized in various industrial applications including AC servo systems, compressors, fans, pumps, and electrical
vehicles (EV). The scalar or constant v/f control, vector control and direct torque control (DTC) are the most
applied control methods to the induction motor IM drives. The indirect implementations of field- oriented
control FOC (IFOC) is considered as a high-performance and more applicable control method among the
various provided IM drive systems. The IFOC needs rotor flux values for IM control which normally are not
directly measured. Hence, the rotor time constant is required to obtain for proper flux orientation in IFOC [1],
[2]. In IM, both rotor leakage inductance (L,) and rotor resistance (R,) vary according to the IM operation
conditions. Even though, the L, can be extracted online by magnetizing curve, R,.strongly depends on skin
effect and the rotor temperature. The R, variation may be about 100% based on the motor temperature and
rotor frequency. Therefore, the wide range variations of R,. and L,. leads to considerable mismatch in rotor time
constant (z,) value and rotor flux orientation, which deteriorates the dynamic and steady-state performance of
the IM drive. So, the 7,. online estimation is vital for proper operation of IFOC based IM drive.

Various estimation methods including signal injection method, full-order observer, extended
Kalman filter, sliding mode method, stochastic methods, artificial intelligent based methods, and MRAS-
based methods have been introduced in the literature [3]-[5]. The MRAS method is more popular because of
its simple implementation and structure. In the MRAS method, one IM quantity is calculated by two various
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functions in which one of them depends on t,. and another one is independent of the 7,.. The selected quantity
of the IM can be stator voltage, rotor flux, electromagnetic torque, and or active/reactive powers. Then, the error
between the outputs of two functions is applied to the controller to provide the estimated value of ... The
applied controller can be integral (1) or proportional-integral (PI) to obtain the estimated value. Wade et al. [6]
and [7], the rotor flux has been employed to the MRAS estimation. Wade et al. [6], the d axis rotor flux has
been employed for estimation instead of q axis rotor flux whereas in [7], the resistance of rotor is estimated to
set the q axis rotor flux to zero. The electro-magnetic torque has been utilized to identify the rotor resistance
in [8], where the MRAS based on the electro-magnetic torque can be used in transient conditions. However,
due to the integrator usage in calculation of the stator fluxes in d-q frame, this method suffers from integrator
related problems such as dc offset and saturation. The IM reactive power formula which is not related to the
variation of stator resistance presented in [9], [10]. Maiti et al. [9], the rotor resistance estimation method that
is robust to stator resistance variations verified by various results. The MRAS based on the flux eliminated
reactive power has been suggested in [9] for IM rotor resistance identification. However, due to the usage of
reactive power, the estimation performance is not good enough during the transient time. Garces [11], the
function of the reactive power has been employed for 7, estimation. Not only does the presented function
depend on the stator currents and voltages, but also it is indirectly related to the mutual, stator, and rotor
inductances. Hence, the estimated t,value depends on the IM torque and frequency. IM drive parameters
estimation using active and reactive powers based model reference adaptive system MRAS has been
proposed in [12]. The robustness of proposed scheme has been investigated to load and magnetizing
inductance variations.

Moreover, PI or | controller precision has been affected by the nonlinear behavior and wide range
variations of IM parameters. Hence, the accuracy of the estimated t,. value depends on the operating point of
the IM. In order to overcome this drawback, model independent nonlinear controller can be used to estimate
the 7, value. The extremum seeking control ESC is an adaptive optimization method which does not require
the plant model for any parameter estimation of IM. By applying a small sinusoidal disturbance signal, and
an adaptive search, the ESC method detects the optimum control rule or optimum operating point of the plant
by using the dynamic feedback. The ESC is a robust scheme because it is plant model free [13], [14]. Over
the last decade ESC had considerable attention in optimum control process. This method, which dates back to
the year of 1920s, is a model independent nonlinear controller [15]. An effective control system approach can
be provided by ESC that can be used to optimize a cost function by conducting an unknown dynamic system
to an equilibrium point. There are some limitations for ESC, so, many research works have been conducted
various approaches to overcome these limitations. Detailed performance limitations related to ESC were
presented in [16]. More details on the guarantees of convergence and tighter bounds on the tuning parameters
were proposed. A time-varying identification-based ESC approach is proposed in [17]. This approach tries to
overcome the ESC limitations related to the difficult tuning of the ESC parameters. In this technique, by
using a time-varying gradient estimation approach the ESC tuning problem is solved in such a way that it
avoids the limitations related to the averaging nature of ESC. Guay and Burns [18], two classes of ESC
approaches were investigated: Time-varying and perturbation-based ESC methods. While it was easier to
tune the perturbation-based method, but in some situations, the optimum was not obtained. The time-varying
ESC was converging more reliably and faster than the other method. Optimum reference flux searching for
DTC of interior permanent magnet synchronous motor IPMSM by ESC has been proposed in [19]. Optimum
stator flux will lead to maximum torque- per- ampere approach and higher efficiency. ESC optimal approach
has been proposed to improve the energy performance of an IM electric drive with frequency-current control
[20]. By adjusting the stator voltage by optimal manner, the motor will operate on critical slip and minimum
current consumption will be achieved. The proposed method’s effectiveness has been verified just by
simulations. Meanwhile the stability of proposed scheme has not been discussed and analyzed. Various
MPPT methods for PVs based on ESC are presented in [21], [22]. The ESC method provides excellent steady
state performance and very fast convergence by tuning the solar PV arrays’ current or voltage in order to
maximize the output power. Individual ESC, which optimizes the power of the single wind turbines
separately has been proposed in [23]. Since the ESC is model-free, atmospheric conditions uncertainties, and
aging of the wind turbine should not change the overall conclusions obtained in this paper. This technique
can provide acceptable results and model-free approach to power optimization.

In the present paper, a new MRAS based IM rotor time constant estimator by using a perturbation
based ESC method is proposed. The modified active power function is robust to any noise, because the
adjustable and reference models have the same function and the same inputs. Therefore, the noises will be
cancelled out by the MRAS comparator. Moreover, the perturbation based ESC and MRAS method is
proposed to obtain accurate rotor resistance estimation during a wide range variation of rotor resistance.
Because of utilizing the perturbation based ESC, this technique is robust to the IM stator resistance and
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magnetizing inductance variations. Based on our knowledge application of the ESC in IM parameter

estimation has not been investigated yet. The main contributions of the proposed method are:

— Itis robust to any noise from the switching devices, as both the adjustable and reference models have the
same function, so the noises will be cancelled out by the MRAS comparator.

— The online rotor resistance estimation based on ESC is robust and it is independent from IM parameters.

— Application of ESC for IM parameter estimations.

This paper is organized as following. Section 2, presented the research method with theoretical
analysis of IM model and MRAS scheme. Also in this section, ESC algorithm for optimal rotor resistance
estimation is presented along with stability analysis. Simulation and experimental results of robust rotor
resistance identification are presented in section 3.

2. RESEARCH METHOD
2.1. IM dynamic model
The IM Model in stationary d —q reference frame is:

All AlZ] [ ] Bl —
at ‘Pr] [A21 Az, [ Vs = Ax + B, @
ii =Cx (2)
where i, = [las lgs]T and vy = [Vas Vgs]T are the stator current and voltage vectors, respectively.

@, = [Par Pqr]7 is the rotor flux vector and x = [is ¢, ]7 is the state vector. The state space coefficients
of (1) and (2) are:

R Lm [1
Ap =-— J_Lll Jrr]l = ar11[A1 = oLily ;1 - wr]] = ar12l + ar13] 3)
Lm 1 1
AZl=;I=a7211,A22=—;1+0)T]B=G—L11=b11|c=[1 0] (4)

where I = [(1) (1]] and J = [(1) _01] L, , R and L,,R,are the inductances and resistances of stator and rotor,

2
respectively, and L is mutual inductance. Moreover, o = 1 — Lin_js the leakage inductance coefficient and

152
Ly . R
T, = R—Z is the rotor time constant
2

2.2. Active power-based MRAS scheme

The IM’s active power has been obtained in two different ways in the MRAS based t,value
estimation. In the MRAS-based t,value estimator, one approach (equation) for active power calculation
depends on the t,.whereas another approach is independent of t,.value. Then, the error signal between the
outputs of two active power calculations is applied to the perturbation-based ESC. The output of the ESC
presents the estimated parameter R, value. The overall block diagram of the proposed MRAS using the
perturbation-based ESC is presented in Figure 1. The measured V;*and I;values of IM are employed to
calculate the reference model (active power) of IM in (5). Therefore, by employing the measured amounts of

currents and voltages, the true value of IM active power (P") are always provided by a reference model.
Hence, the reference model (P” ) of the IM is expressed as (5).

* 3 * % * 1k
pP* = 2 (vds lgs T vqslqs) 5)

Where vgs, vgs, igs and igs will be measured from induction motor’s terminals. In order to define the
adjustable IM model based on active power function the (igs, igs) are obtained from IM model in (1). So, the
adjustable model of IM based on the active power function is written as (6).

3 A A
l:)adj = 3 (Vaslds + Vaslqs) (6)
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Where » indicates the estimated values from IM model of (1) and * shows the measured value from 1M
terminals. As presented in (1), the adjustable model depends on the IM parameters such as R;. Moreover,
because both adjustable and reference models have the same inputs (voltages), any mismatch in the R, value

leads to an error in P,,4; compared to the reference value of P” (5). & which is th e error between P” and
Padj , is applied to the proposed perturbation based ESC as shown in Figure 1. The R, value is converging to
an actual value by compensating the ¢ by ESC controller (converging P* to P,4;, and ¢ = 0). Since we put

the measured values instead of calculated values for vy, vgs in the Pyq;, so by this modification the

adjustable model has less dependent on motor parameters. This function is called modified active power
function in this research work.

A Vecter I
QL Pl Speed I‘; T f Rotator
Regulator . 3PL * i"
T+ e @ A Three phase
R Inverter
. I Lis
P Reference [ E:
- 3 |
Model - Igs 20,
ESC =
Estimator ﬁ‘Rw e
. | - dS ™,
Adjustable - 3D -
‘ . Pad | Model [T | Va2 e
SR, : R, - - @, YyvyyYy
+(

:
: ified sructure of MRAS based Rotor Resistance estimation

2. nominal Induction Motor

Figure 1. Block diagram of IM overall control system

2.3. Perturbation based extermum seeking control

The ESC is an adaptive optimization technique which does not require the plant model for
optimizing input-output characteristics of plant. By applying small sinusoidal disturbance signal, and
adaptive search, the ESC method detects the optimum control rule or optimum operating point of the plant by
using the dynamic feedback. The ESC method is robust because it is independent of the plant model and can
be applied to various applications. The algorithm of the perturbation based ESC is shown in Figure 2. As
presented in this figure, the ESC generates small amplitude with high frequency periodic perturbation (dither)
signal a x sin( wt) and adds this signal to the estimated 8 value. Here, y (cost function) represents the active
power error signal, &, (¢ represents the P* - P,,; error) and @ is the estimated rotor resistance R;. If 0 is near
to optimum 6~ value, a X sin( wt) generates a periodic response of y. The high-pass filter is used to
eliminate DC value of y resulting the both a X sin( wt) and high-pass filter output are approximately
sinusoidal. Then low pass filter removes all high frequency elements. Here integrator acts as PI controller and
will force the y to be zero, this process will continue until the 8 be equal to real value 8* (real R}). y d8/dty
is the gradient estimation, at extremum point the y will reach to zero (Low pass filter’s output indicates the
a2

de . . . . . ..
PR gradient of active power error, and the integrator will force it to be zero at minimum value of ¢). As
T

- . . . ode . . .
shown in Figure 3, when IM operate on the left-hand side of the operating point, de is negative, while when

. . . . ode . - .
IM works on the right-hand side of the operating point, ﬁ is positive. If IM operates exactly at minimum
T

de
value of ¢,
dR

is 0. The cost function of ESC estimator is as (7).

r
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e=e=pP*—pP'= % (visiss + v&‘siés)-g(vgsi‘gs + Vigigs) (7

Where P" = P, ;. Based on Figures 1, 2, 3 the ESC estimator will force the e (¢) to be zero by approaching
the R, to R, (real rotor resistance). In this case the cost function in (7) will be zero.

2.4. Stability analysis of ESC
Any 2 function of Y () can be approximated by (8).

Y(O)=f"+k.(6 —R)* ®)
Where Y(0) is output function (active power error), kK > 0, and R; is optimal (real) value of IM’s rotor
resistance. f*is the optimal value of Y when rotor resistance estimated value converges to the real one. The
purpose of the algorithm is to make 6 — R as small as possible, so that the function Y is driven to its
minimum value f*(in this situation the active power error, cost function, will be driven to zero). Let:

q=R; — R, )
Denotes the estimation error. Since based on Figure 2 we have:

0 =R, + asin (wt) (10)
So, the estimation error summarizes as:

6 — Ry = axsin(wt)-q (11)
Substitution of (11) into (8), gives:

Y ()= f* + k. (q — asin (wt))? (12)
Expanding this equation, and applying high pass filter gives:

J=kq?- k% cos(2wt) — 2kqasin(w) (13)

f* and ka/2 will be removed by high pass filter. This signal demodulated by multiplication with sin(wt),
giving:

v= kq?sin (wt)- k% cos(2wt)sin (wt) — 2kqasin(w)sin(wt) (14)

Since w is large enough, so by applying low pass filter all high frequency elements will be removed from v.
By simplification and applying low pass filter we will have the:

x=—kqa (15)
Since at optimum point the R is constant so derivating both sides of (9) gives:

q=-Ry (16)
Where ¢, and R, are derivative values of g and R, , respectively. So based on (15) and (16) we will get:

q ~ X [~kqa] (17
or:

q ~ —kayq (18)

Since kay>0, so this is a stable system (the root is located at the left-hand side of the imaginary axis). So, we
conclude that g will converge to zero and consequently R, to R; and Y (6) (cost function) to £*. From above
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equations it is important to note that our approximations hold only when w is large enough compared to k, a,
and y [24]. Reduction of the dither frequency w will slow the convergence speed. Consequently, the
transient response is slower and convergence is longer.

2.5. Comparison

Comparison has been made between proposed method and the other schemes in terms of IM’s rotor
resistance settling (estimation) time and robustness to stator resistance variations. The comparison results are
summarized at the Table 1. From this table one can see that all methods are robust to stator resistance
variations. However, proposed perturbation-based ESC method has lower settling time for rotor resistance
identification compared to reactive power- based MRAS method in [9], a ninth-order estimation algorithm
based simultaneous estimation of rotor and stator resistances in [25], and direct rotor flux identification -
based scheme in [26]. So, perturbation-based ESC method not only provides faster estimation scheme but
also it is robust to stator resistance variations. Since ESC method is model free, so it is robust to all IM
parameters, including magnetizing inductance, inertia, and load torque variations.

e
| ' /
0 Y=1(8) \ |
» Nonlinear Map | '
' de/dRy >0
de/dRy<0
é Y e Low High \linl;ﬁ-m °
D ~ | Pass Pass -
o~ s . - ’
= Filter Filter A
8 ‘v'l"
=1 } N
t@ ] Rr
Ao ~ -
axsin({wt)
Figure 2. Perturbation based extrimum seeking Figure 3. Injection of dither signal to rotor resistance

control

Table 1. Comparison between proposed and previous methods

Methods IM’s rotor resistance settling time (sec.) Robust to stator resistance variations
Proposed 0.3 Yes

[25] 2 Yes

[26] 15 Yes

[9] 2 Yes

3. RESULTS AND DISCUSSION
3.1. Simulation verifications

To evaluate the performance and feasibility of the proposed MRAS based IM rotor time constant
value estimator by using perturbation-based ESC and active power function, simulation results using
MATLAB/Simulink are presented. Table 2 presents the proposed perturbation-based ESC and the simulated
IM parameters. The robustness of the proposed MRAS estimator under stator resistance variations has been
investigated at Figure 4. At t=2 sec, the stator resistance has been increased by 50% as shown in Figure 4(a).
This figure confirms the robustness of rotor time constant estimation against stator resistance changes. This
estimation has been done under P = 530 W. The estimated and reference active powers also follow each other
with no error. There is a small perturbation on estimated active power in Figure 4(b) but after very short time
the estimated value converges to real one without any error. Since the perturbation-based ESC is model free
approach and is not related to any information from IM model, so variations of stator resistance have no
effect on robust rotor resistance identification. Figure 5, depicts the estimation results under magnetizing
inductance change. The initial value of estimated ,. is set to zero whereas the reference value is 7,.= 0.004 s.
From Figure 5(a) one can see that the estimated value converges to real one in less than 0.15 sec. At t=3 sec,
the magnetizing inductance is reduced to 0.042 H. As shown in Figure 5(a) the estimated resistance follows
the reference one without any error. Meanwhile, the estimated active power converges to real value without
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any error in Figure 5(b). The simulation results verify the robustness of proposed MRAS using perturbation-
based ESC and active power.

ESC is a robust method because it is model free approach. By optimizing the cost function (error
between active powers) the ESC can provide an effective control system design approach to conduct an
unknown dynamic system to an equilibrium point. So, ESC always provides true estimation results regardless
to model uncertainties and nonlinearities
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Figure 5. Rrobustness of rotor time constant estimation: (a) rotor time constant and (b) active powers

3.2. Experimental results

To evaluate the effectiveness of the new MRAS based online IM rotor time constant 7, value
estimator by using perturbation-based ESC and active power function, the 2.2 kW experimental prototype has
been implemented in our research center as depicted in Figure 6. The three-phase h-bridge IGBT 2.2 kW
drive has been used for FOC control of IM. It comprises six Siemens BUP314D IGBT switches, three current
sensors, two voltage sensors, and the capacitor is C = 1200uF. Switching frequency of IM drive is f,, =
15kHz. The proposed online IM rotor time constant 7, value estimator has been implemented real-time in the

PC by using MATLAB/Simulink Real Time Windows Target toolbox and the Advantech PCI-1716 data
acquisition card. The DAQ PCI-1716 has been used to measure the current and voltage values and provide
the estimated ,.(s) for IM drive. In a first case study, the initial value of 7,.(s) is set to 60% more than real
(reference) value, which is 0.004 s. Then, at t = 1 sec the proposed MRAS perturbation - based ESC
estimation process is started. Figure 7 (a) presents the rotor time constant estimated value. As depicted in this
figure, the estimated 7, (s) converges to the real (reference) value of 0.004 s in less than 0.5. As shown in
Figure 7 (b), due to rotor resistance mismatch, the estimated active power is 570 W whereas the real one is
530 W. After starting of estimation process at t = 1 sec the estimated active power function is converged to
the real value in less than 0.3 s. Att = 1.5 sec the estimated values of both rotor time constant and active
power converge to real values with negligible errors. Based on Figures 3, since the e (= €) converges to zero,
so optimum value of rotor time constant obtained. At t = 2 sec the stator resistance is increased to 3.3 Q (by
series connection of 2.5 Q to the motor stator windings). At this moment there is a negligible perturbation on
rotor time constant estimation but after very short time the estimated value tracks the reference value in
acceptable level. Since the perturbation-based ESC is model free approach and is not related to any
information from IM model, so variations of stator resistance have no effect on rotor resistance identification.
So, the robustness of the ESC technique to stator resistance variations confirmed by experimental results too.
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Table 2. IM & ESC parameters

Parameters Value
Nominal power P = 2200Watt
Rated voltage V.-, = 380V
Number of poles 4
Nominal frequency f =50Hz
Base electrical angular rad
frequency wp = 2m X 50—
Rotor resistance R, =3.180
Rotor inductance L, =0.013H
Stator resistance R, =250
& Stator inductance L, =0.011H
el Mutual inductance L, = 0.0620H
1y Motor (M) ] Perturbation angular frequency Wperturbation
P \ = 10000 =
generator and sec
- Load Perturbation magnitude a=0.04
o Integrator gain y=6

Figure 6. Experimental setup
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Figure 7. Experimental result: (a) rotor time constant estimation £, (s) and (b) active powers

As a second case study, the initial value of £,.(s) for the proposed MRAS estimator is set to zero
whereas the real (reference) value is 0.004 s. Figure 8(a) represents the estimated value of ,.(s) to converge
to real value of 0.004 s in less than 0.3 sec with negligible error. Figure 8(b), illustrates the real and estimated
values of the IM active power waveforms. As one can notice in this figure, the proposed active power
function is converged to the real value in less than 0.25 s. By converging two active powers at t = 0.3 sec, the
¢ approaches to zero and based on Figures 3, estimated rotor resistance converges to real value at t = 0.3 sec.
The provided experimental and simulation results verify that the proposed MRAS perturbation-based ESC
and active power function are effective in the IM parameter estimation under parameter variations and can be
utilized in practical applications. The similarities and match between simulation and experimental results
verifies the effectiveness of the MRAS based online IM rotor time constant z, value estimator by using

perturbation based ESC and active power function.
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Figure 8. Experimental result: (a) identification of 7,.(s) and (b) active powers
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4. CONCLUSION

A new MRAS based IM rotor time constant estimator by utilizing the perturbation based ESC
method and modified active power function was proposed in this research work. The four major advantages
of the proposed estimator for IM rotor time constant are; It is robust to any noise from switching devices, as
both the adjustable and reference models have the same equation and the same inputs, and thereby the noise
will be cancelled out by MRAS comparator. The proposed perturbation based ESC for MRAS mechanism is
able to estimate IM rotor resistance under a wide range variations. The rotor resistance estimation is robust to
any variations of stator resistance, magnetizing inductance, and induction motor load. Application of ESC for
IM parameter estimations. These advantages are achieved because the ESC is robust to IM parameter
variations and model uncertainties. The comparison results verify that the ESC method provides faster rotor
identification process compared to other methods. The provided experimental results verify that the proposed
ESC-based method effective and can be applied in practical applications.
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