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Abstract: This work presents a comprehensive method for precisely determining the equivalent circuit characteristics of single-phase induction
motors (SPIM), including both direct and indirect steps. First, a DC test, a no-load test and a locked-rotor test are performed to ascertain
the primary electrical characteristics of both the main and auxiliary windings. Next, the indirect phase consists of iteratively modifying the
mechanical characteristics, such as the inertial moment and friction factor, in a motor simulation model in Simulink until they match
the previously determined electrical parameters. In addition, the motor parameter estimate process can be improved by applying the
Nelder—Mead optimisation approach, which eliminates the need to calculate partial derivatives of a cost function. The study also applies
the scalar control to the SPIM. Ultimately, the efficacy of the suggested methodology is confirmed through a comparison of simulated
and actual outcomes.
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1. Introduction

The single-phase induction motor (SPIM) is frequently used in various household appliances, including fans, water
pumps and air blowers (Nied, 2013; Rahman et al., 2020; Saneie and Nasiri-Gheidari, 2021; Sharma and Singh,
2021; Wang et al., 2010). The SPIM is also utilised for small-scale industrial machinery in situations where there is a
lack of three-phase power sources. SPIMs can be classified into split-phase motors, capacitor-run or capacitor-start
motors, and shaded-pole motors (Jang, 2013).

Unlike three-phase induction motors, the design approach for the SPIM focuses on the limitation of not being able
to generate circular rotating fields. To accomplish this, the main winding of the motor is specifically engineered to
produce a circular rotating magnetic field and limit the loss of electrical energy through the copper components (Um
and Park, 2019). In addition, an ideal SPIM design entails the examination of various rotor slot configurations (Kim
et al., 2009). An aggregate SPIM model is necessary to analyse the overall system performance when numerous
SPIMs are employed simultaneously to enhance power to the load (Poudel et al., 2019).

Until now, the permanent split capacitor (PSC) motor, which is a type of split-phase motor, has been widely
used in various industrial and residential applications. The PSC motor is typically constructed with two windings:
main and auxiliary. The main winding is directly connected to the power supply. Meanwhile, the auxiliary winding
is indirectly connected to the power supply via a capacitor. When the motor operates with a single-phase power
supply, the role of the capacitor is generating a waveform close to a two-phase power supply and generating a
rotating magnetic field.
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The characteristics of the motor equivalent circuit are often determined by conducting a sequence of tests,
including a DC test, a no-load test and a locked-rotor test. These tests consider the effective turn ratio of the
auxiliary and main windings. If this ratio is not accessible, it can be replaced by using a calculated complex
voltage ratio (Ghial et al., 2014). The categorisation of parameter estimate for single-phase motors can be
divided into two groups: offline approaches (Huynh et al., 2015; Ojaghi and Daliri, 2016) and online methods
(Vieira et al., 2009). Online estimation methods usually need the utilisation of power converters and additional
controllers, with the inclusion of the motor parameter estimation method in the entire control algorithm. By
contrast, offline estimating approaches use fewer devices or eliminate the requirement for extra controllers.
However, conventional offline estimating methods have not considered the influence of temperature changes on
motor parameters.

Analysing the behaviour and performance of an SPIM typically requires studying the motor’s equivalent
circuit. This information is crucial for assessing the state and performance of the motor (Bhowmick et al.,
2018). The motor’s parameters are also essential for motor vector control systems (Correa et al., 2004).
Moreover, in several applications of SPIM drives, accurately determining the motor parameters is crucial for
the development of speed sensorless control algorithms (Jannati and Fallah, 2011; Vendrusculo and Pomilio,
2008).

Current studies have mostly concentrated on variable-speed drives for SPIMs, resulting in notable advancements
(Almani et al., 2021; Jemli et al., 2009). The speed control methods for SPIMs, like three-phase induction motors,
can be categorised into scalar control methods (Dangeam and Kinnares, 2015; Jidin et al., 2005; Schraud et al.,
2008; Sutedjo et al., 2018) and vector control methods (Aller et al., 2018; Correa et al., 2004; Jang, 2013; Nied,
2013; Rubio-Astorga et al., 2014). Efficiency optimisation control for SPIMs can be achieved by a motor efficiency
analysis, as demonstrated by Zahedi and Vaez-Zadeh (2009), and Asadabadi (2011). These experiments focused
on designing controllers that could regulate motor speed without causing any significant increase in motor loss
when operating under non-rated conditions.

This study presents a two-step approach for calculating the equivalent circuit characteristics of a small-
scale PSC induction motor. Initially, temporary parameters are acquired through a DC test, no-load test and
locked-rotor test for both the primary and secondary windings. Subsequently, these provisional parameters
are employed as an initial condition for the Nelder—-Mead method-based optimisation process to improve the
precision of estimating circuit parameters of the primary and auxiliary windings. The benefit of using the Nelder—
Mead optimisation method is that it does not require any derivative of the objective function. Indeed, the Nelder—
Mead optimisation method is very suitable for this study as the derivatives of objective functions are impossible
to be computed. However, the Nelder—Mead method is a heuristic search method that can converge to non-
stationary points on problems that can be initiated by other methods. This problem can be overcome if an
appropriate initial condition can be given before the Nelder—Mead optimisation process starts. Finally, this study
also presents a basic motor control system by utilising the scalar control algorithm with the exploration of an
(STMicroelectronics company) STM32F4 microcontroller.

2. Parameter Estimation of SPIMs Using Measurement Tests

Figures 1 and 2 depict the corresponding circuits for the main and auxiliary windings of the widely used SPIM,
respectively (Huynh et al., 2015). Like three-phase induction motors, the SPIM can also be built with a squirrel-
cage rotor. Table 1 provides the specifications of the main and auxiliary windings of the SPIM. The main winding
is connected to a single-phase voltage source V,, while the slip rate s represents the difference between the
synchronous speed and the actual speed of the motor.

2.1. Main winding parameter estimation
The parameters of the main winding’s equivalent circuit can be approximated by conducting the following
experiments:

« DC test
¢ No-load test
¢ Locked rotor test
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Figure 1. Equivalent circuit of the main winding.
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Figure 2. Equivalent circuit of the auxiliary winding.

Table 1. List of SPIM parameters.

R" Resistance of the main winding

X Leakage reactance of the stator of the main winding

xr Self-reactance of the main winding

Xy Leakage inductance of the rotor referred to the stator side of the main winding
R" Resistance of the rotor referred to the stator side of the main winding

R{ Resistance of the auxiliary winding

X Leakage reactance of the auxiliary winding

X¢ Self-reactance of the auxiliary winding

X, Leakage inductance of the rotor referred to the stator side of the auxiliary winding
R Resistance of the rotor referred to the stator side of the auxiliary winding

R, Core-loss resistance

SPIM, single-phase induction motor.
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2.1.1. DC test

This step can be easily accomplished by using a low DC voltage applied to the main winding and the current in
the winding is measured. The DC resistance of the main winding R is equal to the supplied voltage divided by the
measured current.

2.1.2. No-load test

During this experiment, the rotor was rotated at a speed that was very close to a nearly synchronous speed, and the
slip was a very small value. The values of the terminal voltage Vy;, current I}, active power Py, and reactive power
v, heed to be calculated with the following assumptions taken into account:

» The core-loss resistance, R, is large enough to be abolished;

* Due to a small slip rate s, the term R"/2s is very large to be ignored,;

* In most SPIMs, the self-reactance X" is usually much larger than the rotor leakage reactance referred to the
stator side X" (X" > X));

» The self-reactance X" is also much larger than the rotor resistance referred to the stator side R (X" > R").

Figure 3 displays the circuit that represents the main winding in the no-load test. The total reactance of the circuit
is determined as follows:

(rarn) ~(Po)

(1)

Xy = O

where

« V. Voltage applied to the main winding;
» I, Current in the main winding;
* Py Actual power of the main winding.
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Figure 3. Equivalent circuit of the main winding under the no-load test.
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The values of Iy, Iy, and Py, in Eq. (1) can be directly determined through measurement. Based on the circuit

depicted in Figure 3, the calculation for X, is as follows:
Xy =X +05X" +0.5X, 2
By employing Eq. (2), the value of X" can be determined in the following manner:

X! =2(X}, - X[ -0.5X]") 3)

2.1.3. Locked rotor test

When the rotor is locked from rotating, the slip rate s = (n1— n)/n1 = 1. Additionally, the following assumptions are made:

» The self-reactance X" is significantly higher than the leakage inductance of the rotor referred to the stator
side X, (X" > X});

» The self-reactance X" is significantly higher than the resistance of the rotor referred to the stator side R”
(X" >R").

Thus, the circuit representing the main winding during the lock-rotor test is as shown in Figure 4.
Using Figure 4 the aggregate resistance is given as follows:

B n, pm
Lk _—R" +R! @)

LR (]Z’R )2 -

Using Eq. (4), the resistance of the rotor referred to the stator side R” is computed as follows:

m

R =Ry~ R )

m PRval

R.s .] Is
1
| M| |

Figure 4. Equivalent circuit of the main winding under the locked-rotor test.
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The aggregate reactance is also given as follows:

. atia) (7 ©
(7ix)

where

» V% isthe root mean square (RMS) value of the voltage applied to the main winding during the locked rotor test;
17, represents the RMS value of the current flowing through the main winding during the locked rotor test;
P, represents the real power of the main winding during the locked rotor test.

According to Eq. (6), V', I, and P, are directly measured in the locked-rotor test. The stator leakage reactance
X" and the rotor leakage reactance referred to the main winding X" are usually considered to be equal and they
can be calculated as follows.

In the locked-rotor test, V%, 17, and P/, are directly measured. The stator leakage reactance, X, and the rotor

leakage reactance referred to the stator side, X,", are typically assumed to be equivalent. These values can be
computed using the following formulas:

m

X;Sn — Xl:n — XLR (7)
2

Substituting Eq. (7) into Eq. (3) gives:
n n 3 m
xm=2| xp —ZXLR (®)
The process of determining the parameters of the main winding involves the following steps:

» Step 1: Measuring the DC resistance of the main winding R”" using a DC test;

» Step 2: Calculating the leakage reactance of the stator X," and the leakage inductance of the rotor referred
to the stator side X}’ using Eq. (7);

» Step 3: Calculating the self-reactance X" using Eq. (8);

« Step 4: Calculating the resistance of the rotor referred to the stator side R" using Eq. (5).

2.2. Auxiliary winding parameter estimation
The parameters of auxiliary winding, like the main winding, are determined using the following tests:

» Direct current (DC) test;
¢ No-load test;
¢ Locked rotor test.

2.2.1. DC test

This step can be done by using a low DC voltage applied to the auxiliary winding and the current in the winding is
measured. The DC resistance of the auxiliary winding R¢ is equal to the supplied voltage divided by the measured current.

2.2.2. No-load test

In this test, the slip rate is negligible, hence the term R, / 2s can be considered significant and removed. Additionally,
the following assumptions are made:

» The self-reactance X is much larger than the leakage reactance of the rotor referred to the stator side X,
(X7 =2 X5,
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* The self-reactance X! is also much larger than the resistance of the rotor referred to the stator side R’
(X?>R).

Thus, the circuit that represents the auxiliary winding in the no-load test can be observed in Figure 5. The total
reactance of the circuit is determined as follows:

a a 2_ a 2
X:,L _ (VNLINL) i (PNL) ©)
(73)

Based on the equivalent circuit of the auxiliary winding shown in Figure 5, the value of X7}, can be determined
using the following calculation:

a a 1 a 1 a
XNL = _XC +Xls +5X5 +5Xlr (10)

2.2.3. Locked rotor test
When the rotor is locked from rotating, the slip rate is s =1. The subsequent assertions are presumed:
» The self-reactance X! is significantly higher than the leakage inductance of the rotor referred to the stator
side X, (X! > X)),
« The self-reactance X! is significantly higher than the resistance of the rotor referenced to the stator side R’

(X?>R).

Thus, the circuit that represents the auxiliary winding during the locked rotor test is as depicted in Figure 6.

:"X c R X
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Figure 5. Equivalent circuit of the auxiliary winding under the no-load test.
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Figure 6. Equivalent circuit of the auxiliary winding under the locked-rotor test.

The aggregate reactance of the circuit can be determined using the following formula:
2 2
(Viadie) (Pi)
a 2
(7ix)

The stator leakage reactance X, and the rotor leakage reactance X, are typically assumed to be equivalent,
hence they can be computed using the following formulas:

Xip = (11

a a Xa
Xy=X;=—H (12)
Substituting Eq. (12) into Eq. (10) gives:
“ « 3 v
X =2\ X+ X = X (13)
The total resistance of the circuit is determined as follows:
a Pa a a
RLR = aLR 2= Rs +Rr (14)
(i)
The resistance of the rotor referred to the stator side can be determined using the following formula:
R'=R! —R" (15)
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.
The process of determining the parameters of the auxiliary winding involves the following steps:

» Step 1: Measuring the DC resistance of the auxiliary winding using a DC test;

» Step 2: Calculating the stator leakage reactance X, and the rotor leakage reactance using Eq. (12);
« Step 3: Calculating the self-reactance X using Eq. (13);

» Step 4: Calculating the resistance of the rotor R’ using Eq. (15).

3. Improved Parameter Estimation of SPIMs Using the Nelder—-Mead Method
3.1. The Nelder-Mead method

Gradient descent techniques can be used to find the minimum or maximum of an objective function in a
multidimensional space in optimisation problems. This requires evaluating the partial derivatives of the objective
function. Nevertheless, in numerous instances, due to the challenging nature of obtaining partial derivatives of the
target function, the Nelder—Mead technique might be regarded as an optimal alternative option (Lagarias et al.,
1998). Nevertheless, the Nelder—Mead approach is a heuristic search algorithm that may converge to non-stationary
locations for problems that can be addressed using alternative optimisation strategies. Therefore, selecting suitable
initial values for variables is essential for this strategy to attain the needed convergence.
The Nelder—Mead method operates by generating a simplex of points throughout each iteration:

* Reflex

» Expand

» Contract outside
* Contract inside
e Shrink

To implement the Nelder—Mead approach, follow these steps:

Step 1: A simplex consists of points x(i), i =1,...,n +1.

Step 2: The points in the simplex are arranged in ascending order based on their function values, from f(x(l))
(the lowest) to f(x(n + 1)) (the highest). At each iteration, the current worst point x(n +1) is removed and replaced
with another point in the simplex.

Step 3: Calculate the point of reflection:

r=2m—x(n+1) (16)
where m = Zn“ﬁ and calculate f(r).

i=1

n
Step 4: If f(x(1))< f(r) < f(x(n)), the ris accepted and this iteration is ended (Reflect).
Step 5: If f(r)< f(x(l ) then generate the expand point s as follows:

s=m+2(m7x(n+1)) (17)
and calculate f(s).

(@) If f(s)< f(r), then sis accepted and the iteration is ended (Expand).
(b) Otherwise, ris accepted and the iteration is stopped (Reflect).

Step 6: If £()> f(x(n)), then a contraction is performed between m and the better of x(n+1) and r.
(a) If £(r)< f(x(n+1)) (ris better than x(n +1)), then c is calculated as follows:
c=m+(r-m)/2 (18)

and calculate f(c). 527
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If £(c)< f(r), then cis accepted and the iteration is ended (Contract outside).
Otherwise, Step 7 is continued (Shrink).
(b) If £(r)= f(x(n+1)), then generate cc as follows:

cc=m+(x(n+1)fm)/2 (19)
and calculate f/(cc).

If f(cc)< f(x(n + l)) then cc is accepted and the iteration is stopped (Contract inside).
Otherwise, Step 7 is continued (Shrink).
Step 7: The point n is computed as follows:

v(i):x(l)+(x(i)fx(l))/2 (20)

Compute f(v(i)), i=1,..,n+1. At the next iteration, the simplex consists of x(1),v(2),...,v(n +1) (Shrink).
Figure 7 shows points in the Nelder—Mead algorithm for calculations in the procedure.

3.2. Improved parameter estimation of SPIMs

The parameters of the main winding’s equivalent circuit (R”, X,’, X", X,', R") can be determined using the
measurement procedures described in Section 2. These estimated parameters can then serve as the initial condition
for an optimisation process aimed at improving the estimation of the motor’s parameters. In the optimisation problem

used for parameter estimation in an SPIM, an objective function is defined as follows:

S”I =

Ry =R |+ |X) - X, |= f (RN X0 X X)L R) @D
R, and X, represent the measured input resistance and reactance, respectively, of the equivalent circuit of the
main winding. R and X" represent the input resistance and reactance of the equivalent circuit of the main winding,
which are determined by the main winding characteristics (R, X/, X", X" and R").
The calculations for R and X" are as follows:

in in

Z' =R+ jX}! (22)
-1
7 (23)
I T

Figure 7. The principle of generating points in a simplex.
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2= =t 4
J o
2 2(2-s5) 7 2

Zn=7Z"+7Z'+Z7Z; (25)
R =real(Z]") (26)
X, =imag(Z) 27

The parameters of the auxiliary winding (R!, X, X{, X,,, R") can also be estimated using the same procedure for

the main winding. An objective function is first defined as follows:

S, =

Rl‘:l 7Rﬂ

+|xo - x,

in

= /(R X[ X, X[,R) (28)

where R’ and X represent the input resistance and reactance of the equivalent circuit of the auxiliary winding,
which are determined by the auxiliary winding characteristics (R, X,;, X, X, and R’).

R; and X, are as follows:

Z7 =R+ X~ jX¢ 29

3 L (30)

Z¢ = + 31
xRN 3D
2 20-s) 2

Zy=Z'+Z,+Z; (32)
R! =real(Z;) (33)
X, =imag(Z;) (34)

4. Simulation and Experimental Results

Both experiment and simulation are necessary for the motor parameter estimate procedure. Figure 8 depicts an
experimental apparatus comprising the subsequent components:

* Asource of 220 VAC voltage;

« An SPIM with a power rating of 25 watts and equipped with a run-capacitor of 1.1 pF;

» Avoltage-source inverter employing an H-bridge configuration;

* A monitoring system for voltage and current based on an NI-6009 data-collecting device and a laptop;
* An STM32F4 discovery board.
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Figure 8. The experimental system.

4.1. Parameter estimation of the SPIM

A single-phase electronic meter manufactured by LS Company (Republic of Korea) was used to measure the
parameters of single-phase loads, including the voltage, current and active power. To obtain the root-mean-square
values of the voltage and current of the main and auxiliary windings, the following procedure was carried out:

» Connecting the single-phase electronic meter to measure the voltage, current and active power of the motor
input under the no-load test and recording V;;, 7%, and Py;

» Connecting the single-phase electronic meter to measure the voltage, current and active power of the motor
input under the locked rotor test and recording V,», I}, and Py

» Connecting the single-phase electronic meter to measure the voltage, current and active power of the main
winding under the no-load test and recording V', Iy, and Py;

» Connecting the single-phase electronic meter to measure the voltage, current and active power of the main
winding under the locked rotor test and recording V}}, 1], and Pj;

» Connecting the single-phase electronic meter to measure the voltage, current and active power of the
auxiliary winding under the no-load test and recording Vy,, Iy, and Py;;

» Connecting the single-phase electronic meter to measure the voltage, current and active power of the
auxiliary winding under the locked rotor test and recording V%, I/, and P,.

Tables 2 and 3 show recorded operational characteristics of the main and auxiliary windings, and the input to the
stator during the no-load and locked rotor tests. The motor briefly operated under the locked rotor test. The motor
input power under the locked rotor test is approximately 2.5 of it under the no-load test. These tables were utilised
for estimating the parameters of the motor.

Tables 4 and 5 indicate calculated parameters of the main and auxiliary windings, respectively. Table 6 displays
the first 20 iterations of the Nelder-Mead method used to minimise the objective function (21). Upon achieving
convergence, the Nelder—Mead approach reveals the ideal values for the key winding parameters, which are
presented in Tables 7 and 8.

The mechanical parameters can be determined by conducting a dynamic simulation of the motor. The moment
of inertia of the rotor is closely correlated with the transient state of the motor. Meanwhile, the friction factor is
associated with the motor’s stable condition. Upon doing multiple experiments, the mechanical parameters possess
the subsequent values:

«  The moment of inertia of the rotor: J = 2.5><10*‘(kg/m2);
+  The coefficient of friction: 7 =5.3x107 (N/m/s).
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Table 2. Motor operation parameters measured under the no-load test.

(V) 1(A) P(W)

Main winding 227 0.12 10.1

Auxiliary winding 227 0.13 10.4

Stator input 227 0.09 20.5
Table 3. Motor operation parameters measured under the locked rotor test.

r(v) 1(A) P(W)

Main winding 227 0.27 53

Auxiliary winding 227 0.12 2

Stator input 227 0.25 55.1
Table 4. Estimated parameters of the equivalent circuit of the main winding.

R (Q) X3 (Q) x7'(Q) X (Q) R (Q)

338 221117 2,247 221.117 400.023
Table 5. Estimated parameters of the equivalent circuit of the auxiliary winding.

() X (@) x(9Q) Xi (@) R (Q)

138 943.281 7,062.3 943.281 4.888
Table 6. The first 20 iterations of the Nelder-Mead method.

Iteration Func-count min f(x) Procedure

0 1 109.248

1 5 99.1460 Initial simplex

2 7 83.9113 Expand

3 9 57.8937 Expand

4 10 57.8937 Reflect

5 12 19.2787 Expand

6 14 16.7708 Reflect

7 16 8.07153 Reflect

8 17 8.07153 Reflect

9 19 8.07153 Contract inside

10 21 8.07153 Contract inside

11 23 6.93307 Contract inside

12 25 6.93307 Contract inside

13 27 6.02920 Reflect

14 29 6.02920 Contract inside

15 31 3.52893 Contract inside

16 32 3.562893 Reflect

17 34 3.52893 Contract outside

18 36 3.52893 Contract inside

19 38 1.90971 Contract inside

20 40 1.90971 Contract inside
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Table 7. improved estimated parameters of the equivalent circuit of the main winding using the Nelder-Mead method.

# () i (o) X (@) (o) #()
327 189.553 2,361.8 168.781 475.451
Table 8. Improved estimated parameters of the equivalent circuit of the auxiliary winding using the Nelder-Mead method.
R (Q) X (Q) x{(Q) xXi(Q) R (Q)
134 1,067.3 4,296.7 1,012.3 4.9
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Figure 9. Dynamic simulation of the SPIM in Simulink. SPIM, single-phase induction motor.

Figure 9 depicts the Simulink diagram of the SPIM, which is used to verify the enhanced parameter estimation
of the motor. Table 9 displays the motor parameters obtained from both simulated and measured data during the
no-load test. Table 10 displays the motor parameters obtained from both simulation and measurement during the
locked rotor test. These data include the current in the main winding 7, (A) the current in the auxiliary winding I, (A)
, the input current of the motor 7, (4) and the input actual power of the motor P, (7).

4.2. Scalar control of the SPIM

4.2.1. Simulation

The speed of the motor can be regulated by employing an H-bridge single-phase inverter using the scalar control
technique. The speed of the motor depending on the frequency of the inverter output voltage has the following form:

nz(l—s)ﬂ
p

(35)

where n is the motor rotor speed, fis the frequency of the inverter output voltage, p is the number of motor pole
pairs and s is the slip rate. When changing the frequency, there is also a need to vary the output inverter voltage
to avoid the motor from the over current. Therefore, the frequency and value of the voltage at the inverter output
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Table 9. Simulated and measured motor parameters under the no-load test.

1,(A) 1,(A) 1,(A) R (W)
Simulated values 0.122 0.131 0.09 20.4
Measured values 0.12 0.13 0.09 20.5

Table 10. simulated and measured motor parameters under the locked rotor test.

1(4) 1,(A) 1(A) R (W)
Simulated values 0.271 0.118 0.246 55.73
Measured values 0.27 0.12 0.25 55.1

151]
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-
54 d
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0 [ B
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52 154
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o0 o
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data_l.mat 1289
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b data_2.mat
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_ - > i ;
<Electromagnetic torque Te (N*m or pu)>

Figure 10. Dynamic simulation of the SPIM fed by a single-phase H-bridge inverter in Simulink. SPIM, single-phase induction motor.

Discrete,
Ts = 0.0001 s.

must be changed simultaneously. One of the popular techniques to change the voltage and frequency is sinusoidal
pulse width modulation (SPWM).

Figure 10 shows the Simulink diagram of an SPIM fed by a single-phase H-bridge inverter. The inverter regulates
the output voltage by employing the SPWM. This technique involves utilising a triangle carrier wave with a frequency
that is 27 times higher than the sine modulation wave. Figure 11 displays graphical representations of the motor
voltage and current. The ratio of the amplitude of the modulation wave to that of the carrier wave is defined as the
modulation index, which is given as follows:

m=—= (36)

where 4, is the amplitude of the modulation wave and 4, is the amplitude of the carrier wave. The reference signal
of the SPWM has the following form:
m .
V. :7fs1n(2ﬂ'ﬁ) @7

1

in which f, is the maximum frequency of the modulation wave and f is the frequency of the modulation wave to
reduce the motor speed (f < ). If f = f, =50(Hz) thenV,, yields as follows:

v

o = msin(27501) (38)
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Figure 11. Simulated waveforms of the load voltage and current.

Table 11. The motor speed according to the change in the frequency of the modulation wave.

£ (1) m hv) 1(4) (o)
50 0.8 226.3 0.0967 1,298
45 0.8 220.5 0.0976 1,132
40 0.8 208.0 0.1048 979
35 0.8 188.0 0.1078 814
30 0.8 170.8 0.0967 661
25 0.8 164.7 0.0967 521
20 0.8 150.1 0.0959 282
15 0.8 130.0 0.0923 96

As the number of poles of the motor is 2, then the speed of the motor is slightly smaller than 1,500 (rpm). The
value of m is chosen to be 0.8 to obtain the rated motor input current of 0.1 (A). Table 11 displays the change in
motor speed according to different values of the frequency of the modulation wave. Figure 12 is the change in motor
speed according to the variation in the frequency of the modulation wave.

4.2.2. Experiment

The scalar control algorithm of the SPIM in the experiment relies on the STM32F4 discovery board, which can
be directly programmed using the MATLAB Simulink, as depicted in Figure 13. The library for programming the
STM32F4 discovery board in the Simulink is available online (Waijung 1 [STM32 target]). The load voltage and
current waveforms are depicted in Figure 14. Compared with the waveform of the simulated load current, the
waveform of the actual load current has more noise. Table 12 compares the root-mean-square values of the
simulated and actual waveforms for the load voltage and current. The simulated and actual values of the load
voltage and load current are quite identical.
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Figure 12. The motor speed versus frequency of the modulation wave.
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Figure 13. Simulink diagram for deploying the V/F constant control method on the STM32F4 discovery board.
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Figure 14. Actual waveforms of the load voltage and current.

Table 12. Comparison between the simulated and actual results of the load voltage and current.

V.(A) 1,(A)
Simulated values 226 0.1031
Measured values 226 0.0915

5. Conclusions

This paper presents a well-defined methodology for accurately estimating the parameters of an SPIM in an
offline setting. The proposed method can be implemented using a cost-effective experimental set-up utilising the
Nelder—Mead method, which is a non-derivative optimisation technique. Measurement tests were conducted to
acquire the initial condition for the Nelder—Mead optimisation algorithm. Next, the ultimate characteristics of the
motor were determined by the process of minimising two objective functions that quantifies the disparity between
the measured and predicted input impedance of the equivalent circuits of the main and auxiliary windings.
Subsequent research for this study will focus on examining the impact of temperature increase in the stator
and rotor windings on the calculation of motor parameters necessary for the high-performance vector control
of SPIMs.
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