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Abstract: Single phase induction motors (SPIM) are widely used in residential and commercial
applications. Enhancement of efficiency of SPIMs can lead to huge energy savings. This paper
presents a novel mechanical sensorless control method for SPIM drives. In this method, a machine
learning algorithm is used to estimate the slip based on the ratio of main and auxiliary winding
currents. To enhance the efficiency, the terminal voltage is reduced under light load conditions. The
optimal operating voltage is implicitly obtained by equating the ratio of main and auxiliary winding
currents to its optimum value. This optimal operating point is first calculated based on the frequency
from a lookup table and then updated by using gradient descent algorithm. This way, the optimal
operating point is realized despite motor parameter variations. The proposed scheme is suitable for
low-power applications where working at different speeds and load torques is demanded, such as
ventilation systems and various household appliances. Simulation results are presented to verify the
efficacy of the proposed method.

Keywords: AC motor drives; online efficiency optimization; sensorless speed control; single-phase
induction motor

1. Introduction

The increasing of electricity prices and the public awareness of environmental prob-
lems associated with conventional power plants motivate major attention in enhancing
the efficiency of electrical devices. Numerous domestic, commercial and some light-duty
industrial applications, near which there is no easy access to three-phase networks, utilize
single-phase induction motors (SPIMs). SPIMs have the advantages of low cost and high
reliability. However, they have a relatively low efficiency compared with alternative solu-
tions such as permanent magnet synchronous motors. As such, the amount of power loss
caused by SPIMs is significant. Therefore, enhancing the efficiency of SPIMs can have a
major impact on the overall power losses of electrical systems.

An SPIM is comprised of two stator windings (i.e., main and auxiliary winding) and a
squirrel cage rotor. The two windings, which are in space quadrature, usually have different
impedances. A phase shifting capacitor is placed in series with the auxiliary winding to
produce an appropriate phase shift in the auxiliary winding current. The combination
of auxiliary winding and the capacitor is paralleled with the main winding, which is
connected to the motor terminals. The SPIM can be directly connected to the electrical
grid. To control the speed and optimize its efficiency, a variable speed electric motor drive
can be employed, in which a power electronic converter is connected between the SPIM
and the grid. Figure 1 depicts the schematic of the SPIM drive, in which a Single-Phase
Bridge Inverter is used to control a capacitor-run SPIM. The AC line voltage is rectified
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and filtered via a diode-bridge and a capacitor, and is fed to the Inverter. The amplitude
and frequency of the sinusoidal reference is governed by the controller.
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Figure 1. Schematic of SPIM drive.

A number of methods are proposed for speed control of induction motors, including
rotor-flux-oriented control [1,2], vector control [3], direct torque control [4,5], sliding mode
control [6], neural network based control methods [7,8] and a model predictive control
method [9]. Furthermore, various speed sensorless control methods have been proposed,
among them are a method based on DC-link measurements [10], speed measurement based
on rotor-slot-related harmonic detection in machine line current [11], field-orientation
control with a speed estimation scheme [11] and speed estimation using adaptive nonlinear
observers [12] and sliding mode observer [13]. The mentioned control schemes, which are
focused on the speed control dynamics, do not take action for optimization of the efficiency.

The efficiency of induction motors can be enhanced by adjusting the applied voltage
and hence the flux at the optimum operating point [14]. In order to obtain the optimum
operating point corresponding with each speed and load, one can use the loss model
of the motor [15,16]. In [17] the dynamic model of induction machine has been used
to derive an algorithm for calculating the optimum flux. However, the aforementioned
approaches require the exact value of the motor parameters through a parameter identifica-
tion scheme [18]. A real time efficiency optimization method has been presented in [19].
In this method, the optimal flux is first calculated analytically based on the estimated
motor parameters and then updated in real time using annealing method. The methods
of [15-19] are focused on three-phase induction motors. Reference [20] proposes a control
scheme for enabling symmetrical and balanced operation of SPIM during both starting
and steady-state operating conditions. Although such symmetrical operation enhances the
efficiency, the requirement of two full bridge converters for main and auxiliary windings
increases the cost of the system. In a method presented in [21] the ratio of main to auxiliary
stator winding currents (Stator Current Ratio) is used as the optimization parameter. It
is shown that controlling this parameter can lead us to the optimum operating condition,
regardless of the motor speed and torque. Hence, an efficiency optimization method with
no mechanical sensor requirements was attained. This method has been further developed
with varying frequency in [22], which utilizes the phase difference of main and auxiliary
stator winding currents. Although this method might be appealing to SPIM drives due
to the rather cheap and simple implementations, major deficiencies lie within it. Firstly, it
lacks any sort of speed regulation due to its open loop speed control scheme. In addition, it
is sensitive to motor parameters variations. In some of the proposed methods the optimum
operating point of the motor is determined via utilizing machine learning approach [23].
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The aforementioned method requires mechanical sensors for the aim of measurements,
which make them rather impractical and uneconomical for the case of SPIMS.

The motor parameters are prone to change due to environmental conditions, tem-
perature variations, saturation and discrepancy of the same model motor parameters.
These changes lead to deflection in the optimal efficiency point [24]. Therefore, in case
of applying the methods which are offline, the controller would naturally be unable to
track the deflected optimal efficiency point and henceforth the motor efficiency would
never be the ultimate maximum. Furthermore, parameter variations can degrade the
accuracy of speed estimation algorithms [12]. To deal with this issue, this paper proposes a
novel speed sensorless and optimal efficiency control method for SPIMs. In the proposed
method, the motor speed is estimated based on Stator Current Ratio using a neural net-
work. Furthermore, the optimum efficiency conditions are derived using an online loss
minimization method. This way, in addition to tracking the optimum operating point in
online mode, accurate speed regulation is realized. The proposed method is verified by
running a simulation using MATLAB software.

The rest of the paper is organized as follows. The mathematical model of SPIM is
addressed in Section 2. Speed estimation and efficiency optimization methods are explained
in Sections 3 and 4, respectively. The proposed control scheme is addressed in Section 5.
Simulation results are addressed in Section 6. Section 7 concludes the paper.

2. Mathematical Model of SPIM
2.1. Stator Current Ratio

According to [21] the ratio of main to auxiliary stator windings currents (STCR) is
expressed as:
Ly Ml (2p+2) +ja(Z— 2)
t —_— ——=
I, 2Z1m—|—Zf—|—Zb—ja(Zf—Zb)

)

where a is the turns ratio of auxiliary to main winding, Z1,, Z1,,, Zg, and Zy, are defined
in terms of slip (s), synchronous frequency (w,), auxiliary winding capacitance C, and
machine inductances, as follows [21]:
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2.2. Electrical Torque

Single-phase induction motor torque is expressed as [21]:
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where Ry = Re{ V4 f} and R, = Re{Z,}. Equation (6) can be expressed in terms of I,

as follows: ,
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Since Z; is a function of motor parameters, namely supply frequency (w,) and motor
slip (s) therefore we have:

Al = f((’UE/S) (8)
2.3. Power Losses in SPIM

The electrical losses of SPIM are as follow:

1.  Stator copper losses. Copper losses in the main and auxiliary stator windings are
given by [21]:
Peys = I%Rsm + IL%Rsa )

Substituting the auxiliary winding current in the right-hand side of (9) with the
expression I,/ Z; (as per (1)), the stator copper losses can be expressed as:

R
Pcu - 131 (Rsm + 5112) (10)
|Zt|

2. Rotor copper losses. Copper losses in the rotor winding can be written as:

2
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s

3. Core losses. Core losses which include hysteresis and eddy current losses are given
by [21]:

Pre = cro(Edy + Eay) (12)

Then, the aforementioned equation can be expressed in terms of I, as follows:

Cfe 2 . a 2 2
Pfe—j;(‘zf‘ ’1_]Zt’ +12y]

2
a
1+j—| |1 1
4.  Stray load losses: Stray load losses are due to changes made in the flux distribution
and eddy currents given by the following empirical expression:
Pty = Cstrl;l'zwg- (14)

It can further be expressed in terms of I;;:

1-j4 1—-j+
PStr = Cstrlrznwg R : %f = ‘ Z/t (15)
s Hilywe %5 +jLjwe
By summing all the losses expressions in terms of I,; and factoring, it yields:
Poy = I Az (16)

In this equation, A; is a variable being function of motor parameters, the applied
frequency and slip, written as:

Ay = g(we,s) (17)
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3. Sensorless Speed Estimation

By substituting (2)—(5) into (1), STCR can be expressed as a function of supply fre-
quency (w), slip (s) and the motor parameters. Assuming the motor parameters are fixed,
SCTR can be expressed in the following fractional form:

In  N(we,s)
It = — = —F/————= 1
"I D(wes) (18)
where N, D are complex polynomials, which are all functions of s and w,. By taking the
absolute value of both sides of (18) and rearranging, the following equation can be driven:

|D(we,8)[ 2] = [N(we,s)| = 0 (19)

At every operating point, |Z;| = |I;|/|Is| can be calculated from measured rms values
of the main and auxiliary winding currents. Since the applied frequency (w,) is known,
slip can be calculated by solving (19). For an expeditious and accurate response, a Neural
Network (NN) has been employed.

The NN utilized, which is shown schematically in Figure 2, is a feedforward network
with one hidden layer. It consists of two inputs (STCR and frequency f) in the input layer,
15 neurons in the hidden layer and only one output (estimated slip) at the output layer. To
train the NN more accurately, numerous sample data are required. To do so, the STCR will
be calculated for 100 values of slip at 16 different frequencies using (1) as shown in Figure 3.
Then, entering f and the calculated STCR as inputs of NN and assigning the corresponding
slips as the expected output (targets), the NN will be ready for training.

Input Layer  Hidden Layer Output Layer

Figure 2. Schematic diagram of the feed-forward neural network.
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Figure 3. Slip versus STCR with frequency as a parameter.

The back-propagation Levenberg-Marquardt training method in batch mode is used,
which appears to be the fastest method for training moderate-sized feedforward neural
networks with the great ability of avoiding the local minima. The learning rate (l,) is
set to as low as 0.005, since the number of sample training data is relatively large, and
an unwisely large learning rate would lead to divergence of the training algorithm. The
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number of iterations (epochs) is set to 1000. The train goal, which is the trained network
total accumulative error to be met by the algorithm, is set to 10~8.

Having attained the slip from the output of the trained neural network, the motor
speed can be calculated via following equation:

2
wm:(l—s)xﬁxwe (20)

The obtained motor speed will further be used as the motor speed feedback and will
be applied to the speed control loop. Hence, we are able to have speed regularization
without any speed sensors being used. The speed estimation error (wy error) is defined

as follows:
Winest — Wm
Wmerror = — (21)
Wm

The speed estimation error serves as a performance index of the speed estimator
module and will be monitored throughout the simulation.

4. Energy Efficiency Optimization
4.1. Optimal Energy Efficiency Condition

When the mechanical load is decreased away from its nominal value, the motor
efficiency will drop. This stems from the fact that since the reactive part of the current
does not decline with the load decrease, the load decrease hence is not proportional to
the current and copper loss decrease. Further, the core loss which is proportional to the
applied voltage will not change at all. Therefore, the motor loss in light loads would
not change considerably. Given the output decrease and the rather constant loss, the
efficiency will drop. On the other hand, by decreasing the input voltage the core loss will
drop substantially with square of the voltage, while the copper loss by an increase in the
active part of the current begins to increase slightly. This voltage decrease should be in a
controlled manner to a voltage point where the total loss is minimum. It is apparent that
decreasing the voltage only down to a certain value causes the total loss to decrease and
efficiency to increase, after which the motor loss will start to increase [21].

The motor-developed torque is equal to the load torque plus windage and mechanical
losses, which are all constant at state conditions. As such, the developed torque is also
constant and its derivate is zero [21]:

AT,
=0 (22)

According to (7), the following equation will be obtained:

ol
2A11ma—;” + 12

o

=0 (23)

The optimum slip (sopt) is the slip of the operating point at which the loss is at
minimum. Assuming that the machine torque and supply frequency are constant (motor
is operating at steady-state condition), the optimum slip can be calculated by setting the
derivative of electrical losses with respect to slip to zero:

doP,

= 24
95 |1, 0, 0 (24)

Using (16), condition (24) is satisfied when
2Ax0, m 2942 _ (25)

ds " 9s
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From (23), (25), by eliminating I, yields:
——— ———==0 (26)

Since at every operating point, the supply frequency is constant, A; and A, are
only dependent upon slip variations. Hence, from the above equation the optimum slip
is attainable.

Substituting st into (1) the optimum STCR can be introduced as follows:

Im
o =17 =K 27
< Iu >0Pt ‘ t|s:sopt S ( )

where, according to (1), K; is only a function of frequency and motor parameters.
In case of neglecting motor parameters slight variations, the optimum STCR (K)
would only be dependent upon the supply frequency.

Ko = h(w,) (28)

To obtain K;, the motor is supplied with a variable frequency and amplitude AC
source. Keeping the frequency and mechanical load constant, the voltage amplitude is
varied between 20% to 100% of the nominal value and then the input power, stator main and
auxiliary winding currents are measured. Further, STCR will be determined by dividing
the two windings’ currents. After drawing a diagram of input power (P;,) versus STCR,
the minimum value of input power and its corresponding STCR value will be determined.
As such, the optimum STCR (K;) is determined. Repeating the same procedure for different
frequencies, the K; for each frequency will be obtained. Further the frequency and its
corresponding K; pairs will be saved in a table as a lookup table in the controller’s memory
and will be used as the reference value of K.

Hence, the optimum condition will be achieved for constant pre-known motor pa-
rameters. Nevertheless, factors such as saturation and temperature variations will cause
changes in some of the motor parameters such as resistances and inductances. In addition,
it cannot be expected that all of a factory’s same-model motors will have the exact same
parameter values. Therefore, calculating a unique optimum point seems to be unattainable.

4.2. Gradient Descent Algorithm

In order to minimize the SPIM loss, taking into account motor parameters varia-
tions, the corrective parameter K is defined to update K;. K is calculated online using an
optimization algorithm called Gradient Descent [25]. The algorithm is described as follows:

1. Theinitial value of K is set to 1, which is the case where no correction is yet made to K.
The input power (P;,) is measured for this case. Then, the initial value of K variation
(AK) is set to an arbitrary value, the iteration index (i) is set to 1, the convergence
criterion is ¢ and the convergence factor is A.

2. The values of K are updated via following equation:

KU+ = k() 4 AK (29)

3. After a specified time, which takes into account the time required before the changes
made in K; appear in the motor operation and motor reaches to a new stable state, the
new input power (P;,) is measured.

4.  Inasmuch as after passing through the transient state, the motor speed will be regu-
lated and reaches its set value; the load power, therefore will be equal to its previous
value. As a result, changes in input power will be equal to changes in loss. There-
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fore, the algorithm is expected to work equally by using the input power instead. In
other words:

plH) _ pli) _ pli+D) 4 pli+1) [Péi)t 4 pW )= pltD) _ pl

in in out loss loss] — “loss loss

(30)

It is important to note that for a reliable performance of the optimization module, the
time delay between consecutive iterations shall be long enough to let the speed transients
diminish adequately.

5. The approximated power loss gradient is calculated as follows:

1 .
VP, _ dploss ~ APloss _ Pi(ri ) - Pi(ytn) (31)
lss =™ Tgk — TAK K@) —K0)

6. Inorder to approach the minimum point of power loss, K must change in the opposite
direction of power loss gradienti.e.,

AK = —AV Py (32)

7. If AKis smaller than ¢, the algorithm will be stopped. Otherwise, the iteration index
(i) is increased by one and the algorithm will return to step 2.

It is noteworthy that this algorithm has a deficiency of getting trapped in local minima.
In our case, however, as there is only one minimum to be found [21], such deficiency
is dismissed.

5. Control Scheme Implementation

The controller consists of two main parts of frequency and voltage control. Figure 4
illustrates the block diagram of the controller. This system, which is void of any mechan-
ical sensors, utilizes STCR for motor speed estimation. For this purpose, the main and
auxiliary winding currents are measured via current sensors. After removing noise and
high frequency components using a Low Pass Filter (LPF), the rms values are calculated
and later, by dividing the rms values of main and auxiliary winding currents, the STCR
will be obtained.

Speed Estimation

Lookup Table [a,rms

[ ! [l}'l,l'ﬂ'l-\'
m—‘—P‘ LPF —>» RMS ————p|
|
|
| 7 Neural Pl _f_>
I, — > LPF —> RMs _&™s Network
|
|
| 1
e -
S z
Efficiency Optimization § = wa
v ittt EEEECE e i \ S ™ § _>U§:
f———> P, : | g 22
| >< A in | Gradient Pescent K > } > 2
Iy Algorithm . ! g
| Is STCR | @
I, P X |
* |
f ! ;‘ K T
| | N\ i
\ |
! I
! I
! I
! I
|

Figure 4. Block diagram of the proposed control scheme.

As previously stated in Section 3, the NN estimates the motor slip utilizing STCR
and frequency. The evaluated slip is further used to calculate the speed (wm,est), which
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acts like a mechanical speed sensor and is used as the speed feedback to the motor speed
controller. The speed controller consists of a PI controller commanding the reference
frequency of inverter.

In addition to speed control, the presented system is capable of optimizing the motor
efficiency. To carry out this, the motor voltage should be adopted according to the value
commanded by the voltage controller. The voltage controller maximizes the efficiency by
adapting the input voltage amplitude. To do so, K; is initially extracted from the lookup
table according to the set frequency and further multiplied by the corrective factor (K),
which is determined by the optimization module, to give the final optimal value of STCR.
The voltage controller later attempts to drive the STCR to its optimal designated value
through reducing the voltage amplitude. In this process, firstly the optimum value of stator
main winding current (I, ) is calculated via multiplying the optimal SCTR by the measured
auxiliary winding current. A closed-loop PI controller regulates the main winding current
to its reference value (I,"). The time constant of this controller is larger compared to that
of speed controller in such a way that the voltage amplitude variations have almost no
bearing on the frequency transients. The optimization algorithm requires the power loss
measurement. However, as it is not practical to measure the power loss directly, the input
power is used instead, as previously described in Section 4.

In spite of providing the two objectives of speed regulation and efficiency optimization,
the drive utilizes merely two current sensors as feedbacks. The control algorithm is
rather simple and does not demand a fast-processing technology for implementation.
Therefore, the controller and SPWM signal generator can both be implemented in an
inexpensive microcontroller. The controller’s simplicity, on the one hand, and speed sensor-
free feature, on the other hand, makes the proposed drive quite suitable for low-power and
less expensive applications.

6. Simulation Results

The presented control scheme is simulated in MATLAB software to verify its perfor-
mance. A four-pole 0.5 horsepower capacitor-run SPIM is employed, the characteristics of
which are listed in Table 1. Other simulation parameters such as PI controller coefficients
and motor reference speed are listed in Table 2.

Table 1. Motor parameters.

Parameter Value Unit
Voltage 220 \%
Frequency 50 Hz
Nominal Values Power 0.5 x 746 W
Speed 1440 rpm
Load Torque 24 N-m
Resistance 15 Q
Main Winding Stator
Leakage Inductance 40 mH
Resistance 12.1 Q
Main Winding Rotor
Leakage Inductance 484 mH
Resistance 16.5 O
Auxiliary Winding Stator Leakage Inductance 484 mH
Series capacitance 18 uF
Main Mutual Inductance 350 mH
Turns ratio of auxiliary to main winding 1.1 -
Inertia 0.01 Kg-m?

Iron Loss Equivalent Resistance 1000 QO
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Table 2. Controller parameters.

Parameter Value
Proportional Coefficient, Kj, 9x 1074
PI frequency controller
Integrator Coefficient, K; 5
Proportional Coefficient, K}, 0.108
PI voltage controller —
Integrator Coefficient, K; 0.862
Time Delay 5s
convergence criteria () 0.1
Gradient descent algorithm convergence coefficient (1) 0.01
Initial value of corrective 0.05
factor variation (AK) ’
Neural network Sample Time 0.01s

Using a variable-amplitude voltage source, K; is calculated for different frequencies
varying between 20 to 50 Hz, as described in chapter IV. Figure 5 depicts the diagram of K;
versus frequency. This diagram is saved as a lookup table and is used as a reference for
the controller.

% 25 30 35 40 45 50
Frequency

Figure 5. Variations of Ks versus frequency.

The performance of the proposed drive is verified through three simulation scenarios.
In the first scenario, the motor is initially at standstill. The reference speed is set to 1440 rpm
and the load, which is of fan type, is set to 50% nominal. The motor starts at ¢ = 0. Then, at
t =15, the reference speed is changed from nominal to 1000 rpm. As shown in Figure 6a—c,
the controller’s output voltage and frequency increase with a limited rate to realize a soft
start. After the starting period, the speed control loop adjusts the frequency at 51.5 Hz to
regulate the motor speed at its set point (1440 rpm) and controls the voltage magnitude at
0.65 pu to ensure the stator current ratio settles at the optimal value of 0.96 (see Figure 6d,i).
The waveforms of the instantaneous and rms stator currents are shown in Figure 6e-g. It is
seen that during the starting phase, the main winding current is higher than the auxiliary
winding current. This behavior is mainly caused by the fact that the voltage to frequency
ratio at the starting phase is set to unity. Afterwards, the main winding current drops to
below the auxiliary winding current due to the reduction in v/f ratio. It is noteworthy
to highlight that the reduction in v/f ratio and hence the flux is the key to enhancing the
efficiency at light loading conditions. As shown in Figure 6h, the electromagnetic torque is
higher than the load torque during the starting phase, when the motor accelerates. Since the
mechanical and windage losses are omitted, both motor and load torque settle at 1.2 Nm
(50% of nominal) at steady-state. The speed estimation error is initially large but reduces to
as low as 0.5% in the steady state, providing decent speed regulation.
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Figure 6. Simulation results with step change in speed set point. (a) rms voltage, (b) frequency, (c) voltage waveform,

(d) stator current ratio, (e-g) stator main and auxiliary winding currents, (h) motor and load torque, (i) motor speed and

(j) speed estimation error.

At t=15s, the reference speed is reduced to 1000 rpm. In order to track the new speed
set point, the frequency is decreased to 37 Hz (see Figure 6b). Furthermore, as shown in
Figure 6a,d, the STCR is changed to the new optimum value (2.5) by reducing the voltage
magnitude to 0.41 pu. As shown in Figure 6e-g, as the STCR increases at t = 15 s, the main
winding current slightly increases whereas the auxiliary winding current experiences a
significant drop. Since the mechanical load is a fan, its torque is proportional to the square
of speed. As such, when the speed drops from 1440 rpm to 1000 rpm, the load torque
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halves, as shown in Figure 6h. Furthermore, the electromagnetic torque dips below the
load torque during transients to provide deceleration but then settles at the same value.

The efficiency of the proposed drive is compared with a constant-v/f based drive in
Figure 7. It can be seen that the proposed drive makes an improvement of 18% in the motor
efficiency at a 50% load. Comparing the efficiency of the proposed drive with constant-v/f
based drive, a 26% improvement is witnessed, which is a better improvement than the
previous case, and is majorly due to the reduction in load torque.

R 48%
\ 27% |
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Figure 7. Comparison of the efficiency of proposed drive with a regular v/f control drive in first scenario. (a) proposed
method, (b) v/f control method.

(=)

o
w
—
(=]

In the second scenario, the drive’s performance to a load disturbance of 50% while
speed set point is fixed at 1440 rpm is evaluated. Figure 8 show the simulation results of
the second scenario. The load torque is initially at 50% of nominal, namely 1.2 N-m. The
load torque is increased from 1.2 N-m to 2.4 N-m at ¢t = 20 s and then changed back to
1.2 N'm at t = 35 s (see Figure 8h). Following this, the controller output voltage (shown
in Figure 8a) is increased to provide the nominal torque while maintaining STCR fixed at
the optimal value of 0.96. Moreover, the frequency is slightly increased to retain the motor
speed at its reference value (see Figure 8b). As shown in Figure 8e—g, the main winding
current increases above the auxiliary winding current during the transient acceleration
period but then drops such that STCR becomes equal to 0.96. As depicted in Figure 8i, the
motor speed experiences slight undershoot during the load rise but settles at it set point
after a few seconds. The speed estimation error steps up to 12% at first, though diminishes
to 1% after 2 s. The efficiency of constant-v/f based drive changes from 43% to 63%, while
the efficiency of the proposed drive is constant and equal to 66% in both half and full load
conditions, as shown in Figure 9.

In the third scenario, in order to demonstrate the efficacy of the control scheme in
tracking the optimum condition, notwithstanding the motor parameters variations, the
motor parameters are to be changed. Given a specific frequency, for each set of motor
parameters there exists a unique K;. Therefore, when parameters change, Ks must be
updated. As it is both impractical and unnecessary to model all factors accurately, the
motor parameters are subjected to a random change up to 10% taking into account all the
parameter variation factors. Then, it is observed that, as expected, the Ks outputted by the
look-up table is gradually updated to the optimum STCR, which can be known as the K;
for the new motor parameters.

Figure 10 depicts the correction factor (K), the input power, efficiency and motor
speed variations during the simulation. From Figure 10a, it can be seen that during the
iterations of optimization, each of which lasts for 15 s, K is making step changes towards
the optimum point and after some time finally reaches a fixed value (1.33). After changing
the value of K in each iteration, the input power passes through transient fluctuations and
reaches a stable point (see Figure 10b). By observing these stable points, a decreasing trend
is seen, which finally decays to a fixed stable operating point. As shown in Figure 10c, the
efficiency moves in an increasing trend towards a fixed optimal efficiency, which equals
66%, while the efficiency of the motor without optimization control for the same load (50%
nominal), is seen to be as low as 48% (see Figure 9b). Therefore, the efficiency improvement



Appl. Sci. 2021, 11, 8863

13 of 16

for this case is 18%, which declines as the load increases toward the nominal value. The
motor speed is regulated to the reference value of 1440 rpm throughout the optimization
process, which means that changes enforced by the optimization module are not creating

any disturbances that may possibly lead to maloperation of the motor.
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7. Conclusions

In this paper, a novel single-phase inverter-based drive has been proposed to provide
us with speed control and optimum efficiency for SPIMs. Since SPIMs are a low rating
and rather inexpensive kind of motor, being affordable and mechanical sensor-free were
introduced as the major issues to be addressed. To realize closed loop speed control without
using mechanical sensors, a new speed estimation technique has been addressed. This
method is developed based on the fact that STCR is dependent on the slip and operating
frequency. Accordingly, the slip is estimated based on the known operating frequency
and measured value of STCR using a NN. The estimated slip is then used to obtain the
rotor speed, which is fed to the speed controller which determines the reference frequency.
To minimize the motor losses, the voltage magnitude is adjusted based on an online
efficiency optimization method. In this method, the optimum operating voltage is indirectly
calculated by using a PI controller which attempts to realize the optimum SCTR. The
advantage of this strategy is that unlike optimal voltage, the optimum SCTR is independent
of the load but only depends on the frequency and motor parameters. The optimum SCTR
is first calculated based on the operating frequency from a lookup table (offline) and then
updated using gradient decent algorithm (online). The foremost advantage of the proposed
online optimization method comparing to the preceding methods is its independency upon
motor parameters. The proposed control strategy has been verified by simulation results.
The simulation results show that the proposed control scheme provides a considerable
enhancement in term of energy efficiency while realizing speed regulation. Although the
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closed loop system does not provide fast dynamics, this limitation is not considered to be a
major issue for the intended applications (ventilation systems and house appliances).

The future work following this paper would include implementation of the drive and
then commercializing it. The simplicity of the controller, being mechanical sensor-free and
its independency on a specific motor make the proposed drive potentially marketable.
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Nomenclature
R Main winding resistance
Lisim Main winding leakage inductance
I Main winding current
Rsa Auxiliary winding resistance
Lis, Auxiliary winding leakage inductance
C Auxiliary winding series capacitance
I, Auxiliary winding current
a Turns ratio of auxiliary to main winding
R/, Rotor resistance
L'y, Rotor leakage inductance
Lis Magnetizing inductance
Cfe Iron loss coefficient
Cstr Stray loss coefficient
We Supply frequency
Wiy Rotor speed
wWmest ~ Estimated rotor speed
P Number of stator poles
s Rotor slip
Ef Forward main stator winding emf
Ep Backward main stator winding emf
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