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Abstract

This paper proposes an enhanced method for estimating the speed of a three-phase
induction motor (IM) using an improved second-order generalized integrator-based
frequency-locked loop (ESOGI-FLL) designed explicitly for effective DC offset rejection.
The proposed ESOGI-FLL-based speed estimation technique is seamlessly integrated into
a sensorless control scheme, improving the overall control performance of the IM under
various operating conditions, including scenarios with significant DC disturbances. The
method ensures a smoother and more stable speed estimation by accurately determining
the motor's operating frequency and effectively suppressing ripples caused by DC
offset. A key advantage of this approach is its reliance on a single current sensor, which
simplifies implementation and enhances the system's robustness against external noise
and disturbances. Extensive experimental results validate the efficacy of the proposed
technique, demonstrating reliable and accurate performance over a broad speed range.
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The methaod's robustness and simplicity make it a promising solution for high-performance
sensorless control of IMs in industrial applications.

Keywords: enhanced second-order generalized integrator-frequency locked loop (ESOGI-
FLL); induction motor (IM); speed estimation; sensorless control; DC disturbance; electric
vehicle (EV)

1. Introduction

The evolution of industrial systems towards automated processes requires integrating and
controlling electric motors in an electronic regulation environment. Accordingly, the DC
motor, whose electric model suggests simple control laws, occupies a large share of the elec-
tric motors [1]. However, this machine's main physical weaknesses are linked to a mechanical
commutator's presence. To this end, the research has been oriented toward other types of
motors. Permanent magnet synchronous motor (PMSM] offers high efficiency and power
density due to permanent magnets on the rotaor, providing precise control and excellent
performance at high speeds. However, it is expensive because of the rare earth materials
used in magnets [2]. Brushless DC motors (BLDC) combine the advantages of PMSM and DC
motors with high efficiency, compact size, and reduced maintenance since they lack brushes.
Unfortunately, their torgue ripple still can be a significant limitation [3]. Switched reluctance
motors (SRM] are low-cost, simple, and highly robust, with excellent fault tolerance. Still, they
produce more noise and vibration, and their control systems are complex due to nonlinear
torque characteristics [4]. Lastly, induction motors (IM] are robust, reliable, cost-effective,
and widely used in industrial and EV applications [5]. In IM drives, mechanical speed sensors
have been widely used for speed sensing. Although these sensors can deliver precise speed
data across a broad range, they have drawbacks such as decreased dependability and higher
cost [6]. Therefore, the speed-sensorless control strategy based on speed estimation has
experienced significant development. However, estimation methods' simplicity, accuracy,
and robustness to disturbances are challenging tasks that ensure the control of IMs with
high performance.

Numerous research studies concerning estimation-based-sensorless control of motor
speed have recently been proposed [7]. In these researches, different technigues have been
used to estimate the IM speed, such as an adaptive reference model system (ARMS), which
has some drawbacks, including sensitivity to incorrect reference models and the precision
of the ARMS estimator is heavily influenced by the quality of the used reference model.
Maore particularly, if the reference model is not adequately suited to the actual system,
the estimator's performance may be poor and can be sensitive to disturbances and noise
present in the system, which may lead to inaccurate estimation [8]. The extended Kalman
filter has been proposed for IM speed estimation. Although the EKF is a powerful method in
nonlinear systems, it has some limitations and drawbacks that must be considered. A good
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understanding of the underlying system is required to specify the process and observation
models [3] correctly. An artificial neural network (ANN) observer has been adopted in [8],
which has offered advantages such as the ability to model complex nonlinear systems. Still,
it also has disadvantages related to its design, data requirements, and interpretability [8].
These factors should be considered when evaluating their suitability for a given application.
Observers for speed sensorless IM drives exhibit increased complexity and nonlinearity. As
a result, these approaches are unsuitable for industrial use at this stage [10-12]. In addi-
tion, all the closed-loop above estimation techniques rely on stator motor side current and
voltage measurements, which could subject the speed calculation to measurement noise.
Furthermore, generally speaking, the methods mentioned above require costly voltage and
current sensors, at least two sensors, and most lack filtering algorithms to enhance speed
estimation [13].

To bridge this gap, an effective solution for speed estimation (or flux estimation), the
SOGI-FLL method, has been suggested in [14-16], and it has successfully relied on the drive
system's recommended control strategy. The findings of [16] have shown that the suggested
technique has improved the speed estimation accuracy, its simplicity of implementation, and
the use of only one current sensor, reducing the system cost. However, the major drawback
of the SOGI-FLL-based estimation is the presence of the DC offset in its input current, which
may affect the accuracy of frequency estimation. More particularly, it may result in undesir-
able ripples in the estimated frequency and a shifted quadrature component, hence, may
threaten the system stability.

To overcome this issue, an innovative speed estimation method based on an ESOGI-FLL
method suitable for the rejection of the DC offset is proposed in this paper. The ESOGI-FLL
has the same performance as the SOGI-FLL in terms of ease of implementation, rapid tran-
sient response, and harmonic rejection capability, in addition to its ability to eliminate the
effect of the DC disturbance. All this can ensure an accurate estimation of the IM oper-
ating speed, even in the presence of severely distorted current. Furthermore, the system
cost can be reduced due to the need for only one current sensor, a single loop, to design
the IM motor control. The implementation of the proposed control strategy in the dSPACE
Micro LabBox platform is conducted to assess its effectiveness. The results showed that the
designed control scheme ensures an accurate angle speed estimation and is more effective
when driving the IM under disturbances.

The rest of this paperis arranged as follows: Section 2 describes the proposed control scheme.
Section 3 discusses the stability of the used method. Section 4 deals with the experimental
setup and discusses the results. Section 5 summarizes the paper's findings.



The Archives of Automotive Engineering — Archiwum Motoryzacji Vol. 107, No. 1, 2025 85
https://doi.org/10.14669/AM/202568

2. Control of the IM drive system

The structure of the IM motor system controlled by the proposed scheme is depicted in
Figure 1. As seen, the IM is derived based on an inverter, which feeds by a DC source and
its switches controlled by a PWM. The control scheme consists of a DTC controller and an
ESOGI-FLL to estimate the operating frequency from the measured current. The frequency
estimate is used to detect the angular speed and then sent to the DTC control block to be
adjusted to its speed reference using a Pl controller. A Hysteresis control unit handles the
resulting signal to generate the PWM duty cycle. Mare details of the proposed scheme will
be provided in the following section.

The regulation of the IM speed can be achieved by manipulating the voltage and frequency
of the stator to desired references. The goal is maintaining the air gap flux at a consistent,
designated value during steady-state conditions. This method is called scalar control because
it concentrates on the steady state. Consequently, the equation demonstrates the direct
impact of the electric frequency w, and the stator's phase voltage ratio on the stator flux [17]:

Vs = Rgis + jws @ (1

At high speeds, the term Ry becomes negligible compared to oy, and to ensure that the stator
flux (p,) remains constant across a range of speeds, the ratio of V, to f, must be cansistently
maintained. The frequency and the amplitude of the stator voltage have an equation that
can be expressed as follows:

‘f/—: = 2m@ps = Const 2)
When the stator flux is held constant, the slip speed determines the electromagnetic torque,
resulting in an almost linear relationship between torgue and slip. To keep the flux's (¢g)
value constant, the ratio of V/f, must remain constant throughout all speeds. Therefore, the
stator voltages must also increase proportionately to maintain a consistent ratio of V/f; as
the speed rises. With no load, the slip is negligible, causing the rotor speed (®,) to match the
synchranous speed (ws) closely. Due to this, open-loop scalar control fails to regulate speed
effectively. Speaking of which, a closed-loop controller with speed-measuring capabilities
is needed for applications that require high-speed precision and better responses to varia-
tions in the reference speed or the resistance torque. The following equation describes the
mechanical dynamics of the induction motor:

1
T Js+Ks C)

Q= Tem — T7)

Kf is the viscosity coefficient, Ty, represents the electromagnetic torgue, Q, is the rotor
mechanical speed on rpm, 7, is the resistance torque, representing the load applied to the
motor, Jis the moment of inertia and s presents the Laplace operator.
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Fig. 1. Schematic diagram of the IM system with the proposed controller-based ESOGI FLL method

3. Proposed control scheme based on ESOGI-FLL

Figure 1 shows the structure of the proposed control scheme. This scheme includes the
ESOGI FLL technigue, which is employed to estimate the frequency accurately. (fs) from
a single-phase stator current that is detected by a single sensor. Consequently, the motor's
estimated rotor speed (N,.) is determined by the function F, which is described in (4) below.
After that, a Pl controller examines the error to get the slip speed reference. wy;. The restric-
tion on this slide speed is for stability and overcurrent protection. Next, the synchronous
speed reference, w; is obtained by adding wy; to @,. Consequently, the angular phase refer-
ence 05 is achieved by using the scalar control technique, while the voltage amplitude refer-
ence V;" is derived by integrating w;. The inverter's signal commands (S;) are produced using
these references, V;" and 6;, through a pulse width modulator (PWM).

—_ 60f;

N, . 1-9 4

According to Figure 1, the mathematical formula of the actual rotor speed regulation to its
estimate, which provides the slip speed reference, wy;, can be derived as follows:

Wl = ky(N7 =) + K, J(N; — ) ©)

where kp and k; are the Pl controller's proportional and integral gains.
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3.1. ESOGI-FLL technique

a. Structure of the ESOGI-FLL and modeling

The ESOGI-FLL technique is an adaptive filter that can reject DC disturbances, enabling
accurate estimation of essential parameters associated with a single-phase sinusoidal
signal, orthogonal components, amplitude, frequency, and phase angle. Figure 2 displays the
ESOGI-FLL architecture, where v represents the input voltage, v, and vp are the in-phase
and guadrature-phase voltage estimates, and @ is the estimated frequency [18, 13]. This
structure consists of two blocks: ESOGI and FLL. The ESOGI, which is a SOGI-based filter
scheme, is composed of (i) adaptive second-order band-pass filters for the direct and quad-
rature voltages (Vo and V), tuned at the center frequency (®) provided by the FLL block, and
(i) To estimate the DC component from an input signal, LPF is incorporated into the common
SOGI-FLL. The estimated DC component is rejected from the quadrature component voltage
and the calculated error (e) between v; and Yo voltages. Incorporating this notion enhances
the immunity of the SOGI-FLL against the disturbance effect caused by the direct current
(DC) component, hence augmenting its filtering capacity for sub-harmonics. The mathemat-
ical expressions of the outputs of the ESOGI Yo and Vg are given in the s-domain as follows
[8]:

A ko

%)= e ) ©
R k(cbz—a)/s) s
i (S)_ sto, s* +kas +@* .v,.(s) 7

Being wfthe cut-off frequency of the LPF is the gain of the ESOGI chosen as a trade-off
between the speed of dynamic response and filtering capability. The FLL block is in charge of
estimating the operating frequency of a sinusoidal input voltage. According to Figure 2, the
estimated frequency by the ESOGI-FLL can be expressed as:

0==2(4,(5)=9,(8) = v (5))9,(5) ®)
where the FLL gains y which has the following definition:

y=—3T ©)

The estimated amplitude is represented by V, and I" presents a positive gain of the FLL.
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Fig. 2. The structure of the proposed control system

b. Accuracy Assessment

A test evaluates the ESOGI-FLL's performance in the Matlab/Simulink environment. In this
test, an unexpected frequency fluctuation from 50 Hz to 52 Hz is analyzed in the ESOGI-FL;
also, a distorted voltage with a significant DC component of 0.1 p.u. and low-order harmonics
are considered. The magnitude of harmonics is V3=0.045 p.u, V7=0.02 p.u, V5=0.03 p.u. Table
1 provides a summary of the ESOGI-FLL's parameters.

Tab. 1. ESOGI-FLL parameters

Parameters Symbol Unit Value
ESQOGI gain k - 0.85
FLL gain r s-1 50
LPF cut-off frequency of/2x Hz 28

The ESOGI-FLL responses are displayed in Figure 3(a) and (b). The input voltage charts are
shown in Figure 3(a). v;, and the output orthogonal voltages, §, and . Figure 3(b) shows
the transient response of the frequency estimate. Figure 3(a) indicates that the ESOGI-FLL
provides high harmonic filtering capability and DC component rejection. Figure 3(b) demon-
strates that a precise determination of the operational frequency with a high speed of
response is achieved. Consequently, the ESOGI-FLL is very useful for accurately estimating
a motor's angular frequency (angular speed), even when the current is distorted.
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Fig. 3. Obtained ESOGI-FLL results in response to frequency step perturbation of 2 Hz:
(a) input and output voltages and (b) actual and estimated frequency

c. Stability evaluation of the ESOGI-FLL method

As stated in [20], stability is assessed using the nonlinear Lyapunov method to confirm the
convergence of the proposed method. By considering the transfer functions, which corre-
spond respectively to v,, vg, and the DC offset output of the LPF filter, we can derive the
equations for the state space as follows:

Xq 0 1 0 11%1 0
X = [Xz =A)(+BV=[—(T)2 k& 0 ] X2 | + |k®| [v] (10)
X3 0 —wf —wel X3 wg
Va 0 1 0][*
y= [B] . [w 0 o] H i
Vbc 0 0 1/IX3
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®= —Y(®x; —kx3)(v — Xz — X3) (12)

In this expression, the variables y and x represent the output vectors and the state, while
"x" denotes the first-order derivative of the proposed frequency. When the input voltage
comprises the ACand the DC of the current components, a superposition method is employed
to analyze the output vector in steady-state; thus, for an input voltage composed of
vV =vVpc * Vac the state vector 'x' and output vector 'y' are defined as follows:

(13)

{x = Xpc + Xac
Y = Ypc +Yac

where vpceac Xpe/ac: @and ypesac are the input voltage, the state vector contains the direct
current components (DC), while the output vector consists of the AC components. By inserting
(13} into (10) and (1), the following state-space equations in the steady state can be obtained.

In the scenario of a continuous analysis: (Voc= 0,,pc= Vpcs)

X1 DC
Xpc= Xz DC [ ] (14)
X3 DC
X1-pc
Xpc = |[X2-pc| = (15)
X3-pc
Va-pc 0
VYpe = V-pe-pe | = kVpc (16)
VUpc-pe Vbe

In the case of DC analysis, where V¢ indicates the input voltage's DC component. For the
alternative analysis, when v, c=Vyax sin(ot+e) and vpc= 0, and turning off the loop that esti-
mates frequency (® = 0) the following scenarios are proposed.

When the system operates stably (@ = w), the status and output vectors can be deter-
mined. The variables vpc/ac, Xpe/ac @and ype/ac define the output and state vectors while
distinguishing between the direct and alternating components of the input voltage.

The following steady-state equations can be determined by substituting (13) into (14)-(16).

. X1-Ac 0 1 0 X1-Ac
Xac = |Xp—ac| = X2-AC (17)
§3—AC 0 0 0 X3—AC
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X1-AC

~ X X1-AC
Xac = [Xz2-ac| = | Vac (18)
X3-AC
B B Va-Ac X2_AC ViaxSin(wt + @)
Yac = |VB-DC-AC| = |WX1_ac| = —VmaxCos(wt + @) (19)
Vpc-AC 0 0

where V,,,, indicates the maximum input voltage and the constant state is indicated by (7).

The following is an expression for the output vector (® # w):

v [ Va-maxSin(wt + ¢ — ¢) 1
_ _amac —Vg-maxCos(wt + ¢ — )
Yac = | VB-ac | = ) (20)

_ VAC — Va-
Vpe_Ac l \/m( AC o AC) J

The values of V. max Vg-max @nd ¢ are calculated. Equations (19) and (20) illustrate that the
output vector steadily retains its sinusoidal waveforms even after the frequency estima-
tion loop is turned off. Regarding the stability of the modified FLL, when the SOGI-FLL is
subjected to an input voltage that takes a sinusoidal form at frequency o and there is a slight
difference between the input frequency and the estimated frequency, as per (20), the rela-
tionship between states in a steady state can be approximated by (21) [20]:

{§Z—AC = _wzil—AC (21)
X3-ac =0

Thus, the steady-state frequency error can be expressed from (20) and (21) as follows:
Zf = (@x; — kx3)(V—X; —X3) = (®X1-pc + X1-ac) — k(X3-pc + X3-ac)) (Vpc — Xa—pc —
X3-pc + Vac — Xz2-ac — X3-Ac) (22)

In addition, from (19)-(21), (23) becomes:

G = (@%; — kX3)(V — X — X3) = ®X1-ac(Vac — X2-ac) (23)

Consequently, using equations (21]-(23), the following is a description of the frequency inac-
curacy in the steady state:

-_— T . ~— . _ 2 ~
&= Xl;AC (Xz-nc + B%%y_ac) = 2 lfc ®* — w?) (24)
This formulation shows that the Cfterm collects data on the frequency estimation error,
making it an appropriate control signal for the FLL block. By presuming, it is possible to
analyze the FLL's local stability ® ~ w. Within this context, the term ®? — w? can be approx-
imated to 2w (® — w), which allows describing the local dynamics of the FLL as follows:



92 The Archives of Automotive Engineering — Archiwum Motoryzacji Vol. 107, No. 1, 2025
https://doi.org/10.14669/AM/202568

P = 20%2-Ac” s~
® =g, = -y (@ - w) (25)
The frequency estimate error is defined as § = (® — w), the derivative of § is given by 5=o
(assuming  remains constant). For positive values of @, the assertion in (26) is thus valid;
this condition is essential to the FLL's local stabilizing mechanism:

. ~=2
86 = —yEAL52 < 0 (26)

This approach ensures convergence, eliminating the DC component from the FLL estimator
inputs in a steady state. Consequently, the DC offset estimation block does not affect the
proposed FLL scheme's stability.

4. Experimental results

Experimental tests are carried out to validate the effectiveness of the proposed control
approach. The setup used in this experiment is portrayed in Figure 4, with the parameters
given in Table 2. Note that the components used in the hardware test based on the Micro-
labBoxDspace of Figure 4 are as follows:

speed sensor Incremental encoder DC /5V/24V /4096/ P/R,

control desk and Ds1102 Micro LabBox,

the torque control unit and powder brake,

numerical oscilloscope,

current sensor,

three-phase inverter composed of IGBT and rectifier.

The proposed speed controller is evaluated under several load conditions, including both
loaded and unloaded scenarios, with the ESOGI-FLL estimator. The obtained results in the
non-load state of the motor, namely between 1000 r/min and 1300 r/min, for variations in
reference speed, are shown in Figure 5. In Figure 5(a), the displayed data illustrates the meas-
ured speed responses alongside the estimated and referred values. The reference speed
and estimated speed are seen to be closely aligned. Furthermore, a little delay is discernible
when the speed reference changes modification. The motor's performance is unaffected by
this delay, as shown in Figure 5(b). The proposed method for controlling the estimated speed
can be assessed by comparing it to a reference system that exhibits excellent transient
responsiveness. Figures 5(a) to (d) show the change in speed with a difference in the current
phase amplitude measured, and the frequency is estimated via the ESOGI-FLL estimator.
Most estimators that have been introduced are used to estimate the frequency. We cannot
estimate the negative speed due to the absence of a negative frequency, which necessitated
us to enhance the design of ESOGI-FLL. It is proposed that a speed reference component
be incorporated. We change the reference from (1200 to -1200) inversion of direction, and
at no load, Figure 6(a) shows that the estimated speed follows its reference perfectly. The
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present phase (ia) and its amplitude exhibit variation when there is a change in the speed
within their reference. The frequency and phase shown in Figure 6 are estimated to stay
constant regardless of the fluctuating load, only exhibiting modifications in response to vari-
ations in speed.

Fig. 4. Used Laboratory Equipment Kit

Tab. 2. System and Control Parameters

Parameter Value
Nominal voltage (v) 220V
Nominal Frequency (f) 50 Hz
DC Voltage (Uge) 450V
IM nominal speed (wy) 1390 rpm
Number of pole pairs (p) 2
Proportional gain (k) 10

Integral gain (k;) 0.001
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The latter is applied to varied speed profiles. From the above results, we can see that the
performance is satisfactory. This improvement is seen in the speed signal quality level
(smaller bandwidth according to Figure 7(a), as well as at the level of the almost total rejection
(load torgue) in the presence of a torgue load (2 Nm) than that applied in
FLL estimator. The estimation is efficient and converges quickly towards
avalue close to the nominal value of the current amplitude changes with the applied load, as
shown in Figure 8(b). The estimated frequency is immediately connected with the estimated

of the disturbance

the case of ESOGI-

https://doi.org/10.14669/AM/202568

speed as the latter remains unchanged with the applied load Figure 8(c).

Based on the motor test results, we can conclude that the proposed ESOGI-FLL-based
control scheme effectively tracks rotor speed across a broad range of speeds and under

different load conditions.
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Fig. 7. Proposed control scheme performance in experiments with changing loads; cont.

In the final test, a cyclic drive of the vehicle dynamic modelis applied to the induction motor,
as illustrated in Figure 8(a). The results demonstrate that the estimated and measured
speeds closely match the reference speed, exhibiting good performance and accuracy, with
only a slight static error at higher speeds. Additionally, the motor load, applied as a cycle, is
depicted in Figure 8(b). Figures 8(c) and 8(d] present the corresponding estimated frequency
and phase angle.
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Tab. 3. Comparison of ESOGI-FLL with other sensorless methods

Affected by parameter

Observer/Estimator e DC offset elimination Realization cost
ESOGI-FLL X v low
SOGI-FLL X X low
MRAS v X high
Luenberger v X high
SMO v X high
EKF v X high

Table 3 compares ESOGI-FLL with other sensorless control methods, highlighting key
features. It reveals that MRAS, Luenberger, SMO, and EKF methods each require at least
four sensors, are sensitive to variations in motor parameters, lack DC offset elimination, and
involve greater implementation complexity compared to SOGI-FLL and ESOGI-FLL. While
SOGI-FLL and ESOGI-FLL exhibit similar performance, ESOGI-FLL demonstrates a clear
advantage in effectively rejecting DC offset. Therefore, ESOGI-FLL emerges as the most suit-
able method for speed estimation.

5. Conclusion

A significant challenge with most speed-sensorless controllers is their inability to reject
disturbances. This work proposed a sensorless control scheme based on ESOGI-FLL to
address this issue and ensure appropriate regulation of an IM drive with enhanced perfor-
mance under various disturbances. The ESOGI-FLL, designed for harmonics and DC offset
rejection, was introduced as a speed estimator using only one single-phase sensed current
of the IM. It demonstrated high estimation accuracy, particularly during frequency ramps and
while compensating for DC disturbance. Moreover, employing a single current sensor makes
the control system cost-effective and efficient. Experimental validation using the dSPACE
MicroLab Box confirmed the robustness of the ESOGI-FLL-based controller, ensuring
high-performance speed tracking under IM speed variations, even under distorted currents
inherent DC disturbance.
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Appendix 1

) :the estimated frequency

wf : LPF cut-off frequency

k : stands for a positive adjustable gain
Y . @ positive constant

X . the state vector

y :the output vector

Vpcyac :theinput voltage and AC components
Xpcjac - the state vector BCand AC components
Ypcsac - the output vector DCand AC components

Ve . the DC-offset component of the input voltage
Vinax : the magnitude of the input voltage
) . stands for the steady-state condition

Vi—max :the magnitudes of the output voltage V,
Vg_max :the magnitudes of the output voltage Vg

[0) :the phase angle between the input and the in-phase component
s :the frequency error

54 . the frequency error

& :the voltage error

) :the error in frequency estimation



