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Abstract— Sensorless motor control under imbalanced 

conditions, commonly caused by the use of an imbalanced cable, 

poses a number of challenges relating to stability and power 

quality. With reference to stability, concerns arise because the 

angle and frequency estimates of conventional PLLs and 

observers deteriorate in the presence of imbalance, which in 

turn degrades the response of synchronous-reference-frame 

current controllers. Power quality is also degraded due to the 

asymmetry of the currents supplied to the motor, which results 

in torque ripple and increased motor losses. In this paper, an 

adaptive positive-sequence flux estimator based on Second-

Order Generalized Integrators (SOGI) is presented to solve 

these problems. The balanced fluxes generated by the estimator 

are suitable for PLL-based sensorless control of a motor over an 

imbalanced cable. With negligible additional computational 

effort, the flux estimator also provides negative-sequence 

current estimates, which are then controlled to balance the 

motor currents. Simulation and experimental results with a 

permanent magnet synchronous motor (PMSM) run by a 

commercial motor drive via a flat long Electrical Submersible 

Pumping (ESP) cable are presented. It is shown that the 

proposed method can prevent instabilities that occur when using 

conventional flux estimation methods and reduce current 

imbalance by approximately 10 to 20 times, to less than 1%. 

 
Index Terms— Asymmetry, Electrical Submersible Pumping 

(ESP), Flux estimator, Imbalance, Phase-Locked Loop (PLL), 

Second-Order Generalized Integrator (SOGI), Sensorless vector 

control, Unbalance 

 

I. INTRODUCTION 

OWER electronic motor drives, also referred to as Variable 

Frequency Drives (VFDs) are increasingly employed for 

the control of electric motors. In a variety of applications, 

such as electrical submersible pumps (ESPs), subsea booster 

pumps, downhole electric drilling, remotely operated 

vehicles and nuclear power plants or similar challenging 

environments, the motor is connected to the drive via a long 

cable [1 – 9]. The cable commonly has three cores, for power 

transmission only, and no signal wires. A sine filter followed 

by step-up transformer are commonly placed after the drive 

to reduce dv/dt and associated cable reflections and 

compensate for the cable voltage drop, respectively. With 

reference to control strategies, scalar (V/f - type) methods 
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Fig. 1.  Typical cross-section of flat steel-armored cable for ESP motors. 

applied in the past are gradually substituted by vector control 

approaches, for which sensorless operation is mandatory due 

to the difficulty of transmitting the position information over 

long distances [2], [3], [5], [6], [8], [9], [10], [11].  

The basis for stable and efficient sensorless vector control 

lies on accurate motor flux estimation. Flux-based rotor 

position estimation is preferred to back-EMF based methods, 

due to the independence of the motor flux from the motor 

speed. Nevertheless, the integration required to obtain the 

flux poses its own challenges, as traditional integrators suffer 

from the known problems of drift/saturation due to DC 

offsets. To suppress those, integrators are typically combined 

with high-pass filters (HPF), which slow the integrator 

dynamics and can affect system stability. In motor control 

applications, these filters often need to be adaptive, to allow 

operation in an extended frequency range. 

Motor flux estimation can also be affected by imbalances 

in the driven electrical system. For most applications, 

imbalance is commonly not a concern, as the driven motors 

are generally well balanced. In the presence of a long cable, 

however, the driven system (cable and motor) may not be 

balanced. Certain cables, especially flat steel-armored types 

with a typical cross-section as shown in Fig. 1, have 

substantially imbalanced self and mutual inductances [12]. 

Even round cables exhibit imbalance, particularly when they 

are in proximity to steel tubing for their entire length [1]. The 

unequal cable impedances on the three phases result in 

imbalanced load currents and thus imbalanced estimated 

motor fluxes.  

Conventional Synchronous Reference Frame (SRF) and 

other three-phase Phase-Locked Loops (PLLs) [13], [14], 

[15] used as flux observers in motor drives are heavily 

affected by imbalances in their input signals. Thus, cable 

imbalance results in a degradation of the angle-frequency 
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estimates required for sensorless control. Furthermore, 

excessive imbalance can affect the current control loops of 

vector-controlled drives, due to the fact that currents are 

generated based on inaccurate angle estimates, thus they get 

distorted and in turn affect the following angle estimates. 

Under certain conditions, the angle and current distortion can 

gradually grow and lead to instability and loss of control. Α 

representative experimental result illustrating this effect is 

included in Section VI of the present study. 

Additional concerns arise due to the current imbalance 

itself, as it causes excess losses in the motor and cable, which 

can lead to premature failures [2]. The imbalance also results 

in a reduction of average motor torque and increase of torque 

ripple, which causes vibration and audible noise [1], [16], 

[17], [18], and lowers the drive power factor [19]. Current 

imbalance is present even in the case that the adopted 

observer is immune to flux imbalances (thus ensuring stable 

motor control), as conventional vector control is designed to 

act on balanced currents and generate a balanced set of three-

phase voltages. For imbalanced loads, however, the drive 

output voltages need to be appropriately imbalanced in order 

to balance the currents. This is normally achieved by the 

addition of a negative-sequence current controller, as shown 

in [14]. Note that an observer immune to imbalance is still 

required, as the estimated fluxes will become imbalanced in 

this case due to the imbalance of the generated voltages. 

The Second-Order Generalized Integrator (SOGI) [20] has 

been used in the literature to address issues related to filtering, 

integration and imbalance in motor drives and grid-connected 

converters [20 – 33]. However, these three issues have been 

addressed separately, thus not covering the cases of 

applications which require flux estimation and current control 

under imbalanced conditions.  

This paper contributes in two ways to bridge this 

knowledge gap, with the aim of improving the sensorless 

control of three-phase motors driven over imbalanced cables. 

First, it proposes a modified SOGI-based structure for 

estimating the positive-sequence component of the motor 

fluxes, which is essential for stable vector control. Second, it 

extends the proposed structure to actively suppress current 

imbalance, thus preventing additional losses and associated 

problems in the motor and cable [34], [35]. 

The paper is structured as follows. Section II provides the 

required theoretical background. Section III contains a 

description of the proposed structure and explains how it can 

be applied for the control of a permanent magnet synchronous 

motor (PMSM). Section IV presents a controller structure 

extension to achieve current balancing. Finally, Sections V 

and VI include simulation and experimental results, 

illustrating the advantages offered by the proposed approach. 

II. THEORETICAL BACKGROUND 

The structure of a SOGI can be seen in Fig. 2a, together 

with its use for the generation of a set of Direct and 

Quadrature signals with respect to the input v, named v΄ and 

qv΄, respectively. The whole structure is referred to as SOGI-

QSG (QSG: Quadrature Signal Generator). It has been shown 

that [20]: 

 The Direct output, v΄, introduces no phase shift and 
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Fig. 2.  (a) SOGI and SOGI-QSG [20], (b) SOGI-QSG with integrating 
output [24], (c) DSOGI with positive- and negative-sequence outputs [23]. 

acts as a band-pass filter on v around frequency ω΄. 

 The Quadrature output, qv΄, introduces a 90-degree 

phase shift and acts as a low-pass filter (LPF) on v 

above frequency ω΄. Note that the Quadrature output 

is not the integral of the input. 

The band-pass filtering characteristics of the Direct output 

can be used to suppress the distorting components of a 

sinusoidal signal with angular frequency ω΄. What is 

important is that ω΄ can vary, and can be supplied to the SOGI 

from a classic PLL, such as an SRF PLL. In this way, a SOGI-

QSG and a PLL can act cooperatively: The SOGI-QSG cleans 

the input signals from distorting low- and high-frequency 

components, while the PLL works on cleaner signals, thus 

providing more stable and accurate frequency estimation to 

the SOGI-QSG, and to the user. Alternatively, ω΄ can be 

estimated by a Frequency-Locked Loop (FLL), as shown in 

[32], [33].  

Apart from its use as an adaptive band-pass filter, the 

SOGI-QSG has been applied in the literature for the 

estimation of the filtered integral of the input signal, and more 

specifically for the estimation of flux from voltage, as shown 

in Fig. 2b [24], [29], [30], [31]. If v is a voltage, then INTv΄ is 

the respective flux, filtered around frequency ω΄. 

Furthermore, the Quadrature output of two SOGI-QSGs 

operating in the alpha-beta coordinates can be used as 

illustrated in Fig. 2c to form a Dual SOGI (DSOGI) structure 

[23] to extract the filtered positive-sequence component of 

the input signals, v΄abc,+, in an unbalanced 3-phase system. 

The extraction of the positive-sequence component is 

equivalent to the removal of imbalance. Moreover, the 

DSOGI structure can provide the negative-sequence 

component of the input signal, which relates to the imbalance 

between the three input signals. If the input signals are 

currents, then a set of synchronous reference frame current 

controllers can be used to suppress their imbalance, as 

explained in [14]. 
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III. FLUX ESTIMATION UNDER IMBALANCED CONDITIONS 

Techniques for removal of imbalance based on SOGI-

QSGs have been applied in the literature only on the filtered 

output signals themselves. That is, the formation of a DSOGI 

has only been based on the non-integrating outputs, v΄ and 

qv΄. In order to apply these techniques to the filtered integrals 

of the inputs, the Quadrature output for the integrating output, 

INTv΄, must first become available. This section presents a 

method for extracting this output from a SOGI-QSG and 

subsequently creating a DSOGI structure which can provide 

the positive-sequence component of the integrals of a three-

phase input. In the common case that the input is a set of 

three-phase voltages, the proposed structure provides a set of 

balanced fluxes [34], [35].  

A. Proposed SOGI-2QSG and DSOGI_INT Structures 

The sequence of the top multiplier and integrator in a 

SOGI-QSG can be altered (i.e. the integrator can be moved 

before the multiplier) without any effect on its transfer 

function. This minor modification offers the possibility of 

obtaining the Quadrature signal of INTv΄, named qINTv΄, as 

shown in Fig. 3. The transfer function for qINTv΄ is the 

following: 

𝐻𝑞𝐼𝑁𝑇𝑣′ = 𝑞𝐼𝑁𝑇𝑣′/𝑣 = −𝑘𝑠/(𝑠2 + 𝑘𝜔′𝑠 + 𝜔′2)      (1) 

From the Bode diagram of this transfer function, plotted in 

Fig. 4 for k = 1 and ω΄ = 100rad/s, it can be seen that if v is a 

voltage, then qINTv΄ will be its Quadrature flux (amplitude = 

−40dB, phase = 180o), band-pass filtered around frequency 

ω΄. 

The overall structure resulting from the addition of the 

qINTv΄ output, presented in Fig. 3, will be referred to as 

SOGI-2QSG, as it offers two QSGs in a single structure: a) 

The non-integrating QSG with outputs v΄ and qv΄, and b) the 

integrating QSG with outputs INTv΄ and qINTv΄. This 

provides a significant advantage with respect to the 

implementation of systems using this structure, as the same 

code or logic block can be used to generate all four signals. 

The integrating outputs of a SOGI-2QSG can then be used 

in a DSOGI configuration (as in Fig. 2c), to obtain the 

positive sequence of the fluxes, ψabc,+, as shown in Fig. 5. 

Note that, if needed, the negative-sequence fluxes can also be 

generated by the same structure. This DSOGI configuration 

will be referred to as DSOGI_INT, to indicate that it 

generates (filtered and balanced) integrals of the input 

signals. 
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Fig. 3.  Proposed structure SOGI-2QSG including a Quadrature integrating 

output. 

 

Fig. 4.  Bode plot of the Quadrature flux output, qINTv΄ (for k = 1, ω΄ = 
100rad/s). 
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Fig. 5.  DSOGI_INT using SOGI-2QSG’s for the extraction of the positive-
sequence fluxes (ψabc,+). 

B. Application to Permanent Magnet Motor Control 

For motor drive applications using imbalanced cables, the 

aim is to estimate the three (balanced) rotor fluxes. Using the 

case of a non-salient PMSM (𝐿𝑑  =  𝐿𝑞  =  𝐿) as an example, 

the rotor fluxes, ψr,abc, are given by: 

𝜓𝑟,𝑎𝑏𝑐 = ∫(𝑣𝑎𝑏𝑐 − 𝑅𝑖𝑎𝑏𝑐)𝑑𝑡 − 𝐿𝑖𝑎𝑏𝑐            (2) 

Assuming that the motor is driven by a VFD over a long 

cable, vabc and iabc are the generated phase output voltages and 

currents, while R and L are the total (i.e. cable and motor) 

phase resistance and inductance, respectively. Cable 

inductance is the parameter that can be unequal among the 

three phases, thus introducing imbalance in the system. 

The parts of the equation for the flux that require 

integration should be passed to a DSOGI_INT (Fig. 5), 

whereas those that only need filtering should be passed to a 

DSOGI (Fig. 2c).  In this case, the three-phase (𝑣 − 𝑅𝑖) 
components need to be integrated and filtered, whereas the Li 

components only require filtering. Thus, a DSOGI_INT 

should be used for the (𝑣 − 𝑅𝑖) components, while a DSOGI 

structure should be used for the Li components, as shown in 

Fig. 6. The respective abc outputs should then be subtracted 

and passed to a conventional PLL as explained in Section II, 

which will provide ω΄ for the DSOGI’s. A Low-Pass Filter 

(LPF) may have to be applied on the estimated PLL 

frequency to produce ω΄. The filter’s time constant is 

typically in the range of 20ms, which is much lower than 

mechanical time constants relating to motor speed. An FLL 

can be used alternatively, as explained in [32], [33]. 
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Fig. 6.  Overall structure for PMSM rotor flux and frequency/angle 

estimation. 
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Fig. 7.  (a) Positive- and (b) negative-sequence current controllers. 

IV. CURRENT BALANCING 

Although the above method can suppress the effect of 

imbalance on rotor flux angle estimation, the motor currents 

will still be imbalanced (as explained in Section I). In order 

to suppress the current imbalance, the conventional vector 

control approach shown in Fig. 7a can be extended with a set 

of PI controllers acting on the negative-sequence current in 

DQ coordinates and having zero reference values, as shown 

in Fig. 7b. The inputs to the positive- and negative-sequence 

controllers are the respective sets of currents (iabc,+, iabc,−), 

while their outputs are the inverter reference voltages (uabc,+, 

uabc,−). The derivation of the negative-sequence component 

can be performed by a DSOGI operating on the drive output 

currents. The synchronization method of Fig. 6 already 

includes such a DSOGI, which is favorable since the 

negative-sequence currents can be calculated with minimal 

additional computational cost (as compared to calculating the 

positive-sequence components only) by the same software 

block. Thus, according to the proposed approach, the 

implementation of the synchronization method is combined 

with the current control method as illustrated in Fig. 8, 

avoiding duplicate negative-sequence current calculation. 

The same principles can be applied for synchronization and 

current balancing in vector-controlled induction motors. 
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Fig. 8.  Proposed combined PLL and current balancing approach. 
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Fig. 9.  Block diagram of the test setup. 

V. SIMULATION RESULTS 

This section presents simulation results in MATLAB-

Simulink, illustrating the outcomes from the application of 

the proposed method. The simulation model matches the 

experimental setup, which has the form of Fig. 9 and is 

described in detail in Section VI. The plots in Fig. 10 include 

drive output voltages and currents, estimated positive-

sequence fluxes (ψr,abc,+ in Fig. 6), calculated positive- and 

negative-sequence currents, and percent imbalance according 

to the NEMA definition [36]. Two magnified extracts of the 

first column are also included to provide a clearer view on the 

effect of current balancing. 

The results refer to the motor running at steady state with 

rated speed and torque. At the beginning of the plots (t = 5s), 

the positive-sequence flux estimator is in operation, while 

current balancing is disabled. The drive currents can be seen 

to be heavily imbalanced, which is also denoted by the high 

amplitude of the negative-sequence currents. The drive  
 

 

 
 

 

TABLE I 

TRANSFORMER AND CABLE PARAMETERS 

Transformer 

parameter 
Value 

Cable 

parameter 
Value 

Pri./Sec. voltage 375/690 V Type Flat, armored 

Rated power 100 kVA Size AWG 4 
Rated freq. 120 Hz Length 1400 m 

Impedance (pu) 4% Resist. at 25C 1.17 Ω 

 
TABLE II 

MOTOR PARAMETERS 

Parameter Value Parameter Value 

Rated voltage 403 V Pole pairs 2 

Rated current 63 A Resistance at 25C 0.15 Ω 
Rated speed 3600 r/min Inductance (Ld = Lq) 2.4 mH 

Rated power 47 HP Total rotational inertia  0.28 Kg∙m2 

 

 TABLE III 

CONTROL PARAMETERS 

SOGI  
parameter 

Value 

Positive- and negative-

sequence current PI 

controllers parameter 

Value 

Gain k 1 Proportional gain 0.5 
LPF time const. 20 ms Integral time const. 30 ms 
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Fig. 10.  Simulation results illustrating drive output voltages and currents, estimated positive-sequence fluxes (including magnified extracts on the right), calculated 

positive- and negative-sequence currents, and percent imbalance, while applying the control method proposed in Fig. 8. Current balancing is enabled at t = 5.1s.   

voltages are also imbalanced, as a consequence of unequal 

voltage drops on the sine filter, as well as of the response of the 

current controller of Fig. 7a acting on imbalanced currents. At t 

= 5.1s, current balancing is enabled. The negative-sequence 

current controller (Fig. 7b) gradually reduces the negative-

sequence currents to approximately zero. As a result, the 

currents at the end of the simulation are balanced, while the 

drive voltages become more imbalanced due to the addition of 

the generated negative-sequence voltages. Throughout the 

simulation, the flux estimator can be seen to generate balanced 

fluxes, which ensures stable sensorless control. 

VI. EXPERIMENTAL RESULTS 

The experimental results presented in this section refer to the 

sensorless control of a PMSM, driven by a 480V-58kVA 

commercial ESP motor drive through a step-up transformer and 

long flat armored cable. The drive is also equipped with a sine 

filter, as shown in Fig. 9. The transformer, cable and motor are 

shown in Fig. 11, while their main parameters are listed in 

Tables I and II. The motor drive controller uses the structure of 

Fig. 8, which was implemented in an Intel Cyclone FPGA. The 

motor speed is regulated as usual by an outer speed controller 

loop that provides the current reference iq,ref in Fig. 7a (while 

id,ref was set to 0). The values of the SOGI and current controller 

parameters are listed in Table III. 

A. Positive-Sequence Flux Estimation 

The first set of results (Figs 12 – 15) focuses on the proposed 

positive-sequence flux estimation and synchronization method. 

The purpose is to illustrate the effect of voltage imbalance on 

the angle estimation based on a conventional integrator and the 

advantage offered by the application of the proposed method. 

In the presented results, the motor is running at 1080rpm with a 

current of approximately 27Arms (50Arms at the drive). Two 

types of waveform are presented:  

 The waveforms shown in Figs. 12 and 14 are obtained 

using external current probes and a DAC connected to 

the drive controller board to read the rotor angle 

estimated by the PLL. 

 The waveforms presented in Figs. 13 and 15 are plotted 

offline, using internal vector control algorithm data (i.e. 

actual sampled values that are generated and recorded by 

the digitally implemented system), which runs at a rate 

of 4kHz. 

Figs. 12 and 13 are for the case of using a conventional 

integrator and HPF to estimate the rotor fluxes for the PLL. It 

can be clearly seen in Fig. 12 that the measured currents and the 

estimated rotor angle are heavily distorted. As explained in 

Section I, the distortion on the estimated angle affects the 

waveforms of the generated voltages and currents, which in turn 

further deteriorates the angle estimation. The two oscilloscope 

shots in Fig. 12 are obtained with a time difference of around 

1min, during which the increase of the distortion on all 

waveforms is evident. Fig. 13 captures the final outcome of this 

increasing distortion, which is the loss of motor control. In 

addition to the drive currents and estimated angle, this figure 

presents the estimated fluxes (middle graph). The fluxes can be 

seen not to be centered around zero, which hinders angle 

estimation by the PLL and is responsible for the loss of control. 

Figs. 14 and 15 are for the case of using the structure 

presented in Fig. 6 to estimate the rotor fluxes. The currents and 

angles in Fig. 14 can be seen to have the expected form (the 5th 

harmonic appearing on the currents is due to a respective 

harmonic of the back-EMF of the motor). With reference to Fig. 

15, it can be observed that the motor currents (top graph) are 

imbalanced, which is due to the existence of the flat cable. 

Although this imbalance can affect the rotor fluxes estimated 

according to (2), the proposed structure extracts the positive-

sequence component of the fluxes and generates a set of 

balanced signals (middle graph). Based on them, the estimated 

angle can be seen in the last graph to increase linearly, without 

any fluctuations, normally caused by imbalanced input signals. 

As a result, the instability and loss of control appearing under 

the same test conditions with the conventional integrator is 

avoided. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11.  Photographs of the test setup: (a) VFD, (b) Step-up transformer, (c) Flat armored cable, (d) ESP motor.  

B. Current Balancing 

The second set of results (Fig. 16) illustrates the effect of 

enabling the proposed current balancing approach, shown in 

Fig. 8 for a PMSM. Note that the positive-sequence flux 

estimation method is enabled at all times in these experiments, 

thus the estimated angle always follows a clean sawtooth. Fig. 

16a presents the three output current waveforms and the 

estimated angle for the motor running at 3600rpm, before 

enabling the proposed current balancing algorithm. The RMS 

values of the three phase currents can be seen on the right and 

their percent imbalance calculated using the NEMA definition 

is 8.6%. Fig. 16b illustrates the result of enabling current 

balancing while running with the same speed and load. The 

three RMS values can be observed to have become very similar, 

while their percent imbalance has reduced to 0.5%. The 

proposed approach was tested using the above setup over a wide 

range of motor speeds, from approximately 100 to 4000rpm and 

loads (without a step-up transformer for speeds below 500rpm). 

For the entire range, the measured percent imbalance was in the 

order of 9%, and was suppressed to below 1% by enabling the 

proposed algorithm. Part of the remaining imbalance is thought 

to be due to tolerances and calibration errors of the drive current 

sensors and resolution of the algorithm arithmetic. The method 

was also tested successfully with higher-power drives, rated up 

to 260kVA. 

VII. DISCUSSION 

This section discusses a number of points relating to the 

application of the proposed method at low or negative motor 

speeds. 

Motor control at low (as compared to rated) speeds is known 

to present challenges due to the operation of the motor drives 

with low output voltage and electrical frequency. For drives that 

do not employ output voltage sensors, thus rely on the reference 

(demanded) voltages to derive the output voltages, the accuracy 

of flux estimation can be limited when operating in the low-

voltage range. This is because the effect of various inverter 

nonlinearities, occurring mainly due to dead time and voltage 

drop across semiconductors, become more evident in this range 

[37]. The drives used in the performed experiments are 

equipped with output voltage sensors, but the proposed method 

did not need to make use of the measured voltages for speeds 

above 500rpm, which corresponds to approximately 14% of the 

motor rated speed. The use of reference voltages (including a 

compensation for the sine filter voltage drop) did not adversely 

affect flux estimation and current balancing in these speeds, 

which cover the entire range of ESP operation. Measured 

voltages were used for experiments at very low speeds and 

enabled operation down to 100rpm, without the use of a step-

up transformer, as mentioned in Section VI-B. In drives without 

output voltage sensors, the proposed method could use, instead 

of the reference voltages, estimates of the output voltages 

obtained by means of techniques such as the volt-second 

sensing presented in [38]. 

Another aspect relating to low-speed operation is motor 

starting. Particularly with reference to PMSMs, starting 

typically involves an open-loop (i.e. not using the observer) 

speed ramp based on a constant V/f or I-f strategy, and a method 

for smoothly transitioning to sensorless operation above a 

certain speed [3], [5], [8], [39]. The VFDs used for the 

experiments follow a starting approach of the I-f type, which 

did not have to be modified to encompass the proposed method. 

The method was initiated during the speed ramp, simply with 

the difference of using the open-loop reference angular 

frequency in the place of the observer-estimated ωest in Fig. 6. 

Finally, a point to be mentioned relates to the operation of 

the proposed method with negative motor speeds. The angular 

frequency required by the SOGIs should never be negative, thus 

for negative speeds it must be made equal to the absolute value 

of ωest. Moreover, since the sequence between the voltages and 

currents of the three phases is different when a motor runs in 

reverse, it is the positive-sequence quantities that represent the 

imbalance in this case. Thus, the positive- and negative-

sequence flux and current estimates must be alternated in all 

their occurrences for the method to function. This is 

straightforward if the motor is stopped, but needs to be 

addressed in applications that require the speed to be reversed 

while the motor is running (on the fly).  
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(a) 

 
(b) 

Fig. 12.  Oscilloscope shots illustrating two drive currents and the estimated 

rotor angle while using a conventional integrator. The results in (a) and (b) were 

obtained with a time difference of approximately 1min to illustrate the 
increasing distortion. 

 
(a) 

 
(b) 

Fig. 14.  Oscilloscope shots illustrating two drive currents and the estimated 

rotor angle while using the proposed structure, for two different motor loads. 

 

Fig. 13.  Internal vector control algorithm data for the last 2s before loss of 

control while using a conventional integrator. 
 

 

 

 
Fig. 15.  Internal vector control algorithm data while using the proposed 

structure, illustrating stable operation. 
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(a) 

 

(b) 

Fig. 16.  Three-phase currents, estimated rotor angle and RMS current values at 3600 rpm (a) without, (b) with current balancing. 

VIII. CONCLUSION 

This paper presented a comprehensive approach to solving 

the problem of sensorless control and current balancing for 

motor drives operating under imbalanced conditions. It relied 

on the use of SOGI, the state-of-the-art structure for frequency-

adaptive filtering, integration and quadrature signal generation, 

to produce a positive-sequence flux estimator and a negative-

sequence current estimator. The two estimators were combined 

in a computationally efficient manner to form single structure 

for sensorless motor control, capable of providing both stable 

control and current balancing. The effectiveness of the 

proposed approach was demonstrated through extensive 

experimental results using actual oil-field (ESP) system 

components. 
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