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Highlights 

 Current balancing of induction motors driven by scalar-controlled variable speed drives.  

 Based on Second-Order Generalized Integrators (SOGIs) and Synchronous Reference Frame (SRF) 

current control.  

 No need for additional hardware, position sensor or observer. 

 Simple, robust, computationally effective implementation, independent of the cable characteristics.  
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Abstract 

Induction motor current imbalance increases losses, torque ripple and vibrations. Current imbalance is known to appear in artificial 

lift systems, where motors are driven over long imbalanced cables. Power hardware modifications, namely transposition of cable 

phases in the wellbore, adjustment of the step-up transformer taps, and addition of balancing inductors have so far been proposed 

to suppress the imbalance. However, these solutions compromise the system’s reliability or involve costly additional equipment, 

which must be customized according to the cable characteristics. This paper proposes a control method for current balancing of 

induction motors driven by scalar-controlled variable speed drives. In the proposed method, Second-Order Generalized Integrators 

(SOGIs) are used to extract the negative-sequence component of the motor currents, which is then suppressed by a Synchronous 

Reference Frame (SRF) current controller. The frequency and angle information required by the SOGIs and the SRF controller are 

obtained directly from the scalar algorithm, without needing a position sensor or observer, thus offering a novel, simple, robust and 

computationally effective implementation, which is also independent of the cable characteristics. The paper presents 

MATLAB/Simulink simulation results to illustrate the method’s operating principles and performance in a variety of transient 

conditions. Experimental results obtained using full-scale equipment are also provided to demonstrate its effectiveness. 

© 2023 Elsevier Inc. All rights reserved. 
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Electric Submersible Pump (ESP)  
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ESP  Electric Submersible Pump  

IM  Induction Motor 

PLL  Phase-Locked Loop 

(D)SOGI (Dual) Second-Order Generalised Integrator 

SRF  Synchronous Reference Frame 

VSD   Variable Speed Drive 
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1. Introduction 

Induction motor (IM) current imbalance increases power losses, which lead to inefficiency and overheating while 

also generating torque ripple and vibrations. Depending on the degree of imbalance, a motor may need to be derated 

by up to 25% to avoid these effects [1 – 3]. Current imbalance can be caused by an imbalance of the mains voltages 

in line-connected motors. It is generally not observed in motors supplied by variable-speed drives (VSDs), which 

normally can generate balanced output voltages under all allowed supply conditions. However, in certain applications 

such as artificial lift for oil/water pumping using Electrical Submersible Pumps (ESPs), current imbalance can be 

introduced due to the imbalanced impedance of the connecting cable, which can be several kilometers long. The widely 

used flat steel-armored cables, with a typical cross-section as shown in Fig. 1, exhibit significantly imbalanced phase 

inductances [4, 5].  

The common method for suppressing the resulting current imbalance is to divide the cable into three portions of 

equal length, transpose its conductors and rejoin (splice) them, so that each phase current flows equally through the 

middle and the outer conductors. However, cable splices are known points of failures that should ideally be avoided 

[6, 7]. With this aim, the addition of balancing inductors and the adjustment of step-up transformer taps have been 

proposed as alternative approaches for current balancing [7 – 9]. The main drawbacks of these approaches are that 

they require knowledge/measurement of the cable imbalance characteristics (i.e., self/mutual inductance matrix) and 

custom-designed power hardware, which adds to the system’s cost. 

 

 

 

 

 

 

         
Fig. 1. Cross-section of an ESP flat steel armored cable. 

Control methods for current balancing have been proposed for three-phase inverters connected to imbalanced grids 

[10 – 12] and vector-controlled VSDs for permanent magnet synchronous [13 – 15] and induction motors [16, 17]. 

Current balancing is typically achieved by the addition of a negative-sequence current suppression feedback control 

loop, extracting the symmetrical components of the current and suppressing the negative-sequence components using 

PI controllers operating in the Synchronous Reference Frame (SRF) [10 – 20]. Most of the above methods require an 

angle and/or a frequency input. In grid-connected inverters, this is the angle of the voltage at the Point of Common 

Coupling (PCC), normally estimated by a Phase Locked Loop (PLL), while in vector-controlled VSDs, it is the 

electrical angle of the magnetic field of the rotor, measured using a suitable sensor or estimated by an observer. Due 

to cost and reliability reasons, observers are normally preferred over position sensors in applications requiring motor 

speed (not position) control, while they are the only option for artificial lift systems, because of the long distance 

between the VSD and the motor. On the other hand, the performance of observers can be affected by non-idealities in 

the system and/or voltage-current measurements, such as imbalances, harmonics, and DC offsets. Even modern 

observers, such as those based on Second-Order Generalized Integrators (SOGIs) [21], are affected by the above 

disturbances. This is because a SOGI-PLL typically consists of a) a SOGI/DSOGI that acts as a filter around the 

fundamental frequency, and b) a classical Synchronous Reference Frame (SRF) PLL, which is very sensitive to these 

disturbances. Given that the SOGI/DSOGI is not an ideal band-pass filter (while DC offsets are not filtered in the 

quadrature SOGI outputs at all), the output of the SOGI/DSOGI passed to the SRF PLL is not free from DC offset / 

harmonics, thus degrading the angle-frequency estimation by the PLL. Consequently, the basic SOGI-PLL structure 

must be extended to accommodate advanced features that offer immunity to disturbances [22 – 27]. However, this 

significantly increases the computational complexity of vector control algorithms and can compromise their dynamic 

response. The impact is even higher for scalar (constant V/f ) IM control algorithms, in which observers are not 

typically included at all, since they are not required. This renders the abovementioned current balancing methods 

practically inapplicable to the widely used scalar algorithms for IMs.  
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This paper proposes a current balancing control method for scalar-controlled IM VSDs. The method employs SOGI-

based structures and SRF current controllers in a novel manner, which is suited to scalar IM control. The key 

characteristic of the proposed method is that it does not require a sensor or observer providing angle/frequency 

information; instead, it uses the angle and frequency values that scalar algorithms generate internally to produce their 

balanced voltage references. Moreover, the method does not require knowledge of cable parameters and relevant 

calculations, or modifications to the power equipment, which form the basis for other current balancing approaches. 

As a result, it presents the following advantages: 

 It is simple to implement and computationally efficient. 

 It does not need to be adapted based on the imbalanced cable parameters. 

 It does not incur any costs associated with new/modified power equipment or position/speed sensors. 

 It is more robust than sensor-based methods, as it does not rely on their performance and health of sensor-

drive connections.    

 It is more robust than position observer-based methods, as it uses an internally-generated angle which is 

immune to disturbances such as imbalances, harmonics and DC offsets. 

 It can be readily incorporated as an add-on to existing scalar control algorithms. 

The paper is structured as follows. Section 2 contains a description of the proposed current balancing method. 

Section 3 includes detailed simulation results and Section 4 presents experimental results. A discussion follows in 

Section 5, while Section 6 concludes the paper. 

 

2. Proposed method 

2.1. Scalar control voltage references 

Scalar VSDs generate balanced voltages with a pre-determined ratio between amplitude and frequency (with an 

amplitude boost at low frequencies), in accordance with the motor nameplate. Namely, at any given time, a scalar 

control algorithm generates three voltage references, uabc,sc (subscript “sc” stands for “scalar”): 

𝑢𝑎𝑏𝑐,𝑠𝑐(𝑡) = �̂�𝑠𝑐 (𝑡) sin(𝜃𝑠𝑐(𝑡) + 𝜃𝑎𝑏𝑐)             (1)                                   

where �̂�𝑠𝑐  is the demanded peak phase voltage normalized to half of the DC-link voltage and θabc is equal to 0, −120 

and +120 degrees for the three phases, respectively. The angle θsc is calculated as  

𝜃𝑠𝑐(𝑡) = ∫ 𝜔𝑠𝑐(𝑡)d𝑡                                                                                           (2) 

where ωsc is the electrical angular frequency that corresponds to the demanded electrical frequency fsc:  

𝜔𝑠𝑐 = 2𝜋𝑓𝑠𝑐  .                                                                                                         (3) 

 

2.2. Proposed Control Structure 

Conventional scalar control methods always generate a balanced set of three-phase voltages. For imbalanced loads, 

however, the voltages need to be appropriately imbalanced, in order to balance the currents. Fig. 2 presents an overall 

block diagram of the proposed current balancing method.  
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Fig. 2. Proposed SOGI-based current balancing method for scalar-controlled IMs.  

In addition to the scalar controller based on equations (1) – (3), a negative sequence current suppression controller 

(Fig. 3) is used to add a negative-sequence component, 𝑢𝑎𝑏𝑠,−, to 𝑢𝑎𝑏𝑐,𝑠𝑐 to generate the PWM reference voltage, 𝑢𝑎𝑏𝑐. 

The negative-sequence current component is estimated using a simplified dual second-order generalized integrator 

(DSOGI), which is based upon the SOGI and SOGI-QSG (QSG: Quadrature Signal Generator) structures [21], shown 

in Fig. 4 (a). The SOGI-QSG has been used in the literature to address filtering, integration, synchronization, and 

imbalance issues in grid-connected converters [18 – 27] and motor drives [28 – 37]. With reference to imbalance, two 

SOGI-QSGs operating in the alpha-beta coordinates are used as illustrated in Fig. 4(b) to form a DSOGI structure 

[18]. If the angular frequency ω΄ provided to a DSOGI is the fundamental frequency of its three-phase input signals, 

iabc, a DSOGI can extract its positive- and negative-sequence components, band-pass filtered around ω΄. In the 

literature, DSOGIs have primarily been applied on imbalanced voltage signals, with the aim of extracting their 

positive-sequence component [10, 13, 18, 20, 29]. The positive-sequence component is a balanced set of three-phase 

voltages, thus the DSOGI is used in this case as an imbalance filter. Its balanced outputs are supplied to common PLLs 

and observers, preventing distortions that appear on their estimated angle and frequency when they operate on 

imbalanced signals. In the proposed method, the input signals of the DSOGI are currents, iabc, while the DSOGI is 

simplified as compared to [18, 19] to extract only the negative-sequence current component, i΄abc,−, thus saving 

computational resources. 

The amplitude of i΄abc,− is proportional to the degree of the imbalance between the three input currents. To suppress 

the current imbalance, the negative-sequence PI controllers are given zero reference values, as shown in Fig. 2. This 

results in the generation of voltage references uabc,− which suppress the negative-sequence component of iabc and thus 

the imbalance. These reference voltages are added to the normal (balanced) reference voltages uabc,sc, to form the 

actual references uabc, as shown in Fig. 2. 

The tuning of the negative-sequence current PI controllers can be based on conventional methods for tuning 

(positive-sequence) current PI controllers for indirect vector control of induction motors [38]. Nevertheless, by means 

of simulations and experiments, it was also confirmed that the controller gains can be reduced significantly, while still 

achieving current balancing during steady-state operation. Lower gains can be preferable, for example, in order to 

avoid intense variations to the voltage references uabc, which could cause over-modulation or resonance in VSDs with 

sine filters. Indicative values for the proportional gain and integral time constant are given in Section 3 for a 460 V – 

50 HP induction motor.  
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Fig. 3. Negative-sequence current controller. 
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Fig. 4. (a) SOGI and SOGI-QSG [21], (b) DSOGI with negative-sequence output [18]. 

2.3. Substitution of observer estimates by scalar control variables 

Past-proposed current balancing approaches for grid-connected inverters and vector-controlled motor drives rely 

on the acquisition or estimation of frequency and angle information. With regards to motor control, the DSOGIs used 

to generate the symmetrical components of the currents require knowledge of the electrical angular frequency of the 

rotor magnetic field, ωe, to be passed in as ω΄ in Fig. 4. Moreover, the electrical angle of the magnetic field of the 

rotor, θe, is required by the Park (abc-dq) and inverse Park (dq-abc) transformations of the SRF negative-sequence 

current controllers, to be passed in as θ in Fig. 3. In the case of ESP and other remote motor drive applications, both 

quantities are typically estimated by a flux observer, which must be designed/adapted to operate under imbalanced 

conditions [13]. However, such observers are not required by scalar control algorithms, and the implementation of a 

suitable observer would increase the computational burden and complexity of the control system.  

The proposed approach avoids the need for observer implementation, by substituting ωe and θe by appropriate 

quantities. Namely, as illustrated in Fig. 2, the angular frequency ωsc, from (3), is used instead of ωe, while the angle 

θsc, from (2), is used in place of θe. The DSOGI of Fig. 4 is therefore supplied with ω΄= ωsc to extract the negative-

sequence motor currents iabc,− from the measured motor currents, iabc, while the transformations of the negative-

sequence current controller in Fig. 3 are supplied with θ = θsc. Current balancing is achieved by the proposed method, 

because in steady-state conditions: 

a) The scalar algorithm electrical angular frequency is equal to the angular frequency of the rotor magnetic field, 

i.e., ωsc = ωe. This is because in an induction machine, the stator and rotor magnetic fields always rotate 

synchronously under steady-state conditions [39]. Thus, a DSOGI supplied with ωsc (the stator magnetic field 

electrical angular frequency) produces the same outputs as if it is supplied by ωe (the rotor magnetic field 

electrical angular frequency). 

b) Since ωsc and ωe are equal under steady state conditions, the difference between their integrals, that is, angles 

θsc and θe, is a constant. This relates to the fundamental condition for steady-state constant torque production, 

according to which, the magnetic fields of the stator and the rotor are displaced by a certain phase angle. The 

use of θsc instead of θe alters the values of the dq current components, id,− and iq,− in Fig. 3. Namely, the 

constant difference between θsc and θe translates into an angle shift in polar coordinates. This retains the 

magnitude of the negative-sequence current component, but changes the ratio between id,− and iq,−. 

Nevertheless, the key point is that, because the references of the negative-sequence PI controllers in Fig. 3 

are set to zero, both id,− and iq,− are suppressed, irrespective of their actual values. 

 

3. Simulation results 

The MATLAB/Simulink simulation results presented in this section refer to the scalar control of an IM over an 

imbalanced cable, by a standard VSD equipped with a sine filter, using the proposed current balancing method. The 

induction motor nameplate and equivalent circuit parameters are listed in Tables 1 and 2, respectively. The cable 

connecting the VSD to the motor is assumed to be a 1400 m flat armoured submersible pump cable of size 4 AWG, 

which was estimated to have balanced resistances of 1.2 Ω per phase and imbalanced inductances equal to 1.5 mH for 
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the two outer conductors and 0.5 mH for the middle one. With regards to control parameters, the k gain for the SOGIs 

was set to 1, resulting in a damping ratio of 0.5 and a settling time of 25 ms [21]. The negative-sequence current PI 

controllers’ proportional gain and integral time constant were set to 0.25 (V/A) and 20 ms, respectively, to achieve an 

overdamped response, with a settling time of about 1 s. This helps to meet an application requirement of low actuator 

torque with the aim of reducing mechanical stresses, while also improving the stability of the control system by 

decoupling the (fast) SOGI control loops from the negative-sequence current control loop. 

Fig. 5(a) illustrates the effect of enabling the proposed current balancing method while the motor is running at its 

rated frequency and with a load of 100 Nm, which corresponds to half of its rated torque. The figure presents the drive 

output voltages, which are initially balanced, and the motor currents, which are imbalanced. The degree of imbalance, 

calculated according to the VUF definition [3, 40], is around 7.5%, as shown in the bottom-right graph. The 

electromagnetic motor torque, which exhibits significant ripple due to the imbalance, is shown in the bottom-left 

graph. At t = 5 s, current balancing is enabled. From this point onwards, the employed current controller injects a non-

zero negative-sequence component into the inverter voltage references. As a result, the amplitude of the negative-

sequence currents and the measured imbalance reduce to virtually zero at t = 6 s, while the torque ripple is suppressed. 

Figs. 5(b)-(c) include magnified plots to compare the waveforms of drive voltages-currents and motor torque before 

and after enabling current balancing. In practice, current balancing will normally be enabled throughout motor 

operation, thus the waveforms of Fig. 5(c) represent the steady-state behaviour. 

Table 1. Motor nameplate parameters. 

Parameter Value 

Voltage 460 V 

Frequency 60 Hz 

Speed 1780 rpm 

Torque 200 Nm 

Mech. power 50 HP 
 

Table 2. Motor equivalent circuit parameters. 

Parameter Value 

Stator resistance 99.61 mΩ 

Stator leakage ind. 0.867 mH 

Rotor resistance (Rr΄) 58.37 mΩ 

Rotor leakage ind. (Lr΄) 0.867 mH 

Magnetizing inductance 30.39 mH 
 

 

 

 
Fig. 5. Simulation results illustrating the effect of applying the proposed current balancing method, at t = 5 s. The graphs present (a) drive output 

voltages and currents, motor electromagnetic torque, injected negative-sequence inverter reference voltages, calculated negative-sequence currents 

                  



8 Georgios I. Orfanoudakis / International Journal of Electrical Power & Energy Systems  000 (2023) 000–000 

and percent imbalance, and magnified extracts of drive output voltages and currents, and motor electromagnetic torque, (b) before, and (c) after 

enabling current balancing.  

 

(a)  

 

 

                                                     

                                                      (b) 

 

                                                       (c) 

 
                                                      

                                                       (d) 

Fig. 6. Simulation results illustrating the response of the current balancing method to (a) a shaft torque step, from 100 Nm to 200 Nm, at t = 8 s, 

and (c) a reference frequency reduction, from 60 Hz to 30 Hz, within 1 s, starting at t = 8 s. For comparison, (b) and (d) present the respective 

responses with the method disabled. Each set of graphs presents the drive output voltages and currents, torque/frequency, angle θsc and angular 

frequency ωsc difference from θe and ωe, respectively, and percent imbalance. 
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(a) 

 

 (b) 

Fig. 7. Simulation results illustrating motor starting with the current balancing method (a) enabled, and (b) disabled. Each set of graphs presents 
the drive output voltages and currents, electromagnetic torque (quadratic), motor speed, injected negative-sequence inverter reference voltages, 

calculated negative-sequence currents, angle θsc difference from θe, and percent imbalance. 

 

The results in Fig. 6(a, c) present the transient response of the (enabled) proposed method following (a) a torque 

step, and (c) a frequency change. They also demonstrate the relationships between angles θsc and θe, and angular 

frequencies ωsc and ωe, highlighted in the previous section. In Fig. 6(a), a shaft torque step from 100 to 200 Nm is 

applied at t = 8 s. It can be observed that the percent imbalance temporarily rises and drops to zero again when the 

new torque steady state is reached, at t ≈ 10 s. The angular frequency difference (ωe − ωsc) is equal to zero at t = 8 s 

and returns to zero at t ≈ 10 s. Moreover, the angle difference (θe − θsc) has a constant value before t = 8 s and acquires 

a new value during the transient, which remains constant after the transient elapses. Similar effects can be seen in Fig. 

6(c), which presents the response to a reference frequency drop from 60 to 30 Hz, within 1.5 s. The above two 

observations confirm the principles for the formulation of the proposed method. Furthermore, the oscillations on the 

torque, angle and angular frequency waveforms in Figs. 6(a, c) are inherent to the scalar control algorithm and are not 

caused by the current balancing algorithm. This is confirmed by the comparative simulation results presented in Figs. 

6(b, d), which showed the exact same oscillations with current balancing being disabled. It is noted that the ripple 

appearing in the waveforms of Figs. 6(b, d) is due to the existence of current imbalance. 

Finally, as another example of transient condition, Fig. 7 illustrates the starting behaviour of the same motor, with 

the proposed method being enabled in Fig. 7(a) and disabled in Fig. 7(b). It can be seen that, neglecting the high-

frequency ripple of Fig. 7(b), the system response is similar in both cases. Thus, a motor can be started with the 

proposed method enabled. Alternatively, the method can be enabled when the starting procedure is complete, since 

there is normally negligible effect if current imbalance appears only for the few seconds of the starting process.  

 

 

4. Experimental results 

The proposed algorithm was tested experimentally on an induction motor (ABB model M20A200L6A), driven by 

a 480V-260kVA VSD designed for ESP applications, through a step-up transformer and a long ESP flat armored 

cable. A block diagram of the experimental setup is presented in Fig. 8. The VSD is equipped with a sine filter, which 
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is a requirement for applications with long motor cables [6], while the step-up transformer was included in the setup 

to replicate an actual ESP installation. Photographs of the VSD, cable, transformer and motor are shown in Fig. 9, 

while their main parameters are listed in Tables 3 and 4. The VSD was an Electrospeed Advantage™ by Baker Hughes, 

with a modified controller board and HMI. The motor controller used the structure of Fig. 2 and was implemented in 

an Intel Cyclone FPGA. The k gain for the SOGIs was set to 1, and the negative-sequence current PI controllers’ 

proportional gain and integral time constant were set to 0.5 (V/A) and 30 ms, respectively. 

 

VSD~ IM

415V
50Hz

375:690V
1400m – AWG4

 
Fig. 8. Block diagram of the experimental setup. 

 

  

 
                                    (a) 

 
(b) 

Fig. 9. Photographs of (a) VSD, and (b) cable, transformer and motor of the experimental setup. 
 

Table 3. Cable parameters. 

Parameter Value 

Type Flat, armored 

Size AWG 4 

Length 1400 m 

Resistance at 25 °C 1.17 Ω 
 

Table 4. Motor nameplate parameters. 

Parameter Value 

Rated voltage 440 V 

Rated current 36.6 A 

Rated frequency 60 Hz 

Rated speed  1175 rpm 

Power factor (cosφ) 0.84 
 

 

Fig. 10 illustrates the effect of enabling the proposed current balancing method on the waveforms of the three drive 

output currents, while running with two different electrical frequencies: 45 Hz and 60 Hz. In Figs. 10(a, c) the three 

currents are heavily imbalanced, while in Figs. 10(b, d), the imbalance is suppressed. The same effect is manifested 

through the corresponding current RMS values, listed in Table 5. The three currents initially have unequal RMS 

values, resulting in a current imbalance of 9.2%. After enabling the proposed method, the three RMS values become 

approximately equal, with the imbalance reducing to 1%. The maximum remaining difference between the three RMS 

currents is 0.3 A, which is in the range of the VSD’s current sensor accuracy and measurement circuit’s resolution.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 10. Oscilloscope shots illustrating the three drive output currents while running with an electrical frequency of 45 Hz (a, b) and 60 Hz (c, d), 

before (a, c), and after (b, d) enabling the proposed current balancing method. 

 

Table 5. RMS values of output currents and line voltages with current balancing disabled/enabled. 

Parameter 
Current balancing 

disabled 

Current balancing 

enabled 

Phase current IA (A) 16.2 16.7 

Phase current IB (A) 18.2 16.5 

Phase current IC (A) 15.6 16.8 

Line voltage VAB (V) 150 149 

Line voltage VBC (V) 150 152 

Line voltage VCA (V) 150 151 

Current imbalance (%) 9.2 1 

 

 

Furthermore, it can be observed in Table 5 that the three drive output voltages become slightly imbalanced, which 

is due to the addition of the negative-sequence reference voltages (uabc,− in Fig. 2) to the balanced reference voltages 

of the original scalar algorithm (uabc,sc in Fig. 2). The voltage imbalance is negligible (around 1%) and has no effect 

on the drive operation but is still adequate to correct the significant initial current imbalance. Finally, Fig. 11 presents 

internal data of the current balancing algorithm before and after enabling it, while running at the frequency of 60 Hz. 

The figure illustrates the output currents as seen by the drive and the negative-sequence currents calculated as part of 

the proposed method. These results further validate the effectiveness of the proposed method. 
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                                    (a)  

 
                                     (b)  

Fig. 11. Internal data of the current balancing algorithm (a) before, and (b) after enabling it, while running at 60 Hz. 

 

 

5. Discussion 

This section discusses certain limitations of the proposed method and provides guidelines for practical 

implementations and suggestions for future work.  

5.1. Limitations 

The following limitations have been identified with regards to the proposed current balancing method:  

 The method may not be as effective when the current imbalance is very small compared to the rated drive 

current. This is because the resolution of the output current sensors and the respective ADCs may not be high 

enough to distinguish small differences among the output currents, or the ADC’s calibration may not be 

adequately accurate. An example outcome can be observed in Figures 9(b) and 9(d), where the three currents 

are not exactly balanced; they still have a 1% imbalance, as also reported in Table 5. Moreover, the three-

phase currents shown in the top graphs of Fig. 11 do not exactly match the respective ones shown in Figs. 

10(c) and 10(d), while the negative-sequence currents in the bottom graph of Fig. 11(a) do not have the 

typical form of a balanced three-phase set (according to the theory of symmetrical components). The reason 

for the above is that the drive used in the experiments had a rated current of 313 A, whereas the experiments 

were performed with current of approximately 17 A (on average between the three phases), which 

corresponds to 5.43% of the drive rating.  

 The proposed method slightly increases the peak value of the drive reference voltages, which is due to the 

injection of a negative-sequence component into them. Although this component is normally negligible as 

compared to the positive-sequence voltage component (as shown in Figure 5 and Table 5), it may lead to 

over-modulation when the inverter is already operating at the limit of its linear region (i.e., with a modulation 

index of 100%). 

 The proposed method can effectively suppress current unbalance under steady-state operating conditions 

using moderate gains for its negative-sequence PI controllers, which are lower than those suggested by 
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conventional tuning methods [38]. Lower gains can be preferable to avoid intense variations to the voltage 

references, which could cause over-modulation or resonance in VSDs with sine filters. On the other hand, 

reducing the controller gains may not suppress small-scale imbalances that can appear during transients. 

These imbalances are normally acceptable in artificial lift and other applications where the motor mostly runs 

at constant speed and torque, since they last for short time intervals and thus do not practically affect the 

motor and driven equipment. However, they may need to be suppressed by adopting higher gains in 

applications which involve frequent and intense torque/speed variations.  

5.2. Relation with the scalar-controlled induction motor instability effect 

The stability of a scalar-controlled induction motor drive is a known issue that has been studied extensively in the 

literature. Instability exhibited as sustained oscillations is often experienced in cases when the driven equipment has 

low inertia and low damping. It is also known to be affected by machine and drive parameters including stator 

resistance, dead time, dc-link capacitance and system resonance frequencies. Several methods have been proposed to 

prevent the instability, such as those presented in references [41 – 45]. These methods modify the conventional V/f 

algorithm voltage references by injecting into them compensating signals, typically calculated in the synchronous (d-

q) reference frame. In all cases, the stabilizing methods act on the positive-sequence voltage generation, since the 

angle used for the respective transformations varies in accordance with the sign of the algorithm frequency.  

The above literature does not include negative-sequence voltages/currents among the factors affecting the 

instability, and the stabilizing methods do not act on them. This suggests that the proposed current balancing method 

is likely to not affect it, either, but further research is required to confirm that. In any case, the proposed method could 

be executed in combination with a stabilizing method, since the latter acts only on the positive-sequence voltages. 

Decoupling of the positive- from the negative-sequence currents may be required in this case (e.g., by filtering the 

double-fundamental frequency components in d-q coordinates) in the stabilizing method. With reference to artificial 

lift applications, it is also worth noting that ESP pumps have a quadratic torque-speed characteristic, which provides 

high damping and enhances stability.  

The comparative simulations in transient conditions (torque step and frequency variation) shown in Figs. 6(a) – (d) 

support the above argument. The oscillations appearing in these figures relate to the instability effect. The oscillations 

are decaying in these cases, i.e., the instability is not sustained, but their characteristics demonstrate that the current 

balancing method has no effect on them. Namely, it can be observed that the system response (drive output currents, 

electromagnetic torque, angle difference, angular frequency difference) is similar with the method enabled (a, c) and 

disabled (b, d), apart from the ripple appearing in the latter due to the existence of current imbalance. The comparative 

simulations referring to motor starting, whose results were presented in Fig. 7, also show the same effect. 

5.3. Suggestions for practical implementations and future work 

Based on the above discussion, the following guidelines can be provided for practical implementations and future 

work on the proposed method: 

 In order to maximize the effect of the proposed algorithm, accurate current sensors must be selected, and 

careful calibration must be performed. 

 Further research is required to confirm that the proposed method does not affect the stability of V/f-driven 

induction motors. 

 Further control analysis will be required to optimally tune the proposed controller for high performance 

under challenging operating conditions, such as highly variable speed/load. 

 

 

6. Conclusion 

This paper presented a control method for mitigating current imbalance that appears in scalar-controlled IMs driven 

through long imbalanced power cables. The method does not require hardware additions/modifications and does not 
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depend on the knowledge of cable parameters, which is required for the implementation of other alternatives. It is 

straightforward to implement as an extension to existing scalar control algorithms, since it makes use of internal scalar 

algorithm variables. Moreover, it eliminates the need for implementing an imbalance-immune flux observer, thus 

offering increased robustness and significant saving in computational resources. The simulation and experimental 

results included in the paper demonstrate its effectiveness in a variety of steady-state and dynamic operating 

conditions, while limitations, implementation details and future work are also discussed. The proposed method is of 

particular significance for artificial lift applications, where it offers a practical solution to well-known problems 

induced from current imbalance, avoiding several downsides of existing current balancing approaches. 
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