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Abstract

:

Permanent magnet (PM) motors are gaining prominence in subsea applications such as drilling, pumping, and boosting for oil and natural gas extraction. These motors are gradually replacing traditional induction motors. However, starting and operating PM motors at low speeds under heavy loads poses significant challenges. This is because of unknown initial rotor positions and resistive voltage drops due to the presence of a sinewave filter, transformer, and long cable. An unknown rotor position may result in temporary reverse speed, which may cause a loss of synchronism; therefore, initial rotor position estimation is preferable. Additionally, addressing the voltage drop issue requires careful voltage compensation to avoid transformer core saturation. In this paper, an enhanced   V / H z   starting of a PM motor is proposed with initial position detection (IPD) and voltage compensation to start the motor reliably with a heavy load. The proposed control method is verified with controller hardware in the loop (C-HIL) real-time simulation using a Typhoon HIL-604 emulator and a Texas Instruments TMS320F28335 digital signal processor (DSP) control card.
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1. Introduction


Subsea motors are often located several kilometers away from variable speed drive (VSD) units, connected via a sinewave filter, transformer, and long cable. Induction motors (IMs) have been the primary workhorses in these applications for several decades, operated using simple control techniques to achieve smooth motor startups [1]. However, in order to enhance efficiency and achieve energy savings in motor drive systems, permanent magnet (PM) motors are gradually replacing IMs. Commercial PM motors designed for electric submersible pumps (ESPs) have demonstrated the potential to reduce power consumption costs by an average of 23% and energy consumption by at least 10–26% when compared to traditional IMs [2,3,4]. Despite the increased efficiency of PM motors, their control in these complex subsea systems presents many control challenges [5].



Several techniques have been developed to overcome the challenges associated with sensorless control strategies for permanent magnet motors (PMMs), particularly to start the motor from zero speed [6,7,8,9,10,11]. As most sensorless control strategies rely on back-EMF or flux linkage estimation, it can be challenging to estimate the motor’s position precisely when the motor is at standstill or low speed [12]. Therefore, specific starting strategies are essential in sensorless drive systems. In practical subsea applications, PM motors are typically controlled using volts-per-hertz (  V / H z  ) control methods along with stability control and efficiency optimization or by a hybrid vector control method [13,14,15,16,17]. In hybrid control schemes, the PM motor starts using open-loop   V / H z   or open speed loop current (  I − f  ) control, and then the control method switches to sensorless vector control once the motor reaches a safe operating speed [18,19]. These sensorless control techniques generally provide satisfactory performance within the mid-to-high-speed range [20,21]. However, challenges arise during low-speed operation, particularly during PM motor startup under heavy loads. These challenges are primarily from transformer core saturation and resistive voltage drops within the system due to the presence of sinewave filters, transformers, and long cables. Also, when the rotor’s initial position is unknown at a standstill, the motor may experience temporary reverse rotation and result in decreased starting torque [22,23,24,25,26,27]. Moreover, if the initial rotor position has significant deviation and the rotor is not aligned with the applied frequency, the motor may lose synchronism [24,25]. Therefore, initial rotor position estimation at zero speed before starting can improve the starting performance of a motor with   V / H z   control.



The starting of a conventional permanent magnet (PM) motor using   V / H z   control is discussed in [28,29,30], where motor terminals are directly connected to the inverter’s output terminal. However, the primary control issue encountered when operating with long subsea cables under significant load is voltage drop across the cable, especially in lower-speed regions. Compensating for this voltage drop can help to achieve a smooth startup under load. Additionally, starting the PM motor at a slower electrical cycle is crucial to ensure that the rotor’s position is synchronized with the applied frequency [31,32]. In addition, the starting frequency must be selected at approximately 3 to 5% of the motor’s rated frequency together with an appropriate voltage magnitude to avoid transformer core saturation. Thus, choosing an optimal starting frequency is essential, considering the possible compromise between maintaining rotor synchronization and transformer core saturation [33].



Generally, a voltage boost or compensation is applied to the PM motor when starting it with a heavy load using   V / H z   control. However, if the compensation voltage is too high at startup, it can lead to an excessive current passing through the variable speed drive (VSD), which may result in system failure [34]. The appropriate compensation voltage must be carefully calculated to ensure a safe and reliable startup. Therefore, proper compensation voltage must be calculated for starting a PM motor under a heavy load to ensure safe and reliable operation as presented in [1]. In [34], the open speed loop current regulated control (  I − f  ) method is proposed for permanent magnet motor startup; however, in [35], the transition from open-loop to closed-loop vector control is proposed for long cable subsea applications. This paper proposes an enhanced   V / H z   control method for starting PM motors under heavy loads using both initial position detection (IPD) and voltage compensation. The IPD technique used is based on the injection of six pulses for accurate rotor position detection, and the voltage is actively compensated based on the active power current component to counteract the voltage drop in the system, thus resulting in a stable startup. The validity and effectiveness of the proposed control method are tested using a controller hardware-in-the-loop simulation using Typhoon (HIL-604) and Texas Instruments digital control card TMS320F28335.




2. Overview and Electrical Modeling of Subsea Drive Systems


In the offshore oil and gas industries, subsea motors are typically located at or under the seabed and connected to a VSD unit through a sinewave filter, transformer, and long cable [36,37,38]. Figure 1 represents the equivalent electrical model of a typical PM motor-based subsea drive system. Various low-voltage VSDs are available, with input voltages ranging from 230 V to 690 V and output powers ranging from a few kVA to MVA [39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55].



The sinewave filter, consisting of a filter resistor (Rf), filter inductor (Lf), and filter capacitor (Cf), is used for refining the pulse width modulated output voltage waveform from the inverter, for mitigating high-frequency harmonics, which can lead to voltage overshoot, and for suppressing electromagnetic interference (EMI). Sinewave filters are usually integrated into VSD units, and capacitor banks are typically connected in delta configuration to reduce size. It is recommended that the cut-off frequency of the sinewave filter be lower than the switching frequency of the inverter, but higher than the fundamental frequency of the motor to ensure efficient filtering [56]. As a result, the sinewave filter reduces the higher-order harmonics produced by the inverter while preserving the fundamental frequency of the output.



The three-phase step-up transformer in the system is essential for voltage transformation, which enables the control of medium-voltage subsea motors using low-voltage drives. It also ensures electrical isolation between the drive and motor, which enhances safety and reliability. Furthermore, the Δ-Y configuration of transformer connection is one of the most commonly used configurations to run a medium-voltage motor with low-voltage drive, as shown in Figure 1. The delta-star configuration offers the advantage of filtering out triplen harmonics to improve power quality and maintains consistent voltage despite unbalanced loads. Also, the transformers used in these applications generally have multiple taps on the secondary side [57] to allow for flexible voltage selection.



The long cable is modeled as Pi (π) circuits, which consist of resistance (Rc), inductance (Lc), and capacitance (Cc). This is because a long cable can be thought of as a distributed parameter network where resistance, inductance, and capacitance are spread along its length. The π circuit is a simplified approximation that captures the essential electrical characteristics of the cable over a certain frequency range, including charging currents due to cable capacitance and voltage drops due to the cable’s resistance and inductance.




3. Control and Challenges of Motor Drives for Subsea Applications


The standard industry practice for controlling PM motors in long cable subsea applications is to use a VSD with reliable control methods, such as a   V / H z   control with efficiency optimization or a hybrid vector control. However, a software damping control is employed to maintain the PM motor’s stability and keep it in synchronization throughout the speed range [30]. The control block diagram presented in Figure 2 describes the two-step process for starting the motor. (1) Initial position detection (IPD): The motor startup process begins with detecting the motor’s initial rotor position. IPD is a crucial first step to avoid reverse speed and enhance the reliability of motor control. (2) Starting with open-loop   V / H z   control: Once the initial position is known, the next step is to apply   V / H z   control to the motor.



As shown in Figure 2, the reference frequency is applied to the rate limiter which is responsible for limiting the acceleration and deceleration. The resulting output is denoted as     f   c o m m a n d    . Subsequently, voltage     V   c o m m a n d     is applied in proportion to the commanded frequency, except at very low speeds. At very low motor speeds, specifically below 0.04 PU, a boost voltage is applied to compensate for resistive voltage drops. The total voltage magnitude      V   m     is determined as the sum of commanded voltage     V   c o m m a n d     and voltage compensation     V   c o m p    . Meanwhile, the synchronous voltage angle     θ   c o m m a n d     is calculated from the command frequency     f   c o m m a n d     of applied voltage. However, the initial rotor position      θ ^    r _ int     is detected using the initial position detection (IPD) technique prior to starting the motor. During the IPD process, six switching space vector pulses are applied sequentially with specific time delays. Once IPD is performed successfully and identifies the rotor position, then the detected      θ ^    r _ int     is assigned to set the starting initial rotor position for applied voltage vector in the   V / H z   control strategy. However, there are several challenges that were considered for controller design. These challenges involve ensuring the accuracy of rotor position detection, the limitations of the voltage compensation mechanism, transformer core saturation, and the stability of the control system.



3.1. Voltage Drops in Subsea System Components


Motor drives for subsea applications are complex systems involving many electrical components such as a filter, transformer, and long cable. This complexity makes sensorless control of PM motors more challenging at low speeds, especially when started with a heavy load. The main reason for this is the saturation of the transformer core and the voltage drop in the subsea system components. The mathematical representation of voltage drops can be simplified by ignoring the shunt branches of system components. The per-phase equivalent resistive voltage drop referred to the primary side       v   R     s y s     is given by Equation (1) and the per-phase equivalent inductive voltage drop referred to the primary side       v   L     s y s     is given in Equation (2).


   v   R  s y s     =  R f   i  i n v a   +  R  t 1    i  m a   + n (  R  t 2   +  R c  +  R s  )  i  m a    



(1)






   v   L  s y s     =  ω r  (  L f   i  i n v a   +  L  t 1    i  m a   + n (  L  t 2   +  L c  +  L s  )  i  m a   )  



(2)




where     R   f     ,   R   t 1 ,       R   t 2   , a n d     R   s     are the per-phase resistances of the sinewave filter, transformer primary winding, transformer secondary winding, and motor stator winding, respectively. Similarly,     L   f     ,   L   t 1 ,       L   t 2   ,   a n d     L   s     are the per-phase inductances of the sinewave filter, transformer primary winding, transformer secondary winding, and motor stator winding, respectively. The notation   n   represents the transformer’s primary-to-secondary-turns ratio.



The total approximate voltage drop in subsea system components is approximately 10 to 15% of the motor terminal voltage. This voltage drop varies from system to system depending on various factors such as cable length, voltage rating, power rating, system components, etc. The voltage drops in the sinewave filter (~2 to 5%) [58,59,60,61], transformer (~1 to 3%) [62,63,64,65,66,67], cable (length-dependent, ~10%), and PM motor stator resistance. Additionally, on the input side of the drive, DC link voltage (vdc) fluctuation also introduces distortion to the motor and affects performance, which can be compensated for through software control. This DC link voltage drop may vary up to ~5–6% depending upon the size of the DC link capacitor (Cdc) [40,41,42,43,44,45,46,47,48,49,50,51,52,53,54]. Therefore, it is important to consider voltage drops in subsea system components for a smooth start of the motor.




3.2. Starting of Motor and Associated Challenges


When open-loop   V / H z   control is used to start PM motors in subsea applications, a voltage boost/compensation is generally added to compensate for the resistive voltage drop. However, the added voltage boost/compensation increases the V/Hz ratio, which may cause transformer core saturation and can withdraw huge inrush current from the variable speed drive and may cause system/component failure. Generally, the transformers used in these applications are designed to handle about 25% extra V/Hz ratio [42]. However, if the V/Hz ratio exceeds the maximum design limitation, the transformer core may become saturated.



For examining resemblances, the motor is started with and without consideration of transformer core saturation at 0.9 PU load torque, as shown in Figure 3. Figure 3a shows the smooth start of a motor without having back-and-forth rotation, i.e., in the case of an ideal core transformer. However, in the case of a practical transformer, there is a sustained high   V / H z   ratio during the voltage boost period, causing transformer core saturation. Because of core saturation, the transformer draws high magnetizing current, which is reflected in the primary current, as shown in Figure 3b. This phenomenon is evidenced by the substantial increase in magnetizing current, which is evident from the primary current’s waveform. As a result, rotor speed has large back-and-forth oscillations with a creepy sound and may damage the rotor shaft or cause a loss of synchronism. Also, once the transformer core becomes saturated, up to an hour may be required to demagnetize the core due to the unavailability of a dedicated test setup for demagnetization at the subsea field location. The issue of transformer core saturation also poses challenges in terms of system design, mandating considerations in the control strategy to prevent such occurrences and ensure the longevity and reliability of the motor drive system. Therefore, transformer core saturation must be considered while designing controllers.



The transformer was meticulously modeled as a high-fidelity subsea component in HIL-604. This model included the non-linearity and saturation of the transformer core to replicate the practical problems encountered in the subsea industry. If a non-linear transformer model is selected in HIL, core saturation is precisely modeled through a non-linear magnetizing flux with respect to the no-load current on the primary side of the transformer. A hysteresis upper curve is defined by the hysteresis flux values for the positive current and positive flux quadrant in Typhoon HIL. The magnetization curve of the transformer core model is depicted in Figure 4. This provides a non-linear equivalent model of transformer’s flux behavior under various loading conditions.




3.3. Proposed Starting Method with Initial Position Detection


In this paper, an enhanced   V / H z   starting of permanent magnet motor with a heavy load for a subsea motor drive system is proposed with an estimated initial rotor position, as shown in Figure 2. The accurate knowledge of the initial rotor position is crucial for effective motor startup and synchronization of the rotor with applied frequency without having to temporarily reverse speed [22]. Therefore, the rotor position estimation technique is required to detect the rotor position at zero speed before starting. In this regard, the six-pulsed signal injection-based estimation method is used for initial rotor position estimation, which leverages the anisotropic behavior of salient pole motors. Moreover, the inductance variation with rotor position and magnetic saturation is essential in detecting the rotor position. The detailed characteristics of magnetic flux and inductance variations based on the rotor position are explained in [23,24,25].



There are three major initial position detection methods based on DC-link current or terminal voltage measurement used to identify the rotor position [23,24,25,26,27]. These methods include the rise time measurement of DC-link current, terminal voltage pulse width detection, and peak current measurement of DC-link current. In the first method, a threshold value for the DC-link current is established, and the first of the six current pulses to reach this threshold indicates the rotor’s north pole position. The second method follows a similar approach, but instead measures the duration of terminal voltage pulses; the pulse with the shortest duration signifies the rotor’s north pole corresponding to that voltage vector [25,26]. Unlike the previous two methods, which depend solely on rise time, the third IPD method, based on peak current detection, considers the measurement of the DC-link current’s peak. Here, the duration of the voltage vector must be long enough to allow the current pulses to both rise and fall, with the highest DC-link current pulse out of the six determining the rotor’s position.



Figure 5a shows the controlled space voltage vectors with corresponding sectors and rotor positions; when the rotor position changes, then the amplitude of stator current changes due to the anisotropy behavior of the motor according to rotor position. This causes a variation in the peak value of the DC-link capacitor current, as shown in Figure 5b. To detect the initial rotor position, six pulses of space vector pulse width modulation (SVPWM) are applied sequentially by selecting the proper duration of pulses. The rise time of the DC-link current is decided by the applied pulse duration, and the minimum duration can be selected as the equivalent time constant of the system [22].



Initial rotor position detection employs short pulse injection based on space vector modulation, utilizing DC-link current measurements. However, the pulse duration is constrained by the sinewave filter’s cut-off frequency of 920 Hz (1087 µs) and transformer core saturation. The minimum duration of the injected pulses must be longer than the filter’s time constant (1087 µs), while the maximum duration is bound by the transformer’s limitations. After multiple iterations, an optimal injection pulse period is selected as 2800 µs (357 Hz) for HIL validation, with an on-time pulse duration of 200 µs (5 kHz) and an off-time of 2600 µs (385 Hz). The off-time duration ensures that the DC-link currents decrease to zero before the commencement of the subsequent pulse.



The initial rotor position can be identified by detecting the maximum DC-link capacitor current and corresponding sector, which gives the rotor position with   ± 30 °    electrical resolution. The maximum DC-link current     I   d c _ m a x     is the result of the maximum peak value of the current in six pulses of currents during the initial position detection. There are six space voltage vectors (V(100), V(110), V(010), V(001), V(011) and V(101)), which are applied during IPD to give six pulses of     I   d c    . In the controller, a search algorithm is used to find the maximum value of the current among the six pulses of     I   d c     currents, which is assigned as the value of     I   d c _ m a x    . For instance, if the north pole of the rotor lies within sector 2, this implies that the corresponding DC-link current should have maximum peak value among all six current pulses during initial position detection (IPD), as illustrated in Figure 5.



The flowchart of the implementation stage of initial position detection can be seen in Figure 6. This stage is required for a stable and safe start by minimizing temporary reverse speed. After detecting the rotor position, the applied voltage vector is initialized from the known rotor position. The IPD process is initiated by setting the maximum DC-link current     I   d c _ m a x   = 0   and sector number   s =   1. Following this, voltage vectors are applied, and the peak DC-link current is measured for each vector. The goal is to identify the maximum peak current across all six currents. Also, a sufficient time delay must be applied between two voltage vectors to ensure the current reaches zero before initiating the next vector. This procedure is repeated for each of the six vectors.



Once all six sectors have been tested, it is determined that the rotor position is within the sector Smax corresponding to the highest recorded     I   d c _ m a x    . The system then waits for the DC-link current to drop to zero. This is a crucial step to ensure that any residual current has dissipated before proceeding. This IPD stage ensures the accurate detection of the rotor’s initial position, without rotor movement. This stage is required for a stable and safe start by minimizing temporary reverse speed. After detecting the rotor position, the applied voltage vector is initialized from the known rotor position.




3.4. Control Performance and Boundary Conditions


Several boundary conditions must be considered for the stable operation of the motor with   V / H z   control as open-loop   V / H z   is very prone to instability and oscillations. An active power perturbation-based software damping has been incorporated in controls to prevent the motor from instability and rotor oscillations [30]. Rotor speed is extracted from active power and added to the reference speed with negative polarity to damp out the rotor oscillations. Also, a rate limiter is used to ramp up the reference speed, which helps the rotor to synchronize with the applied frequency, as shown in the flowchart in Figure 7.



The first step is to estimate the rotor position before starting, and the second step is to start the motor with   V / H z   from the estimated rotor position. Next, the starting frequency     f   s t a r t     is obtained from the user and the condition in Equation (3) is checked.


   f  s t a r t _ min   ≤  f  c o m m a n d   ≤  f  s t a r t _ max    



(3)







The starting frequency should be selected to prevent transformer core saturation, while the rotor should remain synchronized with the applied frequency. The minimum starting frequency is given in Equation (4).


   f  s t a r t _ min   =  f  t r a n s _ r a t e d   ∗      V m     V  t r a n s _ max        



(4)







In this context,     V   t r a n s _ m a x     represents the maximum permissible phase voltage of the transformer and     f   t r a n s _ r a t e d     is the transformer’s rated frequency. For given values of     V   t r a n s _ m a x     at 1.6 PU (which is 125% of the rated primary voltage) and a     f   t r a n s _ r a t e d     of 60 Hz for a transformer, with the worst-case boost voltage being applied at 0.08 PU, the minimum starting frequency can be calculated as 0.025 PU. The base voltage and frequency are selected as 375 V and 120 Hz, respectively. Similarly, the maximum starting frequency can be selected based on the equation presented in [34], which is given as Equation (5).


   f  s t a r t _ max   =  1 π      p o l e _ p a i r s ∗ (  τ  max   −  τ  l o a d   )  J     



(5)







   τ  max     and    τ  l o a d     are the maximum starting torque and load torque, whereas   J   denotes the inertia of the motor. Note that Equation (5) is derived assuming the rotor is locked. If the condition in Equation (3) is satisfied, then proceed to the next step. Otherwise, adjust the starting frequency till it satisfies the condition. Generally, the recommended minimum starting frequency     f   s t a r t _ m i n     is selected at ~3–5%, and the maximum starting frequency     f   s t a r t _ m a x     is ~10% of the rated motor frequency for a reliable start. Once the motor starts, we obtain its commanded frequency (    f   c o m m a n d    ), which passes through the rate limiter acceleration block. After that, the magnitude of the controlled voltage can be calculated, which is given in Equation (6).


   V m  =  V  c o m m a n d   +  V  c o m p    



(6)




where


   V  c o m m a n d   = n ∗   ( V / H z )   s l o p e   ∗  f  c o m m a n d    



(7)






    ( V / H z )   s l o p e   =    V  r a t e d      f  r a t e d      



(8)







Here, the term    f  r a t e d     is the rated electrical frequency of the motor. Voltage magnitude (    V   m    ) must not exceed the motor’s rated voltage (   V  r a t e d    ). Therefore,     ( V / H z )   s l o p e     is limited at 80% from the drive to ensure the drive’s output voltage does not exceed its rated value under any load, as shown in Equations (7) and (8). The objective is to allow     V   c o m p     to accommodate an additional 20% voltage compensation at full load. To prevent transformer core saturation under any load condition, the following requirement must be met, as indicated in Equation (9):


  (  V m  /  f  c o m m a n d   ) ≤ (  V  t r a n s _ max   /  f  t r a n s _ r a t e d   )  



(9)







In Equation (10), the total compensation voltage (    V   c o m p    ) is the sum of the voltage drop in the DC-link voltage (    V   c o m p _ d c    ) and the voltage drop in system resistance     V   c o m p _ R    .


   V  c o m p   =  V  c o m p _ d c   +  V  c o m p _ R    



(10)







Voltage compensation     V   c o m p _ d c     can compensate for the voltage drop in the inverter caused by input voltage sag and DC bus ripples. Resistive voltage drops     V   c o m p _ R     at no load are minimal due to the reduced active current component (    i   m   c o s ∅  ), thereby reducing resistive voltage drop. Additionally, maximizing the power transferred to the motor occurs when current   (   I   m    ) and voltage     V   m     are in the same phase, as shown in Figure A1 of Appendix A. The per-phase resistive voltage drop in the phase with the active power component is given in Equation (11):


   V  c o m p _ R   =  R  s y s   ∗  i m  cos φ  



(11)




where     R   s y s _ e q     is the system equivalent resistance referred to the primary side of the transformer.



The voltage added for resistive voltage drop compensation is a function of the power factor. Adjusting the power factor in line with the load aids in avoiding transformer core saturation during heavy load operations. This adaptive approach to voltage compensation optimizes motor performance during startup. The reference voltages for the two-axis stationary reference frame (Alpha–Beta frame) are described in Equations (12) and (13):


   V  α _ r e f   =  V m  cos  θ  c o m m a n d    



(12)






   V  β _ r e f   =  V m  sin  θ  c o m m a n d    



(13)




where     V   α _ r e f     and     V   β _ r e f     are used to generate the space vector pulsed width modulation (SVPWM) for the inverter switching control.





4. Validation with C-HIL


The proposed starting method is validated with controller hardware in the loop (C-HIL). The experimental setup, as illustrated in Figure 8, comprises the Typhoon HIL-604 and a Texas Instruments TMS320F28335 digital signal processor (DSP). The power circuit components, including the drive, sinewave filter, transformer, cable, and PM motor, are emulated in the Typhoon HIL-604, while the control circuit resides in the DSP. Certain assumptions were made in HIL modeling: the model does not account for the effects of temperature and pressure, and cable parameters are treated as lumped in practical applications. Measured analog signals, like voltages and currents, are converted into digital signals using ADC channels via the Typhoon interface board HIL DSP 180. Additionally, digitally controlled PWM pulses are delivered through this same interface board to control the emulated motor drive. The proposed control scheme is validated for an interior PMSM motor with the following specifications: rated power 90 kW, voltage 3.2 kV, and frequency 120 Hz. The parameters used for validation in this paper are listed in Table A1, Table A2, Table A3 and Table A4 of Appendix B.



This HIL model does not account for the effects of temperature and pressure. Also, the cable parameters are considered lumped, but in practical applications, they will be distributed in nature. But the parameters are selected in the operating conditions so that they have minimal effect on the control. As such, these HIL models are most effectively employed for controller testing before actual implementation in real-world applications, helping to preemptively mitigate any potential damage.



The cut-off frequency was chosen as 950 Hz, which is appropriate for a 5 kHz switching frequency and 120 Hz fundamental frequency. The motor was started with a minimum starting frequency     f   s t a r t _ m i n     of 0.04 per unit (PU), applied voltage boost of 0.08 PU, load torque of 0.3 PU, and a command frequency of 0.2 PU. The waveforms of the rotor position, transformer primary line-to-line voltage     v   m a b    , transformer primary line current     i   m a    , and motor mechanical speed obtained through ADC channels of the HIL-604 device at the starting of the motor are shown in Figure 9.



The overshoot of the transformer current on the primary side is primarily due to the inrush current at startup, although it may also have been caused by core saturation. If the current overshoot lasts for longer, it could prevent the motor from starting properly. Figure 9 and Figure 10 present the waveforms of   V / H z   with voltage compensation based on the active power current component for the initial rotor position set at   0 °   and   180 °   electrical angle, respectively, at 0.30 PU load torque. It is observed that the rotor has a temporary reverse movement, which causes sustained back-and-forth oscillations in rotor speed and may lead to the loss of synchronism. Also, the large deviation of the initial rotor position causes a higher magnitude of speed in the reverse direction. Therefore, initial position detection is needed to avoid temporary reverse rotor speed and start the motor seamlessly.



Six consecutive pulses were applied at zero speed to detect the rotor position, as depicted in Figure 11 and Figure 12. As discussed earlier, the maximum value of the DC-link current decided the rotor position. Two random positions (  180 °   and   210 °   (  e l e c t r i c a l  ) were set in HIL to identify the rotor’s initial positions. The corresponding waveforms of injected signals and DC-link currents are shown in Figure 11 and Figure 12, respectively. It can be observed that the maximum values of DC-link current for   120 °    and   210 °    are in sector 3 and sector 4, respectively. Once the rotor position was known, then V/Hz control was activated with the estimated initial rotor position. The results for the modified proposed   V / H z   with voltage compensation and IPD are shown in Figure 13 and Figure 14 for the initial rotor position set at   0 °   and   180 °  , respectively. It can be observed in Figure 14 that the magnitude of reverse speed had minimized even in the case of   180 °   phase shift. Similar results are shown in Figure 15, Figure 16, Figure 17 and Figure 18, which illustrate the starting of the PM motor from different initial rotor positions of   60 °  ,   120 °  ,   210 °  , and   270 °  , respectively. The initial rotor positions can be determined by observing the waveforms before starting the motor, with each waveform providing unique insights. Additionally, the transformer’s primary current may exhibit different starting behaviors. Across all these scenarios, the motor starts reliably, confirming the effectiveness of the starting method. Therefore, the modified V/Hz with IPD and voltage compensation can improve the starting performance. In the waveforms, the actual rotor speed shown is measured from the HIL device for comparison purposes only, but in real subsea applications, the rotor position/speed is unknown.




5. Conclusions


In this paper, a modified   V / H z   control for starting PM motors with IPD and active power current component-based voltage compensation is proposed. An improvement in motor starting with heavy loads is achieved without saturating the transformer core or losing synchronism. Also, the temporary reversal of speed is avoided by detecting the initial rotor position. The results are presented for the   V / H z   starting of a PM motor with voltage compensation considering the effects of the sinewave filter, transformer, and long cable. The transformer magnetization curve and related challenges are also highlighted. Additionally, the results are also presented for different initial rotor positions with and without IPD. The proposed control method is verified with controller hardware in the loop (C-HIL) simulation using Typhoon HIL-604 and a TMS320F28335 digital signal processor control card.
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Figure A1. Phasor diagram of voltage and currents. 
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The instantaneous active power current component     i   m   c o s φ   in terms of the measured line currents on the primary side of the transformer,     i   m a     and     i   m b    , is calculated as


   i m  cos φ =  2 3  [  i  m a   cos  θ  c o m m a n d   +  i  m b   cos (  θ  c o m m a n d   −   2 π  3  ) − (  i  m a   +  i  m b   ) cos (  θ  c o m m a n d   +   2 π  3  ) ]  



(A1)




where     θ   c o m m a n d     is the position of the applied voltage vector of speed     ω   c o m m a n d     in the stationary reference frame. The phasor diagram is shown in Figure A1, showing voltages and currents with their respective angles. In this scenario, the actual rotor position, denoted as     θ   r    , lags the commanded angle,     θ   c o m m a n d    . The amplitude of the applied voltage vector is in the phase with the current vector magnitude     I   m    . The symbol δ represents the load angle, which varies according to the applied load and can be adjusted by the active power current components.
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Table A1. ESP-PM motor parameters.






Table A1. ESP-PM motor parameters.





	Motor power
	90   k W   (3ph)



	Motor rated voltage
	3200   V L − L  



	Motor rated current
	17   A  



	Base/Nominal frequency
	120   H z  



	Motor resistance
	3.5   Ω  



	Motor (Q-axis) inductance   L q  
	55.2   m H  



	Motor (D-axis) inductance   L d  
	43.4   m H  



	Back EMF
	2900   V L − L  



	No. of poles
	4



	Moment of inertia J
	0.0275   K g .   m   2    



	Viscous friction coefficient
	0.05   N m s  










 





Table A2. Transformer parameters (210 kVA).






Table A2. Transformer parameters (210 kVA).





	
Primary Voltage Side (V)

	
Secondary Voltage Side (V)

	
No Load Loss

(W)

	
Load Loss (W)

	
% Impedance






	
480

	
2200

	
650

	
3200

	
3.8




	
2600

	
3110

	
3.95




	
3000

	
3000

	
3.85




	
3400

	
2905

	
3.92




	
3700

	
2900

	
3.75




	
3900

	
2900

	
3.72











 





Table A3. Long cable parameters (pi-model).






Table A3. Long cable parameters (pi-model).





	Conductor size
	#4 AWG



	Inductance
	0.14 (  m H / 1000 f t  )



	Capacitance
	80 (  n F / 1000 f t  )



	Resistance
	0.3 (  Ω / 1000 f t  )



	Length of cable
	10000 (  f t  )










 





Table A4. Sine filter parameters (delta configuration).






Table A4. Sine filter parameters (delta configuration).





	Configuration
	Delta-connection



	Inductance
	40 (  u H  )



	Capacitance
	250 (  u F  )



	Resistance
	0.02 (  Ω  )



	Cut-off frequency
	950 (  H z  )
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Figure 1. Electrical circuit model of a subsea system with a filter, transformer, and long cable. 
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Figure 2. Block diagram of modified V/Hz control starting with voltage compensation and initial position detection. 






Figure 2. Block diagram of modified V/Hz control starting with voltage compensation and initial position detection.



[image: Energies 17 00957 g002]







[image: Energies 17 00957 g003] 





Figure 3. Results on starting the motor with 90% of rated load torque (a) without transformer core saturation considered and (b) with transformer core saturation considered. 
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Figure 4. Magnetization curve of transformer in positive half cycle. 
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Figure 5. (a) Sector identification of rotor position in terms of the applied voltage vectors, and (b) DC-link current variations with respect to applied switching vectors of on time 200 µs and off time 2600 µs. 
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Figure 6. Flowchart of motor with initial position detection stage. 
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Figure 7. Flowchart of PM motor startup steps with open-loop V/Hz control. 
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Figure 8. Experimental C-HIL testbed setup with Typhoon HIL-604 and TMS320F28335 DSP control card. 
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Figure 9. Starting of motor from 0 initial rotor position without IPD. 
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Figure 10. Starting of motor from   180 °   initial rotor position without IPD. 
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Figure 11. DC-link current pulses corresponding to initial position at   120 ° .   
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Figure 12. DC-link current pulses corresponding to initial position at   210 °  . 
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Figure 13. Starting of motor from 0 initial rotor position with IPD. 
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Figure 14. Starting of motor from   180 °   initial rotor position with IPD. 
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Figure 15. Starting of motor from   60 °   initial rotor position with IPD. 
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Figure 16. Starting of motor from   120 °   initial rotor position with IPD. 
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Figure 17. Starting of motor from   210 °   initial rotor position with IPD. 






Figure 17. Starting of motor from   210 °   initial rotor position with IPD.



[image: Energies 17 00957 g017]







[image: Energies 17 00957 g018] 





Figure 18. Starting of motor from   270 °   initial rotor position with IPD. 
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