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Abstract

:

This article describes a hybrid topology of high-voltage direct current (HVDC) for offshore wind farms using a series connection of a voltage source converter (VSC) and six-pulse diode rectifier (6P-DR). In this topology, the offshore side VSC (OF-VSC) acts as a grid-forming converter to maintain the PCC (point of common coupling) voltage of offshore wind farms (WF) and frequency. In addition, the OF-VSC functions as an active power filter to suppress the 5th, 7th, 11th, and 13th order harmonic current components produced by the 6P-DR, making it almost sinusoidal. Due to the 6P-DR being used in the hybrid converter, this new configuration reduces the total cost of the converters and losses, while preserving the power flow to the onshore gird. Compared to the fully-rated converter and hybrid converter based on a 12-pulse diode rectifier, the power loss and cost are reduced, and in addition, the proposed hybrid converter does not require a phase shift transformer nor a high number of diodes. A 200 MW in an HVDC transmission system using the hybrid configuration was simulated in PSCAD. The results show that the system operated correctly and the harmonic components were filtered.
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1. Introduction


As offshore wind energy developments increase, with some large wind farms located far from shore, it is anticipated that voltage source converter based high-voltage direct current (VSC-HVDC) transmission will be the choice for connecting large-scale distantly-located offshore wind farms to shore [1]. VSC-HVDC has independent control ability, such as power control, voltage control, and frequency control. Also, the black start capability and small size filter requirements are other benefits of VSC-HVDC. However, high losses caused by switching and high initial costs are disadvantages of VSC-HVDC [2,3].



To reduce these disadvantages, reference [4,5] provided a new converter configuration, using a diode rectifier-based HVDC system (DR-HVDC). DR-HVDC is proposed to connect a permanent-magnet synchronous generator (PMSG), delivering power to land. In [6], a novel control method for DR-HVDC was provided. Novel control of offshore wind farm connected with DR-HVDC parallel with HVAC was provided in [7,8]. Compared to VSC-HVDC, this new configuration has several benefits, such as lower investment and space requirement, higher efficiency, and robustness. However, the high harmonic content produced by the 6P-DR requires large AC filters to suppress the harmonic currents. Also, the voltage control of the offshore side cannot be achieved by itself due to the diode rectifier being an uncontrollable device [9]. The AC voltage control of DR-HVDC is summarized in [10].



Recently, a novel low-cost hybrid converter for offshore wind farms was proposed in [11]. The novel converter topology is a series connection with 12-pulse diode rectifier (12P-DR) and a VSC augmented with proportional-resonant (PR) controllers. This HVDC-based hybrid converter offers power flow work from offshore wind farm to the onshore AC grid. In this topology, the offshore side VSC controls the AC voltage and frequency at the point of common coupling (PCC) at a constant magnitude and constant frequency. In this topology, the 12P-DR is connected to the wind farm through inductors and a three-winding transformer. As the phase shift between two secondary phase voltages is 30°, the fifth and seventh harmonics’ current at the primary side of the transformer is eliminated. In this structure, the 12P-DR exports two-thirds of total system power. The offshore side VSC works as an active power filter to suppress the harmonic current produced by 12P-DR [11]. In [12], this low-cost hybrid converter had an efficiency of 99.07%, higher than 98.40% in the fully-rated VSC converter. The cost of the proposed converter is about 53.47% lower compared with the VSC-HVDC system. In addition, the diode rectifier series-connected with a Modular Multi-Level (MMC) converter is proposed in [13].



In this context, this paper provides an offshore topology with a six-pulse diode rectifier (6P-DR) connected in series with a VSC, to reduce the total converter cost and footprint. This topology does not make use of phase shift transformers or higher numbers of diode devices. To eliminate the negative effects of the harmonics flowing in the offshore network (such as offshore transformer saturation and vibration), the proposed topology uses synchronous reference frame (SRF) controllers to eliminate the effect of the 5th and 7th harmonics at the offshore network. The SRF technique offers several advantages over the PR technique used in other works, as discussed in more detail in Section 3.3.



The paper is organized as follows. In Section 2, the structure of the proposed HVDC system is described. The control systems of the offshore and onshore converter are described in Section 3. In Section 4, simulation results are shown, and finally, Section 5 draws the main conclusion of this work.




2. Proposed Offshore Hybrid HVDC Converter System


The proposed offshore hybrid HVDC converter system connecting a 200 MW offshore wind farm to the AC grid is shown in Figure 1. The offshore converter comprises a six-pulse diode rectifier (6P-DR) in series with a two-level VSC (2L-VSC). The wind farm voltage is stepped up using star-delta transformers, Tdr for the diode rectifier and Tvsc for the VSC. The onshore converter uses a fully-rated VSC converter.



Due to the series connection, the power flowing through the diode rectifier and the offshore VSC (OF-VSC) their DC-link voltage is proportional to the DC voltage level of the DC capacitors VdcVSC and Vdcdr. In this paper, the OF-VSC was provided with a control system that enabled grid forming and active filtering capabilities. The onshore two-level VSC (ON-VSC) regulates the DC link voltage of the HVDC system. The parameters of each component used in the test system are shown in Table 1.




3. Control of the Hybrid HVDC Converter System


3.1. Control of the Onshore Converter


The ON-VSC outer control loop regulates the DC voltage of the HVDC system and provides reactive power support to the AC grid. The inner control loop controls the AC current and provides fast response [9,14]. The block diagram of the ON-VSC control system is shown in Figure 2.



3.1.1. Inner Current Control


The inner current control loop is implemented in the dq frame by using (1) and (2) [15]:


   V  g d   =  v d *  −  I  s q   ω  L  g r i d   +  v  s d   ,  



(1)






   V  g q   =  v q *  −  I  s d   ω  L  g r i d   +  v  s q   ,  



(2)




where  ω  is the angular frequency of the onshore AC grid. The Lgrid is the inductance of the coupling reactor.    v  s d     and    v  s q     are the dq components of the ON-VSC, Vgd and Vgq are the dq components of AC grid,    I  s d     and    I  s q     are the dq components of the current flowing into the grid (is). In this study, the Sinusoidal Pulse Width Modulation (SPWM) was used for PWM generation [15].




3.1.2. Outer Control Loop


According to [3], there are four options for the outer control loop:




	
Active power control mode;



	
DC voltage control mode;



	
Reactive power control mode;



	
AC voltage control mode.








The choice of control mode is decided based on the application (only one control mode is used per frame at a time, one is d frame and other in q frame) [3,16]. In this case, the ON-VSC was used for DC voltage and reactive power control.





3.2. Offshore Converter Control


The offshore converter is a hybrid converter that consists of a 6P-DR and a 2L-VSC for offshore converter stations. As the diode rectifier is uncontrollable, the VSC takes charge of all control aspects. In this research, the VSC controlled the offshore AC voltage and performed harmonic cancellation. The active power P and reactive power Q flowing into the OF-VSC are expressed as [11]:


  P =    |   V  O F − V S C    |  sin γ    X L    · n  |   V  p c c    |  ,  



(3)






  Q =    |   V  O F − V S C    |  cos γ    X L    · n  |   V  p c c    |  ,  



(4)






    X L  =  ω  P C C    L  v s c     ,   



(5)




where    |   V  O F − V S C    |    and    |   V  P C C    |    are the voltage magnitudes of the OF-VSC and PCC, respectively.  n  is the voltage ratio of transformer    T  v s c    ,    ω  p c c     is the angular frequency of the PCC voltage,    L  v s c     is the reactance of OF-VSC, and  γ  is the phase shift between OF-VSC voltage and PCC voltage.



The block diagram of the hybrid converter control system is shown in Figure 3. As seen in Figure 3, the offshore wind farm is regarded as a single current source connected directly to the 33 kV offshore feeder. This simplification omits the voltage transformation between the low voltage at the terminal of the wind turbine (usually 690 V) to the offshore feeder voltage, however since the object of study of this research was not the wind farm itself but the hybrid offshore HVDC system, this simplification reduced the complexity of the simulation model.



The OF-VSC establishes the AC voltage and frequency at the wind farm PCC. Due to the connection of the 6P-DR transformer, the fifth and seventh harmonics appear in the current at the PCC, so the OF-VSC operates as an active filter to suppress these harmonics. As mentioned in Section 1, the controller is developed using a synchronous reference frame (SRF). The output from the SRF controller and AC voltage controller results in the voltage reference for the SPWM.




3.3. Harmonic Mitigation Using SRF-Based Controller


A considerable number of publications made use of proportional-resonant controllers to provide active power filtering capabilities to voltage source converters. The proportional-resonant (PR)-based controllers [17,18,19] can follow the sinusoidal harmonic reference at their respective resonant frequencies by introducing an infinite gain at the desired frequency without a steady-state error. PR-based controllers can provide fast responses but their tuning is complex. This is because the controller resonant frequency should be well-tuned to the reference frequency, as the infinite gain band is narrow, making this control method susceptible to grid frequency variations. Non-ideal PR-based controllers use a second-order integrator, which produces a wider resonant frequency band but increases tracking error [20].



The synchronous reference frames (SRF)-based controller [18] applies several synchronous dq harmonics frames and low-pass filters to detect the harmonics currents. The control signal passes through the low-pass filter on to the PI controllers. The advantage of using an SRF-based controller is that each harmonic component is transformed mathematically into two dq DC signals, where easy-to-tune PI controllers provide stable control with no tracking error. In addition, an active power filter using an SRF-based controller is not affected by changes in grid frequency. The main disadvantage of an SRF-based controller for harmonics suppression is a slow response due to delays introduced by the low-pass filter [20]. In this research, the SRF solution is preferred, given its robustness and easiness to deploy. Figure 4 shows the current harmonics mitigation strategy in the hybrid converter based on SRF. The current is measured at the PCC, 6P-DR and OF-VSC. The harmonic currents of the 6P-DR are compensated by the 2L-VSC using multiple SRF control topology [21].



The conventional process of detecting the current harmonics generated by the diode rectifier with the SRF-based controller is shown in Figure 5. As seen in Figure 5, the current harmonics are fed to different harmonic dq transformations, which are rotating at particular harmonic frequencies (i.e., 5th, 7th, 11th, and 13th harmonic frequencies). The output of the harmonic dq transformations is a signal that comprises a DC value and an AC value. The DC value represents the d and q components of the harmonic current, whereas the AC signal contains the rest of the harmonic components (and the fundamental AC signal).



The low-pass filter (LPF) aims to remove the AC part of the harmonic currents after being transformed by the harmonic dq frame [22]. The filtered dq component of the harmonic currents is used as a reference for the different PI controllers of the control system. The controller action of the different PIs produces harmonic dq modulator signals that will drive the OF-VSC to generate harmonic currents of the same magnitude but with a 180-degree angle shift to those found in the current coming from the diodes. As such, the harmonic currents from the diode rectifier will cancel each other out with the harmonic currents of the OF-VSC at the point of common coupling. To produce these harmonic modulator signals in the controllers of the OF-VSC, a dq to abc conversion is carried out using multiples of the synchronous frequency as its input. To ensure every harmonic current does not exceed the allowed range, every PI controller has a saturation limit. Without a saturation limit, the magnitude of the reference voltage of the VSC would be greater than the allowed voltage of the DC capacitor, which may result in saturation in the modulation signal to produce unwanted harmonic signals and would impact on the quality of the PCC current. This control approach can select to compensate individual current harmonics, according to the grid requirement, selecting a single or a group for compensation [15]. In this study, the fifth and seventh harmonic currents of the 6P-DR had a greater impact on total harmonic distortion (THD), given its transformer connection. Therefore, these components were chosen for compensation.



Equation (6) below presents the generalized harmonics dq transformation Tn based on the SRF technique to achieve dq components of the n harmonics, where Γn = sign [sin(2πn/3)] represents the sequence of the n harmonics and is reflected as an algebraic sign.


   T n  =  2 3   (      sin  (   Γ n  n  (   ω s  t  )   )      sin  (   Γ n  n  (   ω s  t − 2 π / 3  )   )      sin  (   Γ n  n  (   ω s  t + 2 π / 3  )   )        cos  (   Γ n  n  (   ω s  t  )   )      cos  (   Γ n  n  (   ω s  t − 2 π / 3  )   )      cos  (   Γ n  n  (   ω s  t + 2 π / 3  )   )        1 / 2     1 / 2     1 / 2      )  .  



(6)







The application of Tn to a given three-phase AC signal results in DC dq0 signals that represent the n harmonic, plus an AC component which includes all the non-n harmonics in the signal. These non-n harmonics are translated into frequencies that depend on the sequence of the n harmonic and the sequence of the rest of harmonics. Equation (7) shows the d and q harmonic currents calculation:


   i  n _ d   =  Γ n   i n  cos  (   β n   )  +   ∑   k = 1 , k ≠ n  ∞   Γ k   i k  cos  (  −  Γ k   [   (   Γ n  n −  Γ k  k  )   (   ω s  t  )   ]  +  β k   )  ,  



(7)






    i  n _ q   =  i n  sin  (   β n   )  +   ∑   k = 1 , k ≠ n  ∞   i k  sin  (  −  Γ k   [   (   Γ n  n −  Γ k  k  )   (   ω s  t  )   ]  +  β k   )    ,   



(8)




where    i  n _ d     and    i  n _ q     are the n harmonics dq signals, and    β n    is the phase shift of the n harmonic,    i n    is the n harmonic magnitude,    i k    is the magnitude of the  k  harmonic current,    ω s    is the synchronous frequency in radians,  t  is the time,    β k    is the phase shift of the  k  harmonic, and    Γ k  = sign  [  sin  (  2 π k / 3  )   ]    represents the sequence of the k harmonic and is reflected as an algebraic sign.



The dynamics of the dq fundamental and harmonics currents between the VSC and the PCC point are given by,


   v  n _ d _ v s c   = r  i  n _ d   + L  d  i n _ d   / d t −  ω s  L  i  n _ q   −  v d  ,  



(9)






   v  n _ q _ v s c   = r  i  n _ q   + L  d  i n _ q   / d t −  ω s  L  i  n _ d   −  v q  ,  



(10)




where  r  and  L  are the equivalent resistance and inductance between the VSC and the wind farm,   i  n _ d     and    i  n _ q     are the average dq current components of  n  harmonics,    v  n _ d _ v s c     and    v  n _ q _ v s c     are the dq voltage components of  n  harmonics of average voltages by the VSC, and where    v d    and    v q    are the dq voltage components of the PCC point. The transfer functions between dq fundamental and harmonic currents and the dq fundamental and harmonics voltage can be represented by the same equation if the grid voltage (   v d    and    v q   ) and the cross coupling term (   ω s  L  i  n _ q     and    ω s  L  i  n _ d    ) from Equations (9) and (10) are considered as disturbances. The relationships between the current and voltage in the dq frame are shown in Equation (11):


      i  n _ d    ( s )     v  n _ d _ v s c    ( s )      =    i  n _ q    ( s )     v  n _ q _ v s c    ( s )      =    i n   ( s )     v  n _ v s c    ( s )      =  G i   ( s )    =  1  L s + r   .   



(11)







As seen in Equation (11), the open-loop system has a stable pole at   − r / L  , which can be cancelled by the PI controller.    K  p  i n v _ h     and   K  i  i n v _ h     are the proportional and integral constants of the  h  harmonic PI current controller. The value of   K  i  i n  v h    / K  p  i n  v h    = r / L   and   K  p  i n  v h    / L = 1 /  τ  i n v _ h    , where τinv h is the time constant of the close-loop system. Equation (12) shows a close-loop transfer function for the h harmonic current controller, where τinv h can be selected based on the desired speed of response of the closed loop system:


    B  v s c _ h    = 1 / (   τ  v s c h   S  + 1 ) .  



(12)









4. Simulation Results


The system shown in Figure 1 was simulated in a PSCAD/EMTDC environment to verify the proposed control of the hybrid HVDC system. The system parameters are listed in Table 1. The VSC and diode rectifier were implemented using detailed switched models, given their relevance for this study. On the other hand, the wind farm was implemented using controlled current sources synchronized with the grid using a phase locked loop (PLL) using grid voltage orientation, as seen in Figure 3. This simplification of the dynamics of the wind farm was enough to prove the concept of parallel operation of the converters in the offshore station.



The simulations provided in this section show the basic function of a hybrid HVDC system and the dynamics of the AC voltage in the offshore network. The simulations also show the harmonics cancellation dynamics for the 5th, 7th, 11th, and 13th harmonics’ currents.



The proposed control system first enabled an onshore converter station, providing the initial energy to the offshore station. The start-up sequence is shown in Table 2.



In Figure 6, at 0 s, the onshore converter station was enabled, which established the DC link voltage of the system at 1 p.u. (200 kV), in order to provide initial energy for the hybrid converter to start. At 1 s, the hybrid converter station and WF were enabled, and the OF-VSC started operating in AC voltage controller mode to provide AC voltage equal to 1 p.u. (33 kV) at the PCC point (Vacpcc). During 1.0–1.5 s, the generated active power from the 200 MW WF increased from 0 MW to 200 MW (1 p.u.), at the same time, the 200 MW WF was synchronized with the offshore HVDC system. The harmonic compensation from the OF-VSC was enabled after 1.5 s.



Due to the series configuration, the diode rectifier and VSC in the hybrid converter share the HVDC DC-link voltage (VdcHVDC). Figure 6b shows the DC voltage from the diode rectifier (VdcDR) and the VSC (VdcVSC). The active power generated by the wind farm (PWF), the active power of the diode rectifier (PDR), and the active power of the VSC (PVSC) are shown in Figure 6c. As seen in Figure 6b,c, power flowing through the diode rectifier and the VSC was proportional to the magnitude of the DC voltage of the diode rectifier and VSC, respectively.



The AC voltage control establishes the AC voltage at the PCC. Figure 7 shows the offshore AC voltage magnitude during the setpoint change. At the beginning, OF-VSC control    V  p c c     was at 1 p.u., at 3 s, AC voltage reference was reduced to 0.96 p.u., then the reference was increased to 1.10 p.u. at 5 s and reduced back to 1 p.u. at 7 s.



The results of harmonics current cancellation are presented in Figure 8. Figure 8a shows the current at PCC without any harmonics compensation, Figure 8b,c show the PCC current with harmonic currents compensation. In order to compare the performance of the SRF controller, Figure 8b shows the harmonics compensation at the PCC when both the fifth and seventh controllers were active. Finally, the full compensation of all the relevant harmonics in the PCC (5th, 7th 11th, and 13th) is shown in Figure 8c.



The results of Figure 8 show the PCC current waveforms for the same period. The current waveforms presented high harmonic content without the SRF controller. After the SRF controller was enabled, the waveform looks harmonic-free. In order to confirm the results of SRF harmonics control, Figure 9 shows the PCC phase current harmonics spectrum, calculated using Fast Fourier Transform (FFT). The results confirm that the 5th, 7th, 11th, and 13th harmonic components were supressed by the SRF controller action. In addition, Table 3 displays the effect of each harmonic controller and the corresponding THD of the PCC current.



In order to test the perfomance of the OF-VSC to changing harmonic content in the PCC currents, a power step from the WF was simulated. Such a power step increased the amout of current flowing through the 6P-DR and in consequence affected the magnitude of the circulating harmonic currents.



As seen in Figure 10, at 1 s, the WF generated 1 p.u. power to the onshore grid, at 3 s the WF increased its power output to 1.5 p.u., as shown in Figure 10a. The current at PCC quickly increased as shown in Figure 10b, at 3 s, the PCC current increased and led to larger harmonic currents that temporarily increased the total harmonic distortion on the PCC currents. This increase in harmonic distortion triggered a corrective action from the OF-VSC, which in turn increased its compensating harmonic currents. As seen in Figure 10b, after a period (this period was dictated by the time constant of the closed loop harmonic controller) the PCC currents turned again harmonic free. Figure 10c shows the OF-VSC currents after and before the power step. As seen in the figure, the amount of harmonic currents that the OF-VSC provided to the PCC changed based on the amount of the total harmonic distortion at the PCC.




5. Conclusions


This paper proposed a novel grid forming control and harmonics mitigation control for a hybrid HVDC system. Unlike previous hybrid converters, that consist of 12P-DR and VSC, such as the one presented in [11], the proposed hybrid converter uses a 6P-DR connected in series with a VSC converter, which reduces the associated cost of the system (i.e., no need for a three winding transformer, reduced number of diodes, less platform space, smaller AC reactors). The simulation showed that the hybrid HVDC system connects can interact with dq0-controlled wind turbines, such as full converter PMSG ones. The proposed control system is able to simultaneously control the offshore AC voltage and reduce the main harmonics current at the PCC. The method to detect and cancel harmonics in the HVDC provides zero harmonic current steady state error thanks to the use of PI controllers. Since the current magnitudes in the offshore network change based on the time constants of the incoming wind power, the speed of response of the proposed solution is sufficient to compensate harmonic currents in steady state.



Future work will focus on the control of DC voltage of the OF-VSC system. The DC voltage control may control the power share between the diode rectifier and the OF-VSC. This feature can be used to reduce the size of the OF-VSC even further, and thus reduce its cost.
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Figure 1. Proposed topology: offshore wind farm connected to a hybrid converter. 
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Figure 2. Control block diagram of the onshore two-level voltage source converter (ON-VSC). 
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Figure 3. Control block diagram of the offshore VSC (OF-VSC) and wind farm (WF). 
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Figure 4. The harmonics mitigation in the hybrid converter. 
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Figure 5. Synchronous reference frame (SRF)-based controller. 
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Figure 6. (a) Offshore voltage magnitude at the point of common coupling (PCC), (b) DC voltage of HVDC and hybrid converter, (c) converters’ active power. 
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Figure 7. (a) The offshore AC voltage magnitude during voltage command change (b) the instantons voltage of offshore AC voltage. 






Figure 7. (a) The offshore AC voltage magnitude during voltage command change (b) the instantons voltage of offshore AC voltage.



[image: Energies 13 01681 g007]







[image: Energies 13 01681 g008 550] 





Figure 8. (a) Current at PCC—no harmonic compensation, (b) current at PCC—5th and 7th harmonics compensated. (c) Current at PCC—5th, 7th, 11th, and 13th harmonics compensated. 
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Figure 9. Current frequency spectrum. (a) No harmonics compensation, (b) 5th and 7th harmonic compensation. (c) 5th, 7th, 11th, and 13th harmonic compensation. 
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Figure 10. (a) Power flow through the different components of the offshore system. (b) The PCC current. (c) The current flowing through OF-VSC. 
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Table 1. Parameter of the hybrid HVDC system.
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	Components
	Parameters
	Value





	Wind Farm
	Power rating
	200 MW



	Offshore 6-PD
	Input inductance (Ldr)
	46.5 mH



	Offshore 6-PD
	DC filter capacitance
	200 µF



	Offshore 6-PD
	Transformer Tdr (Y/D)
	33/67 kV; 0.1 p.u.



	Offshore 2L-VSC
	Input inductance (Lvsc)
	46.5 mH



	Offshore 2L-VSC
	DC filter capacitance
	200 µF



	Offshore 2L-VSC
	Transformer Tvsc (Y/D)
	33/67 kV; 0.1 p.u.



	Onshore 2L-VSC
	Input inductance (Lgrid)
	46.5 mH



	Onshore 2L-VSC
	DC filter capacitance
	400 µF



	Onshore 2L-VSC
	Transformer Tgrid (D/Y)
	67/230 kV; 0.1 p.u.
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Table 2. Start-up sequence.
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	Time
	Events





	0 s
	Onshore station enabled, provides DC link voltage to offshore station



	1 s–1.5 s
	Offshore station and WF enabled, establishes AC voltage and frequency
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Table 3. The current total harmonic distortion (THD) with and without SRF.
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	Harmonics Compensation
	%Total Harmonic Distortion (THD)





	None
	8.43%



	5th and 7th
	1.71%



	5th, 7th, 11th, and 13th
	0.06%











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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