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Abstract: Power sharing among multiterminal high voltage direct current terminals (MT-HVDC) is mainly developed based on a priority or sequential manners, which uses to prevent the problem of overloading due to a predefined controller coefficient. Furthermore, fixed power sharing control also suffers from an inability to identify power availability at a rectification station. There is a need for a controller that ensures an efficient power sharing among the MT-HVDC terminals, prevents the possibility of overloading, and utilizes the available power sharing. A new adaptive wireless control for active power sharing among multiterminal (MT-HVDC) systems, including power availability and power management policy, is proposed in this paper. The proposed control strategy solves these issues and, this proposed controller strategy is a generic method that can be applied for unlimited number of converter stations. The rational of this proposed controller is to increase the system reliability by avoiding the necessity of fast communication links. The test system in this paper consists of four converter stations based on three phase-two AC voltage levels. The proposed control strategy for a multiterminal HVDC system is conducted in the power systems computer aided design/electromagnetic transient design and control (PSCAD/EMTDC) simulation environment. The simulation results significantly show the flexibility and usefulness of the proposed power sharing control provided by the new adaptive wireless method.
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1  Introduction

The interconnection resources, whether wind or solar farms, with the conventional AC systems currently contribute to a reduction in global emissions, which is the vision of many countries. Therefore, the concept of multiterminal HVDC systems (MTDCs) is a cornerstone of the integration of renewable energies with different power rating levels as a result of providing superior power transmission flexibility and control. Due to the generated power nature of renewable energy fluctuations [1], MTDC systems have an ability to eliminate the effect of this issue [2]. The merit of forming MTDC systems via the use of a voltage source converter (VSC) lies in the capability for independent control of an active and reactive power. Therefore, there are many studies conducted in the literature based on different MTDC system configuration, which are radial [3], mesh [4], or combined radial and mesh configuration [2]. The generic MTDC system configuration is shown in Fig. 1. Since the implementation of the MTDC system trend is toward both transmission and distribution levels [5], power sharing among DC converter terminals has become the main pillar of MTDC system stability and operation perspectives [6].

Many strategies for power sharing and DC voltage control have been proposed in the literature. These strategies can be classified into four categories, namely: master-slave control [7]; voltage margin control [8]; voltage droop control [9]; and adaptive voltage droop [10,11]. Readers are referred to an earlier study [1] for further detail.
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Figure 1: General configuration of Multiterminal HVDC system

The master VSC has the responsibility for voltage profile control while the remaining converters should control and regulate the active power [12]. The backbone of this control strategy is the requirement for a fast communication link which, in the case of communication link failure, is the main drawback of this method. Hence, this control strategy does not offer a high degree of reliability. Expanding the MTDC system based on master-slave control may require re-rating the master converter in order to guarantee safe system operation and stability conditions.

The voltage margin control (VMM) strategy was introduced to eliminate the need for a fast communication link. This strategy is similar to master-slave control. However, the responsibility for DC voltage control in the MTDC system is shared among all VSC terminals, based on local measurements such as DC voltage and active power. The dynamic response of this control strategy is the least effective compared to other methods because of its controller structure [13]. However, the VMM was modified with a P-V droop characteristic to improve the system dynamic response and performance.

Conventional voltage droop control strategy mainly depends on the local converter measurement, which is known as a decentralized control [8]. The use of the P-V droop characteristic method in the MTDC system does not require communication infrastructure, but it is challenging to achieve precise power sharing among MTDC terminals [9]. Furthermore, the extra available power that can be shared is restricted due to the pre-defined droop controller coefficient. The associated issue of the voltage droop control is the determination of the droop coefficient based on the converter rating, which imposes a difficult constraint on power sharing among MTDC converters.

Adaptive voltage droop control has been introduced in order to include the available power of the converter. This control strategy is capable of preventing the possibility of overloading condition [10]. However, the droop coefficient was preselected based on the converter rating once one of the converters is disconnected. In other words, the variable coefficient of DC voltage droop could be affected due to the DC power losses in MTDC lines. Nonetheless, this control strategy requires communication infrastructure [14].

Power sharing control among multiterminal HVDC systems in the literature is based on conventional droop control, priority sharing, ratio-based sharing, voltage margin control, or adaptive droop control. Therefore, the lack of available power inclusion as a control variable is an issue in MTDC system power sharing. The rationale for this issue is the use of a fixed and predefined power sharing coefficient [2,5,15]. The aforementioned techniques do not offer precise or equal power sharing among multiterminal HVDC systems. Hence, there are several control techniques have been introduced recently in the literature based on communication links between the MTDC converter stations. Each of the recent proposed controller has some advantages and disadvantages. A comprehensive comparison of the recent literature proposals is summarized in Tab. 1. The comparison is evaluated based on some desire features need to be achieved such as the capability of sharing available power, avoiding the need of communication links between the converter station, and providing the equal power sharing in case of power shortage. Nevertheless, using power sharing control based on a communication link decreases the system reliability in the case of lost communication.
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The main contribution of this paper is the introduction of a new decentralized adaptive wireless control for power sharing among multiterminal HVDC converters to ensure equal power sharing between converter stations and sharing available power in rectifier stations. The proposed new control is examined using a simulation tool that is named the PSCAD/EMTDC environment.

This paper is organized into five sections: Section 2 provides a brief overview of the MTDC system model used for the study. Section 3 explains the cascaded converter controller method. Section 4 presents the proposed adaptive wireless controller and its implementation, while Section 5 discusses simulation results and performance. The final section presents the conclusions from this work.

2  MTDC System Architecture

The considered layout of the MTDC system is demonstrated by Fig. 2. This configuration of an MTDC system, which was retrieved from [23], is based on a practical system that consists of four converter terminals and DC transmission lines. A fixed DC voltage level or a small window of DC voltage variation is necessary to stabilize the MTDC system. Each of the converter terminals must have the capability to control different electrical quantities such as active power, reactive power, AC voltage, and AC system frequency.

The choice of the controller target depends on the AC grid side of the converter terminal. When the converter is connected into passive AC, the converter must control the system frequency and AC voltage at the point of common coupling (PCC). Once the converter is connected into a stiff AC system, then the role of the controller is to control the active and reactive power or DC voltage due to the maintained AC voltage and frequency at the PCC. Nevertheless, when the converter is connected to a weak AC system, then the target of the converter controller can control the AC voltage with either the DC voltage or active power depending on the operation requirements. Therefore, it becomes necessary that one of the converter terminals must be responsible for regulating the DC voltage, while the rest of the converters are based on active power control where an AC passive system is absent.
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Figure 2: System under study

3  Converter Controller

According to the literature, several control methods can be applied to control the electrical quantities of a converter terminal. These methods are: direct power control based on a natural reference frame (abc); proportional resonance control based on a stationary frame (αβ); and vector control based on a synchronous reference frame (d-q). Each of the control methods has some advantages and disadvantages. However, achieving decoupled independent control for active and reactive power is the main merit of using a synchronous reference frame (SRF) control concept. This control method is commonly used due to low voltage harmonics production [24,25], which is used in this work. Since the controller method of each converter in the MTDC system is based on a vector d-q synchronous reference frame (SRF), it becomes necessary to drive the dynamic converter. The generalized primary controller loop of a converter station is formed via a cascaded inner current controller and outer voltage controller loops.

3.1 Converter Inner Controller

Developing and designing the converter inner controller loop can be achieved using AC filter differential equations. The voltage drop at the AC side of the converter filter can be calculated by applying Kirchhoff's voltage law. According to the schematic single line of a converter terminal as presented in Fig. 3, the dynamic differential equations of the AC filter model based on an SRF are given by (1) and (2).
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Figure 3: General schematic of a converter terminal


Ldioddt=vcond−vod−Riod−ωLioq
(1)


Ldioqdt=vconq−voq−Rioq+ωLiod
(2)

The nonlinear derivative terms in (1) and (2) can be evaluated using the proportional integral (PI) controller to track the instantaneous filter current 
iodq
with the desired reference current 
iodqref
. Therefore, the nonlinear derivative terms are expressed by (3) and (4), respectively.


Ldioddt=(Kp+Kis)⋅(iodref−iod)
(3)


Ldioqdt=(Kp+Kis)⋅(ioqref−ioq)
(4)

The block diagram of the current controller loop can be developed by substituting (3) and (4) into (1) and (2), as presented in Fig. 4. The feed-forward gain (H) is normally equal to one for an MTDC system application, but a gain of less than one leads to an expansion in the current controller bandwidth [26].
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Figure 4: Block diagram of the inner current controller

3.2 Converter Outer Controller

The current references are generated from the outer controller loop based on a predefined target [2]. Due to the independent decouple control feature of the vector control method, the d-axis vector is correlated to control the active power and the DC voltage control while controlling the reactive power and AC voltage at the PCC is associated with the q-axis.

According to the power balance equation based on Fig. 3, the summation of the input DC and output AC power is equal to zero under an assumption that the converter is lossless, as shown in (5).


PDC+PAC=0
(5)

where the power terms in (5) are expanded as follows:


PDC=VDC⋅IDC
(6)


PAC=32vd⋅id
(7)

Manipulating (5) after substituting (6) and (7) results in achieving the DC voltage controller equation, as illustrated in (8). The outer controller to regulate the DC voltage based on (9), after replacing the nonlinear derivative term with the PI transfer function, is depicted in Fig. 5. However, the negative feed-forward can be eliminated by proper tuning of the PI controller gains.


CdVdcdi=3vd2VDC⋅id−IDCload
(8)
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Figure 5: Block diagram of the DC voltage controller

The active and reactive power can be controlled directly according to (7). Hence, dividing the power desired reference by 
(3/2)vd
for the active power gives the d-axis reference current that will feed the current controller loop, while the reactive power control can be controlled by dividing the reference of the required reactive power by
(3/2)vq
. This method, which is known as an open loop power controller, might suffer from an inaccurate power control. However, considering a PI controller in the outer loop to control the active and reactive power guarantees the achievement of a precise power control performance. Fig. 6 shows the power systematic controller.

[image: images]

Figure 6: Block diagram of the outer voltage controller. (a) Active power controller (b) Reactive power controller

3.3 Converter Cascaded Controller

The entire controller loop structure, including Park transformation and phase locked loop of a voltage source converter (VSC) is displayed in Figs. 7, and 8, respectively. The power controller structure, based on a cascaded vector SRF, is illustrated in Fig. 7, while Fig. 8 presents the converter controller structure for DC voltage regulation. In fact, the proposed adaptive wireless control is applied to the outer controller power reference of the converter station.
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Figure 7: Controller loop of each VSC-based P-Q control
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Figure 8: Controller loop of each VSC-based Vdc-Q control

4  Proposed Adaptive Wireless Controller

Referring to Fig. 2, each converter controller loop can request the desire active power from the MTDC based on its AC system operation conditions or independent system operator (ISO). From an electricity deregulation perspective, there should be rules and policies set among converter stations by a regulator which, in this paper, is assumed to be equal power sharing. Therefore, it is allowable for all converter stations to request power above the agreement if there is available power at the rectifier station. However, in the case of all converter requests above the agreement, the proposed controller based on only local measurements will share the power according to the agreement policies.

The agreement between all stations will prevent any possibility of an overloading condition at the rectifier station. The main objective of the converter station being based on local measurements is to collect the desired power from the MTDC system in the case there is available power. Otherwise, the converter station will obtain the power based on the agreement value since the rectifier terminal is assigned to control the MTDC system DC voltage using the traditional droop control. Fig. 9 presents the applied P-Vdc droop characteristic in the rectifier terminal.
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Figure 9: Droop characteristic

The mathematical representation of the droop characteristic based on Fig. 9 is shown in (9). Where 
Vdcmax
and 
Vdcmin
are noted for the maximum and minimum allowable limits of the DC voltage variation, the measured instantaneous active power of the converter is noted by
Pdcmeas
. The entire MTDC voltage is noted by
Vdcnominal
.


Vdcref=Vdcnominal−(Vdcmax−VdcminPdcmax)∗Pdcmeas
(9)

Since the DC voltage of the entire MTDC varies according to the loading conditions, local measuring of the DC voltage at each terminal indicates the available power that can be consumed or requested by a terminal that works in inversion operation mode. It is clear that the rectifier terminal is operated as a slack bus in a conventional AC power system application. Therefore, the other converters working in inversion mode can calculate the available power at the rectifier station from their local measurements using (10).


Pavailable=(((Idci∗Rdci)+Vdcmeas)+VdcnominalVdcmax−Vdcmin)∗Pdcmax
(10)

The superscript 
i
in (10) indicates the index of a terminal in inversion mode, which is equal to three in this study. When the required power at any inverter station is more than the available power, the inverter station will collect only the agreement value. Nevertheless, any shortage of the required power will usually be covered from the ISO. The proposed control strategy has the flexibility of power sharing among converters with different percentages that are determined according to the agreements between the system operators. A lack of available power at the rectifier station indicates that other inverter stations are consuming more than the agreed percentage. In this situation, the ongoing inverter will collect its required power as long as the desired value is equal to or less than the agreement value. It can be clearly seen that the main advantage of the proposed wireless controller strategy is the capability to supply power over the agreement value when available power is not consumed by the remaining inverter terminals.

The formal mathematical formulation of the proposed decentralized adaptive wireless controller has been previously discussed in (9) and (10) respectively. However, the development of the proposed controller based on algorithm pseudocode is shown in Tab. 2. The algorithm continuously calculates and compares the required power with both the available and maximum power that can be collected.
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5  Results and Discussion

The system parameters are presented in Tab. 3. The study was conducted to examine the flexibility and adaptability of the proposed controller within different scenarios. The MTDC system shown in Fig. 2 has been developed and simulated in a PSCAD/EMTDC environment.
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Tab. 4 lists the power references that were applied to reveal the advantages of the proposed controller. Indeed, all the test scenarios in this paper are focused on the active power flow in the MTDC system.
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Initially, at t = 0 s, the power flow in the MTDC system is equal to zero due to the fact that, as shown in Fig. 10, not all inverter request power and MTDC system DC voltage is equal to 60 kV, as depicted in Fig. 11. At t = 1 s, Inverter #2 requests 90 MW, which is available at the rectifier station. Therefore, Inverter #2 will achieve this order as far as there is no request from other inverters. At the same time, the DC voltage reduces to 58.5 kV according to droop controller characteristics.
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Figure 10: Power sharing between converter stations
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Figure 11: DC voltage of the MTDC system at the rectifier terminal

At t = 3 sec, Inverter #2 reduces the required absorbed power to be equal to 25 MW. Therefore, the DC voltage increases accordingly which, in this situation, is approximately equal to 59.65 kV, as shown in Fig. 11.

At t = 5 s, Inverter #2 continues to consume 25 MW, and Inverter #3 requests 55 MW. Due to the availability of power that can be consumed at the rectifier station, both Inverters #2 and #3 will collect their requirements. In this case, the DC voltage decreases to almost 58.78 kV.

At t = 6 s, Inverter #3 further increases its order to be equal to 60 MW. At this time, the rectifier station still does not reach its rated limit and can supply both inverters. In this scenario, the total supplied power from the rectifier terminal is 85 MW, while the DC voltage of the MTDC is approximately equal to 58.7 kV, as shown in Fig. 11.

Since the power rating of the rectifier station is 100 MW, supplying 85 MW to Inverters #2 and #3 is valid. Inverter #1 starts to request 40 MW at t = 8 s. In this scenario, the DC voltage reaches the lowest value as shown in Fig. 11, and the power will be shared equally between Inverters #1 and #3, which is the merit of the proposed controller, as can be seen in Fig. 10. The rationale is that the rectifier station reaches its rated power limit and, at the same time, Inverter #2 still consumes less active power than the agreement value. In other words, once more than two inverter stations request power over the agreement value, the controller will then equally divide the remaining amount of available power between the inverter stations. It can be clearly observed from Fig. 10 that the consumed power via Inverters #1 and #3 is identical.

At t = 25 s, Inverter #2 requests 50 MW, and both Inverters #1 and #3 consume 37 MW. As a result, the controller will reduce the consumed power by Inverters #1 and #3 to meet the agreement value for all inverter stations. The shortage of required power at inverter stations can be compensated from their dispatchable units at the AC side.

At t = 37 s, Inverter #3 reduces the requested power from 60 to 20 MW. Consequently, the collected power via Inverters #1 and #2 will increase according to the requested power reduction from Inverter #3 due to the power availability at the rectifier station. In other words, when any inverter does not request its full power percentage, the other inverters can benefit from the available power.

Finally, at t = 41 s, Inverter #2 decreases the required power from 50 to 30 MW, while Inverter #1 still requires 60 MW. In this situation, Inverter #1 will collect the available power which, in this case, is more than the agreement value and is equal to 50 MW.

6  Conclusion

The efficient operation of an MTDC system mainly depends on the DC voltage and power sharing control. Therefore, the communication-based controller has less reliability in the case of communication failure. Thus, this paper proposes a new adaptive wireless control for power sharing among converter stations in MTDC systems. The results show that the proposed control is robust in the case of uncertain power requests by inverter stations. The proposed control strategy is reliable in preventing the possibility of overload conditions due to the fact that it does not need communication infrastructure. Nevertheless, through case scenarios, it is observed that several important benefits of the proposed controller are shown, such as the capability for equal power sharing, the prevention of overloading condition, the consideration of available power sharing, a reduction in operation cost in the AC system and, finally, the increased utilization of all converter stations.
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Table 3: MTDC system parameters
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Table 4: Description of simulation scenarios
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Table 2: Steps of the proposed controller
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