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Abstract:



This paper presents a synchronous resonant control strategy based on the inherent characteristics of permanent magnet synchronous generators (PMSG) for the control of power converters to provide stable operating conditions for the power grid under high penetration of renewable energy resources (RERs). The proposed control technique is based on the small signal linearization of a dynamic model with grid specifications, load-current-based voltages, and power converter currents. A combination of the linearized dynamic model with the PMSG swing equation and resonant controller leads to a control technique with synchronous features and appropriate inertia for the control of converter-based power generators. As the main contribution of this work, an extra functionality is proposed in the control loop of the proposed model to solve the inherent inconveniences of conventional synchronous generators. Also, a comprehensive collaboration between interfaced converter specifications and PMSG features is achieved as another contribution of the proposed control technique, and this can guarantee accurate performance under various conditions. A current perturbation curve is introduced to assess the variations of the grid frequency and voltage magnitude under operation of the interfaced converters controlled by the proposed control technique. Moreover, by taking into account the load-based voltages, the effects of the current perturbation components are investigated. The proposed model is simulated in MATLAB/Simulink environment to verify the high performance of the proposed control technique over the other existing control methods.
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1. Introduction


Using the generation systems in the microgrid structures leads to a consideration of issues related to designing nonlinear controllers, such as passivity/sliding [1], power management [2,3], analysis and detection of failure [4], and so on. Among various applications of power converters in the power grid, e.g., active power filters (APF) [5], distributed generation (DG) technologies [6], microgrids [7], and so on [8,9], the issues resulting from high penetration of renewable energy resources (RERs) into the power grid have attracted significant attention in order to solve the problems associated with the stability of the power grid [10,11]. This is always an issue with the renewable energy resources, including wind energy [12], photovoltaic systems [13,14], maximum solar-based power [15] and so on. Power converters are normally considered to be the heart of the interfacing system between RERs and the power grid, and the lack of inertia in these converter-based power generators, in addition to their odd transient dynamics behavior, increases their negative impacts on power grid stability, which is the opposite of the operation of synchronous generators. To deal with this issue, electrical engineering scientists have proposed emulation of the behavior of permanent magnet synchronous generators (PMSG) by power converters [16,17]. Using this assumption, converter-based generators work based on the inherent characteristics of PMSG. Many works in the literature have discussed renewable energy resources previously, along with several important topics related to reactive power management [18], dynamic operation and control [19], and the design of intelligent controllers [20,21,22]. Moreover, the problems regarding faults [23,24], coordinated control strategies [25], and the use of energy storage systems [26] have been investigated, as well.



Several studies have been reported in the literature regarding control of power converters under large-scale integration of RERs into the power grid [27,28,29,30,31,32,33,34,35,36,37,38,39]. In [27], a virtual synchronous generator (VSG) was proposed to make an emulation strategy [28,29] for the improvement of the swing equation damping power. The proposed strategy does not require a phase-locked-loop (PLL) and can remove the effects of the droop coefficient due to the traditional constant damping factor. The transient stability of a multi-VSG microgrid was evaluated in [30] by defining the generator’s voltage angle deviations, along with the angle of the center of inertia. In addition, by considering an effective inertia for the VSG-based microgrid, decreasing oscillations and improving transient stability against the large disturbances can be quickly accomplished. The adaptive virtual inertia value introduced in [31], which is able to provide a large inertia while the frequency deviation is high, provides a low inertia operation to recover the frequency. A distributed voltage control strategy was proposed in [32] for photovoltaic power plant application to reduce the high ramp-rate disturbances. In [33], the basic trends of the VSG were investigated based on the features of the synchronous generator (SG), the main advantages and disadvantages of which were studied in detail. It was also found that converter features can lead to an improved VSG, leading to better responses and functionalities in comparison with the traditional generators. By emulation of the behavior of SG based on its well-known frequency and voltage droop mechanisms, the synchronous operation of converters was realized in [34]. Such emulation causes the converters to have a synchronized behavior in parallel connections under both grid-connected and islanded microgrid operating modes. By employing the PLL dynamic of the voltage source converters (VSC), an equivalent SG model has been proposed in [35] for the current-controller-based VSCs. An emulation-based control method of SG consisting of both inner and outer control loops was proposed for a VSC-High Voltage Direct Current (HVDC) in [36], for which the reference frequency value was obtained by an inertia element and scheduled power modulation was utilized as a secondary frequency regulation. A combined model consisting of a virtual inertia emulator and a hybrid battery-supercapacitor-based energy storage system was proposed in [37]. The proposed model could simultaneously increase the stability of microgrids and reduce the short-term power oscillations by enhancing the inertial response using the kinetic inertia emulation of the SG. The use of SG emulation was considered in [38,39] to address the frequency control issues.



In this paper, a synchronous resonant control technique is proposed based on the inherent features of PMSG to deal with the stability issues of the power grid under large-scale integration of RERs. The rest of paper is organized as follows: in Section 2, a dynamic model based on the grid parameters, load-based voltages, and interfaced converter currents is achieved. Then, the proposed control technique is presented by applying small-signal linearization to the proposed dynamic model, the PMSG equations, and the apparent power relationship of the interfaced converter. The dynamics model of the interfaced converter and PMSG behaviors are coordinated through a comprehensive detailed relationship, which is considered to be another contribution of this paper. Section 3 presents the effects of various components of the proposed control technique on the injected currents from the interfaced converter to the grid. Section 4 investigates to what extent the variations of grid frequency and voltage magnitude can impact the current errors injected by power converters. In Section 5, the impacts of the considered currents errors variations on the load-based voltages are assessed. Finally, simulation results are presented in Section 6 and the conclusion is drawn in Section 7.




2. The Proposed Control Technique


The main structure of the proposed synchronous active proportional-integral-resonance controller (SAPIRC) is presented in this section. According to Figure 1, the proposed model is comprised of the power grid, the grid-connected load, the RERs, and the interfaced converters. Both connection and disconnection of the large-scale RERs will be implemented in this paper to assess the ability of the proposed control technique to guarantee stable operating conditions for the power grid. To achieve this, a dynamic model will be presented, and subsequently, a control strategy will be proposed based on inherent features of PMSG.


Figure 1. General structure of the proposed model.
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A. The Proposed Dynamic Model Analysis


To draw an appropriate plan to control the interfaced converters between RERs and the power grid, a dynamic analytical model of Figure 1 is developed. Bearing in mind this assumption, the dynamic model based on the power grid specification and d-q voltages at the point of common coupling (PCC) can be achieved as [6]:
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(1)
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(2)




where the voltage vgdq − vdq shows the magnitude of the grid voltage variation, which should be equal to zero under ideal conditions. As can be seen in Figure 1, the relationship between the grid-connected load, the power grid, and the interfaced converter currents in the d-q reference frame can be expressed as:
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(3)







By substituting (3) into both (1) and (2), the dynamic equation based on the currents of the interfaced converter can be achieved as:
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(4)







The voltages v1 and v2 are dependent on the grid-connected load, which can be obtained as:
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(5)







Also, as can be understood from (5), the voltages v1 and v2 will be changed by the grid frequency and impedance variation. This feature results in the proposed dynamic model in (4), including all the specifications of grid, load, and interfaced converter.




B. The Proposed SAPIRC-Based Controller


In this sub-section, the proposed control technique is presented based on Equation (4) and the inherent characteristics of the PMSG. By applying small signal linearization to (4), the linearized Equations (6) and (7) can be derived as:
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(6)
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(7)







With an acceptable approximation Δvq = 0, it can be considered that P = vdid. Thus, the small signal linearization of the active power P can be written as:
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(8)







To achieve the perturbation component of current of the SAPIRC-based converter on the d-axis, the Δvd and Δiq are firstly derived from (6) and (7), respectively, and then the results will be substituted into (8). Thus, (9) can be expressed as:
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(9)




where
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On the other hand, by combining the relationships between P = vdid and Q = − vdiq, the following equation can be expressed as:
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(10)







To make a relationship between Δiq and the perturbation components of active and reactive powers of the SAPIRC-based converter, small signal linearization should be applied to (10), which leads to:
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(11)







As can be seen, the perturbation part of q-component of the SAPIRC-based converter current is dependent on all the perturbation parts of Δid, ΔP and ΔQ. The relationship between the electrical and mechanical parts of a PMSG can be stated as the following swing equation [29]:
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(12)







Applying small signal linearization to (12) will lead to:
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(13)







As is known, the relationship between the apparent power and both active and reactive powers can be written as P2 + Q2 = S2. When considering a constant value for the apparent power of the SAPIRC-based converter, the following equation can be achieved for the reactive power perturbation part using the stated relation and (13) as:
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(14)







By substituting (13) into (9), along with some simplifications, the perturbation component of the d component of the interfaced converter based on PMSG features can be expressed as:
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(15)




where various transfer functions of (15) are as follows:
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Also, by substituting (13)–(15) into (11), the relationship between Δiq based on the proposed model and the PMSG specifications can be expressed as:
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(16)







The entirety of the transfer functions used in (16) can be written as:
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It can be seen from (15) and (16) that the perturbation part of both the d and q components of the SAPIRC-based converter current can be changed by the mechanical parameters, including the virtual inertia, the reference value of mechanical power, and the virtual mechanical power error. By noticing this role of the mechanical properties, the proposed control technique can be shown as in Figure 2a,b. The proposed control strategy is designed based on Equations (13)–(16), in which the angular frequency error is generated by passing the mechanical power error from a LPF, while two separate PI controllers are considered for the current errors. To further emulate the inherent behaviors of PMSG, both mechanical power and angular frequency errors are involved with the proposed control technique by passing from the related transfer function and relation, as well as a PIR controller, as shown in Figure 2a,b. The considered resonant controller will be defined as follows:


[image: ]



(17)






Figure 2. The proposed controller: (a) d-component; (b) q-component.
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The coefficients of kr, ωc and ω0 given in Table 1 are chosen in order to minimize the fluctuations of active and reactive power. It can be noted that, observing Figure 2a,b, the resonant controller of (17) is combined with its related PI controller, which is related to the characteristics of PMSG to provide a stable performance for the ultimate control technique.


Table 1. The parameters and power values considered in simulation section.





	Parameters
	Values
	Parameters
	Values





	R
	0.1 ohm
	Pm
	P/0.9



	L
	45 mH
	Active power of constant load
	6 MW



	Rg
	0.1 ohm
	Reactive power of constant load
	4 MVAR



	Lg
	0.1 mH
	Active power of the sudden connection
	11 MW



	Switching frequency
	5 kHz
	Reactive power of the sudden connection
	10 MVAR



	Main frequency
	50 Hz
	Active power of the sudden disconnection
	10 MW



	DC link voltage
	850 V
	Reactive power of the sudden disconnection
	8 MVAR



	kr
	10
	ωc = ω0/3
	102



	Phase grid voltage
	220 V
	Active power of the sudden disconnection for various resonant factors
	12 MW



	J
	1 × 10−3 s
	Reactive power of the sudden disconnection for various resonant factors
	11 MVAR











3. Assessment of the Power Converter Currents


In accordance with (15) and (16), the Nyquist diagrams of Δid and Δiq given in Table 1 are shown in Figure 3 and Figure 4, respectively, based on the constant value of the virtual mechanical power error, the d component of the grid voltage, and the power converter active and reactive power. In addition to Table 1 for reference and parameter values, other values needed for drawing Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 can be stated as [image: ]= 100 W, [image: ]= 0.1 Hz, [image: ]= 5 V and [image: ]= 0 V. As can be seen from Figure 3, the response of Δid is stable, and very low amplitude can also be achieved for this error, which verifies the appropriate performance of the proposed control technique. Taking into account this issue, the lowest value belongs to the variations of ΔPm, which shows the damped effects of the virtual mechanical power error, as illustrated in Figure 3a. According to Figure 4, Δiq can achieve stable response under operating conditions. On the other hand, the lowest value for Δiq is due to the reactive power error as depicted in Figure 4c. Taken together, Figure 3 and Figure 4 verify a stable tracking for the SAPIRC-based power converter.


Figure 3. The Nyquist diagram of Δid for constant values of: (a) ΔPm; (b) ΔP; (c) Δvgd.
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Figure 4. The Nyquist diagram of Δiq for constant values of: (a) ΔPm; (b) ΔP; (c) ΔQ; (d) Δvgd.
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Figure 5. Effects of grid frequency error variation on the current error curve: (a) Δω = 0 Hz; (b) Δω = 0.2 Hz; (c) for various grid frequency errors.
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Figure 6. Effects of the variation of grid voltage magnitude error on the current error curve: (a) Δvd = 0 V; (b) Δvd = 10 V; (c) for various grid voltage magnitude errors.
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Figure 7. The current perturbation components effects on: (a) Δv1; (b) Δv2.
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4. Assessment of the Proposed Current Perturbation Curve (CPC)


In this section, perturbations in both the d and q current components of the SAPIRC-based converter will be influenced by the grid frequency and voltage magnitude alterations. In the first step, an area based on various operating points for these components will be achieved. By incorporating Equations (6) and (7), (18) can be expressed as:
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(18)







Equation (18) is the perturbation curve of SAPIRC, which is shown in Figure 5. This figure verifies how much the variations of grid angular frequency error can influence the alteration zone of Δid and Δiq. By using the system parameters given in Table 1, it is clearly specified in Figure 5a,b that there is a slight difference between the center coordinates and radius of the two generated CPCs due to the two acceptable minimum and maximum values of error in the grid angular frequency. Apart from the grid angular frequency error, choosing the desired value of zero and also the allowable maximum value for the grid voltage magnitude will lead to Figure 6a,b, respectively, in which a large difference between the achieved center coordinates and radius values is depicted. These results confirm that the variations of grid voltage magnitude can impact the current perturbation components much more than the angular frequency error alterations. On the other hand, increasing the grid angular frequency error can expand the operating region of the current perturbation curve, according to Figure 5c. This expansion is more visible for much larger values of Δω3 and Δω4. For variations in grid voltage magnitude error, the noticeable expansion of the CPC starts from the first step of the increasing process, as shown in Figure 6c. Based on Figure 6c, the spreading out of the CPC due to the increment in error of the grid voltage magnitude takes place in such a way that sometimes the perturbation values of the SAPIRC-based converter current are not acceptable for continuing operation of the proposed model.




5. Effects of the Current Perturbation Components on the Load-Based Voltage.


The voltages of Δv1 and Δv2 that are due to the load current errors can be affected by the current perturbation components of Δid and Δiq. In order to appropriately supply a load, very low values for the load current errors are required, which subsequently leads to a significant decrement in both Δv1 and Δv2. By using (6) and (7), the following equation can be expressed:


[image: ]



(19)







The load-based voltages are considered separately to assess the effects of the current perturbation components. Initially, by assuming Δv2 = 0 and then Δv1 = 0 in (19), the following relationships can be derived for Δv1 and Δv2, respectively, as:


[image: ]



(20)
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(21)







Two three-dimensional diagrams based on (20) and (21) are depicted in Figure 7a,b, respectively. It can be seen from Figure 7a,b that the zero values of the current perturbation components are able to maintain the load-based voltages at their desired value of zero. In addition to very low values of Δid and Δiq, another desirable case for Δv1 is achieved with high values of Δiq and small values of Δid, which causes the load-based voltages of Δv1 to approach zero, as illustrated in Figure 7a. Inversely, the large and small values for Δid and Δiq, respectively, lead to a dramatic increment of Δv1, as shown in Figure 7a. On the other hand, as can be seen from Figure 7b, an inverse progression happens for Δv2 in comparison with Δv1. This means that large and small values of Δiq and Δid, respectively, represent an undesirable case for Δv2. According to Figure 7b, increasing Δid and decreasing Δiq can lead to obtaining an approximately zero value for Δv2. The aforementioned assessments of the load-based voltages variations result in reaching a point at which the correct operation of the SAPIRC for supplying the required currents of the considered loads can be only obtained when Δid and Δiq approach very low or zero values. Thus, it is worth mentioning that increasing one of the two current perturbation components will surely lead to unsuitable performance of the SAPIRC, leading to an unstable power grid.




6. Results and Discussion


The ability of the proposed control technique is evaluated in this section. To present a suitable assessment, the effects of the integration of large-scale RERs, as well as the effects of the resonant factor variations on the proposed control technique are investigated. The simulation parameters are given in Table 1. The general structures of all considered scenarios under simulation are illustrated in Figure 8a,b.


Figure 8. Operation of the SAPIRC-based converter under high penetration of RERs: (a) under a sudden connection, and (b) different values of the resonant factor under sudden disconnection.
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A. Effects of the Sudden Connection of Large-Scale RERs


Figure 8a shows the conditions considered in this sub-section. Initially, the power grid and the power converter supply the grid-connected load. Then, at t = 0.1 s, the connection of the large-scale RERs takes place and an additional active and reactive power of 11 MW + j10 MVAR is injected to the power grid. After that, the proposed control technique-based converter is implemented at t = 0.2 s to support the power grid in reaching stable operating conditions. In the interval (0, 0.1 s), because of the need for the power grid to cover part of the load demand, the grid voltage magnitude is below its desired value and also the grid frequency experiences some fluctuations, as depicted in Figure 9. Under these conditions, the grid current will be as shown in Figure 9. Since the grid voltage magnitude and frequency are not equal to their reference values, the power converter generates its active and reactive power with a small error, as illustrated in Figure 9. After the abrupt integration of the large-scale RERs into the power grid at t = 0.2 s, the grid voltage magnitude rises, and the grid frequency decreases, as shown in Figure 9. These variations are due to the injection of additional active and reactive power into the power grid, whereby the grid current increases, as shown in Figure 9. As can be seen, the alterations of the grid voltage magnitude and frequency will lead to higher error in the active and reactive power injection by the power converter at time interval (0.1, 0.2 s). To amend the grid voltage magnitude and frequency, the additional injected active and reactive power should be compensated. Thus, by noticing the amount of the additional injected power, the power converter operates at t = 0.2 s to decrease its active and reactive power injection. Based on Figure 9, after an acceptable transient response, the grid voltage magnitude and frequency appropriately follow their desired values. Also, in contrast to the uncompensated state, as predicted, the grid currents will decrease.


Figure 9. The grid voltage magnitude and frequency, the grid currents, and the active and reactive power of SAPIRC-based converter under a sudden connection of large-scale RERs.
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B. Assessment of the Effects of Resonant Factor Variations


In this sub-section, how much the resonant factor can impact the performance of the proposed control technique is investigated, as shown in Figure 8b. The considered scenario is the disconnection of the large-scale RERs, which happens at t = 0.1 s, and the power converter compensates this disconnection at t = 0.25 s. Figure 10 demonstrates the active and reactive power of the SAPIRC-based converter, the grid voltage magnitude, and the grid frequency under small (kr1), large (kr2) and very large (kr3) values of the resonant factor. These values are 1 × 101, 1 × 103 and 1 × 105 for kr1, kr2 and kr3, respectively. For the case of kr1, all the considered state variables maintain their stable operation in both steady-state and dynamic operating conditions, as depicted in Figure 10. As can be seen from Figure 10, the reactive power becomes unstable faster than the active power for the case of kr2. However, active and reactive powers in both power converters fluctuate greatly after t = 0.1 s when considering the resonant factor of kr2. It should be noted that the reactive power fluctuations happen on the routes of its reference value, as shown in Figure 10b. Also, except for the time interval (0, 0.1 s), both the grid voltage magnitude and frequency exhibit unstable behavior for the case of kr2, as demonstrated in Figure 10c,d, respectively. In contrast with kr1, all of the state variables are completely disturbed by choosing the very large value of kr3. Based on Figure 10, the worst case belongs to the active power of the power converter, which oscillates with a very wide amplitude of fluctuations.


Figure 10. Evaluation of the resonant factor variations: (a) active power of the SAPIRC-based converter; (b) reactive power of the SAPIRC-based converter; (c) the grid voltage magnitude; (d) the grid frequency.
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7. Conclusions


A synchronous resonant control technique has been presented in this paper to address power grid instability problems due to the high penetration of renewable energy resources. After applying small signal linearization to a dynamic model with state variables, i.e., the grid parameters, the load-based voltages, and currents of the proposed control-based converter, the linearized relationships based on the inherent features of the PMSG and the apparent power of the interfaced converter were utilized to add a new functionality to the control loop of the interfaced converter based on the behavior of the synchronous generator. As a contribution of the proposed control strategy, a comprehensive relationship between interfaced converter model and PMSG inherent swing equations has been established. Also, the impacts of the errors of virtual mechanical power, the d-axis of the grid voltage, and the active and reactive power of the interfaced converter were applied to the converter currents errors. To further analyze the power grid frequency and voltage magnitude errors, a CPC was introduced. Moreover, the appropriate operation for supplying the grid-connected loads was accurately assessed through the perturbation components variation analysis of the proposed controller-based converter currents. Simulation results confirmed the ability of the proposed control technique to guarantee stable operation of the power grid under high penetration of renewable energy resources.
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Nomenclature




	
Parameters




	
Rg

	
Grid Resistance




	
Lg

	
Grid Inductance




	
J

	
Moment of Inertia




	
Variables




	
idq

	
Converter Currents




	
ildq

	
Load Currents




	
igdq

	
Grid Currents




	
Δidq

	
Perturbation Components of idq




	
Δildq

	
Perturbation Components of ildq




	
Δigdq

	
Perturbation Components of igdq




	
vdq

	
Converter Voltage Magnitudes




	
vgdq

	
Grid Voltage Magnitudes




	
v12

	
Load-Based Voltages




	
Δvdq

	
Perturbation Components of vdq




	
Δv12

	
Perturbation Components of v12




	
Δvgdq

	
Perturbation Components of vgdq




	
Pm

	
Mechanical Power




	
P, Q, S

	
Active, Reactive and Apparent Power of SAPIRC-Based Converter




	
ω

	
Grid Angular Frequency




	
ΔP, ΔQ

	
Perturbation Components of P and Q




	
ΔPm

	
Perturbation Components of Pm




	
Δω

	
Perturbation Components of ω




	
i*dq

	
Reference Values of idq




	
v*dq

	
Reference Values of vdq




	
P*, Q*

	
Reference Values of P,Q




	
P*m

	
Reference Values of Pm




	
ω*

	
Reference Values of ω




	
Δi*dq

	
Reference Values of Δidq




	
kpdq, kidq

	
PI Controller Coefficients




	
kr

	
Resonant Factor




	
ω0, ωc

	
Frequencies of Resonant Controller




	
Abbreviation




	
SAPIRC

	
Synchronous Active Proportional Integral Resonant Controller




	
PMSG

	
Permanent Magnet Synchronous Generator




	
CPC

	
Current Perturbation Curve




	
RERs

	
Renewable Energy Resources




	
LPF

	
Low Pass Filter




	
PI

	
Proportional Integral




	
PV

	
Photovoltaic
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