Verification of a Novel Proposed Control System for DVR to Correct the Voltage Sag
	
A.D. Falehi1 and M. Rostami2 


Abstract – In this paper, voltage sag is compensated by DVR (Dynamic Voltage Restorer) in distribution system. This device is placed between sensitive load and supply to inject voltage in series in order to correct the voltage sag. Subsequently, voltage sag compensation techniques in distribution system are explained in details. Due to the restriction of storage energy in DVR's capacitors, minimization of active power injection by DVR is essential. Thus, minimum active power injection method applied to compensate voltage sag (balance & unbalance). Then a new control system for DVR based on minimum injection active power method is described. Finally, voltage sag correction by proposed control system is studied and evaluated in spite of variation in load power factor. 
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	Nomenclature 
	

	HBI        
	Half Bridge Inverter

	HPF   
	High Pass Philter

	PF 
	Power Factor

	Rs , Ls , Cs 
	parameters of RLC filter

	T   
	park  transformation

	Vth   
	equivalent thevenin voltage

	Zth 
	equivalent thevenin impedance

	Vs   
	equivalent voltage source 

	Vsag
	equivalent voltage sag

	VL'  
	load voltage before sag

	VL  
	load voltage after sag

	IL 
	load current

	Pdvr 
	injected active power by DVR

	Vdvr 
	injected voltage by DVR

	SDVR  
	injected apparent power by DVR

	δ 
	phase angle of VL

	φ
	phase angle between IL and VL

	α
	phase angle of Vdvr

	Vsa, Vsb, Vsc
	three-phase instantaneous values of Vs

	VLa, VLb, VLc
	three-phase instantaneous values of VL

	Vdvra,ref, Vdvrb,ref, Vdvrc,ref
	three-phase reference voltage of DVR

	VLd, VLq   
	d-q components of VL

	Vsd, Vsq    
	d-q components of Vs

	VLm 
	linear mean value of VL

	Vsm 
	linear mean value of fundamental frequency of Vs

	Vdvrd  and Vdvrq  
	d-q components voltage of DVR

	Pdvr, dc,ref  
	reference value of DC injected active power 


I. Introduction
Voltage amplitude is one of the most significant factors that determine the power quality [1] and voltage sag is an important power quality issue [2]-[4]. There are various sensitive loads in distribution systems affected by voltage sag [5], [6]. Occurrence of voltage sag is hazardous for high-tech industries [7]. Compensating the voltages sag and the load voltage magnitude is a challenging task while a disturbance occurs. Therefore, the dynamic voltage restorer (DVR) is used for voltage sag correction in distribution systems [8]-[10] which reduces the bad effects of voltage sag on sensitive loads [11], [12]. Thus, the Power quality can be enhanced in distribution system using DVR [13], [14]. If for any reason, a fault occurs in system and severe voltage sag happened on sensitive load, it will cause an outage of sensitive load from system [15]. One method for correcting the voltage sag is injection of compensating voltage in series by DVR. A DVR basically is a controlled voltage source that should be installed between source and sensitive load. The compensation capacity is one of the most important characteristics of DVR, which depends on maximum voltage injected by DVR and active power produced by it. Due to the limit in energy storage capacity, energy injected by DVR should be minimized [5]. In minimum active power injection method, zero active power injection during the shallow voltage sags and minimum active power injection for deep voltage sags are targeted [16]. In this study, minimum active power injection method has been applied to compensate voltage sag by DVR. Performance of this method is evaluated under balance and unbalance voltage sag in a distribution system. 
Saturation’s block of control system has been presented in [16], which simply designed for power factor 0.8pu. Thus, DVR will not compensate voltage sag completely for the other power factors (load changing). This paper will represent a new control system which is not limited to fix load power factor, and DVR will compensate voltage sag correctly in wide load power factor rang.
II. DVR model
In this paper, a 12 pulse-cascade inverter is considered for DVR model. Inverter model is presented in Fig. (1). Also, three phase voltage produced by DVR is presented in Fig. (2). The produced voltage converts to three phase sine wave voltages after passing through RLC filters to correct the voltage sag.
[image: ]
Fig. 1. 12 pulse-Cascade inverter 

[image: ]
Fig. 2. Three phase-voltage waveform of the cascaded-inverter
III. Placement of DVR in distribution system
[bookmark: OLE_LINK95][bookmark: OLE_LINK94][bookmark: OLE_LINK25]"Fig. 3" shows a DVR in the distribution system that is located between critical load and the source. If a fault occurs in other lines, voltage sag happens on sensitive load. Thus, DVR injects voltage in series to maintain nominal load voltage. Basically, energy storage sources, inverter, RLC filter, and coupling transformer makes up the structure of DVR as shown in "Fig. 3".
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][image: ]
Fig. 2. DVR’s schematic
IV. Control strategies for DVR
In general, control strategies for DVR are divided into three main categories: 1) Pre-sag, 2) in-phase, and 3) Minimal energy 
IV.1. Pre-sag Control Strategy 
In this method, load voltage is exactly regained into the same amount of voltage before the fault. Thus, improved voltage has same magnitude and phase of voltage before the fault [13]. Phasor diagram of this method is shown in "Fig. 4". This Compensation method causes the least disturbance in the load, because the phase voltage did not change during the sag [5]. In this strategy, a PLL (Phase Locked Loop) should be synchronized to load voltage. As soon as fault occurs in the system, PLL is locked and phase of voltage can be restored. In this method, phase of voltage is returned before a fault. However, higher voltage should be injected by the DVR [5]. Equivalent circuit of DVR can be seen in "Fig. 3".
 
[image: ]
[bookmark: OLE_LINK11][bookmark: OLE_LINK10]Fig. 4. Phasor diagram of pre-sag control
IV.2. In-phase Control Strategy 
In this strategy, the voltage injected by DVR is minimized. In in-phase compensation strategy, the phase of voltage is jumped and creates the eddy and transient currents which cause the outage of sensitive loads from network. Therefore, this method isn’t used for critical loads [5]. phasor diagram of this method is shown in "Fig.5". The only advantage of this method is the minimization of injected voltage amplitude and injected apparent power by DVR. But injected active power by DVR is still higher than the pre-sag control strategy. In this method, the injected active power is presented in equation (1).

[image: ]
Fig. 5. Phasor diagram of in-phase control

	

	(1)


IV.3. Minimal Energy Control Strategy
This method is based on the elimination of active injected power. In this strategy, voltage injected by DVR should be perpendicular to load current till the injected active power become zero. Phasor diagram of this method is shown in "Fig. 6". α is defined as equation (2).
	

	(2)


[bookmark: OLE_LINK35][bookmark: OLE_LINK36]δ is obtained from equation (3): 
	

	(3)


Equation (3) leads the following inequality:
	

	(4)


[image: ]
Fig. 6. Phasor diagram of minimal energy method

[bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK127]Reviewing equation (3), if cosφ is specified to be considered for special load and VL is assumed 1pu for shallow voltage sag, and then active power injection by DVR would be zero. However, considering inequality (4) for the deep voltage sag injected active power by DVR cannot be zero.
V. Minimum Active Power Injection Strategy
[bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK136][bookmark: OLE_LINK137]In this method, active power Injection by DVR will be zero for shallow voltage sag and will be minimized for deep voltage sag. Diagrams of Pdvr-Vdvr (for power factor 0.8 and different voltage sag) are presented in "Fig. 7". It is obvious that minimum of active power injection is zero for Vsag=0.2pu, and is negative for voltage sag less than 0.2, however, it is not zero for voltage sags higher than 0.2. Considering the diagrams in "Fig. 7", for voltage sag less than 0.2, minimum value of Pdvr becomes negative. Therefore, active power should be absorbed from the system by DVR. To absorb the active power by DVR, extra energy storage equipments are required which is costly [16].

[image: ]
Fig. 7. Active power injection _ voltage injection

Load power can be described in equation (5).
	

	(5)


Bus power during sag can be expressed by (6):
	

	(6)


So, injected active power by DVR will be calculated by the following equation: 
	

	(7)


[bookmark: OLE_LINK147][bookmark: OLE_LINK148]According to the phasor diagram of Fig. (6), α can be expressed as relationship (8):
	

	(8)


Also can be obtained from equation (9):
	

	(9)



[bookmark: OLE_LINK39][bookmark: OLE_LINK149][bookmark: OLE_LINK150]If the value of  equals to D, by replacing (8) and (9) in (7), the active power injection will be obtained form of the equation (10): 
	

	(10)


[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK151][bookmark: OLE_LINK152]Diagrams of Pdvr _ Vsag based on SDVR=0.37pu is shown in "Fig. 8" for different values of cosφ which has been resulted from equation (10). Negative values of Pdvr are considered to zero as it doesn’t need to absorb active power from DVR. 

[image: ]
Fig. 8. The minimum active power injection _ voltage sag (for SDVR=0.37pu)

As it is shown in "Fig. 8", active power injection by the DVR is zero for voltage sag less than 0.2 and minimizes the injected active power for voltage sag more than 0.2. For proposed block in [16], load power factor of 0.8 is assumed. Thus, saturation block have been designed based on this assumption. Therefore, there isn’t any control on load power factor changes. However, proposed control system quickly measures the power factor changes from load. In fact, this control block can be used for loads with different power factor. Therefore, true compensation will be achieved using proposed control system for DVR. Upgraded control system and proposed block system concerned with minimum active power injection method are presented in figures (9) and (10), respectively.


[image: ]
Fig. 9. Upgraded control system for minimum active power injection method

[image: ]
Fig. 10. Non-linear control system block for minimum active power injection method


When sag occurs in distribution system, it only produces positive voltage sequences for balanced voltage sags while it produces both positive and negative sequences for unbalance voltage sags [17]. In block diagram presented in Fig. (9), Vdvra,ref, Vdvrb,ref and Vdvrc,ref determine the required voltage that should be injected to the network by DVR. 
These values are key parameters to determine amplitude and phase angle of injected voltage of DVR. Converting voltages to d-q axis, both positive and negative sequence components is exist for unbalance voltage sag:
	

	(11)


Where T is:   
	

	(12)


The main frequency component of VS is converted into Vsd,dc, Vsq,dc while negative sequence component part of VS is transferred to Vsd,ac, Vsq,ac. Then, after passed through HPF filters, their ac parts are extracted. Relevant dc part (Vsq and Vsd) can be taken out from the difference between output signals of HPF. VLm can be obtained using the following equation:
	

	(13)


[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK159][bookmark: OLE_LINK160]Subtracting VLm from VLm,ref (usually is considered 1.0pu) and passing through a controller PI, Vdvrd,ref is obtained. To compensate voltage sag, DVR has both dc and ac active power components. The ac component is given into negative sequence part while the dc active power will be obtained using the equation (14) [16].
	

	(14)


Vdvrd, dc and Vdvrq, dc are as follows: 
	

,
	(15)


Vsm is expressed by following equation:
	

	(16)


Vsm enters into the block that its function is obtained using relationship (10). The block of control system is shown in Fig. (10). The output of this block is Pdvr,dc,ref which will be achieved by subtracting it from Pdvr,dc and crossing the PI controller, Vdvrq,ref. 
All of the above quantities are based on per unit values.
VI. Simulation Results
Systems shown in the figures 1 and 3 are simulated and modeled in MATLAB environment. 
Magnitude of load voltage should be fixed on 1.0pu during the occurrence of sag in a system. In this figures, fault occurred at t=0s and duration of voltage sag is considered 0.16s. Parameters of system and DVR are presented in Table1.

TABLE I
System and DVR parameters
	CS
	RS
	LS
	Storage voltage
	Base power
	Load power
	Load voltage

	500μF
	1 Ω
	1.5mH
	270volt
	100KVA
	100KVA
	400volt



[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK165][bookmark: OLE_LINK166]Balance voltage sag (VS=0.9pu) is shown in Fig.11.a which injects the voltage of 0.19pu by DVR (Fig. 11.b) compensates the load voltage that is shown in Fig. 11.c. As mentioned above, injected active power by DVR becomes zero for shallow voltage sags that is presented in "Fig. 11.d". Real value of active power injection in "Fig. 11.d" is quite negligible.

[image: ]
Fig. 11. (a) Voltage sag (b) injected voltage (c) compensated load voltage (d) active power injection

[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK171][bookmark: OLE_LINK172]As other cases, balanced voltage sag of 0.75pu is presented in "Fig. 12.a". For deep voltage sag, zero active power injection is impossible (for SDVR=0.37pu). Nevertheless, by injecting the maximum voltage by DVR, injected active power is minimized as displayed in "Fig. 12.b". Furthermore, compensated load voltage is shown in "Fig. 12.c". In this case, total active power injection is about 9.2KW which is shown in "Fig. 12.d".

[image: ]
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Fig. 12. (a) Voltage sag (b) injected voltage (c) compensated load voltage (d) active power injection  

[bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK190]For Fig. 13.a, unbalance voltage sag occurred on sensitive load in which voltage phase of ‘a’ dropped to 0.21pu and voltage phase of ‘b’ and ‘c’ falling down to 0.11pu. Required injecting voltage by DVR to compensate unbalance voltage sag can be seen in Fig. 13.b. Plot of Fig. 13.d confirms that for unbalance shallow voltage sag, active power injection got to be zero.

[image: ]
Fig. 13. (a) Voltage sag (b) injected voltage (c) compensated load voltage (d) active power injection

[image: ]
[bookmark: OLE_LINK26][bookmark: OLE_LINK37]Fig. 14. (a) Voltage sag (b) injected voltage (c) compensated load voltage
  
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK20][bookmark: OLE_LINK19]As mentioned, if the non-linear block in figures 9 designed only for specific power factor compensation, it will not act correctly for other loads factors. Balance voltage sag of 0.75pu is shown in Fig. 14.a. If this block is designed for power factor of 0.9, while power factor changes to 0.8 (considering Fig. 8), value of Pdvr,dc,ref increases and subsequently the values of Vdvra,ref, Vdvrb,ref and Vdvrc,ref decrease and as shown in Fig. 14.b. the injected voltage by DVR is reduced, in turn. Finally, a little compensation will be done which would not be adequate (Fig. 14.c).

[image: ]
Fig. 15. (a) Voltage sag (b) injected voltage (c) compensated load voltage

[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Balance voltage sag of 0.75pu is shown in Fig. 15.a.  In this case, if control block is designed for fixed power factor of 0.7, and power factor changing to 0.8 (considering Fig. 8), Pdvr_dc,ref decreases and the values of Vdvra,ref, Vdvrb,ref and Vdvrc,ref will be increased. As DVR is not able to generate a sine wave voltage, magnetite of voltage becomes more than 0.37pu. Thus, DVR generate a non-sinusoidal voltage with magnitude more than 0.37pu (Fig. 15.b). Consequently, compensated load voltage isn’t the correct sine wave and also magnitude of compensated load voltage will be more than 1.0pu.

[image: ]
Fig. 16. (a) Voltage sag (b) injected voltage (c) compensated load voltage 

However, for presented control system in this paper, the phase angle is measured (as one of the block inputs), so, compensation will be done correctly by changing the load power factor. Fig. 16.a shows balance voltage sag 0.75pu which in this case, the load power factor is reduced from 0.8 to 0.7. As mentioned before, while the real value of Pdvrdc,ref is measured, then injected voltage by DVR will be the exact voltage which is required to compensate the load voltage (Fig. 16.b).
VII. Conclusion
While sag occurs in distribution systems, DVR can be used to correct the sensitive load voltage. DVR injects voltage in series to compensate load voltage. There are different voltage sag compensation techniques, but minimization of active power injection by DVR is essential due to the restriction of storage energy in DVRs capacitors. In minimum active power injection method, injected active power by the DVR will be zero for shallow voltage sag and it will be minimized for deep voltage sag. Considering the fixed load angle for control systems of DVR is wrong in this case. As load angle variation is inevitable, upgraded DVR controller works flexible with this variation and it properly compensates the load voltage level especially for sensitive loads. 
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