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ABSTRACT 
Power quality is one of major concerns 

in the present era. According to Survey results it 

shows that 92% of interruptionat industrial 

facilities are caused due to voltage sag 

related.The DVR( Dynamic voltage restorer) is a 

series connected device whose function is to 

protect a sensitive industrial load from voltage 

sags.The voltage sag compensator, based on a 

transformer-coupled is connected in series to 

voltage source inverter, is among the most cost-

effective solution against voltage sags. To 

mitigate the problems caused by poor quality of 

power supply, series compensators are used.  

Transformers are often installed in front of 

critical loads for electrical isolation purposes. 

When voltage sags happen, the transformers are 

exposed to the disfigured voltages and a DC 

offset will occur in its flux linkage. When the 

compensator restores the load voltage, the flux 

linkage will be driven to the level of magnetic 

saturation and severe inrush current occurs. The 

compensator is likely to be interrupted because 

of its own over-current protection, and 

eventually the compensation fails, and the critical 

loads are interrupted by the voltage sag. This 

paper proposes an improvement of transient 

current response using inrush current mitigation 

technique of load transformer together with a 

state feedback controller for the voltage sag 

compensator. The operation principles of the 

proposed method are specifically presented, and 

experiments are provided validate the proposed 

approach. 
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I.      INTRODUCTION 

Power quality and reliability are essential 

for operation of industrial process which involve in 

critical sensitive loads. The Power quality in the 

distribution system can be improved by using a 
custom power device DVR for voltage disturbances 

such as voltage sags, ,harmonics, and unbalanced 

voltage.[1] The DVR( Dynamic voltage restorer) is 

a series connected device whose function is to 

protect sensitive industrial load from voltage sags. 

 

 

 

A voltage sag as defined by IEEE Standard 1159-

1995,IEEE Recommended Practice for Monitoring 

Electric Power Quality, is a decrease in RMS 

voltage at the power frequency for durations from 

0.5 cycles to 1 minute, reported as the remaining 

voltage.The measurement of a voltage sag is stated 

as a percentage of the nominal voltage, it is a 
measurement of the remaining voltage and is stated 

as a sag to a percentage value. Thus a voltage sag to 

60% is equivalent to 60% of nominal voltage, or 

288 volts for a nominal 480 Volt system[2][3]. 

Voltage sag are caused due toShort circuits, starting 

large motors, sudden changes of load, and 

energization of transformers are the main causes of 

voltage sags [4].. Voltage sags often interrupt 

critical loads and results in substantial productivity 

losses. The DVR is a voltage sag compensator based 

on a voltage source inverter (VSI). The voltage sag 
compensators have been one of the most cost-

effective voltage sag ride-through solutions. 

 

Several closed-loop control techniques 

have been proposed for voltage source inverter-

based sag compensators [5-7].Transients can be 

currents or voltages which occur momentarily and 

fleetingly in response to a stimulus or change in the 

equilibrium of a circuit. Transients frequently occur 

when power is applied to or removed from a circuit, 

because of expanding or collapsing magnetic fields 

in inductors or the charging or discharging of 
capacitors. In this paper, the inrush issue of load 

transformers under the operation of the sag 

compensator is presented. An  improvement of 

transient current response along with  inrush 

mitigation technique is proposed and implemented 

in a synchronous reference frame with a  sag 

compensator controller. The proposed technique can 

be integrated with the conventional closed-loop 

control on load voltages.  

 

The new integrated control can 
successfully reduce inrush current of load 

transformersand improve the disturbance rejection 

capability and the robustness of the sag compensator 

system. Laboratory test results are presented to 

validate the proposed technique. 
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Fig. 1.Simplified one-line diagram of the offline 

series voltage sag compensator. 

 

As shown in Fig. 1, the voltage sag 

compensator consists of a three phase voltage source 

inverter (VSI) and a coupling transformer for serial 

connection [8-10]. When the grid is normal, the 

compensator is bypassed by the thyristors for high 

operating efficiency. When voltage sags occur, the 
voltage sag compensator injects the required 

compensation voltage through the coupling 

transformer to protect sensitive loads from being 

interrupted by sags. However, certain detection time 

(typically within 4ms) is required by the sag 

compensator controller to identify the sag event 

[11]. And the load transformer is exposed to the 

deformed voltage from the sag occurrence to the 

moment when the compensator restores the load 

voltage. Albeit its short duration, the deformed 

voltage causes magnetic flux linkage deviation 
inside the load transformer, and magnetic saturation 

may easily occur when the compensator restores the 

load voltage, thus results in inrush current. The 

inrush current could trigger the over-current 

protection of the compensator and lead to 

compensation failure. Thus this paper proposes 

inrush mitigation technique by correcting the flux 

linkage offsets of the load transformer. And this 

technique can be seamlessly integrated with the state 

feedback controller of the compensator. 

 

II. DYNAMIC VOLTAGE RESTORER 
Dynamic Voltage Restorer (DVR) is a 

recently proposed seriesconnected solid state device 

that injects voltage into the system in order to 

regulate the load-side voltage. The DVR was first 

installed in 1966 [12]. It is normally installed in a 

distribution system between the supply and the 

critical load feeder [13]. Its primary function is to 

boost up the load-side voltage in the event of a 

disturbance in order to avoid any power disruption 
to that load [14,15]. There are various circuit 

topologies and control schemes that can be used to 

implement a DVR. In addition to voltage sags and 

swells compensation, a DVR can also perform other 

tasks such as: line voltage harmonics compensation, 

reduction of transients in voltage and fault current 

limitations. The general configuration of a DVR 

consists of an injection / booster transformer, a 

harmonic filter, a voltage source converter (VSC), 

DC charging circuit and a control and protection 

system as shown in Fig. 2. In most sag correction 

techniques, the DVR is required to inject active 

power into the distribution line during the period of 

compensation. Hence, the capacity of the energy 

storage unitcan become a limiting factor in the 
disturbance compensation 

process especially for sags of long duration. 

 

 
 

Fig.2  Principle of DVR 

 

III. SYSTEM CONFIGURATION OF THE    

PROPORSEDCOMPENSATOR 
The leakage inductor of coupling 

transformer Lf and capacitor Cf is recognized as the 

low pass filter to suppress Pulse width 

modulation[PWM ] ripples of the inverter output 

voltage vm. Figure 3 shows the equivalent circuit of 

series voltage sag compensator and its dynamic 

equation can be expressed as (1) and (2). 

 

 
Fig. 3Per- phase equivalent circuit of series voltage 

sag compensator 

 
Where [vmavmbvmc]

T is the inverter output 

voltage, [vcavcbvcc]
Tis thecompensation voltage, 

[imaimbimc]
Tis the filter inductor current, and 

[iLaiLbiLc]
T is the loadcurrent. Equation (1) and (2) 

are transferred into the synchronous reference frame 

as (3) and (4). 
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Fig. 4. Block diagram of the proposed inrush current 

mitigation technique with the state feedback control. 

 

 

Where superscript “e” indicates the synchronous 

reference frame representation of this variable and ω 

is the angular frequency of the utility grid. Equation 
(3) and (4) show the cross-coupling terms between 

compensation voltage and filter inductor current. 

 

IV. THE PROPOSED CONTROL 

METHOD 
The  block diagram of the proposed control 

method is shown in the Figure 4. Note that the d-
axis controller is not shown for simplicity. The 

block diagram consists of the full state feedback 

controller [16] and the proposed inrush current 

mitigation technique. Detailed explanations are 

given in the following sections.  

 

4.1    The full state feedback scheme 

The state feedback scheme includes 

feedback control, feedforward control and 

decoupling control. 

 

4.1.1  Feedback control 

The feedback control is utilized to improve 

the preciseness of compensation voltage, the 

disturbance rejection capability and the robustness 

against parameter variations. As in Fig. 4, the 

capacitor voltage ve
cq is the voltage control in the 

outer loop and the inductor current ie
mqis the inner 

current control. The voltage control isimplemented 

by a proportional regulator with voltage command 

ve*
cq respectively produced by the voltage sag 

scheme. 

 

 

 

 

 

 

4.1.2   Feed -forward  control 

To improve the dynamic response of the 

voltage sag compensator, the feed forward control is 

added to the voltage control loop to compensate the 

load voltage immediately when voltage sag occurs. 
The feed-forward voltage command  can be 

calculated by combining the compensation voltage 

and the voltage drop across the filter inductor which 

is produced by the filter capacitor current. 

 

4.1.3 Decoupling control  

Since   cross coupling  terms  derived  from 

thesynchronous reference frame transformation and 

the external disturbances exists in the physical 

model of voltage sag compensator, the control block 

utilizes the decoupling control to improve the 

accuracy and the disturbance rejection ability. 
Figure 4 shows the decoupling terms is produced by 

measuring the load current, filter capacitor voltage 

and the filter inductor current. The cross coupling 

terms in physical model can be eliminated 

completely. 

 

4.2.    Inrush Current Mitigation Technique 

 

4.2.1  Flux linkage DC offset 

The flux linkage is estimated by the 

measured line voltage. Figure 5 shows a single 
winding of the delta/wye three-phase load 

transformer which is installed in downstream of 
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voltage sag compensator. The fluxlinkage of the 

phase a-b winding is expressed as 

λLab(t)=∫vLab(t)dt(5) 

 

 

 
 

Fig. 5.Connection diagram of the proposed system 

and delta/wye load transformer. 

 

 
Fig.6.Transformer voltage and corresponding 

transient flux linkage. 

 

As shown in Figure 6, the line-to-line 

voltage across the transformer winding and the 
resulting flux linkage from the sag occurrence to 

completion of voltage compensation. When voltage 

sags occurs (t=tsag), the controller detects the 

sagged voltage and injects the required 

compensation voltage at t=tdetect. The flux linkage 

during the voltage compensation process can be 

express as following: 

 
 
This equation can be re-written as 

 

 
Assume the pre-fault load voltage is 

 

 

 

WhereVˆ*Lab is the magnitudeis  the  magnitude  of  

load  voltage, ω is  thegrid frequency, and Φ*
Lab   is 

the phase angle. Thus, afterthe voltage 

compensation is completed, the flux linkage can be 

expressed as 

 

 
 

Where 
 

 
Equation (9) states that the sagged voltages 

cause the flux linkage DC offset ∆λLab on the 

transformer windings, and its magnitude is 

dependent on the depth and the duration of sags. 

Severe voltage sag event can drive the DC offset 
exceeding the magnetic saturation knee and causes 

high inrush current. In practical saturation, the 

magnetic saturation knee is usually put on 1.10-1.15 

p.u. of state-study flux linkage. 

 

4.2.2 Design the flux linkage estimator 

The Figure 7 shows the model of a single 

transformer under no load, where R1 is the 

equivalent resistor of copper loss, Ll1 is the 

equivalent leakage inductance, Rc is the equivalent 

resistor of core losses, and Lm is the magnetic 

inductance. 
 

 
Fig. 7. Equivalent per phase circuit model of the 

transformer 

 

This dynamics of the transformer 
equivalent circuit in Fig. 7 can be expressed as 

 
Note that the leakage inductances and the core 

losses are neglected for simplifications. 

This equation can be re-written as 
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Where [λLaλLbλLc]

T=Lm[iLaiLbiLc]
T 

 

The dynamics of the transformer flux linkages can 

be transformed into the synchronous reference 

frame as 

 
 

where the damping ratio, ζ=R1/Lm, decides 

the transient of the flux linkage. Figure 8 shows the 

flux linkage estimator under the synchronous 

reference frame derived from the equation (12). 

 

 
 

Fig. 8.The flux linkage estimator under the 

synchronous reference frame. 

 

As shown in Fig. 8, the flux linkage 

estimatoris applied to the proposed inrush 
mitigation technique. The proposed inrush 

mitigation method includes feedback control and 

feedforward control. 

 

In the feedback control loop, the flux 

linkage λe
Lq is generated by integrating the load 

voltage ve
Lq. The deviation of the flux linkage can be 

calculated by the difference between λ
e*

Lq and the 

flux linkage λe
Lq. The error is regulated by a 

proportional-integral (PI) regulator. 

 
To speed up the dynamics response of the 

inrush current mitigation, the error between the 

estimated flux linkage DC offset and the flux 

linkage command(∆λe
Lq.=λ

e*
Lq-λ

e
Lq) is utilized as a 

feedforward control term. The command is 

multiplied by a proportional gainKpt (=1/∆T) to 

accelerate the DC offset compensation during the 

compensator start transient. The control gain Kpt is 

selected according to the tolerant of inrush current 

and the time requirement of flux linkage DC offset 

compensation. 
 

The summation ve*
λq of feedback and 

feedforwardcommand is added to the sag 

compensation voltage command ve*
mq to establish 

the overall command voltage of the voltage sag 

compensator. Thus, the proposed control method 

leads the voltage sag compensator to perform an 

excellent load voltage tracking and prevent the 

inrush current occurs on the load-side transformer. 

 

V.    LABORATORY TEST RESULTS 

A prototype voltage sag compensator with 

inrush current mitigation technique is implemented 

in laboratory. The one-line diagram is as given in 

Fig. 1. The system parameters of testbench and 

controller are given as follows: 
 

 Source: 220V, 60Hz;  

 

 Loads: non-linear load (R=140Ω, 

L=2.0mH, C=3300uF); 

 Voltage sag compensator: a conventional 

three-phase inverter switching at 10kHz, the 

leakage inductance of the coupling 

transformer Lf=0.32mH, and filter 

capacitorCf=4.0µF. 

 

 Load transformer: 3kVA, 220V/220V 
(Delta/Wye connection)  

TABLE I 

The parameters of the control gains 
Kpv Kpi Kpt Kpλ KIλ 

0.2 3.2 167 304 200 

 

The Figure 9 shows that asymmetrical fault 

is introduced in utility line, and the experimental 

results of voltage sag compensator without the 

inrush current mitigation technique. The controller 

detects the voltage sag in 4.0ms after the fault 

occurs, and injects the required compensation 

voltage immediately to maintain load voltage in 

normal value as shown in Fig. 9(b). The transformer 

flux linkage DC offsets caused by the voltage sag 

can be clearly observed in Fig. 9(c), which results in 

a significant inrush current of peak value 14A as 
shown in Fig. 9(d). Figure 9(e) shows the 

transformer flux linkage under the synchronous 

reference frame (λe
Ld). The voltage compensation 

process causes the flux linkage λe
Ld oscillate and 

naturally decays to the normal state by core losses of 

the transformer and the power consumption of the 

load. 

 

Under the same asymmetrical fault, Fig. 10 

shows the experimental waveforms when the inrush 

current mitigation technique is utilized in 
compensation process. Figure 10(a) and (b) illustrate 

proposed inrush current mitigation technique can 

achieve fast voltage compensation and without any 

flux linkage DC offset during the transient 

compared with Fig. 9(b) and (c). Therefore, the 

inrush current caused by the voltage sag can be 
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avoided completely compared to Fig. 9(d). 

Furthermore, Fig. 10(a) also shows that the inrush 

current mitigation technique generates an extra 

voltage to correct the trace of transient flux linkage 

when the compensation is initiated compared to Fig. 

9(c). The magnitude of the extra voltage is usually 

dependent on proportion gain Kλ. Figure 10(d) 
shows the tracking performance of proposed inrush 

current mitigation technique. The P-I regulator 

proposed method can be recognized as a virtual 

damper. A large number of KPλ can accelerate the 

flux linkage λe
Ld to track the flux linkage command 

λe*
Ld. However, it may cause a high current in the 

start transient. 

 

 
                           (a)Source voltage vs 

 

 

(b).Load voltage vL-L 

 

   
.             

(c). Flux linkage of the load transformer λL-L 

 
  (d) Load current iL 

 

 
  (e)Flux linkage of d axis λe

Ld 

 

Fig. 9.Experimental waveforms without the inrush 

current  mitigation technique 
 

 
(a).     Load voltage vL-L 

 

 

 (b).  Flux linkage of the load transformer λL-L 
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(c).  Load current iL 

 

 
 (d).    Flux linkage of d axis λe

Ld 

 

Fig.10. Experimental waveforms with the inrush 

current  mitigation technique 

 

Figure 11 makes a comparison between the 

proportion gain KPλ and flux linkage tracking error 

(λe*
Ld -λe

Ld). As the figure shows that the tracking 

error approaches steady state very quickly as a high 

Kpλ is selected as control gain. Moreover, the higher 

Kpλ can benefit the disturbance rejection capability 
in the range between fundamental frequency and 

middle frequency. More details will be discussed in 

the next section. 

 

 
Fig. 11. The flux linkage tracking error between 

λe*
Ld and λe

Ld under different control gain Kpλ 

 

VI.    THE DISTURBANCE REJECTION 

CAPABILITY  
The stationary referenced frame control 

design [17] causes a steady-state tracking error on 

the load voltage. Moreover, the control gain 

limitation constricts the compensator capability 

about disturbance rejection [7]. The synchronous 

reference frame implementation of the proposed 

state feedback controller can effectively enhance the 

disturbance rejection capability compared to the 

stationary frame feedback controller design [16]. 

The proposed inrush current mitigation technique 

utilizes a flux linkage closed-loop control, and this 

feature elevates even further the disturbance 
rejection characteristics of the sag compensator for 

the fundamental frequency load current. 

 

The disturbance rejection capability can be 

characterized by the transfer function between the 

compensator output voltage and the load current. 

Equation (11) and (12) show the disturbance 

rejection capability of the compensator under the 

conventional voltage-current state feedback 

controller and the proposed inrush current 

mitigation technique integrated with state feedback 

controller respectively. 
 

 
 

Note that three assumptions are made for 

simplicity, namely 1) cross-coupling terms in 

physical model has been decoupled by the 
controllers, 2) and the utility voltage is a voltage 

stiff, 3) the parameter of proportion gain is selected 

as Kpλ=KIvKpi. 

 

Figure 12 illustrates a Bode diagram of the 

both the transfer functions. The figure shows that 

the system is very critical in shaping the Bode 

diagram of this disturbance rejection transfer 

function if the inrush current mitigation technique 

is integrated with controllers. This advantage 

benefits the power quality of the compensator 

output voltage. Analysis of the experimental results 
shows that the total harmonic distortion (THD) of 

load voltage without inrush current mitigation is 

5.49% and with inrush current mitigation is 5.16%. 

The TABLE II summarizes the relationship 

between the error of fundamental component of 

load voltage and control gain KIλ. The rejection 

ratio of the fundamental frequency can be increased 

by selecting a high control gain KIλ. 
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Fig. 12. Comparison between conventional 

voltage-current state feedback controller and the 

proposed inrush current mitigation technique 

integrated with state feedback controller in 

disturbance rejection capability. 
 

 
 

 

VII.CONCLUSION 
This paper proposes an improvement of 

transient current response with inrush current 

mitigation technique incorporating with the full 

state feedback controller to prevent the inrush 

current during the voltage compensation process. 

The controller includes a voltage control, a current 

control and a flux linkage control. The proposed 

control method is based on the synchronous 

reference frame which enables voltage sag 

compensator to achieve fast voltage injection and 

prevent the inrush current. When voltage sag 
occurs, the controller can track the transient flux 

linkage and calculate a required compensation 

voltage in real-time for fast compensation and 

elimination of flux linkage DC offset caused by 

voltage sags. The effectiveness of the proposed flux 

linkage compensation mechanism is validated by 

laboratory test results. The disturbance rejection 

characteristics of the proposed method are also 

examined in the frequency domain for better 

understanding of the control gains selection and its 

effect. It shows that the proposed control method 
provides a high disturbance rejection capability for 

voltage sag compensator compared with 

conventional voltage-current state feedback control 

method. The proposed method can be easily 

integrated with the existing voltage sag 

compensation control system without using any 

extra sensors. 
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