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Voltage disturbance generator (VDG) is a kind of device used to generate voltage disturbances 
that may occur in the network in order to test and evaluate the performance of the power 
quality devices such as Dynamic Voltage Restorer (DVR) and Uninterruptible Power Supply 
(UPS). Some of the voltage disturbance generator systems which are available in the literature 
and commercially available are complex and expensive while the others are simple, inexpensive 
but less functional. In this paper, a new transformer based, digital signal processor (DSP) 
controlled VDG is designed which can generate balanced and unbalanced voltage sag/swell and 
interruption and can adjust the depth, duration and initiation point of disturbances. The 
proposed system is composed of bidirectional switches, variable transformers and DSP based 
controller. 3 phase 20 kVA experimental setup is developed to verify the performance of the 
designed system with linear and non-linear loads. Moreover, the performance of VDG is also 
investigated in the compensation tests of DVR and UPS.   
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1. Introduction 
 

Voltage sags are considered one of the most encountered power quality problems in 
power systems. Voltage sag is a momentary decrease in the rms voltage between 0.1pu and 
0.9 pu (10%–90% of the nominal voltage) at the power frequency of duration from 0.5 
cycles to a few seconds. They may be caused by natural events (lightning or freezing), 
switching operations of power electronic equipment, nonlinear characteristics of loads and 

fault currents. The voltage swell is a power quality problem but it is not encountered as 
frequently as the voltage sag. Voltage swell is a momentary increase to between 1.1pu and 
1.8 pu in the rms ac voltage (110% of the nominal voltage) at the power frequency of 

duration from 0.5 cycles to a few seconds. They may be triggered on the unfaulted phase by 
occurred faults on the other phases. Voltage sags and swells may damage a large number of 
voltage-sensitive loads, cause a shutdown of a process and cause high economic hardship 

[1-4]. 
In order to mitigate the effects of voltage sags and swells on the voltage sensitive users, 

sag compensating devices such as DVR, UPS, static series compensator (SSC) etc. are 
inserted to the power systems. It is important to test the performance of these compensating 
devices under various voltage sag and swell conditions. The performance analysis of the 
devices must be carried out for diverse sag/swell duration, depth and point of initiation. A 
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voltage sag/swell generator can be very useful to test and evaluate the sensitivity of the 

compensating devices.  
There are several solutions to generate voltage disturbances in the literature as illustrated 

in figure 1. The well-known topologies of the VDG are transformer based, switching 
impedance based, generator based and fully converter based topologies. The benchmarking 
and operation processes of the voltage sag generator types are presented and the 
performance of the systems are evaluated by experimental results in [5]. The simplest 
solution of the VDG is shunt impedance based sag generator. The voltage sag is created by 
switching impedance which is connected in parallel to the line in [6]. Bidirectional switches 
are used as switching element in impedance switching method. To adjust the depth of sag 
voltage, impedance value must be changed. Thus an impedance bank is necessary. This 
method can provide voltage sags in different depths and durations, but cannot provide 
voltage swell condition. Generator based VDG [7], [8] provide voltage sag and swell 

conditions by means of synchronous generator. The depth and duration of voltage sag/swell 
condition can be adjusted by excitation current of generator. However, the system has bulky 
hardware because of the weight and scale of the synchronous generator. Fully converter 

based VDG is programmable and more useful device for testing the performance of 
compensating devices. In order to produce symmetrical and unsymmetrical voltage sags, 
voltage source inverter based three phase PWM voltage sag generator is proposed and 
examined experimentally in [9]. To produce unsymmetrical voltage sags, zero sequence 
component compensation strategy is also proposed in the study. The voltage disturbance 
conditions can be created by AC-DC and DC-AC conversions. The switching elements of 
the converters are mostly IGBTs. The voltage sag/swell conditions can be provided with the 
desired depth, duration and point of initiation in the fully converter based generator type, 
but the hardware of the system is expensive and the control system is complicated. The 

transformer based VDG has recently become the most widely used method in the literature. 
This method is composed of autotransformer or variable transformer (variac) and 
bidirectional switches. The bidirectional switches change the output voltage of generator by 

activating the source way or transformer way [10], [11]. The depth of voltage sag/swell can 
be adjusted by the turns ratio of transformer. Some studies use solid state relay (SSR) as a 
switching device with transformer to create balanced and unbalanced sag voltages [12], 

[13]. The method using SSR with variable transformer [12] can create desired sag voltage, 
however, it cannot control the initiation point of the sag voltage. 

 

 
Figure 1. Overview of the voltage disturbance generator topologies 
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Table 1 shows the benchmarking of the VDG topologies available in literature. As 

shown in table 1 and as understood from the literature review, there is no system capable of 
sensitive control in the literature. Sensitive control is one of the most challenging issue for 
test equipment. The response of the compensation systems (DVR, UPS) may vary for 
various initiation points. Compensation devices need to be tested at different initiation 
points in the test phase. Therefore, VDG systems should be able to control the initiation 
point of the sag/swell and have sensitive control structure. 

 
Table 1. The benchmarking of voltage disturbance generator topologies 

Topologies 
Impedance 

Based 

Generator 

Based 

Fully 
Converter 

Based 

Transformer and 
Bidirectional 

Switches Based 

Proposed 

System 

Features Papers [6] [7],[8] [9] 
[10], [12],  

[13] / [11] 
 

Sag Generation � � � � � 

Swell Generation X � � �/ X � 

Depth Adjustment � � � � � 

Duration Adjustment � � � � � 

Unbalanced Generation � X � � � 

Initiation Point Adjustment X X X X � 

Controller Types Manual VB control 

Dual-loop 
proportional 

integral 
resonant 
controller 

Logic gates based 

/ DSP based 

DSP 
based 

 
In this paper, transformer based, DSP controlled sag swell generator is developed to test 

and evaluate the susceptibility of the compensating devices. The configuration of the 

proposed system is simple design and composed of back to back connected (bidirectional) 
thristors for each phase and variacs to adjust the sag/swell voltage depths. Thus, the 
proposed system can generate balanced and unbalanced voltage sag/swell and interruption. 

The duration, depth and initiation point of the sag/swell and interruption conditions can also 
be adjusted by the system. The DSP based microcontroller unit is used as controller of the 
VDG. With a simple design steps, the system can be easily operated and manufactured. To 

test and verify the operating performance of the proposed system, a 20 kVA, 3ϕ 
experimental VDG system has been designed. The capability of the system is tested with 3 
phase 4 wire resistive and inductive loads and non-linear loads (diode rectifier). In addition, 
its performance is also investigated in the compensating test of DVR and UPS. 
 
2.  Structure of power circuit 
 

The most common power quality problems such as sag, swell and interruption can easily 
be generated using the proposed voltage disturbance generator. The power circuit structure 
of the proposed VDG which is depicted in figure 2. consists of three bidirectional thyristor 

switches for three parallel paths, variable transformers and a variable resistor. In normal 
conditions, the loads are fed from the main voltage source by means of the first transition 
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path. The voltage disturbance condition is provided by variable transformer by changing the 

tap of it. The loads are fed by the variable transformer via the third transition path under the 
disturbance condition. The second transition path includes variable resistor (RT) to feed the 
loads with continuous voltage. In the transition from pre-sag to sag condition, variable 
resistors are engaged and provide continuous voltage for loads. All paths consist of 
thyristors that are connected in back-to-back configuration to provide sinusoidal voltage. 
The switches of source voltage path, variable resistor path and variable transformer paths 
are represented as respectively Sw_S, Sw_R and Sw_V. 

 

 
Figure 2. The structure of VDG. 

 

3. Controller structure of the system 

 
3.1. Hardware of the controller 
 

A control circuit developed using DSP based microcontroller is used to generate 
thyristor firing signals and to apply the developed control method to the experimental setup 

by converting voltage and current signals to numerical values. In the control system, Phase 
Locked Loop (PLL) is used in order to set the initiation point of sag/swell. The phase 
voltage required by the PLL is provided by the voltage measurement circuit that is shown in 
Figure 3. As can be seen from the block diagram, voltage signal, which is measured with 
LEM LV-25P voltage sensor, is reduced to a certain value by the voltage sensor. In order to 
achieve 0-3V unipolar signal required for DSP-ADC input, 1.5V offset value is added to 
the filtered signal in non-inverting summing amplifier.  
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Figure 3. Block diagram of phase voltage measurement and protection circuit 

 
Current measurement is also done with Multimic CTF-50A clamp type current sensor to 

provide protection in the proposed system. The analog protection is provided by the peak 
detector and comparator circuits in the current protection circuit. Additionally, digital 
voltage and current protections are also used in the controller. Figure 4 shows the block 

diagram of current measurement circuit. 
 

 
Figure 4. Block diagram of current measurement and protection circuit 

  
3.2. Software of the controller 
 

The control of the proposed system is important because it determines the operation 
performance of the VDG. The operation of the controller starts with the fault control. Then, 

source voltage enters to the analog-to-digital converter. The duration and the initiation point 
of the sag/swell can be adjusted by the controller. The controller needs magnitude and 
phase of voltage. PLL extracts the magnitude and phase (θt) of the source voltage. The 

performance to determine the initiation point of sag/swell is directly depended on phase 
angle information. The system starts after the phase information, initiation point and 
duration have been set. The control system receives sag or swell command by an external 
input (push button). Sag or swell condition (Sg/Swll_Flg) is represented as logic 1, while 
nominal condition is represented as logic 0.  
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Figure 5. The flowchart of the controller 

 
Under the nominal condition (Sg/Swll_Flg=0), Sw_S are triggered continuously and 

loads are fed by main voltage source. When voltage disturbance is occurred 
(Sg/Swll_Flg=1), Sw_R are triggered to provide continuous voltage to the loads while 

limiting the transient currents. Sw_R and Sw_S are triggered together for 2.5 ms. Then, 
Sw_S are turned off until the end of voltage disturbance condition.  Sw_R are triggered 
alone for a half cycle (10 ms) in order to ensure that the Sw_S are turned off. Because, 

thyristors are not turned off by only removing triggering pulses. Following the half cycle 
Sw_V are triggered to provide sag/swell voltage to the loads. Sw_V and Sw_R are 
triggered together for 2.5 ms. Then, Sw_R are turned off. Sw_V are triggered solitary for 
the determined voltage disturbance duration [12].  

In the recovery from voltage sag or swell condition, the Sw_R are triggered to provide 
continuous voltage. Sw_V and Sw_R are triggered together again for 2.5 ms. The Sw_R are 
turned off alone. 10 ms later, the Sw_S turn on signal is generated. For 2.5 ms, Sw_R and 
Sw_S are triggered together, then Sw_R are turn off. Hence, the loads are fed by main 
voltage source [12]. The way this is done represented by the flowchart shown in Figure 5. 
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The control signals of the VDG is shown in Figure 6. The input and output signals of the 

sag or swell condition are presented in the Figure 6. 
 

 
Figure 6. The control signals of VDG [12] 

 

4. Experimental setup and results 
 

A three phase 20 kVA, 380 V laboratory prototype is developed to show the 
performance of the proposed system. In the design of the power circuit, SKKT 42/12E 
thyristor modules of Semikron were used. The module consists of two thyristors in series. 
In the prototype, thyristor module is used as back to back connected thyristors with a 
connection that is made on the module. Thyristors are triggered by the thyristor drivers. 
They apply a gate pulse train for triggering the thyristors to ensure the conduction for the 

full duration of current transfer. The input signals of thyristor drivers are generated based 
on the DSP according to the sag/swell condition. Semikron APTT-841M drivers are used 
for triggering the back to back connected thyristors. This module requires an external +12 

Vcc/250 mA power supply. The thyristors can be triggered using an external 12 V signal 
connected between 0 V and the trigger. The power circuit of the VDG contains variable 
resistors with a range between 1-30 Ω to provide continuous voltage to the loads. In 
addition, power circuit consists 100A three phase power contactors to start up the VDG 
prototype. The top view and side view pictures of VDG prototype are presented in Figure 7.  

During the experimental studies, DVR results are measured with designed measurement 
card and recorded with NI cDAQ 9184 chasis and NI 9205 module. The experimental 
results of inductive/non-linear loads and UPS are measured and recorded with MSO3034 
Tektronix Digital Signal Oscilloscope.  
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Figure 7. The top view and side view pictures of VDG prototype 

 
Case studies are presented in this chapter in order to show the performance of VDG. The 

details of the cases are given in Table 2. In the first two cases, sag/swell generation 

performance of the VDG is tested with inductive (RL) and non-linear loads. The adjustment 
of the initiation point of the disturbance is investigated. The third and fourth cases are 
performed to test and evaluate the susceptibility of the DVR. Voltage disturbances are 
produced as balanced and unbalanced for testing. Fifth, the compensation performance of 
the Offline UPS is evaluated. The VDG is used as a test setup for the power quality devices 
in the third, fourth and fifth cases. 
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Table 2. The details of case studies 

Case Studies 

Case 1 Case 2 

30% 1 Phase Sag  

                           Period: 5 

                             Load: 1 Rect., 2 kVAR  
             Initiation Point: 30o 

                                     : 90o 

10% 1 Phase Swell  

                          Period: 5 
                            Load: 1 Rect., 2 kVAR 
            Initiation Point: 30o 
                                    : 90o 

Case 3 (DVR) Case 4 (DVR) Case 5 (Offline UPS) 

30% Balanced 3 Phase Sag 

 

Period: 3 

          Initiation Point: 30o 

             : 90o 

               : 150o 

Unbalanced VD 

30% Sag A/B,15% Swell C 

      Period: 5 
       Initiation Point: 30o 

                    : 90o 

                                    : 150o 

30% 1 Phase Sag 

 

              Period: 3  
Initiation Point: 30o 

                        : 90o 

                                     : 150o 

 
Firstly, the operating performance of the determined control method has been tested. As 

shown in Figure 8, in pre-sag condition, the load is fed by the source (depicted as 13). The 
variable resistor (depicted as 12) is activated when the disturbance command is provided by 
an external signal. The source is deactivated and then variable transformer (depicted as 8) is 
activated with the specified delay. As can be seen from Figure 8, the desired initiation point 
(30o) and duration (3 period) of voltage disturbance is adjusted easily. The reference point 

of the initiation point is determined as zero crossing point of phase A.  
 

 
Figure 8. The experimental control signals and source and load voltages  

 
In the first and second cases, the performance of the VDG is investigated with different 

load conditions.  In the first case, it is assumed that voltage sag is occurred on phase A. For 

%30 voltage sag, the initiation point of the sag is adjusted as 30o and 90o and duration of 
the sag is 5 period. In the second case, single phase line to ground %12 voltage swell 
condition, which is occurred on phase A, is investigated. The initiation point of the swell is 

adjusted as 30o and 90o and duration of the swell is 5 period. Figure 9 shows the results of 
case 1 and case 2 respectively. It can be seen from the Figure 9, sag and swell conditions 
(voltage disturbances) are successfully produced at the desired initiation point and duration. 

In the transition from nominal to sag condition and sag to nominal condition, variable 
resistor provides continuous voltage to the load. Thus, the load voltage interruption is 
prevented and transient currents are limited by variable resistor.  
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Figure 9. Test results for case 1 (A) and case 2 (B) 

 
In the DVR cases, DVR compensation performance is examined with VDG. The 

performance results are realized for 30% balanced sag with 30o, 90o and 150o initiation 
points in case 3. Additionally, unbalanced disturbances that are 30% sag on A and B phases 
and 15% swell on C phase with 30o, 90o and 150o initiation points are also investigated in 
case 4. The parameters of the DVR test setup parameters are listed in Table 3 and the one 
line diagram of the system is depicted in Figure 10.  It can be observed from Figure 11 that 
the load voltage during the sag is restored to its nominal range. Compensation capability of 
the DVR depends on the sag detection method and output filter of the DVR. Thus, the 
performance of the DVR may vary, but the proposed VDG demonstrates a successful 
performance as a test setup in the DVR test. Conduction regions of the switches are 

presented in Figure 11. When the VDG turn-on command is provided, variable resistor 
switches are activated and then disturbances are started up smoothly. 
 

 
Figure 10. The one line diagram DVR test setup 
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Table 3. DVR and UPS test setup parameters 
DVR Parameters 

Transformer Power: 2.5 kVA 
Turn Ratio: 1:1 
%Uk: %1 

Output Filter Reactor 1 mH 
Output Filter Capacitor 1.2 mH 
DC Link Capacitor 690 uF 

UPS Parameters 
Nominal Voltage and Voltage Range 230 V / 162-290 V 
Power 1000 VA / 600 W 
Frequency 50-60 Hz 

Load Parameters 
3 Phase Rectifier  DC Load Resistor (RR) 

50Ω 
DC Load Capaticor 
(CR) 2200µF 
Smoothing Reactor, 
(LR) 3mH 

Inductive Loads 11kVAr with 5 Steps  
Step 1-2: 1kVAr 
Step 3-4:2kVAr 
Step 5: 5kVAr 

 

In the fifth case, single phase offline UPS is used to maintain the load voltage in nominal 
range. Test operation is performed for UPS. The test setup parameters of the UPS is shown 
in Table 1 and one line diagram of the setup is depicted in Figure 12. Figure 13 shows the 
UPS response to the %30 single phase sag condition with different initiation points. The 
response time of the UPS is about a half cycle of the AC signal, however it operates for 480 
rms in order to compensate 3 periods of voltage sag. The performance verification of the 
UPS is performed by the VDG based test setup. 

 
5. Conclusion 
 

In this paper, a new DSP controlled VDG has been developed to provide a cost effective 
solution to expensive and complicated disturbance generator devices that is used to test the 
sensitivity of power quality devices. The power circuit structure and control scheme is 
simple and economic. The proposed system consists of bidirectional switches to provide the 
switching of each phase independently, variacs and DSP based controller. The 
independently controlled phases allow it to generate balanced and unbalanced voltage 
sag/swell and interruption. The system can also adjust the depth, duration and initiation 

point of disturbances. A 20 kVA, 3ϕ experimental setup has been built. The performance of 
the setup has been tested with linear and non-linear loads. Additionally, the VDG has also 
been investigated in the compensating tests of DVR and UPS. The proposed VDG system 

is laboratory scale. 
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Figure 11. DVR test results for case 3 / 3 period 3 phase balanced 30% sag with (a) 30o (b) 
90o and (c) 150o degree initiation points and case 4 / unbalanced VD for 5 period 30% sag a 

and b phase - 15% swell c phase with (d) 30o (e) 90o and (f) 150o degree initiation points 
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Figure 12. The one line diagram UPS test setup 

 

 
Figure 13. UPS test results for 3 period 1 phase voltage sag 
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