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Abstract 
The automatic voltage control (AVC) relay provides real-time automatic control for the on-load 

transformer tap changer (OLTC), which is widely used for power system voltage monitoring and control 
purposes throughout the world. However, there are no uniform testing standards for the AVC system, and 
the lack of on-site inspection means has stimulated the introduction of the real-time digital simulator 
(RTDS)-based testing platform. This paper introduces the testing platform of the AVC controller based on 
the RTDS. The circuit model of the regional power grid is established, and the OLTC and the reactive 
power compensation devices are also incorporated. The intermediate data conversion device is utilized for 
bi-directional data exchange of the remote meter and control signals between the RTDS and the AVC 
system. The principle of the AVC voltage regulation and the RTDS-based AVC testing platform are 
introduced, followed by the data flow of the OLTC and capacitor/inductor banks, which formulates the 
foundation for closed-loop testing of the AVC control system for the electric power system. 
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1. Introduction 

The increasing integration of regional transmission system has stimulated the emerging 
of inter-connected, trans-continental electric power grid. The security, reliability and supreme 
quality of the power transmission and distribution are major concern for the electric power 
engineering societies throughout the world, both in the industry and the academic communities 
[1-4]. At the same time, the power electronic components are widely used in the power system, 
such as the high voltage DC transmission (HVDC) or the flexible AC transmission systems 
(FACTS). The testing of the power electronic devices, as well as the supervision control of the 
power flow and voltage levels are challenging task, which are indispensible technical 
requirement for promoting the smart grid (SG) revolution globally [5-7]. 

The main function of the grid AVC (automatic voltage control) system is to ensure the 
security and stability operation of the power system, and ensure that the voltage and power 
factor of the specific buses are within the preset values, and also minimize line reactive 
transmission, reduce the power loss of the grid due to unnecessary reactive power flow. The 
AVC relay provides real time automatic control for the on-load transformer tap changer (OLTC). 
When the transformer's secondary voltage is outside the permitted margin, thus the relay issues 
a command to change the tap position to restore it to the preset limits [1, 3, 4, 7].  

The OLTCs interact with each other whenever there is a voltage deviation on the 
system. Traditionally, each voltage level is graded with the next, using simple time delays. This 
ensures that the upstream tap changers take priority over the downstream units and make their 
tap changes first. This prevents hunting and reverse actions by lower-level tap changers. 
Unfortunately, the voltage control can become crude and inefficient at small voltage deviations 
[3, 4]. The new control strategies have been developed to improve the coordination of the AVC 
relays and hence provide an improved ‘quality of supply’ for consumers [1, 4, 5, 8-12]. 

In perspective of network security and convenient maintenance, the AVC and the 
energy management system (EMS) platforms are normally designed together. The real-time 
acquisition of data is achieved from PAS network modeling control model and the online 
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analysis and calculation can be realized. Besides, the unified monitoring, supervision and 
control of the OLTC as well as the reactive compensation devices are utilized to achieve 
optimized reactive power and voltage control purposes. The AVC system achieves the 
ccentralized monitoring and analysis of the reactive power and voltage status of the entire 
network from a global perspective. By using the optimal control strategies of the wide-area 
distributed grid reactive power regulation devices, the stability and quality of the system voltage 
is significantly enhanced. And the economical operational of the electric power system can be 
easily achieved [1, 5, 7, 13-16]. 

In order to overcome the difficulty of no uniform testing standards for the AVC system 
and the lack of on-site inspection means for online state estimation of the electric power grid. 
The real-time digital simulator (RTDS)-based AVC testing platform is introduced. The circuit 
model of the regional power grid is established, and the OLTC and the reactive power 
compensation devices are also incorporated. The intermediate data conversion device 
(OPEN3000) is utilized for bi-directional data exchange of the remote meter and control signals 
between the RTDS and the AVC system. The principle of the AVC voltage regulation and the 
RTDS-based AVC testing platform are introduced, followed by the data flow of the OLTC and 
capacitor/inductor banks, which formulates the foundation for closed-loop testing of the AVC 
control system for the electric power system. 

 
 

2. Principles of the AVC (Automatic Voltage Control) system 
2.1The control model of the AVC system 

In the perspective of network security and maintenance convenience, the integrated 
design is adopted for the AVC and EMS platforms. The control model is obtained from PAS 
network, and the real-time data acquisition is obtained from the SCADA system. The centralized 
monitoring, unified management, and optimal control of closed-loop operation of the whole 
network is achieved by using online analysis and calculation of the grid and substation OLTC 
devices, as well as the reactive power compensation devices [1, 4, 5]. 

The hierarchical partition-balance principles must be guaranteed to optimize the power 
system reactive power flow at high voltage level, namely: 
(1) It should have sufficient reactive power, thus power system operation in the high voltage 

level can be ensured; 
(2) The grid reactive power balance should be ensured at different voltage levels, in order to 

avoid excessive reactive power exchange, which will help to improve the power factor of the 
transmission system; 

(3) The long-distance transmission of reactive power should be avoided, reactive power within 
different voltage levels should be partitioned as much as possible, thus reduce network 
losses. Besides, it is worth emphasizing that the voltage and reactive power balance on the 
total amount is insufficient, one must balance the reactive power locally; 

(4) The characteristics of local and dispersed reactive power balance indicate that the 
hierarchical partitioning control must be implemented for the AVC system with space and 
time decoupled control algorithms, thus the coordinated and effective AVC control can be 
achieved, and voltage and reactive power fluctuations or oscillations can be eliminated. 

 
2.2 The system control mode of the AVC 

The automatic voltage control (AVC) system is based on the optimized control structure 
of the reactive voltage optimization and the global coordination of the network security and 
economical aspect. The optimal power flow calculation and online soft partition of the three-level 
voltage optimization control is adopted. And the centralized decision-making and the 
coordinated sub-control is utilized for reactive power and voltage optimization control. The 
constraints of the grid security and the online optimization calculation result in reasonable 
correction of voltage and reactive power optimization strategies to achieve automatic reactive 
power and voltage control [1, 5, 7]. 

Figures 1 and 2 show the schematic diagrams of the overall structure of the AVC 
system for the three-level voltage control based on soft partition control, respectively. The three-
level control is responsible for the reactive power optimization calculation of the global network. 
The whole network bus voltage optimization is utilized as overall optimized control objectives, 
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and the superior coordination control requirements are used as constraints for the whole 
network, and the power plants and substations are treated as control targets.  

On the other hand, according to the real-time status of the regional power grid, the 
automatically control zoning partitioning is achieved based on the characteristics of the regional 
grid partitioning and radiation features. The second-level control is based on the traditional 
voltage and reactive power correction control, followed by the optimization goals of the third-
level voltage control. By using the expert rules, the discrete device control regulations 
requirements are guaranteed. Meanwhile, the first-level control degrades as an executive agent, 
mainly responsible for the substation capacitor/reactor switching and transformer tap switching. 

 
 

 

 
Figure 1. The schematic diagram of the soft-partition-based three-level voltage control 

 
 

3. The basic composition of the test system 
3.1. The RTDS-based AVC test system 

Figure 2 shows the overall data flow diagram of the AVC system, the system model of 
the study area is built in the RTDS platform, the telemetry data (bus voltage, the transformer 
side active/reactive power, the active/reactive power at the line terminals, transformer tap 
position), remote signaling data (the controllable capacitor/reactor switch position at each 
substation) are transmitted to the intermediate data conversion devices. Meanwhile, the remote 
control commands (sub-closing) of the controllable capacitor/reactor switching are also 
received.  

The data acquisition and remote data transmission between the AVC SCADA system 
and the intermediate data conversion devices is achieved by using IEC104. The dynamic 
partitioning of the study area is realized by the AVC system after the filtered data is obtained, 
the control mode is automatically selected according to the space distribution of the grid voltage 
and reactive power status, and the control mode priority is "area voltage control" > "voltage 
correction control" > "regional reactive power control". 

For example, in case of regional low voltage, then “area voltage control” is activated, 
thus the voltage level is rapidly increased. In case of excessive overvoltage or under-voltage 
occurs, the "voltage correction control" is activated to ensure the allowable node voltages. In 
case of qualified node voltages throughout the network, then the economic operation of the 
network is adopted by using “area reactive power control”. Then, the control commands and 
alarm latching signals are sent to the remote interface for execution. 
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Figure 2. The overall data flowchart of the AVC system 
 
 
In the initialization process of the AVC system, you need to manually set the “on-off” 

logic and control models. The hybrid control structure is adopted for the AVC system; hence the 
closed-loop control automatically coordinates the voltage and reactive power status. For 
instance, when the AVC system detects a voltage limit violation, the discrete event is formulated 
to drive the controller, which is sent to the remote interface for execution. Therefore, the system 
executes the command to form a new steady-state power flow to eliminate the voltage limit 
violation.  

If the grid voltages are within the allowable limits, the “area reactive power optimization 
control” is activated. The sequential switching mechanism is adopted for the reactive devices, 
i.e., only one switching adjustment is allowed during one control period. This characteristic is 
vital to provide sufficient response time for the network to form a new steady-state power flow 
after the discrete control action is imposed to the network. In the next control period, the AVC 
controller selects the control mode automatically, thus approaching optimal operation of the 
network gradually and control overshoot is also effectively avoided. 

The unified software platform is adopted for the AVC and SCADA system. The control 
model is obtained from PAS network, and the real-time data acquisition is obtained from the 
SCADA system. The centralized monitoring, unified management, and optimal control of closed-
loop operation of the whole network is achieved by using online analysis and calculation of the 
grid and substation OLTC devices, as well as the reactive power compensation devices. The 
data flow diagram of the AVC system modeling is shown in Figure 3. 
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Figure 3. The data flowchart of the AVC automatic modeling 
 
 

 
 

Figure 4. The topology of the study area of the AVC system 
 
 
3.2. System modeling and control strategy based on the RTDS platform  

Figure 4 shows the topology map of the study area of the AVC, which consists of two 
220kV substations and ten 110kV substations, the remote networks are represented by the 
equivalent generators. Figure 5 shows the system model of the RTDS research area, which 
consists of the main circuit, control circuit and input-output channel configuration. The control 
subsystem contains the active/reactive power control loop, the transformer tap control, the 
controllable capacitor/reactor switching logic control. The input and output channel configuration 
send the analog signals to the analog output channels (AO), such as the bus voltages, 
transformer active/reactive powers, the active/reactive powers at both ends of the line, as well 
as the transformer tap positions. Besides, the switch position signals are sent via the digital 
output channels (DO). And the opening and closing of the switch and the on-load transformer 
“up/down” signals are sent to RTDS system via digital input channels (DI). The schematic 
diagram for detailed configuration is shown in Figure 6, which can also be referred in the RTDS 
manual configuration instructions. 
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Figure 5. The system model of the study area of the RTDS system 
 
 

 
 

Figure 6. The analog output and switch input / output configuration of RTDS 
 
 

Figures 7 and 8 show the on-load transformer tap-changer control and logic control 
block diagram of the capacitor banks, respectively. As shown in Figure 7, the “UP” and “DOWN” 
denote the up-shifting and down-shifting commands of the AVC system, “TAP0” denotes the 
initial tap position of the transformer, “DW” denotes the real-time tap position of the transformer. 
When there is no need for changing the tap positions, the voltage levels of “UP” and “DOWN” 
are low. When the tap position needs to be adjusted, a rising edge of the trigger pulse is 
generated for “UP” and “DOWN”. A corresponding increase or decrease of the tap position 
would be executed when the rising edge of the trigger pulse is detected. 

As shown in Figure 8, “TRYDQC1” denotes the capacitor on/off signal generated by the 
AVC system, “YDQ1” denotes the capacitor switch position signal, “SH” and “ST” denotes the 
switch on and switch off signal of the manual switch, respectively, to facilitate logic testing for 
the switch position signals. The relationships of the four signals “TRYDQC1”, “YDQ1”, “ST” and 
“SH” are shown in Table 1.  
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Table 1. The relationships between the capacitor switching signal and switch position signal 
SH ST TRYDQC1 YDQ1 
0 0 0 Remain unchanged 
0→1（↑） 0 0 1 
0 0→1（↑） 0 0 
0 0 0→1（↑） reversed，1→0，0→1 

 
 

When “SH”, “ST”, “TRYDQC1” are low, “YDQ1” remains unchanged. When a rising 
edge of the trigger pulse is detected by the signal “SH”, “YDQ1” is set to 1 and the capacitor is 
switched on. When a rising edge of the trigger pulse is detected by the signal “ST”, “YDQ1” is 
set to 0 and the capacitor is tripped. When the trigger pulse is detected by the signal 
“TRYDQC1”, the signal “YDQ1” set to the opposite state (from 0 to 1 or from 1 to 0). 

 
 

 
 

Figure 7. The control block diagram of the on-load transformer 
 
 

 
 

Figure 8. The switch logic control block diagram of capacitor banks 
 
 
4. Conclusion 

The real-time digital simulator (RTDS)-based automatic voltage control (AVC) testing 
platform is introduced in this paper. The circuit model of the regional power grid is established, 
and the OLTC and the reactive power compensation devices are also incorporated. The 
intermediate data conversion device (OPEN3000) is utilized for bi-directional data exchange of 
the remote meter and control signals (the active-, reactive powers and voltages at the 
transformer, bus voltages, shunt-connected capacitors or inductor banks) between the RTDS 
and the AVC system.  
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The principle of the AVC voltage regulation and the RTDS-based AVC testing platform 
are introduced, followed by the data flow of the OLTC and capacitor/inductor banks, which 
formulates the foundation for closed-loop testing of the AVC control system for the electric 
power system. Due to the space limitation, the results of real-time state estimation and the test 
result of the AVC control strategies would be reported in the forthcoming papers. 
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