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ABSTRACT 

This paper presents the coordination of multiple voltage controllers in adjacent wind plants connected to 

João Câmara II substation in Rio Grande do Norte, Brazil. The parameter settings are estimated through 

dynamic simulations and confirmed with field tests. The methodology presented in this paper was used to 

calculate voltage regulator parameters like reactive power droop and regulator gains. A sensitivity analysis 

was done with dynamic simulations to verify satisfactory operation through different grid conditions. 

Complex field tests were performed to verify actual performance. Field tests confirmed that it was possible 

to coordinate 15 voltage controllers with the static voltage droop functionality, and to verify stable 

operation.    
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1  INTRODUCTION 

Wind power generation is significantly increasing its participation in the Brazilian electrical system. The 

regions with highest concentration of wind plants are the Northeast and South regions, where the wind 

conditions are very attractive. However, the existing transmission network is considerably stressed after 

the connection of the additional generation. Stability challenges may arise and have the power transfers 

limited below the transmission line thermal limits.  

The electrical system of João Câmara II (JC II) substation in Rio Grande do Norte state, with 

approximately 500MW of wind generation connected was considered for this study case. The system 

analyzed is described in Figure 1-1. 

The grid strength of JC II substation was evaluated in comparison with the wind generation. The three 

phase grid short circuit power level at the 34.5kV buses of the wind plants, without the contribution of the 

wind turbine generators (WTG) and nearby thermal generation for N-0 and N-1 conditions were calculated 

for relevant present and future grid conditions. The ratio of the grid short circuit power and the total MW of 

the wind plants, so called composite short circuit ratio (CSCR) [1], resulted in very low levels, even 

including the transmission upgrades.  



 

 

 

Figure 1-1. Simplified One Line Diagram of João Câmara II System. 

Low levels of CSCR indicate the risk of system instability.  This also indicates that the system voltages will 

change significantly with active power variations if the wind plants are operated on fixed reactive power.  

Hence, it is recommended to operate the wind plants connected to JC II substation on voltage control to 

improve system stability and reduce voltage variations during normal operation. 

There are approximately 500MW of wind generation connected to JC II substation, where 315MW are of 

wind plants equipped with GE’s WTGs and the wind plant control system, so-called WindCONTROL (WC).  

There are 10 independently controlled wind plants composing União dos Ventos (UV) cluster, and 5 wind 

plants in Morro dos Ventos (MV) cluster.  This results in 15 adjacent WCs. 

Adjacent voltage controllers (GE and non-GE) can interact causing reactive power circulation between 

wind plants or other forms of uneven reactive power generation.  This results in an inefficient use of the 

available reactive power range and reduces the ability of the transmission system to reliably absorb the 

active power production from these plants.  This interaction may also impact system and wind plant 

availability. In this extremely weak grid connection, efficient reactive power support is particularly relevant. 

It is possible to configure wind plant controllers to achieve a coordinated response. In this article, the 

methodology used to configure these 15 adjacent voltage controllers for a coordinated response is 

explained, and the results of field tests are presented to verify coordinated and stable operation.  

2 COORDINATION METHODOLOGY 

2.1 Steady State Performance 

All the GE equipped wind plants have a WC.  In this application, the measurement signals for these WCs 

are taken from measurement devices (current transformers and power transformers) at 34.5kV 

substations. There is more than one WC per measurement location.  It is not possible to have more than 

one WC controlling the same 34.5kV voltage without the risk of negative interactions. A configuration 

option is to enable and properly set the reactive power droop functionality in these controllers. 



 

 

The reactive power droop feature in the WC displaces the effectively controlled node from the 

measurement point.  That is, a droop set to a certain value X, moves the node of voltage control from the 

measurement point to an electrical distance X in the direction from the measurement point towards the 

wind turbines [2]. In this context, electrical distance is measured in the same unit as a reactance. 

There is a minimum electrical distance between voltage controlled nodes to reduce the risk of negative 

interactions between controllers.  When this minimum electrical distance is not provided by the impedance 

of the electrical equipment, the reactive power droop feature can be utilized to ensure appropriate 

response of adjacent controllers.   

The common node is defined as the node in the system where the power of all the adjacent wind plants 

under study converges.  In this case, the common node is the JC II 230kV bus.  In order to obtain an even 

distribution of reactive power among WCs, the effective electrical distance between the common node and 

the controlled nodes has to be approximately the same for all WCs.  The effective electrical distance 

(XEDeff) is equal to the sum of the electrical distance (XED) between the common node and the point of 

measurement plus the reactive power droop setting. That is, 

XEDeff = XED + droop (1) 

In the evaluated sites, there are unequal electrical distances from the 34.5kV substations and the common 

node (JC II 230kV). Reactive power droop is also used to compensate for differences in electrical 

distances. 

The steps to calculate reactive power droop setting of the WCs in all plants are: 

1. Estimate XED for each 34.5kV substation, considering equipment and line reactances. 

2. Select the 34.5kV substation with larger XED.  Define droop setting in WCs connected to this 

substation to 10% in MVA base. 

3. Estimate droop settings of other WCs such that the effective electrical distance, Eq. 1, is the same 

as for substation in item 2. 

Since the droop setting is in per-unit, all plants in the same substation are set to the same value.  

The droop settings for the wind plants not equipped with GE WTGs were also calculated, as if they also 

operate on voltage control mode. This is done for the sensitivity analysis purpose to investigate the 

condition that the fastest response is obtained. As more voltage controllers are in operation, faster is their 

response for a given group of settings. 

2.2 Dynamic Performance 

The approach described in section 2.1 should improve reactive power sharing in steady state conditions.  

If dynamic responses of the different voltage controllers (GE and non-GE) are considerably different, there 

will be uneven reactive power sharing during transitions and wind plants are likely to temporarily operate 

at their reactive power limits. Therefore the dynamic response coordination is also recommended and is 

achieved by appropriately adjusting controller gains. 

The methodology to set the WC dynamic response is affected by WTG converter settings. GE’s WTG 

converter has a turbine-level voltage control. The volt/var control loops of GE’s WC and WTG can be 

simplified as shown in Figure 2-1 for a conceptual description of the tuning procedure [2].  The time 

constant of the droop term and the communication delay between WC and WTGs are neglected.  The 



 

 

time constant TQ represents the closed-loop response of the reactive power regulator at the WTGs. Kp and 

Ki are the WC proportional and integral gains respectively. 

The WC ratio Kp/Ki is normally selected to compensate the effect of TQ.  The parameter 

 

�V/

 

�Q depends 

on the stiffness of the electrical system.  For strong systems the following approximation is valid [2]: 

�V/�Q ≈ Xgrid (2) 

Where Xgrid is the system impedance seen from the point of WC measurement into the utility system. 

 

Figure 2-1. Volt/var control loops of the WC and the WTGs. 

It is possible then to simplify Figure 2-1 and obtain Figure 2-2. 

 

Figure 2-2. Voltage Control Simplification. 

Then the bandwidth and time response to 80% of the final value can be easily calculated, though the 

equation:  
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(3) 
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�Q and droop are selected depending on the considered operating conditions and number of parallel 

WCs. 

Equation 3 conceptually describes the approach to estimate the integral gain Ki for a chosen time 

response, for high wind power production and assuming all plants in service. This operating condition has 

higher stability risks than operation with lower number of plants in service.   

In this particular weak application the WTGs have additional features that affect the volt/var response.  

Those aspects are considered in the definition of the settings.  The transfer functions become slightly 

more complex, but the approach is as described above.  Time simulations with the dynamic models of the 

GE WC and WTGs were performed in the software PSLF to verify and adjust estimated settings.  In this 



 

 

particular application with weak grid WTG settings, simulations are mandatory to estimate performance 

because of the complexity of the dynamics.  

After defining the integral gain Ki, the response time with the selected settings in different operating 

conditions was estimated. Additional simulations were performed to check response time and overshoots 

for the following conditions: 

 Controller reference step and capacitor bank switching 

 Response of the WC in a single plant, all WCs of the plants connected to the same substation and 

all WCs in all substations 

 N-0 and N-1 transmission conditions 

The WC voltage regulator gains were chosen considering that, in the future, the neighboring non-GE 

plants may operate with voltage control. This results in a slower response if the non-GE plants operate on 

power factor control, but mitigates the risk of oscillatory behavior if these are changed to voltage control 

mode in the future. 

Time simulations were performed for several initial conditions and dynamic events, trying to capture 

credible and critical conditions of operation, in order to verify the calculated settings.  

3 SIMULATION RESULTS 

In this section, results of the sensibility analysis are presented [2].  Some of these simulations are later 

compared with the field test results.  

The setup used for the simulation tests presented in this paper considers all the wind turbines online, with 

100% power generation, Extremoz load and SVC on with droop setting of 2%, the capacitor banks of 

União dos Ventos and Morro dos Ventos substations on. The WCs are in voltage control mode with weak 

grid WTG feature enabled in the field. 

3.1 Individual Tests 

Figure 3-1 shows the simulation results of individually tested WCs, representing one WC per substation 

(Potiguares, Caiçara, União dos Ventos and Morro dos Ventos). This means that the referred WC is on, 

while all the others are turned off.  

The responses are stable and critically damped. Responses times are in the order of 150 seconds. 

3.2 Group Tests 

Figure 3-2 shows the resulted simulations of group tested WCs of the wind plants of União dos Ventos and 

Morro dos Ventos clusters. For this test all 15 WCs of Potiguares, Caiçara, União dos Ventos and Morro 

dos Ventos substations are on. 

The responses are stable and critically damped, and the wind plants react to the same direction providing 

similar amount of reactive power, demonstrating its coordination. Responses are clearly faster than when 

testing individual plants and in the order of 40 seconds 



 

 

 

Figure 3-1. Reactive Power Response to a 1% Voltage Step of Individually Tested WCs. 

 

Figure 3-2. Reactive Power Response to a 1% Voltage Step of Group Tested WCs of União dos Ventos and 
Morro dos Ventos Clusters. 



 

 

4 FIELD TEST RESULTS 

Field tests were performed on the wind plants of Morro dos Ventos and União dos Ventos in April/May of 

2014, to verify the operation of the voltage controllers [3-4].  The reactive power response of the voltage 

controllers was monitored to check for stability and coordination. 

4.1 Individual Tests 

In the field, each WC of the 15 wind plants was tested individually during commissioning. Figure 4-1 
shows the WC measurement trend captured during the application of a voltage step in the voltage 
reference signal of the WC of União dos Ventos 6 (UV 6) in Potiguares substation.  

The monitored signal is the “Actual Reactive Power” in green color, which presents a stable response. The 
response time to 80% of the final value was calculated and compared to the simulation values. This was 
done to all 15 WCs commissioned. Table 4-1 shows the comparison between measurement and 
simulation of one WC per substation. 

 

Figure 4-1. WC Trend of Individual Test in UV 6. 



 

 

Table 4-1. Response Times of Reactive Power, Individual Tests. 

Wind Plant/Substation 
Response Time to 80% (s) 

Simulation Measurement 

MV 4 - Morro dos Ventos 47 50 

UV 1 - Caiçara 54 57 

UV 6 - Potiguares 75 75 

UV 10 - União dos Ventos 32 29 

 

4.2 Group Tests 

The WCs were also tested in groups in the field. The WCs of União dos Ventos, Caiçara and Potiguares 
substations were tested together, while the other WCs were off. A voltage step reference was sent to the 
WCs of these substations. The next table shows the recorded response times of all WCs of these 
substations during this test. 

Table 4-2. Response Times of Reactive Power, Group Test of União dos Ventos, Caiçara and Potiguares 
WCs. 

Wind Plant/Substation 
Response Time to 80% (s) 

Measurement 

UV 1 - Caiçara 33 

UV 2 - Caiçara 29 

UV 3 - Caiçara 23 

UV 4 - Potiguares 18 

UV 5 - Potiguares  34 

UV 6 - Potiguares 17 

UV 7 - Potiguares 27 

UV 8 - União dos Ventos 26 

UV 9 - União dos Ventos 29 

UV 10 - União dos Ventos 20 

 

Additionally, a capacitor switching event with the 15 WCs in operation was recorded.  The capacitor bank 
in SE JC II had a block of 21.3 MVar maneuvered. 

Figure 4-2 shows the WC measurement trend of Morro dos Ventos 9 WC during the capacitor switch 
event. The monitored signal is the “Actual Reactive Power” in light blue color, which presents a stable 
response. Note that when the WCs of Morro dos Ventos and União dos Ventos are all in operation, the 
response to a voltage variation is faster than recorded response in the individually test. The controller 
gains were calculated as to give a reactive power response time of around 16s to 80% when all wind 
plants connected to JC II are under voltage control mode. This response time is in accordance to the 
tuning objectives for this operating condition and avoids risk of excessively fast/unstable response in other 
operating conditions, like N-1 or additional non-GE controllers on voltage control. Table 4-3 shows the 
recorded response times of all WCs of Morro dos Ventos during the capacitor switch event. 



 

 

Table 4-3. Response Times of Reactive Power, Capacitor Switch of Morro dos Ventos WCs. 

Wind Plant/Substation 
Response Time to 80% (s) 

Measurement 

MV 1 - Morro dos Ventos 30 

MV 3 - Morro dos Ventos 26 

MV 4 - Morro dos Ventos 27 

MV 6 - Morro dos Ventos 30 

MV 9 - Morro dos Ventos 20 

 

 

Figure 4-2. WC Trend of MV 9 for Capacitor Switch Test. 



 

 

5 CONCLUSION 

Due to the weak grid condition of the transmission system of João Câmara II, voltage control operation of 

the wind plants reduces voltage instability risks and reduces the voltage fluctuations during normal 

operation. GE equipped wind plants have been configured to provide a coordinated voltage control 

response. The settings for voltage controller gains and droop were determined through a detailed 

methodology, and checked with dynamic simulations. The performance of the several controllers was also 

verified in the field, and it was observed that Morro dos Ventos and União dos Ventos voltage controllers 

had satisfactory and coordinated responses. Hence the method proposed for voltage coordination using 

droop function and dynamic coordination was validated even for this challenging system. 
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