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Abstract--Distributed energy resources (DE) with power 

electronics (PE) interfaces with the right control are capable of 
providing reactive power related ancillary services; voltage 
regulation in particular has drawn much attention. In this paper 
the problem of how to coordinate control multiple DEs to 
regulate the local voltage in the distribution system is addressed. 
A control method for voltage regulation using the DE PE 
controller is presented and based on the proposed control 
scheme; the voltage regulation of a distribution system with one 
DE and two DEs are tested, respectively. The factors affecting the 
gain parameters of the PE controller are investigated. The 
simulation results show that the parameters of the controller 
determine its dynamic response for voltage regulation and the 
factors associated with the network characteristics, such as 
locations of DEs and the amount of load, affect the impact range 
of the controller. The research work presented in this paper can 
be potentially used for the control system design of Smart Grid or 
Utility of the Future. 

Index Terms-- ancillary services, distributed energy resources, 
voltage regulation, voltage unbalance, nonactive power 

I.  INTRODUCTION 

HE concern for energy security and the environment has 
contributed to the growth and development of distributed 

energy resources in U.S. The total installed DE capacity for 
installations smaller than 5MW in the U.S is estimated around 
195GW; the reactive-power-capable DE is estimated at 10% 
of the total [1]. DEs connected to the grid with power 
electronics interface can provide several reactive power 
services [2]-[4] and have the ability to regulate their local 
voltage, which has drawn much interest because reactive 
power shortage and transport issues have been contributing 
factors to major cascading outages. The installation of DE 
with voltage regulation provision can have a beneficial impact 
on transmission system stability by supplying reactive power 
at the distribution level [5]. Also, integrated voltage regulation 
using multiple DEs can increase the voltage regulation 
capability and range and reduce the capital and operating 
costs. In previous work [6], the integrated control of a 
synchronous condenser and a DE with an inverter interface 
was implemented.  The voltage control schemes of the 
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inverter and the synchronous condenser were developed based 
on the different dynamic response of the inverter and the 
synchronous condenser. Additional research is needed to 
extend it to the integrated control of multiple DEs with the 
same dynamic response, such as all inverters. This may be an 
important part of the control system design of Smart Grid or 
Utility of the Future. In this paper, first the previously 
proposed voltage control scheme is introduced; then the 
factors affecting the performance of the controller parameters 
are analyzed. The simulation results for one DE and two DEs 
cases are given. Finally, conclusions from the simulations are 
presented. 

II.  CONTROL MODEL OF DE FOR VOLTAGE REGULATION  

A.  System Configuration 

 
    

Fig. 1.  Parallel connection of a DER with power electronics converter 
 

A parallel-connected DE with a power electronics interface 
is shown in Fig. 1. The PE interface, including the inverter, 
the DC side capacitor vdc, and the coupling inductor Lc, is 
referred to as the compensator because voltage regulation 
using the DE is the main topic of this paper. The compensator 
is connected in parallel with the load, and the rest of the 
system is simplified as an infinite voltage source (utility) with 
a system impedance of Rs+jωLs. The parallel compensator is 
connected through the coupling inductor Lc at the point of 
common coupling (PCC), and the PCC voltage is denoted as 
vt. By generating or consuming a certain amount of reactive 
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power, the compensator can regulate the PCC voltage Vt. 
Since in this case, the compensator only controls reactive 
power, the compensator current ic only contains the reactive 
power component. 

B.  Control Methods 

A voltage regulation method is developed based on the 
system configuration in Fig. 1. The control diagram is shown 
in Fig. 2. The PCC voltage is measured and the rms value of 
Vt is calculated. The rms value is compared to a voltage 
reference Vt

* (which could be a voltage specified by the 
utility) and the error is fed to a proportional-integral (PI) 
controller. The compensator output voltage Vc

* is the 
reference to generate PWM signals to drive the inverter. The 
output voltage of the compensator is controlled so that it is in 
phase with the PCC voltage and the magnitude of the 
compensator output voltage is controlled so that the PCC 
voltage is regulated at a given level Vt

*. The control scheme is 
shown in (1).  
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where KP, KI are the gain parameters of the PI controller. 
 

 
 

          Fig. 2.  Control diagram for compensator voltage regulation 

 
In a three-phase system, the voltages or currents are 

balanced if the magnitudes of all phases are equal and the 
voltage angles are all 120 degrees apart. Most of the voltage 
unbalance in power systems is because of magnitude 
inequalities, and only this case is considered in this paper. In 
this control method, the rms value of the voltage in each 
phase is controlled independently; therefore the unbalance in 
the PCC voltage can be corrected by the compensator.  

The two parameters of the PI controller, KP, KI determine 
the dynamic capability of the compensator and thus the 
voltage regulation dynamics. Inappropriate parameters may 
result in long settling (to reach steady-state) time, oscillation, 
over/under damped or even instability of the system. As a 
study, this study started to look at appropriate ranges of KP, 
KI. 

 

III.  FACTORS DETERMINING PARAMETERS OF PI CONTROLLER 

The proposed control method is based on feedback control 
and the error between the PCC voltage and reference voltage 
is the feedback signal. A simplified model representing the 
control of multiple DEs interfaced to the utility network is 

shown in Fig. 3. The control signal of the PI controller is 
applied to the inverter to generate a voltage at the PCC with 
the distribution system. Ideally the inverters generate the 
same voltage as their inputs. So only the distribution network 
characteristics affect the response of the voltage regulation, 
and therefore affect the appropriate range of KP, KI. In the 
following study of the impact of distribution network on the 
PI controller parameters, loads are modeled as constant 
impedance. A future effort could consider voltage sensitive 
loads, such as constant current or constant impedance or some 
combination of constant power, current and impedance. The 
DEs including their PE interface are modeled as voltage 
sources. All the buses in the system are grouped into two 
types: voltage source buses where there is current injection 
(or absorption); and load buses where the current injection is 
zero. The analysis is in the S domain and the nodal voltage 
equation is shown in (2). 
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where IG(S) is vector of the current injection at the buses 
connected with voltage sources; VG(S) is the corresponding 
voltage vector; VL(S) is the voltage vector of the load buses; 
YGG(S),YGL(s),YLG(S) and YLL(S) are the sub matrix of the 
admittance matrix. 
After network reduction [7], we can get the voltages at the 
load buses as shown in equation (3) which includes the PCCs. 
As indicated in (3), the PCC voltages are a function of 
network structure, line parameters and loads, and support 
from the voltage sources. Since the voltage at each PCC is the 
feedback signal, the parameters KP, KI of each PI controller 
are hence determined by those factors. 
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Fig. 3.  Simplified model of the distribution system with multiple controllable 
DEs interfaced to it. 

 

IV.  VOLTAGE REGULATION IN DISTRIBUTION SYSTEMS 

In this section the impact of KP, KI on the dynamic 
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response of the voltage regulation and the factors determining 
the range of KP, KI are tested in a distribution system with one 
DE and two DEs, respectively. The system diagram is shown 
in Fig. 4. It is a typical radial distribution network with two 
DEs with PE interface connected at bus 2 and bus 5 
respectively. The only difference between the two cases is the 
omission of the DE at bus 5 for the single DE case. 

 
1 2

3 4 5
1 2

3 4 5

 
Fig. 4.  Single line diagram of the distribution system with DE. 

 

A.  Impact of Kp and KI on Voltage Regulation 

    1)  Case of a single DE 
The first case is the system shown in Fig. 4 with only one 

DE at bus 2.  Its PE controller was tested with different 
combinations of Kp and KI. The different responses are shown 
in Fig. 5. The straight green line is the reference voltage while 
the blue curve is the voltage at the PCC. The PCC voltage was 
263 V before regulation and the reference voltage is set at 268 
V for regulation. From 0 to 0.3s, there is no regulation and 
from 0.3s to 1.5s the compensation is performed. As shown in 
Fig. 5, there is a stable range of Kp and KI; Fig.5a shows a 
desirable dynamic response with well designed KP, KI. If 
outside of this range the system becomes unstable, as is 
shown in Fig.5b. Even in the stable range, inappropriate 
values for Kp and KI may cause undesired response; the 
compensation speed is too slow due to a too small value of KI 
value as in Fig.5d or an overshoot and oscillation at the start 
as shown in Fig.5c. 
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Fig.5.  Voltage regulation with different KP, KI-one DE case 

 

    2)  Case with multiple (Two in this case) DEs  
Next, the distribution system with two DEs was tested with 

different combinations of Kp and KI. The test results are 
shown in Fig.6. The left side shows the voltage response at 
bus 2 with respect to different Kp and KI while the right side 
shows the voltage at bus 5 for similar changes in the gain 
parameters. Prior to 0.3s, there is no regulation and from 0.3s 
to 1.5s the compensation is performed. Similar to the one DE 
case, the value of KP and KI determine the response of the 
voltage regulation. However in this case with multiple DEs, 
the range of KP and KI becomes different, which is clearly 
demonstrated by comparing Fig.5c with Fig. 6b1 and Fig. 6b2. 
Even with the same value of KP and KI, the two DE case is 
unstable while the one DE case is stable. It suggests that the 
parameter range suited for a single DE case may not be 
directly used for voltage regulation with multiple DEs. In 
order for them to work correctly together requires a 
coordinated design of the controller parameters for the 
multiple DEs.  
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Fig.6.  Voltage regulation with different KP, KI-two DEs case 

B.  Impact of DE Location on Voltage Regulation  

From the previous analysis of the factors determining the 
controller parameters, we can see that the locations of DEs 
affect the grouping of the buses; hence affect the structure of 
the reduced network and finally affect the appropriate range 
of the controller parameters. In this section, the results of the 

(5a) Kp=0.03 Ki=0.8 (5b) Kp=1 Ki=7 

(5c) Kp=0.2 Ki=3 (5d) Kp=0.01 Ki=0.1 

(6a1)Voltage at bus 2 when 
Kp1=Kp2=0.01 Ki1=Ki2=0.8 

(6a2)Voltage at bus 5 when 
Kp1=Kp2=0.01 Ki1=Ki2=0.8 

(6b1)Voltage at bus 2 when 
Kp1=Kp2=0.2 Ki1=Ki2=3 

(6b2)Voltage at bus 5 when 
Kp1=Kp2=0.2 Ki1=Ki2=3 

(6c1)Voltage at bus 2 when 
Kp1=Kp2=0.01 Ki1=Ki2=0.05 

(6c2)Voltage at bus 5 when 
Kp1=Kp2=0.01 Ki1=Ki2=0.05 
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two cases from before with respect to DE location is 
investigated, respectively. 
 
    1)  Case with one DE  

0.2 0.3 0.4 0.5 0.6
262

263

264

265

266

267

268

269

270

time(s)

vo
lta

ge
(v

)

0.2 0.3 0.4 0.5 0.6
259

260

261

262

263

264

265

266

267

time(s)
vo

lta
ge

(v
)

 
 

 
Fig.7.  Voltage regulation with different locations of DER--one DER case 

 

Fig.7a. and Fig.7b show the voltage responses 
corresponding to the DE at bus 2 and at bus 5, respectively. 
There’s more dynamic oscillation when the DE is connected 
at bus 5, although both eventually reach the same steady state. 

 
    2)  Case with Multiple (two in this case) DEs 
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Fig.8.  Voltage regulation with different location of DERs--two DER case 
 

In this second case, the impact of DE location on voltage 
regulation dynamics is more obvious. Fig.8. shows the 
comparison of the voltage regulation dynamics with respect to 
different DE locations. Fig.8a1 and Fig. 8a2 show the voltage 
response where the DEs are connected at bus 4 and bus 5. 
Fig.8b1 and Fig 8b2 show the voltage response where DE1 is 
moved to bus 2 with all other conditions unchanged. As is 
shown the change of the DE1 location not only affects the 
voltage regulation of DE1itself, but also affects DE2 at bus5. 

 

C.  Impact of Load on Voltage Regulation Performance  

The voltage regulation is also affected by the loading. In 
this study, the loads are modeled as constant impedances. 

Again the, two cases with one DE and then two DEs are 
investigated to test the impact of the amount of the load, 
respectively. 

 
    1)  Case with one DE  
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Fig.9.  Voltage regulation with different amount of load—one DER case 

 

Fig. 9 shows the impact of load change on the voltage 
regulation response.  For Fig.9a, the load at bus 3 and bus 4 
are 3.4kW+j2.2kVar and 50kW+j40kVar, respectively. For 
Fig.9b the load at bus 3 and bus 4 has been changed to 
17kW+j0Var and 66.6kW+j40kVar.The difference caused by 
the load change is clearly shown. In Fig. 9a the voltage 
eventually reaches the desired steady state while as shown in 
Fig. 9b the voltage oscillates into stability. 

 
    2)  Case of Multiple (in this case two) DEs 
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Fig.10.  Voltage regulation with different amount of load—two DERs 
 

Figures 10a and 10b show the voltage regulation responses 
before and after the real load at bus 3 increases by 13.6 kW. 
The gain parameters are the same for both load conditions: 
KP1=0.21, KP2=0.15, KI1=0.15, KI2=0.5.As is shown in Fig. 
10. the previous unstable system becomes stable after the load 
increase with the gain parameters unchanged. The comparison 
clearly demonstrates loading affects the voltage dynamic 
responses with DEs in the distribution system. 

(10a1)Voltage at bus 2 
when Load at bus 3 is 
13.6kW+2.1kVar 

(10a2)Voltage at bus 5 
when Load at bus 3 is 
13.6kW+2.1kVar 

(9b)Voltage response after 
load change   

(9a)Voltage response before 
load change   

(7a) DE at bus 2 (7b) DE at bus 5 

(10b1)Voltage at bus 2 
when Load at bus 3 is 
27.2kW+2.1kVar 

(10b2)Voltage at bus 2 
when Load at bus 3 is 
27.2kW+2.1kVar 

(8b1)Voltage response at 
bus 2 when DE1is at bus 2, 
DE2 is at bus5 

(8b2) Voltage response at 
bus 5 when DE1is at bus 2, 
DE2 is at bus5 
 

(8a1)Voltage response at 
bus 4 when DE1is at bus 4, 
DE2 is at bus5 

(8a2)Voltage response at 
bus 5 when DE1is at bus 4, 
DE2 is at bus5 
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D.  Impact from other DEs in grid  

Due to almost the same response speed of two DEs in the 
simulation, the voltage regulation of one DE is inevitably 
affected by the other DE in the grid. Here the range of the 
parameters to keep the system stable is tested to study the 
impact from other DEs. Fig. 11a gives the stable range of the 
gain parameters in the case of a single DE. The red curve is 
the stable range of DE1 parameters and the blue curve is for 
DE2. Fig. 11b gives the stable range of the parameters of DE2 
when DE1 is also connected to the grid with parameters Kp 
=0.21 and KI =0.15. These two values are the maximum 
possible values that a single DE2 maintains stable response. It 
can be seen the stable range of the parameters of DE2 
changes greatly, especially the range for Kp reduces 
considerably. Figures 11c and 11d give the results when the 
parameters Kp and KI of DE1 are set to 0.07 and 13, and 0.17 
and 2. Each of these two pairs represents a case that the gain 
parameters of DE1 are in the middle of its stable range. The 
results also demonstrate the same trend as in Fig.11b. For all 
the cases the closer to the maximum boundary of Kp, the 
smaller is the range for KI . 
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Fig. 11.  The stable range of gain parameters 

 

V.  CONCLUSION AND FUTURE WORK 

Clearly the performance of DEs using PI based controllers 
for varying the output from the power electronics can impact 
the voltage regulation of the distribution system differently 
depending upon the PI gain settings, DE count, DE locations 
and loading. It is also shown that the parameters designed 
with the grid simplified as an infinite system may not be 
applicable in the practical use. The network characteristics 
that affect the feedback signal in the control scheme need to 

be considered in determining the parameters of the controller.  
The results presented in this paper are preliminary and by 

no means exhaustive. Future research will focus on more 
complex networks, studies with more DE with greater range 
of performance capabilities, and on ways to better design the 
control parameters for the expected operating range for the 
DE system. Furthermore, we need to look at the impact on PI 
based control when one or more DEs shuts down when the 
parameters have been designed for multiple DE operation.  It 
may be similar to the two cases studied. We expect that 
additional intelligence will be needed to change the 
parameters as the distribution system conditions changes such 
as new DE is installed or a new load is added or the system is 
reconfigured. This may require some limited communication, 
such as wireless on the distribution system or additional 
sensing by the DE to sense that another DE is presence or 
some other change as occurred relevant to the control. 
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(11a) Stable range of gain 
parameters in case with single 
DE for both DEs 

(11b) Stable range of gain 
parameters of DE2, while DE1 
has KP=0.21 And KI=0.15 

(11c) Stable range of gain 
parameters of DE2, while DE1 
has KP=0.07 And KI=13 

(11d) Stable range of gain 
parameters of DE2, while DE1 
has KP=0.17 And KI=2 

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 14, 2009 at 15:39 from IEEE Xplore.  Restrictions apply.



 6

University, China in 2002. Her research interests include power electronics 
applications in power systems and distributed energy resources. 

D. Tom Rizy (SM’87) is a senior research power systems engineer at Oak 
Ridge National Laboratory (ORNL) in the Engineering Science and Technology 
Division. His current interest and activities focus on new controls for distributed 
energy resources (DER) and applications for synchro-phasor measurements. He 
is a cofounder of the Distribution Energy Communications and Control 
Laboratory (DECC) at ORNL for testing dynamic voltage regulation controls 
using DER.  He has over 29 years experience in power systems R&D and 
received his MSEE and BSEE from Virginia Tech and the University of 
Virginia, respectively. His is a co-recipient of the IEEE Prize Paper Award 
(1990) for “Adaptive Relaying Concepts for Improved Performance” and a 
chapter author of the book on the Athens Automation and Control Experiment, a 
large-scale distribution automation project conducted in the 80s by DOE, TVA 
and EPRI. 

John D. Kueck (M’75, SM’00) earned a BS in Physics from Purdue University 
and an MS in Electrical Engineering - Power Systems, from Ohio State 
University.  Over the first 20 years of his career, Mr. Kueck worked in the 
design and operation of fossil fuel and nuclear generating stations.  From 1992 to 
present, Mr. Kueck has been a researcher at the Oak Ridge National 
Laboratory.  His major interest is the local supply of reactive power from 
distributed energy resources as a reliability service. 

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 14, 2009 at 15:39 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


