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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 SMW 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

Vg LS RS i v L
Load
Vi is ic iI Vde Tic
BRI AR
Controller
switching

.

Ve

el o)
| e p

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 v,., and the coupling inductor L, 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 Rg+jwL,. The parallel compensator is
connected through the coupling inductor L. at the point of
common coupling (PCC), and the PCC voltage is denoted as
v,. By generating or consuming a certain amount of reactive
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power, the compensator can regulate the PCC voltage V..
Since in this case, the compensator only controls reactive
power, the compensator current i. 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
V; is calculated. The rms value is compared to a voltage
reference V,” (which could be a voltage specified by the
utility) and the error is fed to a proportional-integral (PI)
controller. The compensator output voltage V.  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 V,". The control scheme is
shown in (1).
*k k { %
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where Kp, K; are the gain parameters of the PI controller.
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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, K; 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,
K].

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, K;. 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).
{sz)} {YGG(S) YGL(S)}{VG(S)}
0 Y68 Y, (S) V(S5

where I5(S) is vector of the current injection at the buses
connected with voltage sources; Vg(S) is the corresponding
voltage vector; Vi(S) is the voltage vector of the load buses;
Yoo(S),Yei(s),Yi6(S) and Y;;(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, K; 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, K; on the dynamic
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response of the voltage regulation and the factors determining
the range of Kp, K| 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.

Substation
bus

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

A. Impact of K, and K; 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 K, and K;. 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 K, and K;; Fig.5a shows a
desirable dynamic response with well designed Kp, K. If
outside of this range the system becomes unstable, as is
shown in Fig.5b. Even in the stable range, inappropriate
values for K, and K; may cause undesired response; the
compensation speed is too slow due to a too small value of K
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, K;-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 K, and K, The test results are
shown in Fig.6. The left side shows the voltage response at
bus 2 with respect to different K, and K; 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 K; determine the response of the
voltage regulation. However in this case with multiple DEs,
the range of Kp and K becomes different, which is clearly
demonstrated by comparing Fig.5¢ with Fig. 6bl and Fig. 6b2.
Even with the same value of Kp and K;, 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, K;-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
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two cases from before with
investigated, respectively.

respect to DE location is

1) Case with one DE
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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.8al and Fig. 8a2 show the voltage
response where the DEs are connected at bus 4 and bus 5.
Fig.8bl 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 DElitself, 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.
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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, K;1=0.15, K;2=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.
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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 DEI is also connected to the grid with parameters K,
=0.21 and K; =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 K, reduces
considerably. Figures 11c and 11d give the results when the
parameters K, and K; of DEI 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 DEI 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 K, the
smaller is the range for K.
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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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