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Abstract -- Distributed energy resources (DE) have been
widely used in the power systems to supply active power, and
most of the present DE resources are operated with limited or
without nonactive power capability. This paper shows that with a
slight modification in hardware configuration and a small boost
in the power ratings, as well as proper implementation of control
strategies, a DE system with a power electronics converter
interface can provide active power and nonactive power
simultaneously and independently. A DE can provide dynamic
voltage regulation to the local bus because of its nonactive power
capability. Furthermore, the proposed DE control method in this
paper can effectively compensate the unbalance in the local
voltage. The system requirements such as the inverter current
rating and the dc voltage rating are discussed. The analysis of the
system requirements to provide nonactive power shows that it is
cost-effective to have DE provide voltage regulation.

Index Terms — active power, distributed energy resources,
dynamic voltage regulation, nonactive power, unbalance
compensation.

I. INTRODUCTION

OLTAGES are regulated at certain levels throughout the

power systems, and such voltage regulation is closely
related to nonactive (reactive) power generation and nonactive
power flow. STATCOM is one of the FACTS devices that can
provide dynamic nonactive power to regulate voltage and to
improve power quality, such as mitigation of voltage flicker
and fluctuation and improvement in transient voltage stability.
Furthermore, its functions can be enhanced with some energy
storage. For example, the installation of a STATCOM with
energy storage near or at wind power generation can reduce
voltage flicker and remove the wind speed fluctuations [1].
Another example is mitigation of the voltage fluctuation
generated by arc furnaces using a STATCOM enhanced with
energy storage [2]. When grid connected, distributed energy
resources (DE) can provide nonactive power in the power
systems to provide local voltage regulation near the load. With
their power electronics interfaces, they are basically
equipment-ready to provide nonactive power services such as
local voltage regulation and power quality improvement. The
system configuration and the control strategies are very
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Fig. 1. Parallel connection of a DE with power electronics converter

similar to a STATCOM with energy storage.

Both the active power and the nonactive power flow are
controlled in a STATCOM with energy storage and a DE with
voltage regulation capability. A widely-used control scheme is
to convert the three-phase ac system to a two-phase system
using the Park Transformation and then convert to a two-
phase dc system [3-5]. After the conversions, the active and
nonactive components are dc and are decoupled; therefore, the
active power and the nonactive power can be controlled
separately. Another control method is to use genetic and
evolutionary algorithms [6].

Instantaneous definitions of active power, nonactive power,
active current, nonactive current, voltage rms value, and
current rms value are presented in this paper, which provides
the basis of real-time control of DE. A new control scheme is
proposed in this paper to control the active power and
nonactive power of the DE independently. The control of each
phase is also independent of each other so that the control can

be used to compensate for unbalance due to the system and/or
load.

II. ACTIVE AND NONACTIVE POWER CONTROL SCHEME

Most of the distributed energy resources are dc power
sources, such as photovoltaic, some wind turbines, and fuel
cells. An interface between the DE and the power grid is
needed to connect it to the grid, which converts dc power from
the DE to ac power with appropriate waveform, frequency,
magnitude, and phase angle. Furthermore, the interface
maintains the DE in operation, and controls its power output.
A typical DE system with a power electronics interface is
shown in Fig. 1. The inverter converts the dc power from the



Fig. 2. Simplified circuit diagram of a parallel connected DE.

DE to ac power, and is connected in parallel with the load
through a coupling conductor L.. The rest of the system is
simplified as an infinite utility voltage source with a system
impedance of jwL,, neglecting the resistance. The inverter is
connected at the point of common coupling (PCC), and the
PCC voltage is denoted as v, The PCC voltage v, and the
inverter current i, are measured and provided to the controller.
The output active power and nonactive power of the DE can
be controlled independently. The active power can be
controlled in active power mode (the DE output active power
is controlled at a reference level), active current mode (the DE
output active current is controlled at a reference level), and
power factor mode (the DE power factor is controlled at a
reference level). The nonactive power can be controlled in
nonactive power mode (the DE output nonactive power is
controlled at a reference level), voltage regulation mode (the
PCC voltage is controlled at a reference level), and power
factor mode (the DE power factor is controlled at a reference
level). After calculation, the PWM switching signals are given
to the inverter gate drive to turn on or off the power
electronics switches.

An instantaneous nonactive power theory has been
proposed in [7], which provides the basis of real-time control
of the active power and nonactive power in various systems.
The DE system shown in Fig. 1 can be simplified as the
single-phase equivalent circuit in Fig. 2, assuming that the
three-phase system is balanced. Let

v (t) = V2V, cos(wt) )
denote the instantaneous PCC voltage, and
v, (t) = V2V, cos(wt + a) ?2)

denote the instantaneous inverter output voltage (harmonics
are neglected) respectively where a is the phase angle of v (f)
relative to the PCC voltage. The rms values of v(¢) and v.(¢)
are shown in (3) and (4), respectively.

Vi(t) = /%ff_;v?(r)dr =V, (3)
V() = /%fti;vz(r)dr =V, @)

where 772 is one half of the period of the voltage. It is the
averaging interval used in this paper. In the instantaneous
nonactive power theory [7], the averaging interval can be
different values depending on the system characteristics. In a
sinusoidal system with period 7, the averaging interval is
usually chosen as £7/2, where k is a positive integer. In this

paper, k is chosen as 1, which is the shortest averaging interval
so that a fast transient response can be achieved.
The current from the DE to the utility is denoted as i.(f):
V2
ol

i.(t) = [ sin(wt + a) — V; sin(wt)] (5)

where a is the phase angle between the PCC voltage v,(f) and
the inverter current i.(z).
The rms value of i.(¢) is

’2 £ 1
1.(t) = Tf_zlg(r)dr = oL JVtz + V2 -2V, V.cosa
2

(6)
The average power of DE is denoted as P(¢):
_ E t . _ e .
P(t) == ft_g v, (Di (1)dt = o Sina 7

The instantaneous active current component of the inverter
current i.(¢) is defined as,

. P .
lca(t) = % ic(t) (3

The instantaneous nonactive power is defined as,

icn(t) = ic(t) —lea(t) ©

The i.,(f) and i.(f) are the active component and the
nonactive component of the inverter current iJ(f). By
controlling these two current components, the active power
and the nonactive power of the DE can be controlled
independently.

The rms values of i.,(¢) and i.,(f) are defined as 7.,(¢) and
1.,(?), respectively.

Iea(®) = /%ff_yza(ﬂdr (10)
ln® = [2[ riz,@dr (11)

The apparent power S(¢) and the average nonactive power
O(¢) of the DE are:

S = V,(O)L(0) = szCJVtZ ¥VZ—2VV.cosa (12)

Q) = Ve(O)Ien(8) = yS2(6) — P2(1)

Vi
oL, (V. cosa —V,)

(13)

where Q(¢z) is defined as positive if the inverter injects
nonactive power to the utility, and negative if the inverter
absorbs nonactive power from the utility. P(¢) and Q(¥) in (12)
and (13) can be approximated by the first terms of the Taylor
series if the angle a is small, as shown in (14) and (15),

P(t) ~ Zfl/a (14)
QD) ~ - (Ve = V) (15)
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Fig. 3. Active power and nonactive power control diagram.

TABLE 1 ACTIVE POWER AND NONACTIVE POWER CONTROL

VARIABLES
Outer
Loop
Active Active Power
Inner power P current /, factor pf’
Loop
Nonactive Yes Yes Yes
power O
Nonactive Ves Yes Yes
current /,
Power
factor pf Yes Yes No
pCC \I//oltage Yes Yes Yes
t

Assuming the variation of V; can be neglected, i.e., V, is
constant, then the average nonactive power Q(?) is inversely
proportional to the magnitude of the inverter output voltage
v«(?). However, the average active power P(f) is dependent on
both the amplitude V. and the phase angle a of v.(f). A control
scheme is developed accordingly. There are two control loops,
as shown in Fig. 3. The inner loop (lower loop shown in Fig.
3) is the control of nonactive power Q(f). Because nonactive
power is only dependent on the amplitude of V., as shown in
(15), the instantaneous inverter output voltage v.(f) is
controlled to be in phase with the PCC voltage v(f), and the
amplitude is controlled by the PI controller PI;:

Vey = [1 +Kp (Q"— Q) + Ky fot(Q* - Q)dt] v (t)
(16)

where Q* is the reference, QO is the actual value, and Kp; and
K; are the proportional gain and integral gain of the PI
controller PI,. The result of this control loop is v'.,(#), which is
in phase with PCC voltage v(f). The outer loop (the upper
loop shown in Fig. 3) is the control of active power P(f) by
controlling the phase angle a of v.(¢). In this control loop, the
phase angle of v",; is shifted by o, which is decided by the PI
controller PI,. Kp, and K, are the proportional and integral
gains of the PI controller PL,.

a* = Kpp(P* — P) + Ky, [ (P* — P)dt (17)

where P is the reference, and P is the actual value.

Fig. 3 shows that the average active power P(¢) and average
nonactive power Q(f) are the control objectives. Different
control variables can be used for the control loops according
to different objectives. In Table 1, the inner control loop
variable can be the inverter average active power P, the rms
active current /,, or the power factor pf, and the outer loop can
be the inverter average nonactive power Q, the rms nonactive
current /,, the power factor pf, or the rms PCC voltage V,. The
yes means that the inner loop control variable and the outer
loop control variable can be chosen at the same time in this
row and column, while a no means that the choice of this row
and column is not valid. The choices for the inner loop and the
outer loop are independent of each other, except that they
cannot both choose the power factor as the control variables.

This control method can also be applied to unbalanced
systems with either unbalanced currents or unbalanced
voltages, because the definition and control of each phase is
independent. A voltage unbalance case is simulated and
studied in the following section.

III. SYSTEM IMPLEMENTATION AND SIMULATION RESULTS

Most DE systems are installed at the end of distribution
systems; therefore, a low voltage level (480 V line-to-line
rms) DE system as shown in Fig. 1 is simulated in Matlab.
The inverter dc side voltage is 1000 V, which enhances the
DE system’s capability of fast transient response and
unbalance compensation.

Among the possible control situations shown in Table 1,
the simulation results of two cases are presented in the paper
below, and the voltage unbalance compensation is illustrated
as well.

A. Active Power and Nonactive Power Control

The control of the active power and the nonactive power of
the DE is decoupled. Not only the steady-state operation is
simulated, but also the transient responses of the active power
and the nonactive power control are studied. The dynamic
response of the control is tested by applying a sudden change
to the active power reference and/or the nonactive power
reference.

Figs. 4a and 4b show that there is a step change in the
active power reference while the nonactive power reference
remains constant. The active power and the nonactive power
are controlled at 300 kW and 300 kVar respectively before
t = 4s. The active power reference is changed to 500 kW at
t = 4s, while the nonactive power reference remains 300 kVar.
The dashed-line waveforms are the references and the solid-
line waveforms are the actual active power and nonactive
power outputs. The transient process lasts less than 1 second,
and both the active power and the nonactive power reach their
new references after the transient.

Figs. 4c and 4d show a step change in the nonactive power
reference while the active power reference remains constant.
The active power and nonactive power are controlled at 500
kW and 200 kVar before t = 4s. The nonactive power
reference is increased to 300 kVar at t = 4s, while the active



552 10" x10°

[
vd
in

T 45 F 3

1| > 7 . .
o il —p s

: | £ /

LZas q H

i 325
k!
iy 4 5 B ug) 7 5 4 5 B ug) 7

Active power dynamic response:

(b) Nonactive power

}/ "'orr-i
o= |

6 s 7

(a) Active power

gt

55

™
¥
L

Active Power (W)
S
Nonactive Power (Var)
ra
in

|

i

Y
-
=

‘3 4 5 ]

Nonactive power dynamic response:

N= 7

(c) Active power (d) Nonactive power

gt

3
4

Active Power (W)
+
F
Nonactive Power (Var}
[
n

L

iy r] 5 6 g 7 5 4 5 [T

Active and nonactive power dynamic response:

(e) Active power () Nonactive power

Fig. 4. Simulation of active power and nonactive power control.

power reference remains constant. Similar to the previous
case, during the transient process there is a variation in the
active power while the nonactive power is undergoing a step
change of 50% increase. Both the active power and the
nonactive power are maintained at their new references after
the transient.

The third situation is when both the active power and
nonactive power references are changed. In Figs. 4e and 4f,
the active power and nonactive power are controlled at
300 kW and 200 kVar respectively before t = 4s. The active
power reference is increased to 500 kW, and the nonactive
power reference is increased to 300 kVar at t = 4s. The
simulations show that the active power and nonactive power
outputs of the DE are controlled independently.

B. Voltage Regulation

By supplying nonactive power to or consuming nonactive
power from the power system, a DE can effectively control
the local voltage. In the system shown in Fig. 1, the magnitude
of the PCC voltage V; is controlled by the DE. Because of the
real-time control, DE can provide dynamic nonactive power

55210 - - . 2775

5 ; 271
£ 45 I | 2768
s H E
§ il P F v,
g H b % o "
. § —P H —wt
£ >
4 35 i Qe7s5

o

kL 3T Permaatepsseated

25 2745

] 2 3 4 4z 5 2 3 4 4 5

(a) Active power (b) PCC voltage

Fig. 5. DE Voltage regulation.

= s
g % 274 ___wr
o -—
é i E 272 L
45 270
| o Rt FERSETeS EFERAE |
] 2 3 4 tig 5 8 2 3 4 s 5
No Without voltage regulation:
(a) Active power (b) PCC voltage
geld” - . Erl?
—P
—P
55 ™
% )u"l Zams
3 | 2 -,
e 2 —t
& 276
H
45
2755
4 2 3 4 Nz 5 L 2 3 4 g 5
With voltage regulation:
(c) Active power (d) PCC voltage
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which provides a solution to transient voltage events, such as
voltage flicker, voltage dip, and induction motor starts, which
can cause system and load problems and are beyond the
dynamic capability of capacity banks as well as line and
substation regulators that are too slow and do not have the
variability to react. At the same time, DE active power output
can also be controlled at a desired and acceptable range.

The simulation results of the voltage regulation with active
power output control of the DE are shown in Figs. 5 and 6.
Fig. 5 shows the steady state and dynamic responses by
applying a sudden reference change in both the voltage
regulation and the active power control. In Fig. 5a, the active
power is controlled at 300 kW before t = 2s, and at 500 kW
after t = 2s. In Fig. 5b, the PCC voltage is controlled at 275 V
before t = 2s, and at 277 V after t = 2s. As shown in Figs. 5a
and 5b, initially the active power and the PCC voltage are at
steady state 300 kW and 275 V, respectively. After the
reference changes, a new steady state of the active power and
the PCC voltage of 500 kW and 277 V is reached in
0.5 second.



Fig. 6 is the comparison of the PCC voltage with and
without voltage regulation when a sudden load change occurs.
Figs. 6a and 6b show the active power and the PCC voltage
when there is no voltage regulation. The active power is
controlled at 500 kW, and the nonactive power output is zero
which results in the PCC voltage not being regulated at the
reference level of 277 V. A sudden load change occurs at
t = 2s, and the PCC voltage drops 2 V because there is no
nonactive power support. Figs. 6¢ and 6d are the active power
and the PCC voltage with the same load change at the same
moment but with DE performing the voltage regulation. The
voltage is always regulated at the reference level at different
load levels except for the transient period. The maximum
voltage drop is decreased to 1.5 V, while the voltage drop at
the load change without voltage regulation is 2 V. The
transient state duration of the voltage is 0.5 second.

C. Voltage Unbalance Compensation

The definitions in Section II are independent of the number
of phases of the power system, and each phase is independent
of each other, therefore it is possible to compensate the
unbalance components in the power system using a DE
system. Either a voltage unbalance or a current unbalance can
be compensated, and in this section, simulation results of
voltage unbalance compensation due to an unbalanced load
are shown.

Fig. 7 shows the voltage unbalance regulation. Fig. 7a is
the active power output while voltage regulation is being
performed at the same time. The dashed line is the reference
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Fig. 7. Voltage unbalance compensation.

TABLE Il RMS VALUES OF THE VOLTAGE UNBALANCE COMPENSATION

V, before V, after

compensation (V) compensation (V)
Phase a 274.81 277.05
Phase b 273.59 276.98
Phase ¢ 27431 277.01
Vinbatance 0.24% 0.01%

active power, which is 500 kW, and the solid line is the actual
average active power. Fig. 7b is the three-phase PCC rms
voltages. The dashed line is the reference voltage, and the
solid lines are the three-phase rms voltages. There is no
voltage regulation before t = 3s, and the three-phase voltages
are unbalanced and unregulated. The voltage is regulated to
the reference level (277 V) and balanced after t = 3s. The
transient state duration is 1.5 seconds.

The voltage unbalance index defined in IEEE Standard
1159 is used to better analyze the unbalance compensation
results. The average value of the three-phase voltages is the
average of the rms value of the three-phase voltages.
Vat+Vp+Ve

AUg(Va, Vb' V(:) = 3

(18)

The voltage unbalance index is defined as the maximum
deviation from the average of the three-phase voltages divided
by the average of the three-phase voltages, expressed in
percent.

Vinbatance =

max {|Va—Avg (Va,Vp V) IVp—Avg Va V. V)L IVe—Avg (Va Vb Vo) [}
Avg(Va,Vp.Ve) ’

(19)

The rms values of the three phase PCC voltages before and
after compensation are listed in Table II. The unbalance index
of the PCC voltage is also listed in the table. The unbalance of
the PCC voltage is 0.24% before compensation, and it is
improved to 0.01% after the voltage regulation from the DE
system.

IV. DISCUSSION

A. DE System Requirements

In the sinusoidal power systems, the voltage, current, and
power can be denoted as complex numbers. In this section, the
voltage and current variables in the system shown in Fig. 1 are
denoted as complex numbers. The PCC voltage is used as the
reference voltage, and its rms is given as V.

Ve =V +jVy = Vee* =V, (20)
The system voltage is
Vs =Vo +jVg = Vsejys (21)

where the amplitude V; is constant, and the phase angle vy is
changing with respect to the PCC voltage.
The system current is

is = Iy +jlg, (22)

where [, and I; are the real part and the imaginary part,
respectively.
The load is modeled as a constant current model with load

current known as
I = Iy +jly (23)

The DE system provides all or part of the load active power
and regulates the PCC voltage, and the DE current is



ic =l +jlg, 24

where /.. is a known variable which is part of the load active

power. The system current is
Vs=Ve

wLge 90°

(25)

s =

Calculating the real part and imaginary part separately, and
combining with the circuit KCL, gives

fl = is + fc. (26)
The DE current is

. R Vsz_szg(Il'r—Icr)z_Vt i
I.=1,+j|I;+ =1.e/8, (27

wLg

1 WLslyi=Ve+, VE-w2LE(Ip—Icr)?

wLsler

where § = tan™

The increased current rating requirement for the inverter to
provide both active and nonactive power is due to the
imaginary part of the DE current in (27). There is also an
increased voltage rating requirement of the inverter output
voltage V. and the dc side voltage V,. The inverter output
voltage is:

V.=V, + wL.e®"l.e’? =V, + wL.1,e/ B+ (28)
The amplitude of the inverter output voltage is:
V, = VZ + w22I? + 2wL 1.V, sin B (29)

If p = 0, the DE provides only active power, and the
required V. is

Ve = V2 + w2212

The voltage amplitude in (29) is the increased voltage
amplitude if both active power and nonactive power are
provided (8 # 0).

In a balanced power system, the minimum dc side voltage
Vi is [8]:

(30)

(€2))

Based on the equivalent circuit Fig. 2, the inverter current
i(1), the inverter output voltage v.(¢), and the PCC voltage v(f)
satisfy

dig(t
L2 — () — v, (D)

" 32)

In steady state, the rms values of the variables in (32)
satisfy

V. = wL, +V, (33)

where w is the system frequency. This is the required rms
value of the inverter output voltage. Combining (31) and (33),
the required dc link voltage, V. is

Vae = 2V2V, = 2N 2(wL I, + V;) (34)

TABLE III NONACTIVE POWER CAPABILITY VS. POWER RATING

REQUIREMENTS
Nominal Nominal Nominal
Power factor ) .
active power nonactive apparent
@®f)

(P) power (Q) power (S)

1.0 1.0 0 1.0

0.9 1.0 0.48 1.11

0.8 1.0 0.75 1.25

0.7 1.0 1.02 1.43

*Lagging or leading.

B. Cost-Effective Analysis

A DE with its power electronics interface can provide
nonactive power with the necessary controls as described
above along with a higher current rating for the inverter and a
higher dc side voltage to provide both active power and
nonactive power instead of only active power. Because the
active and the nonactive currents are orthogonal, the nonactive
power provided by DE is cost-effective.

A comparison of the nonactive power capability of a DE
system versus the additional inverter power rating
requirements is shown in Table III. Given that the DE active
power capability is 1.0 as shown in the second column of the
table, four values of power factor, i.e., 1.0, 0.9, 0.8, and 0.7
are listed, and the corresponding nonactive power values are
shown in the third column of the table. Finally, the apparent
power values are listed in the fourth column, which are the
inverter power ratings with nonactive power capability. For
example in the fourth row of the table, where the power factor
is 0.8, the nonactive power that the DE system can provide is
75% of the active power, while the inverter power rating is
only increased by 25%. Therefore, a small increase in the
inverter power rating (i.e., costs) gives the DE a significant
amount of nonactive power supply.

V. CONCLUSION

The paper shows that distributed energy resources
connected to distribution systems can generate both active
power and nonactive power. By slight modification of the DE
power electronics converter interface configuration and proper
control methods, the output active power and nonactive power
of the DE system can be controlled simultaneously and
independently. Furthermore, because each phase is controlled
independently in the proposed control scheme, it can
compensate for the unbalance in the three-phase voltages or
currents.

In the control of the active power, different control
objectives can be achieved by choosing different control
variables such as the DE output average active power, the DE



output rms active current, and the DE power factor. Similarly
in the control of nonactive power, different control variables
can be chosen, such as the DE output average nonactive
power, the DE output rms nonactive current, the DE power
factor, and the PCC rms voltage. By choosing different
variables, DE can perform different tasks, such as local
voltage regulation, load following, power factor correction,
nonactive power compensation, and unbalance compensation.

The system requirements, such as the inverter current
rating and the dc side voltage rating to provide the voltage
regulation are discussed. The analysis also shows that it is
more cost-effective to use DE systems providing both active
power and nonactive power services than to use a separate
STATCOM.
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