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Abstract: A high penetration of distributed generators, such as solar and wind power generators in
low voltage network systems, impose voltage rise problems. Reactive power control of distributed
generators can contribute to mitigating the voltage rise. In the existing reactive power control, reactive
power was controlled using only one local variable, such as voltage at point of connection or the
active power output of distributed generator. In case of PF(P) method, which provides certain power
factors, depending on the active power of distributed generator, the voltage regulation ability is
strong, but network losses are large. Q(V) method, which provides a certain amount of reactive
power depending on the local voltage, has few network losses, but the voltage regulation ability
is weak. In this paper, a reactive power control method that combines the PF(P) method and Q(V)
method was proposed. The proposed method determines the reactive power output by using the
active power of the distributed generator and local voltage variables together. The proposed method
improves the voltage regulation ability of the reactive power control, while reducing the network
losses, as compared to the existing method. The low voltage network system was modeled and
simulated to evaluate the performance of the proposed method, in terms of voltage regulation ability
and network losses, and the performance of the proposed method and the existing method were
compared and analyzed.

Keywords: reactive power control; voltage control; voltage regulation; distributed generation;
inverter-based generator; distribution network

1. Introduction

The penetration of grid-connected distributed generators (DGs) has increased rapidly due to
economic incentives and technological maturity. In particular, small- and medium-sized DGs in low
voltage systems are more frequently installed due to their low investment costs and short construction
period. However, the high penetration of DGs may cause reverse load flow and over-voltage in the
power system [1-6]. Voltage rises impair power quality and cause system losses, and in severe cases,
DGs can be tripped by protection systems. These problems can limit the hosting capacity to expand
the spread of DGs to the grid.

The reactive power supply capability of inverter-based distributed generation power sources,
which can easily control the reactive power, can be used to solve the voltage rise problem [4-9]. Reactive
power control of inverter-based DGs is preferred, not only due to the fast response time, but also due
to its reduced cost compared to output power reduction or system expansion.

Most grid codes require reactive power control capabilities for individual DGs, and recently,
most DGs have been designed to meet the requirements of grid code. For example, Verband
Deutscher Elektrotechniker (VDE) in Germany proposed several reactive power control methods [9-11].
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The reactive power control methods proposed by VDE include the fixed reactive power method, fixed
power factor (PF) method, PF control of active power output PF(P), and voltage-dependent reactive
power control Q(V) method [9-16].

Among the reactive power control methods, the power factor control method determines the
reactive power output according to the active power output of the DG. The power factor control method
is effective to mitigate voltage fluctuations caused by the output of the DGs. However, it cannot cope
with changes in external DG, such as load fluctuations or substation voltage fluctuations. In situations
where voltage rise is low due to external factors, reactive power support through power factor control
can increase system losses.

The Q(V) method determines the reactive power according to the connection point voltage of the
DG. Since the voltage varies depending on the location, the reactive power support depends on the
connection point of the DG. Reactive power support is mainly focused on the feeder terminals with
high voltage fluctuations, resulting in small system losses but weak voltage regulation ability.

In this study, the reactive power control technique of distributed generation to prevent overvoltage
in low voltage system [5], the reactive power control method using local voltage information and active
power output variable of PV (hereinafter referred to as PF(P,V) method) are proposed. The PE(P,V)
method proposed in [5] controls the reactive power by adjusting the parameters of the PF (P) method,
according to the voltage at point of connection of a PV. The PF(P,V) method showed higher voltage
regulation ability than the Q(V) method, while reducing system losses than the PF(P) method.

Another reactive power control method of Q(V) with additional adjustment of offset voltage
according to the active power output of DG is studied to improve the voltage regulation ability [17].
However, the reactive power output of the DG installed at a location with low voltage variation may
not be sufficient to support the voltage because the method is affected by the location of the DG
installation in the grid.

In this paper, a hybrid reactive power control method which combines PF(P) and Q(V) is
proposed to achieve not only the voltage regulation performance, but also the high efficiency operation.
The proposed method determines the reactive power reference of the DG as a weighted sum of the
reactive power references from both PF(P) and Q(V) controllers. The variable weight of each reactive
power reference is designed as a function of the active power output of the DG because the appropriate
control method can be utilized according to the level of active power output of the DG. When the
active power is high, the PF(P) controller is dominant and enhances the voltage regulation ability.
On the other hand, the Q(V) controller is dominant when the active power is low to minimize the
system losses caused be reactive currents. The performance of the proposed method was compared
and evaluated with the existing methods in the test feeder model using MATLAB tools.

Section 2 describes the voltage variation characteristics of low-voltage network systems using
voltage sensitivity analysis. Section 3 reviews the existing reactive power control method and describes
the proposed reactive power control method based on analysis of the existing reactive power control
method. Section 4 compares the performance of the proposed reactive power control method with that
of the existing reactive power control method through simulation.

2. Voltage Sensitivity Analysis

In the grid model, assuming that the voltage on the slack bus is constant, the bus voltage inside
the grid is affected by fluctuations in power flow [18-20]. Voltage sensitivity analysis can be used to
analyze the relationship between active or reactive power fluctuations and the voltage fluctuations
of the internal buses [19]. Voltage sensitivity can be derived using the Newton-Raphson method.
The voltage sensitivity matrix S is defined as the inverse of the Jacobian matrix J obtained by iterative
calculations using the Newton-Raphson method until the voltage equation solution of Equations (1)
and (2) satisfies the tolerance ¢ [5,19]. In Equations (1) and (2), V and 6 are the magnitude and phase of
voltage, Y and O are the magnitude and phase of admittance:
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The radial feeder model shown in Figure 1 and Table 1 was implemented in MATLAB to analyze
the voltage sensitivity based on the location of the generator or load. In the radial feeder model,
the voltage sensitivity matrices Syp and Syq for the 10 kW active power fluctuations are given by
Equations (3) and (4). The voltage sensitivity analysis for the radial feeder model in Figure 1 shows
that the voltage sensitivity at each node is lowest at the DG1 node directly connected to the substation
transformer. It was the highest at the DG8 node connected through the substation transformer and the
long-distance line (line 1 through Line 7 in Figure 1). It is highest in connected DG8 nodes. This means
that the voltage variation is the smallest in the DG1 node and the voltage variation is the largest in the
DGS8 node for the active and reactive power variations of each node.

Transformer
100kVA
22.9/0.38kV, 6%

Linel Line 2 Line3 Line 4 Line5 Line6 Line7
@ | (Zona) (Zon2) (Zonz) (Zon,a) (Zows) (Zone) (Zonr,7)
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MV Grid
100MVA
22.9kV, XRR=1
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Figure 1. Test feeder model for reactive power control evaluation.

Table 1. Parameters of test feeder model.

Symbol Values Remarks
Sbase 10 (kVA) Base power
Viase 0.38 (kV) Base voltage
V86imit 0.38 +0.038 (kV) Voltage limit (Vg + 10%)
Ppg,i 10 (kW) Nominal active power of distributed generators
ZOHLi 0.0038 + j0.0027 (p.u) Overhead line(OHL) impedance, i = 1~7
ZGrid 0.0001 + j0.0001 (p.u) Medium voltage grid impedance
ZTR 0.0009 + j0.0020 (p.u) Transformer impedance
Vstack 1.02 (p.u) Slack bus voltage
0.09 0.08 0.08 0.07 0.07 0.07 0.07 0.07
0.09 044 0.42 040 0.39 0.38 0.37 0.37
0.09 044 0.76 0.73 0.71 0.70 0.69 0.68
0.09 0.44 0.76 1.07 1.05 1.02 1.01 1.00
S 009 044 076 107 138 135 134 133 |[<10 ©)
0.09 044 0.76 1.07 1.38 1.69 1.67 1.66
0.09 0.44 0.76 1.07 1.38 1.69 2.00 1.99
0.09 0.44 0.76 1.07 1.38 1.69 2.00 2.32
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Figure 2 shows the voltage sensitivity for the DG8 node, which exhibits the largest voltage
fluctuations with power flow in the radial feeder model of Figure 1. In Figure 2, the blue circle
represents the voltage sensitivity of the DG8 node to the active power of each node, and the red x
represents the voltage sensitivity of node DGS8 to the reactive power of each node. In Figure 2,
the voltage sensitivity for active power is higher than that for reactive power. This means that the short
circuit ratio (SCR) and X/R ratio of the feeder model are low, so that the grid voltage fluctuation is
greatly influenced by the active power. The longer the line length between the substation transformer
and the node, the higher the voltage sensitivity to reactive power. This means that for the same reactive
power injection, the contribution to voltage regulation is high in the DG connected to the node with
the long length of line between the substation transformer and the node.
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Figure 2. Voltage sensitivity at DG8 to active and reactive power variation.
3. Q(V) and PF(P) Control Methods

The existing reactive power control methods of the DG for voltage regulation include the fixed
PF method, PF(P) based on the active power output, and the voltage dependent Q(V) method [9-13].
In this section, the existing reactive power control methods are described, along with the Q(V) and
PF(P) hybrid reactive power control method model, which overcomes the disadvantages and inherits
the advantages of existing reactive power control methods.

3.1. Power Factor Control Methods Based on Active Power

The fixed PF and PF(P) methods determine the amount of reactive power output according to
active power P, assuming that the voltage rises according to the P of the DG regardless of the load
variation. Equation (5) is an equation for calculating the reactive power reference Qs of the DG
according to the P when the PF reference PF,f is determined:

/1 - PF2
N,

Qre f = P Fref

©)

The fixed PF method maintains constant PF and absorbs reactive power proportional to the active
power output. However, if the power generation of the DGs is low, the risk of potential over-voltage is
small because the produced power can be consumed locally. In this case, reactive power absorption
unnecessarily increases system losses [5]. The PF(P) method improves the disadvantage of the fixed PF
method by increasing the PF in the low active power output section and reducing the PF in the high
active power output region. Equation (6) is power factor reference formula for active power output of
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PF(P) and Figure 3 shows characteristic curve of PF(P) in Figure 3, where P is the active power of DG,
PF is power factor of output of DG and PFy;, is the power factor limit value of DG, which is related to
the minimum requirements specified in the grid code. Figure 3 shows the PF-P characteristic curve:

1 ., P<P
PFpi—1
PFref: W(P_Pl) , PI<P<P, 6)
PPLim , P2 <P
PF
A
1 -

PF

Lim

P P, P
Figure 3. Characteristic curve of Q(V) control method.
3.2. Voltage Dependent Reactive Power Q(V) Control Method

The Q(V) method directly uses the voltage at the connection point of DG to determine the reactive
power output. Equation (7) is the reactive power reference formula for the voltage of Q(V) control,
and Figure 4 shows the Q-V characteristic curve for the Q(V) method, where Q is the reactive power
reference of DG, V is the voltage at the connection point of DG, and Qyy, is the limit value of DG.

Quim , V<Vp
PR (V-Vy), VISV <V,

Qref,Q(V) = 0 , Vo<V < Vs (7)

Pl (V=V3) , V3V <V,
—QLim  , VasV

0

A

QLim_

-0

=Lim

Figure 4. Characteristic curve of Q(V) control strategy.
3.3. Characteristics of Existing Reactive Power Control Methods

Voltage varies not only with the production of power, but also with the consumption. The power
factor control method, which can be called an open loop control method, determines the reactive

power output using only the active power output information of the DG, and thus does not respond to
load fluctuations.



Energies 2020, 13, 2078 6 of 15

On the other hand, the Q(V) method is a kind of closed loop control method that directly uses
the grid voltage information to determine the reactive power output, and thus responds to the grid
state (voltage) including load fluctuations, as well as DG output fluctuations. However, the voltage
fluctuation, according to power flow, varies depending on the location where the DG is installed, and
the voltage fluctuation increases in the region where the voltage sensitivity to power is high. Therefore,
when using the Q(V) method for a low voltage feeder with multiple DGs connected, the reactive power
support of each DG is focused on DGs in location with high voltage sensitivity. And DGs located in
low voltage sensitivity may have low reactive power support even when the critical bus voltage rises
close to the limit.

In order to analyze the characteristics of the existing reactive power control methods, Radial grid
model with multiple DGs in Figure 1 is simulated using parameters of reactive power control methods
as shown in Table 2.

In order to analyze the reactive power characteristics according to the power generation and
consumption in the system, the active power output of DG1~DG4 distributed power supply is set to
1.0 p.u. and DG5~DGS8 distributed power is set to 0.8 p.u. as shown in Figure 5. In this study, and all
loads in the feeder model were simulated by dividing the case of not consuming active power and
consuming 30% of the DG rated active power.

Table 2. Parameters of reactive power control methods.

Method Parameters Unit Values
fixed PF PF reference - 0.95
PE(P) xlookup of PF(P) p-u [0.00, 0.40, 1.00, 1.20]
ylookup of PF(P) - [1.00, 1.00, 0.95, 0.95]
QW) xlookup of Q(V) pu [0.80, 0.90, 0.95, 1.05, 1.10, 1.20]
ylookup of Q(V) p-u [0.33, 0.33, 0.00, 0.00, —0.33, —0.33]

=y

Active power (p.u)
=
w

DG1 DG2 DG3 DG4 DG5 DG6 DG7 DGS8
DG's No.

=

Figure 5. Active power output of DGs.

Figure 6 shows the reactive power output of the DG and the bus voltage when all loads consume
0.0 p.u. In this case, the voltage rise is large because the power consumption of the load is very low.
In Figure 6a, the fixed PF and PF(P) method output reactive power according to the active power
output regardless of the position of DGs. In the case of fixed PF, all DGs output reactive power with a
PF of 0.95, and for PF(P), DG1 through DG4 output reactive power with a PF of 0.95 and PF of 0.97
from DGS to DGS, so that The total reactive power of the DGs is reduced compared to the fixed PE.
In the Q (V) method, the DGs in the high voltage sensitive area had high reactive power output, and
the DG1 and DG2 located in the very low voltage sensitivity did not output the reactive power.

In Figure 6b, the voltage rise is the lowest for the fixed PF method with the highest total reactive
power of the DGs. When operating in the Q(V) method, the voltage rise was the highest, and the
voltage of the DG8 located at the highest voltage sensitivity increased close to the voltage limit value

(11pu).
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Figure 7 shows the reactive power output of the DG and the bus voltage when all loads in the
system are set to 30% of the rated power of the DG. In Figure 7a, when operating with fixed power
factor and PF(P) method, DG outputs reactive power in the same way as when load is 0 p.u. On the
other hand, in the Q (V) method, the reactive power output is significantly reduced compared to the
case where all loads are 0 p.u. In Figure 7b, the bus voltage showed the largest increase in the Q(V)
method, but the voltage of DG8 was about 1.06 p.u. lower than the voltage limit value due to the
power consumption of the load.
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Figure 6. (a) Reactive power output; and (b) node voltage of distributed generators with different
methods when the output of each DG is set as shown in Figure 5 and all loads are set to 0 p.u.
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Figure 7. (a) Reactive power output; and (b) node voltage of distributed generators with different
method when the output of each DG is set as shown in Figure 5 and set all loads to 0.3 p.u. of rated
active power of DG.
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In summary, the fixed PF method outputs reactive power that is proportional to the active power
output of the DG regardless of the load, and the highest amount of reactive power of the entire DG
results in the highest system losses but the lowest voltage rise. In the PF(P) method, DG that outputs
active power lower than the rated power outputs reactive power smaller than the fixed PF method,
so that the system losses can be expected to be lower than the fixed PF. The Q(V) method regulates the
amount of reactive power according to the load, as well as the active power output of the DG, and the
reactive power support is concentrated on the DGs in areas with high voltage sensitivity, resulting in
the lowest total reactive power of the DGs. However, even when the bus voltage in the area with high
voltage sensitive rose close to the limit value, the DGs in the area with low voltage sensitive supported
little reactive power.

4. Proposed Reactive Power Control Method

In the previous section, the characteristics of the power factor method and the Q(V) method were
analyzed in terms of system losses and voltage regulation ability. In this paper, a reactive power control
method combining PF control and Q(V) method was proposed to highlight the advantages and to
complement the disadvantages of the existing reactive power control method.

The proposed reactive power control method calculates the reference of reactive power through
the Q(V) controller and the PF(P) controller, and the reactive power of the DG is determined by applying
a weighting factor to the references of reactive power calculated from each controller, as shown in
Equation (8). In Equation (8), Qrer,0(v) and Qyef,pF(p) are the reactive power reference calculated
through the PF and Q(V) controllers, and K is the weighting factor. The weighting factor is set in the
region of 0 to 1. The proposed model works similar to Q(V) as K approaches 0 and similar to PF(P) as
K approaches 1.

When the load on the system is light and the output power of the DGs are high, the risk of
overvoltage is high. Therefore, when the output of the distributed generation is high, it is advantageous
to mitigate the voltage rise by setting the K factor close to 1 and operating close to the power factor
control method. Moreover, during periods of low risk of overvoltage, setting the K factor close to
zero and operating in a Q(V) method is beneficial to lower system losses. The proposed method is
designed to adjust the K factor, according to the active power output of DG. K is set close to 0 so that
the weight of Q,,r o(v) can be increased when the active power is low, and K is set close to 1 so that
the weight of Q,,r pr(p) can be increased when the active power is high. In order to implement the
above operation, the weighting factor K can be set according to the active power interval as shown
in Equation (9). In this paper, K; is recommended to be set to 0 because Q(V) has less system losses
than PF(P). K5 is recommended to be set to less than 1 because PF (P) has a strong voltage regulation
ability but cannot respond to a load, increasing system losses under heavy load. When DG outputs
high active power, DGs located in low voltage sensitivity region outputs less reactive power as Kj is
smaller. Figure 8 shows an example profile of the weighting factor K and the block diagram of the
proposed reactive power control method.

Qref = (1 —K)Qrgf,Q(V) + KQVEf,PF(P) (8)
Ky , P<p,

K> , Pﬁ<P
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i ' Proposed Q Control

Q control
by Q(V)

Q control
"| with PF(P)

»  K(P)

Figure 8. Weight factor K as a function of active power P and Block diagram for proposed method;
(a) weight factor K as a function of active power P; (b) Block diagram.

Performence Analysis of the Proposed Method

In order to evaluate the characteristics of the proposed method, the reactive power control methods
and test feeder model of Figure 1 were implemented in MATLAB/Simulink(R2016a, MathWorks, Natick,
MA, USA) with parameters in Table 1. The power flow simulation model for evaluating the performance
of the reactive power control method was developed, as shown in the flow chart of Figure 9. The power
flow simulation model iterates the power flow calculation until all AP and AQ mismaches are less
than the convergence tolerance ¢. In the case of simulating the reactive power control for the voltage,
the reactive power of the DGs was calculated with the updated voltage through repetitive calculation
in the power flow analysis. The parameters of reactive power control implemented in the simulation
are set as shown in Figure 10.

Choose static Q method for DG system
- Fixed PF
- PF(P)
- Qv
- Proposed, etc

|

Fetch new P values for the load
and the measurement data of |[¢—
PV

v

Iteration index = 1

I

Measurement data of active
power output of PV system

A 4

Solve mismatches equating for

Determi K
etermine QpglK] < all A8’s and AV’s, and update
for each DG system &sand V's

| f

Calculate all AP and AQ
mismatches

Yes T
A No .| Iteration index = Iteration

d?
onverge index +1

Form Jacobian matrix

Run load flow

Figure 9. Flowchart of load flow including reactive power control of renewable energy system.
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Figure 10. Setting of reactive power control methods applied to test feeder model; (a) PF-P characteristic
curve for PF(P) method; (b) Q-V characteristic curve for Q(V); (¢) K-P characteristic curve for

proposed method.

The performance criteria for the reactive power control method can be defined in terms of the grid
losses and increased amounts of DG capacity for the grid [5]. In order to analyze the performance of
the reactive power control method, the active power output data of the DG was applied to the annual
solar power output data of 2017 measured in Yeongam-gun, Jeollanam-do, Korea. Figure 11a,b shows
the PV inverter output profile for January and July and Figure 11c shows the annual histogram of

output data in 2017.
~ 4 Power generation profiles of DG during January, 2017
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Figure 11. Measured power generation profiles in 1-h averages during; (a) January 2017 and (b) July 2017;
and (c) histogram of hours of measured power generation at Yeongam-gun, Jeollanam-do, Republic of

Korea for 2017.

Figure 12 shows a daily profile of reactive power output according to the active power profile
for DG1 (located in the lowest voltage sensitivity region) and DG8 (located in the highest voltage
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sensitivity region). The PF(P) control method absorbs the reactive power according to the active power
output regardless of the voltage sensitivity of the point of connection, so that they absorb the same
amount of reactive power. On the other hand, in the Q(V) control method, DG1 does not absorb
reactive power in the whole range of active power variation, and DG8 has an absorption amount
similar to the PF(P) method. In the proposed method, the reactive power is the same as that of the
Q(V) method in the section where the active power is less than 0.8 p.u. The reactive power absorption
amounts for the DGs located near the transformer were increased compared to amount with the Q(V)
method in the section where the active power is above 0.8 p.u. Figure 13 shows the reactive power
output for each DG, according to the active power output and the reactive power control mode of the
DG. In the case of PF(P) in Figure 13, the DGs at all positions output the same amount of reactive
power, whereas with the Q(V) method, the DGs near the transformer have almost no contribution to
the reactive power support. It can be confirmed that it contributes to the support. In the proposed
method, the reactive power is absorbed in the same manner as Q(V) in the section below the output of
0.8 p.u. In the section above the output of 0.8 p.u., the reactive power absorption of the DGs in the area
with low voltage sensitivity is increased in comparison to Q(V).

P & Q variation at DG1

2 17 ——P profile
= —No Q
% 05 PF(P) method
& ——Q[V) method
E.\ 0 = Proposed method
=
o
05 i I i i
0 5 10 15 20
time (hour)
(a)
P & Q variation at DG8
g_ 1r —P profile
= ——No Q
g 05F PF(P) method
5 —Q(V) method
3\ 0 - Proposed method
x=
o
0.5 . . . .
0 5 10 15 20

time (hour)

(b)

Figure 12. Active power output and reactive power output by the different methods at (a) DG1 and
(b) DG8 and reactive power output by reactive power control method.

Figure 14 shows the voltage at the critical bus (connection point of DG8) which is the most critical
bus with the different reactive power control methods. In Figure 14, dotted line represents the voltage
limit value of the test feeder model. In Figure 14, when the DGs does not absorb reactive power,
the critical bus voltage exceeds the over-voltage limit (1.1 p.u.). In the Q(V) method, the critical bus
voltage did not exceed the over-voltage limit, but was close to 1.1 p.u. The voltage rise in the PF(P)
method was the lowest, and the voltage rise of the proposed method was between the voltage levels
for the Q(V) and PF(P) methods.
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Figure 13. Reactive power absorption amounts for each DG by the reactive power control methods
when the active power output is (a) 0.6 p.u.; (b) 0.9 p.u.; and (c) 1.0 p.u.
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Figure 14. Voltage variation at DG8 with different reactive power control methods.

Table 3 shows the analysis results for 2017 annual data under different reactive power control
methods. As shown in Table 3, the PF(P) method mitigates the voltage rise through high reactive
power absorption, whereas the Q(V) method shows the lowest reactive power absorption, but the
maximum voltage of the critical bus approaches the over-voltage limit. The PF(P) and Q(V) hybrid
method maintains the maximum voltage at the voltage level between Q(V) and PF(P) while the reactive
power absorption amount is similar to that of Q(V). The annual grid losses were highest with the PF(P)
method and lowest with the Q(V) method. The grid loss for the Q(V) and PF(P) hybrid method was
higher than that for the Q(V) method, but the difference was insignificant. Figure 15 was obtained
by schematizing system losses and the maximum voltage at the critical bus by the reactive power
control method of Table 3 on a plane coordinate. In Figure 15, the horizontal axis represents the active
power losses and the vertical axis represents the maximum voltage of the critical bus. In terms of
the losses for the reactive power control system, the better the performance, the closer the marker
is to the vertical axis, and the better the voltage regulation performance, the closer the marker is to



Energies 2020, 13, 2078 13 of 15

the horizontal axis. Better performance brings the marker closer to the point where the vertical and
horizontal axes intersect. The proposed reactive power control method is closest to the point where the
vertical and horizontal axes intersect with other reactive power control methods, and the efficiency
and voltage adjustment ability from the viewpoint of the system loss are generally excellent overall.

Table 3. Annual results analysis for 2017.

Reactive Max. Voltage Network Power Losses Maximum Reactive Power
Power Control  at Critical Bus Active Power Reactive Power Transformer Consumption
Strategy [p.ul [MWh/year] [MVArh/year] Loading [%] [MVArh/year]
NoQ 1.1140 3.7724 3.2924 75.14 0.00
fixed PF 1.0876 4.2897 3.7410 80.45 -38.35
PE(P) 1.0878 3.9910 3.4816 80.41 -16.58
Q(V) 1.0965 3.8974 3.3919 76.58 -9.18
Proposed 1.0903 3.9019 3.3960 79.25 -9.44
2 1
= % fixed PF method
g *  PF(P) method
e 1.095 Q(V) method
j.E *  Proposed method
L&)
= 1091 ®
> b X
*
@ 1.085 ‘ : : : : : : :
= 3.85 3.9 3.95 4 4.05 4.1 4.15 4.2 4.256 4.3

Active power losses (MWh/year)

Figure 15. Comparison of max voltage at critical bus and grid losses according to reactive power
control method.

Compared with the base voltage in Table 3, the maximum voltage reduction in the critical bus
due to reactive power control is very small. However, comparing the maximum voltage magnitude in
critical bus according to reactive power with the voltage limit value (10% of base voltage) as shown
in Equation (10). In addition, the efficiency of reactive power control can be easily compared by
calculating an increase rate of system losses due to reactive power control in contrast with the system
loss when the reactive power control is not performed as shown in Equation (11). Table 4 shows the
result of re-arranging the result of Table 3 according to Equation (10) and Equation (11):

Vmax(No Q) ~ Vmax(Q cont.)

RAVmax(Q cont.) — (10)

VLimit - Vbase

Ploss(Q cont.) ploss(No Q)

RPloss(Q cont.) — x 100. (11)

Ploss(No Q)

In the proposed method in Table 4, the increase rate of system losses was increased by 0.12%
compared to Q (V), but the maximum voltage reduction was about 0.062 lager. By comparing the
proposed method with the PF(P) method, it appears that the proposed method lowered the maximum
voltage reduction by 0.025 less, but the system losses were reduced by 2.36%. Among the reactive
power control methods, the proposed method has the largest reduction of the maximum voltage
compared to the increased system losses.



Energies 2020, 13, 2078 14 of 15

Table 4. Maximum voltage reduction at critical bus and system losses increase rate of reactive
power control.

Reactive Power Max. Voltage Reduction at Increasing Rate of System RaVinax(Q cont)
Control Strategy Critical Bus (Equation (10)) Losses [%] (Equation (11)) Rptoss(@ cont.
fixed PF 0.2640 13.71 0.0193
PE(P) 0.2620 5.79 0.0453
Q) 0.1750 3.31 0.0529
Proposed 0.2370 3.43 0.0691

5. Conclusions

In this paper, existing reactive power control methods of DG for mitigating the voltage rise in low
voltage systems were analyzed. A reactive power control method has been proposed that improves
the disadvantages of voltage regulation and system loss reduction of existing methods. Existing
reactive power control methods use only active power information or point of connection voltage
information, and thus, have advantages and disadvantages in terms of voltage regulation ability and
system losses. In case of PF(P) method that determines reactive power output using only active power
output information of DG, voltage regulation performance is strong, but it does not respond to external
variables such as loads. In the Q(V) method, the network losses are low, but the reactive power support
of the DG is focused on the DG at the location where the voltage sensitivity is high.

In this paper, a reactive power control method is proposed that calculates the reactive power
command by adjusting the ratio of reactive power references, calculated by PF(P) controller and Q(V)
controller by applying weights according to the active power output of DG. In addition, the proposed
method improves the performance of voltage regulation ability and system losses in comparison
with the existing reactive power control methods by using output of DG and point of connection
voltage together. In order to evaluate the performance of the proposed method, the output data of
the photovoltaic power plant measured in Yeongam, Jeollanam-do in 2017, was applied to the radial
grid system simulation model to compare the performance with the existing reactive power control
methods. As a result of simulation, the proposed method has a small difference of 0.12%, compared to
the Q(V) method with low system losses, but the maximum voltage reduction on the critical bus is
about 0.062 larger. Compared with PF(P), which has a strong voltage regulating ability, the proposed
method has a small difference of 0.025, but the increase rate of system losses is 2.36% larger. Among
the reactive power control methods, the proposed method has the highest maximum voltage reduction
at critical bus, compared to the increase rate of system losses.

The proposed method can lower the maximum voltage due to the output of the DGs with a strong
voltage regulation capability with reducing network losses, thereby enabling the additional power
generation of the DGs in the low voltage system. This is expected to contribute to the expansion of
renewable power generation and efficient voltage management in low voltage network systems.
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