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Abstract—The occurrence of power flow reversal and
off-limit of the voltage on common bus becomes more
frequent because of the increasing penetration of renew-
able energy sources (RES) in microgrids. To guarantee
the safe and stable operation, adjusting the power output
of RES-based inverters to avoid the off-limit voltage is
necessary. Considering the apparent power characteris-
tics of inverters, as well as the minimum participation of
active power, a voltage control strategy based on stage
division to be within the voltage limit is investigated in this
paper. In the case of unknown demand and distribution of
loads, the proposed control strategy is able to make full
use of the apparent power to regulate voltage using simple
calculations, while the performance in economical opera-
tion is satisfactory. Simulation results prove the effec-
tiveness of the proposed method on the common bus
off-limit voltage adjustment.

Index Terms—Off-limit voltage, microgrids, voltage
control, inverter, stage division.

I. INTRODUCTION

ffected by reserves, wars and other unpredictable

factors, the price and supply of traditional fossil
fuels, such as oil and natural gas, are subject to violent
fluctuations [1], [2]. This background promotes the
increase of the penetration of renewable energy sources
(RES) in microgrids (MGs) [3], such as photovoltaics
(PVs) and wind turbines. However, the power output
fluctuations of RES-based generation are frequent and
irregular, and are highly dependent on meteorological
conditions such as temperature, solar radiation, and
wind velocity [4]. In addition, the demands of load in
MGs change in real time, and do not match with the
power output fluctuation of RES [5]. As a result, the
high penetration of RES in MGs will bring great chal-
lenges to their safe and stable operation.
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To minimize the impact on the voltage of the distri-
bution network, the voltage of a microgrid should be
kept stable [6]. However, voltage on the common bus in
a microgrid is heavily influenced by the status of RES
and loads. When the load demand increases and/or the
RES-based generation output power is insufficient, the
voltage on the common bus may decrease. Conversely,
when the load demand is at a lower level and/or the RES
output power is high, reverse power flow may occur,
causing the voltage at the bus to increase, potentially
surpassing the upper limit within the tolerant voltage
fluctuation range [7]. These two scenarios of voltage
conditions can seriously jeopardize the loads and com-
promise the safe and stable operation of an MG system.
Typically, output active power is usually pulled up from
the RES to raise the common bus voltage, and additional
reactive power compensation devices, like static var
generators (SVGs) or active power filters (APFs), are
also applied to achieve this target. Reducing the RES’s
output of active power has been proven to be an effective
solution for restraining the off-limit voltage [8]. Thus,
traditional voltage regulation methods usually involve
many active power and reactive power compensation
devices to keep the voltage stable. However, these solu-
tions are not economic, and the waste of renewable en-
ergy is inevitable. In addition, extra equipment for reac-
tive power compensation will increase the total cost of
the MG system [9].

To solve the shortcomings of traditional schemes,
various solutions have been proposed. In [10], a detailed
summary of the characteristics and applications of
control methods is provided, based on active power
regulation, reactive power regulation, tap changers ad-
justment, and multi-device coordinative control in
low-voltage networks. It is found that under unsatisfied
communication conditions, it is difficult to use the co-
ordinative control scheme widely, so over-limit voltage
can only be decreased by implementing local control
schemes on the nodes. Because of the response time
restriction of shunt capacitor-based reactive power
compensation equipment, as well as the mechanical
wear of traditional transformers with on-load tap
changers, it is difficult for the system to respond to the
rapid and frequent changes of the RES’s output power.
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In a low-voltage network with lower resistance and
reactance feeders, the inverter of the RES generation
can achieve quick and continuous power adjustment.
This is more economical and effective than other volt-
age regulation methods. This conclusion shows the
inapplicability of the traditional control scheme under
high penetration of renewable energy, and the paper
proves the technical feasibility of the inverter-based
voltage control method.

Reference [11] proposes an evaluation method and
adequacy index of reactive power margin in low voltage
networks, when the inverter’s apparent power and node
voltage offset constraints are met. In addition, the local
active/reactive power control strategy is also investi-
gated. However, the calculation process of this method
is complex, and is not suitable for engineering imple-
mentation. A strategy to handle the off-limit voltage is
proposed in [12], in which it reduces or limits the output
active power and uses the residual reactive apparent
power of the inverter. While this solution is desirable
there exists the possibility of wasting renewable energy.
Based on voltage sensitivity analyses, reference [13]
derives a conversion method between active and reac-
tive power, and realizes the node voltage control with-
out communication. Nevertheless, this method ignores
the economic requirements of microgrid systems. An
alternative way is proposed in [14] to transform the
bi-level programming mathematical model into a sin-
gle-level programming problem, to calculate the max-
imum access apparent power of inverter under voltage
constraints. However, this method limits the total ap-
parent power of the microgrid.

Researchers have developed many inverter voltage
regulation methods based on power electronic control
technology. They can be divided into two categories:
one is based on control algorithm, and the other is using
physical topology. Droop control based on P-F and Q-V
curves have been widely used [15]. This method enables
adaptive voltage-frequency regulation and automatic
power sharing without any communication [16]. Be-
cause of the mismatched line impedance of paral-
lel-connected inverters, the voltage regulation perfor-
mance on the point of common coupling (PCC) bus is
affected. Therefore, a current feedback loop-droop con-
trol method is proposed to achieve accurate reactive
power sharing [17], [18]. The current feedback loop is
developed as a virtual impedance loop, and various
droop control methods based on that impedance have
been studied [19]-[21]. Some are designed to achieve
accurate reactive power sharing [19], while others can
improve voltage regulation [20], [21].

Physical component-based solutions usually modify
the coupling impedance frame, and a typical frame is
L-C cascade topology [21]. Benefiting from the series
capacitance, the inverter connected to this structure has
larger reactive power compensation capacity and

stronger voltage regulation ability. Also, reactive power
compensation can be performed when the DC voltage is
lower than the AC bus voltage with this structure [22].

In summary, most current research on voltage control
techniques under high-penetration of renewable energy
directly optimize and coordinate the controllable
equipment such as tap changers, energy storage units,
and reactive power compensation devices, etc. However,
there is a lack of studies on a voltage control algorithm
considering the apparent power characteristics of an
RES-based inverter. In this paper, an inverter voltage
control method based on stage division is proposed to
solve the problem of off-limit common bus voltage due
to high penetration of renewable energy in MGs.
Compared with traditional methods, the advantages of
the proposed method include:

1) The dependence on grid communication is mini-
mal, reducing the burden of the communication system
and avoiding negative effects caused by signal delay.

2) A linear calculation method is applied to the pro-
posed strategy. It is simple in process with a reduced
calculation burden.

3) Additional equipment costs can be avoided, pro-
moting economic efficiency and making it more suita-
ble for practical engineering applications.

The whole paper is structured as follows. A voltage
control stages analysis is proposed in Section II and the
power calculation method is presented in Section III.
Sensitivity analysis of inverter voltage control strategies
is provided in Section IV, while the proposed voltage
control method is described in details in Section V. To
prove the effectiveness of the proposed method, a sim-
ulation validation is demonstrated in Section VI. At last,
a conclusion is offered in Section VII.

II. STAGE ANALYSIS OF VOLTAGE CONTROL

A. Voltage Regulation Requirements of MGs

For a microgrid system, a common bus may contain
several nodes to connected RES-based inverters and
loads. The voltage on nodes may be lower than the rated
value in the period with low penetration of renewable
energy and peak load. In such a scenario, the inverter
should generate capacitive reactive power to adjust the
power factor, and to raise the voltage. This solution is
able to improve the utilization of the inverter’s apparent
power, the additional reactive power compensation on
the feeder can be reduced, while the power loss and
voltage drop on the common bus in the MG can be
decreased.

When the RES penetration rate is high, the MG will
usually experience a node voltage exceeding the upper
tolerance limit, while the oversupplied active power in-
jected by the RES generation into feeders is the funda-
mental factor [13]. At present, the inverter needs to reduce
the output active power, to alleviate the harm to the loads
and ease the stress on the feeders that is due to the high
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voltage. However, this method can cause RES energy
waste, affecting the economic operation of the system.

Generally, considering that there is increasing RES
access to the MG system, the primary requirement is the
off-limit voltage regulation.

B. Analysis of the Working Stages of the Inverter

RES-based inverters perform reactive-voltage control
within their power regulation range. Assuming the
power factor should not be less than 0.98 (leading or
lagging) when the active power output from the inverter
is greater than 50% of its rated power, the process of
voltage regulation involving the inverter can be divided
into 3 stages, as Fig. 1 shows. In addition, Fig. 1 also
illustrates RES’s active/reactive power changes at dif-
ferent stages, while the range of power factor is within
the half circle. Detailed descriptions of stages are pro-
vided as following Subsections.

PA

A\ 4

(b)

PA

v

(c)

Fig. 1. Inverter output power range in different stages. (a) DRC
stage. (b) APL stage. (c) PFL stage.

1) Stage of Dynamic Reactive Power Compensation

In the stage of dynamic reactive power compensation
(DRC), the active power of the inverter remains unaf-
fected. As the power angle J varies, and the output re-
active power varies as well. The relationship between
the variables in this stage is shown in (1). Elevated
reactive power will promote the inverter to reach the
maximum power point, and the power angle is noted as
the apparent power constraint angle of the inverter.

P

cosé‘=—2 == -
JB, +
out Qout (1)
o

Lo
lim Smax
where the output active and reactive power are marked
as P, and Q , , respectively; and ¢, presents the
power angle restricted by the capacity.
2) Stage of Apparent Power Limitation
In the stage of apparent power limitation (APL), the ap-
parent power S of the inverter remains at the maximum value
S .. - The reactive power O, continues to increase with the

= arccos[

ut >

increase of the power angle 0 , while the active power
P, decreases. The relationship between the variables at this
stage satisfies:

B)Ul = Smax COS 5
@

Qout = Smax SIH 5

3) Stage of Power Factor Limitation
In the stage of power factor limitation (PFL), the in-
verter is running at the maximum & and the ap-

parent power is reduced to S. The relationship between
variables in this stage satisfies:

Pout = S Cos 5max
Qout = S Sin 5max

The three stages discussed above described all pos-
sible states of the inverter when it is involved in voltage
regulation. The values and ranges of the active power,
reactive power , apparent power S, and power angle J of
the inverter in the different stages are listed in Table I. It
is worth noting that after the DRC, if the power angle
has reached before S equals , the apparent power limi-
tation will not appear, i.e., the inverter does not go
through all 3 stages when it is in voltage regulation. This
is related to the current operating state of the inverter.

€)

TABLEI
RELATIONSHIP BETWEEN THE VARIABLES OF THE INVERTER AT
DIFFERENT STAGES

Stage B O S 0
DRC P, P, tans P 1+tan’> s 0-5,,,
APL S, COSO A o) S O™ O

S'sind, 0-S 0,

‘max max max

PFL Scosd,,.
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C. Control Process Based on Stage Division

Considering the various power angles and capacity
restriction of the inverter, the control stages have been
presented above. By following the principle of mini-
mizing the active power reduction, the process of the
proposed control method is presented in Fig. 2.

Basic compensation set

v ¥
S, &, V, sampling

S reaches to
maximum ?

Fig. 2. Control process of the proposed method.

As shown, the tolerant voltage V. at the common bus

Jlim

and the maximum power angle J_of the inverter are set

first, and then, the apparent power S, the power angle ¢ of
the inverter, and the node voltage V,, are sampled and

monitored, where the subscript # is the number of nodes. If
V>V, im» the apparent power of the inverter S has not

reached S,
maximum value &, . The inverter enters the DRC, i.e.,

and the power angle ¢ has not reached the

by adjusting the power angle ¢ of the inverter, it transfers

inductive reactive power without reducing its active power.

If V>V, > the apparent power S of the inverter has

reached S, while the power angle J has not yet
reached o

max 2

power angle J and transfers more reactive power Q ., by
and the

so the inverter enters APL, i.e., it adjusts the

reducing the output active power. If V, >V,

Llim 2

power angle ¢ is equal to J_,_ , the inverter enters PFL, i.e.,

max ?

voltage regulation is achieved by reducing the total power
of the inverter.

III. POWER CALCULATIONS OF THE INVERTER-BASED
VOLTAGE REGULATION

Assuming the proposed method is applied to an MG
system with 7 nodes, as shown in Fig. 3, node 0 on the
PCC point is a balancing node. The node % is the access
point for the RES, and the node voltage amplitude is

marked as V, , while demand of the connected load on
this node is P, + jO, . The feeder impedance between
node 0 and k is Ry, +jX

ko
RES-based inverter is P, + jO, . The proposed voltage

control strategy uses a linear calculation with fast com-
putation and control response, so that load changes can
be considered as small during the voltage adjustment.

while the output power of

Bo+J0, Fuy+iQu

R, +jX,

B+ 10,

Fig. 3. A typical topology of microgrid with multi-modes.

A. Control in Stage of DRC

When the RES is in normal operation, the inverter usu-
ally works at the point of maximum power factor, and the

voltage V, at the access point of RES can be obtained

Yo [P, + (X 00X, |- PRy,
v,

from:

Vo=V, +

4
where V; is the voltage on the PCC bus. @
At the stage of DRC, the voltage on the access point
of RES is adjusted to the target voltage V, . by the
reactive power generated from the inverter, given as:
- Y[ PR + (3 0y, |- Buey ~ Ou X
%

k,lim

lim

®)

where O, . is the inductive reactive power that is re-
quired to reduce the voltage V, to the target voltage

Vi iim- From (4) and (5), there is:
A
Oy =5 — (6)
¢ Tk
where the term A4 is:
A= Vo(m - I/k,lim) + I/kz,lim - sz (7

When the apparent power of the inverter reaches the
maximum value S___, if the voltage on the access point

still exceeds the limit, the control strategy will enter the
APL.
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B. Control in Stage of APL
When the inverter reaches the maximum apparent
power S the power angle of the inverter is o,

max im

while the voltage V¥, on the access point is:

S PR+ 0% )

Ve (8)
S (B O8Oy + X5 sinoy, )

max lim

Vi
After entering the APL, the apparent power of the

k 0

inverter always remains at S, . After power angle
adjustment, the voltage on the access point is adjusted to
the target voltage V, . i.e.:

lim °

(PR (X 00X

klm — "0
> V )
k,lim (9)
2 2
RZkI)out,t - XZk Smax - I)Out,t
I/k,lim
From (7) and (8), the active power from the inverter
after the APL, i.e. Pou,t, can be obtained as:
= AT B+ Xy (10)
RS, + X5,
where there are:
B = Smax (RZ/c cos 5lim + XZk Sin 5lim)
1 (11)

C= [(SmaxRZk )2 + (S X5p )2 ~(4+B)’ ]E

C. Control in Stage of PFL

If the off-limit voltage on the access point of the RES
cannot be shaved after the above two stages, the output
active power from the inverter must be reduced. The
reduction is calculated as follows.

When the inverter is operated at the maximum power
angle dmax, the voltage Vi on the access point satisfies:

| X PR+ (0K,
Ve
(Ry, + Xy, tand,,. )
Vi
In the PFL, the power angle of the inverter stays at o,___.

and after power reduction, the voltage on the access point of

o=V,

(12)

S ..COSO,

max

RES is adjusted to the target voltage V, . , and satisfies:
k n n
Zi:o(z /:in )RZI' + (Z f:iQf )XZi
Vo= Vk,lim + ‘ ‘ -
I/k,lim
Pout,s (RZk + XZk tan 5max )
Vk,lim
(13)

Combining (10) and (11), the output active power of
the inverter after the PFL, i.e. Pous, iS:
A (14)
Ry, + Xy, tano
It can be found from (6), (9) and (12) that the active
power P . and the reactive power P, are only related to

out out

P, .=S§7c0s0  +

out,s

the common bus voltage ¥, the voltage on access point of
RES 7V, , and the feeder impedances Ry, and Xy ,. The

real-time and past data of V, are obtained from the meas-
urement and historical records, the voltage on the common
bus V, can be obtained by means of communication, and

the feeder impedances are obtained by measuring and
evaluating the estimated length and type of the feeder.

IV. SENSITIVITY ANALYSIS OF INVERTER VOLTAGE
CONTROL STRATEGIES

As stated, in the proposed method, ¥, V,, Ry, and

Xy

lation, while the output active/reactive power are the
state variables.

The feeder impedance Ry, and Xy, can be meas-

are the control parameters required for the calcu-

ured and evaluated as presented. Nevertheless, errors
are inevitable, while the voltages on the common bus
and access point are usually hard to obtain in time be-
cause of the potential communication delay. This will
lead to inaccuracy in the voltage control, and thus the
sensitivity of the proposed strategy to the control pa-

rameters (¥, Ry, ,and Xy, ) needs to be analyzed.

A. Sensitivity of the Control Strategy to the Parameters

When there are errors in control parameters, the de-
viation matrix AFV, of the voltage on the access point of
RES caused by the errors can be expressed as:

AVkZM[ARzk Asz AV():IT

where ARy, , AXy,,
control parameters. Matrix M is the sensitivity matrix of

the node voltage V, to the control parameters, given as:

(15)

and AV, are the deviations of

Mgk ! T
Uy 0 0 o

M =| {Mﬂ {M,; M); le,} 6
MY M M, M, M,
U

where M*, M;*, and M} are the sensitivity ma-
trices of V, to V;, feeder parameters Ry, and Xy,
respectively; M}* and M, 5* are the sensitivity matri-

ces of V, to P

out

and O, , respectively. These can be

obtained from the Jacobi matrix in the power flow cal-
culation, whereas the other variables are similar.
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B. Power Correction Calculation

In the above discussion, the measurement deviations
of the control parameters obtained from the engineering
implements, and the horizontal component of the volt-
age drop are ignored. To realize the accurate adjustment
of the voltage, a calculation method for the real-time
correction of the output power from the inverter is
proposed in this paper. Here, DRC is taken as an ex-
ample for illustration.

We assume V, is a function of O, , which is given

by V, = f(Q,,). In order to adjust V, to be always
the actual

reactive power to be transferred by the inverteris O,
which is:

smaller than the upper limit voltage V.

lim >

Okout = Do T Ao 17)
where O is the calculated reactive power in the
DRC in (6); and AQ,
tive power and satisfies:

f(Qout,b + AQ)ut,b) = V;(,lim (18)
Since the control parameter errors are relatively small
compared to the true values, AQ, , , is also small, so the

. 18 the corrected value of reac-

first-order Taylor series expansion of (17) at O, is:

A
A

where f(Q,,,) is the voltage after applying (6), and is

AQout,b - I/k,lim = 0 (19)

Qout o

denoted as V, . Since the measurement and calculation

errors are small, the voltage and reactive power are
considered to be linearly related. Thus, the slope of the

V,-0,, curveat Q . can be approximated as:
i _ I/k,lim _f (0)

Q.. (O

where f(0) is the voltage before reactive power com-

pensation, denoted as ¥, ;. Substituting (18) into (17),

the correction of reactive power AQ, ,\, can be calcu-

lated:

ut,b

(20)

Vi =V
AQoul,b = L £ (21)

_ Qou b

Vk,b - Vk,O l
Similarly, assuming the voltage on the access point
after applying (9) and (12) are ¥, and V, , respec-

s 2

tively, the active power correction values AP, and
AP in the APL and PFL are:

out,s

_ (Vk,lim - Vk,t )(]Jout,t - Smax COs é‘min)
APout,t -
I//f t I/A 1
o (22)
Af)om . _ (Vk,lim - Vk,s )(Pout,s - Smax cos 5max)
’ Vs =Vem

where V, | and V|  are the voltage values at the access

point when the inverter is operated at o, and o

max

respectively.

V. REALIZATION OF THE PROPOSED VOLTAGE
CONTROL STRATEGY

The specific implementation steps of the proposed
voltage control strategy are:
for the

access point of RES and the maximum power angle of
the inverter &___, as per the local load conditions.

max 2

Step 1: Setting the target limit voltage V,

Llim

Step 2: Monitoring the apparent power of inverter S,
power angle J, and node voltage V, , and calculating the

limit power angle &, according to (2).

1) if the node voltage V, exceeds the limit and the
power angle 0 is less than J,,, , perform Step 3.

2) if the node voltage V, is beyond the limit, the in-

verter has reached the maximum apparent power S

and the power angle does not meet J,, , perform Step 4.
3) if the inverter reaches the maximum power angle

o, perform Step 5.

max

4) if the node voltage V, does not reach the limit,
continue with Step 2.
Step 3: Entering the DRC. The reactive power QO

out,b
transferred by the inverter is calculated using (6), and is
corrected according to (19). Then go to Step 6.

Step 4: Entering the APL. The active power from the

inverter P, is obtained using (9), and is corrected

according to (20). Then go to Step 6.
Step S: Entering the PFL. The active power P,

ut,s
from the inverter is calculated using (12), and is cor-
rected according to (21). Then go to Step 6.

Step 6: Output the control signals as per the proposed
method, then continue with Step 2.

VI. SIMULATION VALIDATION

To ensure the effectiveness of the proposed voltage
regulation strategy, in this section a case study is pre-
sented using the IEEE 33-node model. In the simulation,
the interconnection switches are all open, while the
three-stage balanced static load model is adopted. The

target node voltage limit V;, =1.07 p.u., and the in-

verter minimum power angle cos(d, . )=0.98.

A. Analysis of Voltage Control Results in the DRC of the
Inverter

Assuming an RES employing PV is connected to
node 18 with the active power capacity B, =2.1 kW,
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the apparent power of the RES-based inverter is
S .. =2.121 kVA. The output values of the PV panel

are the sampled data of the PV power station in the
authors’ university on a day in the summer of 2022.

Figure 4(a) shows the variation curve of the per-unit
voltage at the access point of the RES, and the inverter’s
output power during the day under the proposed voltage
control strategy. The solid line in Fig. 4(b) is the curve
of the active power from inverter changing with the
light intensity in the day.

1.10 :
= Unadjusted voltage| ..
= —Adjusted voltage
= 105} 1
2
21.00t
g
L
;—5” 095} 1
S
-
0.90 - - y
0 6 12 18 24
Time (hour)
(a)
2.1

~Log " ~aar — Reactive power

_f 7 — Active power

:f 1.1E .

z : \

5 0.6¢ e \\ 3

Ha fl 1 '

=0aE S 3

0.4 . . "
0 6 12 18 24
Time (hour)
(b)

Fig. 4. Voltage and inverter output power curves over the course of
a day on Node 18. (a) voltage varies. (b) output power of the in-
verter.

As can be seen in Fig. 4(a), the voltage at node 18
increases with the increase in active power output from
the inverter. If the voltage is not adjusted, the voltage of
node 18 will go beyond the limit in the time period of
11:07-14:03. Applying the proposed voltage control
strategy, the inverter compensates using its inductive
reactive power from 11:07, as stated in the DRC, and
the reactive power variation curve is shown in Fig. 4(b).
Finally, after the activities in the DRC, the voltage on
node 18 is stabilized at ¥},

i -

Figure 5 shows a comparison of the voltage distribu-
tion at each node before and after the inverter applies
the proposed voltage control strategy at 12:00. As can
be seen, the voltage on node 18, i.e. ¥}, is 1.0835 p.u.
before the voltage regulation. The calculated results

after the implementation of the proposed voltage control
strategy are shown in Table II. In the DRC, the inductive

reactive power from the inverter Q,, =0.2108 kvar,

where the voltage at node 18 is adjusted to 1.0732 p.u.,,
and after the correction as (20), the inductive reactive
power from the inverter is adjusted to 0.2597 kvar and
the voltage at the access point is stabilized at 1.07 p.u.

ut

1.09
2105 V4
%Jh -j/./
Zo s
s 007" :
= .

093

[ 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33

Node
—Inverter not adjusted for voltage
Inverter reactive power compensation voltage
—Inverter correction calculated voltage

Fig. 5. Comparison of node voltages with different control strate-
gies.

TABLE II
COMPARISON OF RESULTS UNDER DIFFERENT CONTROL STRATEGIES
Ag?ﬂlotg:e Active Reactive . Apparen;
Voltage control  yojtage POV power fOVtVe; I;ﬁye; Or
B, (kW) Q, (kvar) 40T TIYEE
K( out uf (kVA)
Unregulated 1.0835 2.1 0 1 2.1
reactive power 735 2.1 02108 09950 2.11
compensation
Correction 4, 2.1 02597 09925 2.116
calculation

B. Analysis of the Effectiveness of the Proposed Voltage
Control Strategy

We assume an RES is connected at node 16 with an
inverter of maximum apparent power S =2.121 kVA.

max

When the output active power £, =2.1 kW , the volt-
age at the access point of the RES is 7, =1.0898 p.u.

Figure 6 shows the node voltage distribution during
the three different stages. The calculation results of the
proposed voltage control strategy are shown in Table III
and the calculation procedure is:

1) From the process of the proposed voltage control
strategy in Section 1V, the first stage is the DRC. As
calculated by (7), if the inverter adjusts the node voltage
to V. by means of reactive power compensation, the

lim

required inductive reactive power Q_ . is 0.7576 kvar.

When the inverter reaches maximum power with a
power angle of 0.99, the output inductive reactive

power Q. is 0.2977 kvar, while ¥, is 1.0823 p.u. and

is still beyond the limit. The voltage control strategy
shifts to the APL.
2) In the APL, as calculated by (10), if the voltage at

node 16 reaches ¥, by adjusting the apparent power of

lim

the inverter, the active power P, , should be adjusted to
2.0978 kW. However, when the power angle of the
inverter reaches o __ , the inverter transfers 2.0831 kW

max 2

of active power and 0.3992 kvar of inductive reactive
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power. At this time, ¥;, =1.0785 p.u., and the voltage

limit is still exceeded. Thus, the voltage control strategy
is transferred to the PFL.

3) In the PFL, the output active power P, is reduced

to 2.0153 kW as calculated by (13), the voltage on node
16 drops to 1.0715 p.u., and the output active power is
then corrected by (22) to a value of AP=-0.173kW.

Finally, the inverter transfers 1.9980 kW of active
power and 0.4078 kvar of inductive reactive power. The
voltage at node 16 is stabilized at 1.07 p.u.

In this case, the inverter goes through three stages and
finally achieves accurate control of the voltage at the
access point of the RES. It can be seen that the proposed
voltage control strategy can effectively solve the prob-
lem of node voltage increasing beyond limits caused by
high penetration of RES.

1.087
A

1017

Node voltage (p.u.)

004l e
1 357 9111315171921232527293133
Node
—— Inverter not adjusted for voltage
Inverter reactive power compensation voltage
Inverter power adjustment voltage
Inverter power scaling voltage
— Inverter correction calculated voltage

Fig. 6. Comparison of node voltages with different control strate-
gies.

TABLE III
COMPARISON OF RESULTS WITH DIFFERENT CONTROL STRATEGIES

will result in a relative error of 4.7% for the active
power and 0.59% for the voltage on node 16. The cor-
rected active power from the inverter is 1.9987 kW, the
reactive power is 0.3702 kvar, and the voltage on node
16 is stabilized at 1.07 p.u. Table IV shows the voltage
variations with the control strategy proposed in this
paper in the presence of deviations in the control pa-
rameters. It can be seen that in the presence of errors, the
proposed control strategy can still achieve accurate
voltage control by correcting the calculation.

TABLEIV
COMPARISON OF VOLTAGE CONTROL EFFECTS IN THE PRESENCE OF
ERRORS IN THE CONTROL PARAMETERS

. Apparent
Inverter volt- Amplitude P (0] power of
of node PF .
age control voltage (V) (kW) (kVar) inverter
& (kVA)
Unregulated 1.0898 2.1000 0 1 2.1000
Reactive
power 1.0823 2.1000 0.2977 0.99 2.1210
compensation
Power 10785 2.0831 03992 098  2.1210
adjustment
Power reduction 1.0715 2.0153 04120 0.98 2.0570
Correction 10700 19980 04078 098  2.0392
calculation

C. Error Sensitivity of the Voltage Control Strategy to
the Control Parameters

The sensitivity simulation is based on the calculation
in Section IV. A. When the relative deviations

ARy (/R;.,; =1% for the resistance values of node 0 and
node 16, ARy (/R =1% for the reactance values and

AV,/V, =1% for the common bus voltage, the situation

Inverter volt- Node Active  Reactive  Power Apparent
age control voltage ower ower factor POV of
g amplitude p p inverter
Unregulated 1.0898 2.1000 0 1 2.1000
Reactive
power 1.0823 2.1000 0.2977 0.99 2.1210
compensation
Power 1.0785  2.0831 03992 098  2.1210
adjustment
Power reduction 1.0719 2.0162 0.3717 0.98 2.0501
Correction 1.0700  1.9987 03702 098  2.0320
calculation
VII. CONCLUSION

To solve the off-limit voltage problem caused by
high-penetration of RES, an inverter-based voltage
control strategy is proposed in this paper, and calcula-
tion methods of power output adjustment with different
voltage control strategies are investigated. Simulation
results prove the effectiveness and merits of the pro-
posed method. The main contributions of this paper
include:

1) An inverter-based voltage control strategy is pro-
posed. This gives priority to voltage control by adjusting
the power angle of inverter, to avoid the reduction of
active power as far as possible to ensure maximum power
tracking of RES. Only if the node voltage still exceeds
the limit when the power angle reaches the maximum,
will the output active power be reduced.

2) To adjust the off-limit voltage, the calculation
method for the active/reactive power adjustments of the
inverter is investigated by considering the topological
characteristics of the microgrid, feeder parameters, and
the operating stages of the inverter.

3) The sensitivity of the errors in the control param-
eters to the active/reactive power is analyzed and sim-
ulated, and a real-time correction calculation method for
the output power is proposed to achieve accurate volt-
age control.

Compared with the traditional way of regulating
voltage by adding reactive power compensation equip-
ment, the solution proposed here makes full use of the
apparent power, and the ability to quickly and continu-
ously perform power adjustment of the inverter. This
leads to reduced investment in equipment costs, realizes
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simple and fast calculation, and is more suitable for
practical application.
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