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Abstract: The paper aims at the higher reactive power management complexity caused
by the access of distributed power, and the problem such as large data exchange capacity,
low accuracy of reactive power distribution, a slow convergence rate, and so on, may
appear when the controlled objects are large. This paper proposes a reactive power and
voltage control management strategy based on virtual reactance cloud control. The coupling
between active power and reactive power in the system is effectively eliminated through the
virtual reactance. At the same time, huge amounts of data are treated to parallel processing
by using the cloud computing model parallel distributed processing, realize the uncertainty
transformation between qualitative concept and quantitative value. The power distribution
matrix is formed according to graph theory, and the accurate allocation of reactive power
is realized by applying the cloud control model. Finally, the validity and rationality of this
method are verified by testing a practical node system through simulation.

Key words: cloud model, graph theory, virtual reactance, voltage reactive power manage-
ment

1. Introduction

The rapid development of a smart power grid plays an important role in optimizing resource
allocation, improving self-healing capability, defensive capability, compatibility, efficient opera-
tion and management, and facilitating power transactions [1, 2]. A Distributed Generator (DG)
plays an active role in improving demand side management, grid flexibility, distribution network
reconstruction and solving environmental problems [3, 4]. However, with the gradual expansion
of the power grid, the power storage and the grid-connection of frequency conversion equip-
ment, photovoltaic and wind turbines make the network topology of the power system more and
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more complex [5]. Some factors of the power grid, such as different load modes, line reactance
mismatch, cyclic reactive current and distributed power overload, can influence the distribu-
tion of reactive power [6, 7], which all raise higher requirements for the voltage reactive power
management strategy and the global optimal allocation of reactive power.

Literature [8] proposed a distributed optimal reactive power flow algorithm for AC and DC
systems, using a distributed algorithm to control the system node voltage rise caused by system
reverse power flow. However, this method did not consider the voltage regulation of the whole
feeder line and the reactive power optimal control of the line is limited by the system capacity.
Literature [9-11] proposed an adaptive segmentation management strategy for reactive voltage
based on the penalty factor theory of reactive power scheduling. Authors obtained the penalty
factor by using the feature vector of the Jacobian matrix and the participation factor of a DG,
further maximizing the reactive voltage stability margin of the DG. But with the deepening
of the problem study, they found that the penalty factor was only applicable to the reactive
voltage management in a small range. When the management area is enlarged, the bus voltage
deviation will increase and cause the system network loss to increase. Literature [12] proposed an
evaluation index system for reactive power operation status of a DG access distribution network,
the system evaluates the reactive operation state of the distribution network from two aspects:
reactive power compensation capacity configuration and voltage reactive power control capability.
Using the evaluation results of this indicator system, it is possible to track the voltage reactive
power problem in the distribution network and the specific main changes that caused this type of
problem, and then develop a reasonable voltage reactive power management strategy. However,
this method fails to take into account the system stability and maximum load requirements and It
is not guaranteed to maintain proper reactive voltage amplitude law under all load conditions.

Aiming at the high complexity of reactive power management, a large amount of data exchange,
low reactive power distribution precision and slow convergence brought by the DG access to a
smart grid, this paper proposes a voltage reactive power management strategy based on a virtual
reactance cloud control model, which can effectively eliminate the coupling of active power
and reactive power in the system, at the same time, huge amounts of data to make use of
cloud computing model parallel distributed processing. According to a power distribution matrix
based on graph theory and using the cloud control model to achieve accurate distribution of
reactive power, it is possible to achieve the purpose of voltage reactive power distributed control
management.

2. Voltage reactive power management control model of virtual reactance

2.1. DG voltage reactive power distribution

P; and Q; are the active power and reactive power transmitted by the inverter, U; is the voltage
amplitude of the inverter power output node i, ¢; is the voltage phase angle of the inverter power
output node i, and U; is the node j voltage amplitude, the impedance between node i and node j
is Z; = R; + jX;, then the apparent power generated by each DG is [13].
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Separating real and imaginary parts of (1) yields:

P = # [Ri (U = Uj cos &) + U;X; sin 6], )
U.
0; = Rlexl? [ Xi (Ui - Uj cos 6;) = UjRi sin ;| . 3)

The change of DG angular frequency has a regulating effect on the active power of the system.
By modifying the output voltage of a DG, the reactive power of the system can be adjusted, the
adjustment of the angular power and output voltage of each DG to the system power are shown
in Equations (4) and (5)

wi=w; " =Vp, PP, 4)

U = U™ - V0,0, (5)

where: w; is the angular frequency of the i-th DG, U; is the voltage amplitude of the output of the
i-th DG, w;"" and U;™ are the expected value of the angular frequency and the expected value of
the voltage amplitude in the DG grid-connected mode, respectively, P;"" and O} are the expected
value of the active power and the expected value of the reactive power of the i-th DG, respectively,
V p; is the proportional control coefficient of the virtual gradient of angular frequency, and Vg, is
the proportional control coefficient of the virtual gradient of voltage amplitude. The value range
of both Vp; and V; is [0, 1], without the measurement unit, which can be calculated according
to Equations (6) and (7):

v - We X (a)?‘ax - a)}mn) 6

Pi - leax ’ ( )
( UieXP _ Uimin)

Vo, = o )

where: P"* and Q"** are the output maximum active power and reactive power of the i-th DG,
respectively, w, is the system rated angular frequency, w?““ and U imi“ are the angular frequency
that allows the lower limit value and the voltage amplitude allows a lower limit of the i-th DG,

respectively, ™" is the allowable upper limit of the angular frequency of node i, Upr is the

expected value of node i voltage amplitude in grid-connected mode.

2.2. Virtual reactance and reactive power management strategy of DG distribution network

Virtual reactance technology is based on the physical relationship between voltage current
and reactance [15]. It has the property of reshaping the output reactance of the inverter without
additional losses, can fully solve the coupling effect of inverter output power. By adjusting the
export voltage of the inverter, it can reasonably distribute the total reactive power of the inverter.
This paper will introduce virtual reactance technology into a power distribution network with a
DG, when controlling the equivalent output reactance of the DG grid-connected inverter, adding
an adjustment component, thereby adjusting the virtual reactance value in real time to change
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the R/X ratio of the DG. This can fully prevent the distribution network voltage from exceeding
the limit, adjust the power factor, improve system transient response characteristics and control
voltage as well as frequency within a reasonable range, simultaneously coordinate the output
reactance between multiple DGs. This can also reduce the negative effect of voltage reactive
power coordination control between DGs, adjust the power factor, improve the transient response
characteristics of the system, the voltage and frequency control in a reasonable scope, and mutually
coordinate the output reactance between multiple DGs, to minimize the negative effect of voltage
reactive power coordinated control between the DGs. Finally, the precise distribution of reactive
power is achieved, and the system voltage is minimized by adjusting the virtual reactance to adapt
the system voltage.

In order to construct an adaptive virtual reactance that changes a DG in real time over time and
realize reactive voltage management, we assumed that the integrated reactance value of the line,
load and reactive power compensation equipment of the DG is X, then the equivalent reactance
value X, of the circuit where the DG is located can be calculated according to Equation (8):

Xequ =X+ Xvir P (8)

where X, is the virtual reactance for the real-time control of voltage and adjustment of re-
active power distribution. Take the example of two DG parallel running simple systems that
simultaneously supply the same load as shown in Fig. 1.

Ui Ugy Pjﬁl+ij; U; Pj+jQ; Uju Uy
R . X Ry 10

@ Load Load Load @

Fig. 1. Simple node system with 2 DGs

At the coupling point between active power and reactive power, the i-th DG is selected as the
reference unit, and the voltage reference value of the DG is assumed to be Uiy, i.e:

Ui = Uy . )
The virtual reactance value of the DG can be calculated according to Equation (10).

Ut —U; Vg
Xvir = X X []r:;——U X v d ,
J J Oret

(10)

where: X is the adaptive reactance value for real-time control of the DG equivalent output
reactance, Ur‘;}‘ is the reference value of the no-load output voltage of the reference DG, U*" is
the no-load voltage output value of the j-th DG, U; is the voltage amplitude output by the j-th
DG, and Vg, is the virtual voltage amplitude of the j-th DG, Vg, is the virtual gradient of the
reference DG voltage amplitude.
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When the equivalent reactance value of each DG in the loop is equal to X, reactive power
is inversely proportional to the line’s integrated reactance. When the equivalent reactance value
of each DG in the loop is not equal to X4, each DG accurately distributes the total reactive
power of the inverter based on the adaptive virtual reactance value. If the output voltage drop of
DGs exceeds the allowable deviation range of the system, it is necessary to modify the reactive
power of the node and reasonably install the reactive power compensation device. Still taking the
simple system shown in Figure 1 as an example, DG2 in the figure is selected as the reference
unit, and its correction method is shown in Equation (11) [14].

AQrev — Q2 - Ql - Xvir2 = Xvir1 , (11)

(0)) Xvir2 + U2V,

where: AQ,., is the reactive power correction value between two DGs, Q is the reactive power
output of DG1, and Q5 is the reactive power output of DG2, visible, the difference in reactive
power distribution between two DGs running in parallel depends on the virtual reactance and
the virtual gradient of voltage drop and voltage amplitude between the nodes, It can change its
voltage output characteristics by adjusting the virtual reactance of a DG, and then correct the
reactive power distribution of the system to minimize the distribution error of reactive power
between DGs.

Since the distribution of reactive power is affected by the virtual reactance of DG output, its
voltage amplitude increment is not proportional to the reactive power of the DG output. In order to
balance the reactive power of the system, the angular frequency and voltage characteristics need
to be corrected, and a reactive power participation factor can be added to the angular frequency
characteristic formula of Equation (4).

wi=w;?=Vp, PP+ 10y, (12)

i
where c; is the reactive power participation factor of each DG, representing the proportion of the
reactive power. The calculation method of ¢ is given by Equation (13)

_ Vpi XVQ,. X P;
= Un .

Since the values of ¢;Q; of each DG are different, in order to maintain the system frequency
constant, all DGs should have the same value of Vp, P;"" +¢; Q. When V p, PP +¢1 Qy is positive,
it indicates that this particular DG output has more reactive power than other DG outputs, and its
reactive output can be adjusted by reducing the output voltage of the DG. If Vp, PP + ¢1Qy is
negative, it indicates that the reactive power output by this DG is less than that of other DGs, and
its reactive power can be modified by increasing the output voltage of the DG. Finally, each DG
output has the optimum reactive power required for the node.

Similarly, in order to balance the active power of the system, the conventional voltage charac-
teristic of Formula (5) needs to be modified. The participation factor ¢, of the active power can
be added into the equation, i.e:

¢ 13)

Ui = UieXp — VQz Q?Xp + C2Pi, (14)

where:
_ Vpi X VQi X R

Xoir (4>

2
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It can be seen that the value of ¢, is directly affected by the DG resistance sensitivity ratio
(R/Xyir), and the voltage output of the DG can be controlled by adjusting the R/X,; ratio.

By modifying the frequency and voltage, the dynamic response characteristics of the system
can be improved, and the variation of voltage and frequency can be kept within the expected
range. The modified angular frequency and voltage increment characteristics are as follows:

Aw; = =Vp, AP + ¢|AQy, (16)
AU; = =V,AQ7" + 02AP; . (17)
The linear combination of voltage increment and frequency increment with active power and

reactive power increment determines the controllability of DG output voltage and reactive power
distribution.

3. Cloud control model of voltage reactive power management

3.1. Power distribution matrix generation algorithm

At a given node, according to the correspondence between the node injection voltage phasor,
the node injection current phasor and capacity reachable matrix, the power distribution matrix of
virtual reactance can be derived. Taking the simple system shown in Figure 2 as an example, the
power distribution process is analyzed using the algorithm proposed in this paper.
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Node @ Fig. 2. Single-line chart of simple node system
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At any node i, relative to reference node 1, the corresponding relationship between the voltage
drop vector AU; and the increment of active power and reactive power compared to reference
node 1 is as follows:

AU; = ApAP; +AQAQ,' s (18)

where: Ap is the active power distribution matrix, AP; is the active power increment for node i,
relative to the reference node, Ag is the reactive power distribution matrix, AQ; is the reactive
power increment for node i, relative to the reference node. In order to obtain the power distribution
matrixes Ap and A, the following derivation is required.

First of all, form the capacity reachable matrix [W] using this method in literature [16] as
follows:

[0 5 4 3 0]
00540
Wl=[0 0 0 5 0 (19)
00005
(0000 O]

Then the potential difference between each node and the reference node can be calculated
according to the following equation:

[ U, ] [ U [z, 0 0 0 O [ L ]
Us Ujs zZ, Z, 1 1 1 I3
Us |-\ Us |=| 21 2o Zz 1 0 |[W]]| L |, (20)
Us Ujs Zy Zr, Z3 Zy O Is
| Us | | Ujs | Z1 Z, 0 0 Zs | | Is |
namely:
[z, 0 0 0 0] [ I ]
Zr Z, 1 1 1 I
AU=| 21 Z, Z3 1 O [[W]| L |. (21)
Zy Zp, Zy Zy O Is
' Zi 2, 0 0 Zs | | 6 |

Therefore, the potential difference of any node U; relative to the reference node can be
approximated according to Equation (22) [14]:

Uj—U[SZRjXAPj+XW'rXAQj, (22)

where: Uj; is the voltage amplitude of the reference node, R; and X,;, are the resistance and
virtual reactance between any node and the reference node, respectively, AP; and AQ; are the
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changes of active power flow and reactive power flow, then [14]:

RR 0 0 0 0 AP,
R R 1 1 1 AP;
[AUlJ=| R R, Rz 1 0O |[W]| APy |+
Ri R R3 Ry O APs
Rl R, 0 0 Rs APg
Xvirt 0 0 0 0 AQ,
Xvirt Xvirz 1 1 1 AQ3
+| Xvirt Xvirz Xvirs 1 0 [W]| AQ4 |. (23)
Xvirt  Xvira Xvirs Xvira 0 AQs
Xvirt Xvirz 0 0 Xyirs AQs
Make
[Ry 0O O O O
R R 1 1 1
[Apl=| Ry R R3 1 0 |[W], (24)
Ri Rh Rz Ry O

| R\ R, 0O 0 Rs

[ Xvirt 0 0 0
Xyirt  Xvir2 1 1
[AQ] =| Xvirt Xvirz Xvir3 1
Xvirt  Xvirz Xvirs Xvira 0
| Xvirt Xvirz O 0 Xvirs

S = O

(W], (25)

where: [Ap] is the active power distribution matrix, [Ag] is the reactive power distribution matrix,
and the distribution matrix reflects the effect of active power and reactive power on the node
voltage. After the power distribution matrix is established, if the topology of the network remains
the same, the matrix will remain constant.

3.2. Cloud control strategy

The voltage reactive power management cloud control model studied in this paper combines
the advantages of centralized and decentralized control with distributed control strategy. All and
part of the DG can be selectively controlled, and the dispatch center does not need to track the
control data of all DGs. When the individual DG control unit fails, it has less impact on the global
control, and achieves accurate distribution of reactive power, keeps the system voltage stable, and
controls the system power quality reasonably. The cloud control network architecture is shown in
Figure 3.

The task transformation of the cloud control model (CCM) constructed is realized by map-
ping (26):

Zyirs AZyir — g, u, 1, u, (26)
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where: Z,;, is the complex virtual reactance task set, and AZ,;, is the complex virtual reactance
increment task set. — denotes mapping, each group of mapping is a tuple of states (g, u, I, u)
and satisfies the principle of minimum set conversion. Where g and u are the final states of
reactive power and node voltage after the variable sets Z,; and AZ,; were processed by the
internal execution function f. [ is the cloud conversion label, which is the port associated with the
transformation. When the transformation condition is satisfied, the transformation is implemented
and marked as executed. u is the degree of certainty, and given u € [0, 1]. The complex task
sets can be obtained by the Cartesian product of all task components, as shown in Equations (27)
and (28).

Zyir + Zyir1 ® Zyir2 ® ... ® Zyirn, 27

AZvir + AZvirl ® AZvir2 ®...8 AZvirm (28)
where Z,;; is the set of virtual reactance task components and each element Z7, . in the set
corresponds to a virtual reactance sub-task, as shown in Equation (29).

Zyiri = {2} o Zi) (29)

viri’

2
Zviri’ .
Similarly, AZ,;,; is the set of task component sets with virtual reactance increment. Each
element AZ7, . in the set corresponds to a virtual reactance increment task, which is represented by
Equation (30).
72

viri> “viri>

Zoiri = {2} A (30)

The characteristics of cloud model components have a direct impact on the variable set Z,;,;,

which will become {Z, .} after completing cloud component processing.

fi 2 53 A 3 4 i
Zviri — {Zviri’ Zoiri> ""Z\r}iri} - {va" Zyiris '“’chiri} T {me- } @D
Similarly, the collection AZ,;,; will become {AZ. .} after completing cloud component
processing.
h 2 3 h 3 4 Ja-1
AZyiri — {Zviri’ Zyiri ""Z\Cliri} - {Zviri’ Zyiris ""Z:liri} T {Z\tliri}' (32)
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In the transformation process, each element of the cloud component set completes the pro-

cessing and modification of functions, respectively. me. and AZ". . of each group of elements
viri

are mapped to a cloud drop (g;, u;, ¢;), which is manipulated by the internal functions {g;} and
{u;}. The calculation methods of ¢ and u are given by Equations (33) and (34)

q=qUqU...Uq, (33)
u=umUupU...Uuy. (34)

Each port can perform the transformation, and the corresponding cloud computing model
component CCM; is marked as executed, while the cloud model that is not involved in the
transformation remains unchanged.

There are i X j cloud control criteria for a reactive power distribution matrix, the specific
implementation methods are as follows:

X, 0 0 0
X X, 0 0
[40] = {Ags}= X1 X2 X3 0
X X2 X5 X4 O
X X, 0 0 X5

S o O

, (35)

where A g; is the control criterion of the reactive power distribution matrix cloud model controller.

4. The example analysis

In order to verify the effectiveness of the proposed voltage reactive power management
strategy, take the system shown in Figure 4 as an example to simulate. Assume that the active
power output of the thermal power generator is 200 MW, and the reactive power output is
200 Myvar. In the figure, the DG is photovoltaic and is connected to the grid at 10 kV. Their active
power output is 10 MW, and the reactive power output is 5 Mvar. Select DG2 as the reference unit,
and add the reactive power compensation device to the system. The total compensation capacity
is 1080 kvar, the load is fully controllable, and the reactance of each line connected to each DG
is 0.7 p.u.

Under the same test environment, the comparative analysis of the application of this method
and the failure to adopt the voltage reactive management strategy of this paper, implements the
algorithm in the Hadoop simulation cloud computing platform using MapReduce. “Hadoop” is
a cloud computing software platform, and “MapReduce” is a simple programming subsystem in
the platform.

The case study in this section was implemented in two major steps. For the first step, we used
the adaptive characteristics of the “virtual reactance” designed in Section 3.1. This facilitated the
adjustment of the virtual reactance value in real time thereby changing the resistance-inductance
ratio of the DG to form an accurate reactive power distribution matrix. For the second step, we
used the cloud control model of reactive power distribution discussed in Section 3.2 to perform
parallel distributed processing on massive data, which greatly improved the calculation efficiency.
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Fig. 4. 10 kV feeder system

DGI1 and DG3 are simulated respectively, and the voltage and reactive power management
strategy of this paper is not used before 10 s. The method was adopted when 7 = 10 s, and the load
rate was 80%. The load rate was 40% when ¢ = 20 s, the normal load rate at r = 30 s. Figures 5
and 6 show the output of reactive power and node voltage.

By analyzing the data in the graph, the following conclusions can be drawn:

1. The introduction of virtual reactance can achieve the purpose of accurately distributing
reactive power by correcting the voltage output characteristics of each DG under the same
reference voltage value, especially when the load increases, the effect of this method is
particularly obvious.

2. Compare the 80% load rate and 40% load rate in the graph, it can be seen that at high load
rate, each DG is closer to its maximum reactive power output point, the voltage value of
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QMVAR)

Fig. 5. Reactive power output of DG at different

load rates
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Fig. 6. Node voltage of DG at different load rates

reference unit DG?2 is closer to the nominal value of the system, and the virtual reactance
value of DG1 and DG3 are updated in real time by tracking the reference unit parameter
values issued by the dispatch center. The reactive power distribution deviation can be well
controlled.

Compare the maximum, mean and minimum values of the node voltages with and without the

control strategy of this paper, the terminal nodes of the system are tested. Upax (p-u.), Unean (p-u.)
and Upip (p-u.) in Figures 7-9 are the maximum, mean and minimum values of the unit voltage of
the end node in the system. These values are calculated according to the system nominal voltage.
The results of the comparison simulation are shown in Figure 7, Figure 8 and Figure 9.

It can be seen from the data in the diagram, the maximum and minimum values of the voltage

amplitude fluctuate within the range of +5% of rated voltage, and no voltage overshoot occurs,
and the average voltage is closer to the system voltage nominal value.

It was verified that the grid investigated with this method has topological properties that

maintain the inherent R/X,; ratio in the event of a communication interruption, which can
effectively suppress the occurrence of system overvoltage and prevent the voltage of the PV
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access point from exceeding the limit, and ensure the voltage quality of the DG grid point. The
ratio of the reactive power absorbed by the inverter to the total reactive power for the proportion
of the total reactive power, are shown in Table 1 for three different DG R/X,,;, ratios.

The analysis of Table 1 shows that, the virtual reactance has the robustness to preserve the
inherent ratios of R/X,;-. So, the R/X,; ratio normally keeps unchanged during the system
functioning and communication interrupt.
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Table 1. Correspondence between reactive power absorbed by inverter and R/ X, ;, ratio

COH;E‘:::cate Se:éa;h:;ﬂr;l:‘er R/X,; ratio | The node voltage Ragzv(::'rrfzz;ive
1 0.46 1.05 p.u. 46.4
normal 2 1 1.05 p.u. 34.2
3 4.18 1.05 p.u. 19.4
1 0.459 1.051 p.u. 48.7
interrupt 2 0.9999 1.052 p.u. 33.8
3 4.182 1.051 p.u. 17.5

5. Conclusions

The voltage and reactive power management strategy researched in this paper is based on an
accurate reactive power distribution matrix. The virtual reactance is capable of doing adaptive
adjustment in real time. The result shows that it can change the resistance-inductance ratio of a
DG, and hence the output reactance between multiple DGs can be coordinated, thereby forming
an accurate reactive power distribution matrix between the load and the power supply. In order
to avoid centralized processing of massive data in the control center and save computing time,
this paper used a cloud computing model to parallelly process massive data, so as to achieve the
management of the system voltage and reactive power. It provides a reference for the research of
grid-connected and voltage reactive power management strategies for distributed power in smart
grids.
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Nomenclature
Abbreviations
DG The distributed generator
Wi The angular frequency of the i-th DG
fXP The expected value of the angular frequency in the DG grid-connected
mode
Ul.eXp The expected value of the voltage amplitude in the DG grid-connected
mode
PP The expected value of the active power of the i-th DG
Q?Xp The expected value of the reactive power of the i-th DG
Vpi The virtual gradient of angular frequency
Voi The virtual gradient of voltage amplitude
P The output maximum active power of the i-th DG
o= The output maximum reactive power of the i-th DG
We The system rated angular frequency
a)?“i“ The angular frequency that allows the lower limit value of the i-th DG
um The voltage amplitude that allows the lower limit of the i-th DG
W™ The allowable upper limit of the angular frequency of node i
u-® The expected value of node i voltage amplitude in the grid-connected
mode
X1 The integrated reactance value of the line, load and reactive power com-
pensation equipment of the DG
Xequ The equivalent reactance value of the circuit where the DG is located
Xyir The virtual reactance
Uis The voltage reference value of the reference DG (i-th)
Ut The no-load output voltage value for the reference DG
UJ’.‘” The no-load voltage output value of the j-th DG
Vief The virtual gradient of the reference DG voltage amplitude
AQrev  The reactive power correction value between two DGs
1 The reactive power participation factor of each DG
R/X,;» The resistance sensitivity ratio
Ap The active power distribution matrix
AP; The active power increment for node i relative to the reference node
Ag The reactive power distribution matrix
AQ; The reactive power increment for node i relative to the reference node
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