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Abstract- One of the important parts of transmission and
distribution systems is the cost of modernization and
capacity building. By increasing the capacity and
improving the day-to-day network of power, new systems
must be developed and designed to control the
distribution system and solve the new problems. With the
development of a distributed generation system and
storage system, past systems will not be able to control
these newly-developed systems, so it requires the creation
and design of a new network that meets these needs,
which the new system, called smart grids is known. In
this paper, a distributed smart-grid method for optimal
and coordinated regulation of spatial power generation
and transformer power supply transformers for
unbalanced power distribution networks has been
presented. At the level number 1 of the proposed
hierarchical control method, distributive generators try to
maintain optimal network voltage profile within the
permissible range. If the level number 1 control is not
successful, on the level number 2, the substation
transformer will be used to clean the voltage violation in
the system with the first level. The subject of this
dissertation is distributed distribution and voltage
hierarchy in smart grids with the participation of
distributed generators. The purpose of this dissertation is
to reduce energy losses and to eliminate voltaic violations
in the network.

Keywords: Smart Grids, Voltage Control, Distributed
Generators, Distributed Control, Reactive Power Control,
Power Injection.

I. INTRODUCTION

In the last two decades, based on growing consumption
of electric energy and the constraints on state resources,
the issue of privatization and restructuring of the
electricity industry has been considered. On the one hand,
the exhaustion of existing network equipment and the
emergence of new technologies, on the other hand, have
created a new challenge for the electricity industry [1]. In
general, the smart grid delivers a solution to the
challenges of the current network, including reliability
challenges, environmental challenges, and energy
efficiency challenges.

In power distribution systems, in addition to optimal
operation, it is necessary to maintain the subscriber's
voltage within the permissible range. Given the increased
use of renewable resources, especially wind and solar
resources, volatility in distribution systems is possible [2,
3]. Typical methods include OLTC transformers, voltage
regulators and capacitor banks to control the distribution
network voltage, but these devices are not suitable for
dealing with rapid changes [4].

This paper proposes a distributed and harmonized
intelligent network based approach for optimal
distribution nodes of generators and a packet-transducer
under load in an inconsistent distribution network. In this
method, efficiency of energy is improved and the voltage
specifications are maintained within acceptable limits in
various operating conditions of the sources and loads of
renewable energy. The proposed scheme is aimed at
controlling the network at two levels [4, 5].

The method of level number 1 the proposed
hierarchical, DG work independently to maintain the
specifications of the voltage in an acceptable range at
best. If the level number 1 fails, at the level number 2
OLTC will work with the level number 1 to improve the
voltage violation condition in the system. The proposed
solution controls the distribution network voltage profile
optimally according to the distributed gradient solution.

The proposed algorithm is suitable for controlling
large-scale grid lines and with a large number of
distributed generators. In the following, the voltage drop
is modeled on each of the 3-phase unbalanced
distribution network lines. Then, by considering the
control variables, the objective functions of the voltage
control problem are defined in terms of state and control
variables of the problem. Then, the method is distributed
below the gradient to solve this problem and the partial
derivatives required for calculation by each control factor
will be extracted [6, 7, 8].

11. UNBALANCED 3-PHASE GRID MODELING
The reduced model of four-wire line section shows at
Figure 1 which including neutral or ground wire. We
assume that this model is drawn after the reduction of the
krona [9].
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Figure 1. Reduced three-phase model [9]

The impedance matrix of this network can be
presented by Equation (1) [9].
Zaa Zab Zac
[Zaoe )= | Zoa Zop Zoe @
an Zcb ch
Also, the relationship between the voltage buses and

the branch currents the system of Figure 1 can be shown
in Equation (2) [9].
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A. Energy Losses
The energy losses of the system can be expressed in
accordance with Equation (3) [10].
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where, P*,Q the active power, reactive power and V,*
| |

Y, I=L.,N ()

y=a,b,c

the voltage of the line part | of the phase x and 1, of the
resistance between the phase x and y of the | line and f_

of the energy losses of the | line [10].

In the distribution network, when all of variables are
expressed as a pu, according to the active power and
reactive power, as well as the resistance and reactance of
the line I, between the two buses adjacent to i and j, the

voltage difference between the two buses is
approximately calculated as Equation (4) [10].
Vi -vi= Y YR+ Y QY 4)

y=a,b,c y=a,b,c

where, V,* is the voltage of bus k in phase x.

The expression V,*, according to active power and

reactive power of the bus k, the Equation (4) is calculated
as (5) [10].
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where, pjy and qjy are active power, reactive power
consumption of bus j in phase y, respectively. In addition,
Rg and X,J are resistance and reactance between

phases x and y. The similar relations of connections for
buses k and j to the bus slack are also calculated [10].

B. Load Flow

The BIBC-BCBV matrix method
common methods for solving the load flow in distribution
systems. For each bus, the apparent power is in the form
of Equation (6) [11, 12].

is one of the

S=(R+iQ) , i=12..,N (6)
and the injection current in the k repeat is equal to [11]:
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The following is how the BIBC and BCBV matrices
are formed. The form of these matrices is expressed in
Figure 2.

Bus 1| Bus2 Bus3
By By

Figure 2. Sample distribution system [13]

With respect to the injected current and KCL, the
current of branches B1, Bs and Bs is equal to [13]:

Bs =g (8)
By=1,+15 )
Bi=l+l3+1,+15+1g4 (10)

and for the whole system it can be written [13]:
(B, ] 11111 1]
B, 01111 |I4
By|={00110|I, (11)
B, 000101
Bs| [00001]l
Equation (11) can be rewritten as a matrix form of
Equation (12) [13]:
[B]=[BIBC][I] (12)
where, the arrays of the BIBC matrix have only zero and
one values [13].

The relationship between the branching current and
the bus voltage of the system relations is simply obtained.

For example, the bus voltages 2, 3 and 4 are as follows
[13]:

V, =Vi -BiZy, (13)
Vy =V3—B3Zy (15)

where, V; is the bus voltage i, and Z;; is the impedance

line between the buses i and j.

By replacing the Equations (13) and (14) in Equation
(15), the bus voltage 4 is rewritten as follows [13].
Vy =Vi =BZyy =By 253 —V3 = B3Z3, (16)
Equation (16) shows that the bus voltage can be
expressed as a function of the current branches,
parameters of line and reference bus voltage.



If the relationships for all the buses in Figure 2 are
written, then Equation (17) will result [13]:
vl [V,] [z, 0 0 0 0 |[B]
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or in the form of a matrix

[AV]=[BCBV][B] (18)
After the formation of BCBV and BIBC matrices that

have all of the network properties and the composition of

Equations (18) and (12), the difference voltage between

the reference bus and the other bus is calculated as

follows [14, 15].

[Av]=[BCBV][BIBC][1]=[DLF][I] (19)

The kajy and X,ij matrices can now be defined as
RY = real([DLny]) (20)

X = imag([DLny]) (1)

C. Problem Formulation

Assuming that DG are already installed, the proposed
method targets the minimization of active power losses
and the improvement of the desired network voltage
profile by actuating reactive power distribution of DG
and, if necessary, calculating the substation position of
the substation transformer [10].
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To maintain the voltage profile in the range of the
target function, the voltage violation f,is defined as

follows [10].
N
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where, OVF* is over voltage from bus k in phase x and
UVR is of under voltage from bus k in phase x which
are defined as follow [10].

RV VAL 1 X A/ Min
OVF :{ kx> L UVR :{ (24

min

where, V™ maximum voltages and V|
minimum voltages at the bus.

In addition, the objective function of the apparent
power violation of line fg, regarding to limit linear loads

less than capacity of terminal is defined as Equation (25)
[10].

are the

2
i —\S{““\Zj (25)

where, OSR* is flag of over apparent power from line |
in phase x and it is defined (26) [10].

1 SIX > Slmax

OSF* = (26)

0

S

< Slmax

So that S/ and S™ are the apparent power and the
maximum apparent power of line | of phase x,
respectively . The apparent power being calculated by
Equation (27) [10].

2 2
= (R) +(@) (27)

The final objective function is three defined objective
functions considering weighted summation and is shown
in (28) [10].
f=w, fL+w, fy +wgfg (28)
where, w,w, and wg are the weight coefficients of the
objective functions that are considered constant.

The control variables include the reference values of
the reactive power for DG and the secondary voltage of

the tap changer in the substation; the vector of the control
variable is as follow [17].

T
u :[qri’qr?Zl"'rqr?G vvo] (29)

In this regard, q,‘.ﬁ is the reactive power of generator i
in bass n, and V, is the secondary voltage of the tap

changer in the substation. The permitted range of these
variables is as follows [17].

o <a <gr ™
Vmin SVO SVmax

The objective function has a square problem and the
form of the constraint is linear, so the problem is
considered as a binding and convex optimizer.

If the number of generators is high, the system will
not be optimized. To solve this problem, the distributed
gradient method is used. The distributed gradient method
is better and simpler than the gradient method [17].

Let f(u):R" >R is the objection function of
optimization problem. A gradient method is shown in
(31) [27].
u(t+21 =u(t) — e, .VF (u(t)) (31)

h

(30)

where, Vf(u(t)) IS Gradient of f. The distributed
gradient form of (31) is [17]:
Ui (t+2) = u; (t) — o .VF; (u(t)) (32)

where, u;(t) is the ith parameter of the vector u(t) and
V£ (u(t)) is calculated from Equation (33) [17].

i
o of ot of
a5 oas, aaS vy

Vi) = (33)



I1l. DISTRIBUTED DERIVATION CALCULATION

If consider V,*=1pu in Equation (22) as the
proposed solution for distributed method, then

Y Y (R @) T R LN (30
y=a,b,c

L=1x=a,b,c
As it is seen in Equation (33), two derivatives will be
made:
* The derivative of the objective function relative to the
reactive power of generators, —-
qnl
* The derivative of the target function relative to the

substation voltage for the substation transformer is af7 .
0

A. Calculation of —- for DG
qnl

The weight coefficients are constants so [10]
of of, ofy ofg
— =W W, Wy — (35)
oqf  Cog7 oqf U ogP
Tostate f_, fs and f, w.rt q°, pf and g can be
expressed as follows [10].

=Pt —pe® Al =gt —qr® (36)

where, pf and pS" are consumption of net and

consumption of load, and p;*G is active power of DG

generation at bus k in phase x. The q,q" are also

consumption of net and consumption of load, qif*G is

reactive power of DG generation at bus k in phase x,
respectively.

Now, according to previous relations, we can find the
Equation (37) [10]:

N N
R* = Zbibclk-pﬁ( = Zbibclk'(pli(’l_ - p;f'G)

k;l kN=1 37)
Q= Zbibclk O = Zbibclk -(qlf'l' —QE'G)

k=1 k=1
Therefore, the casualty relationship can be obtained in the
form of (38) [10]:

fL—ZZ 20
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Equation (38) can be derived from in
D3y T ¥ g anbc.. (6" -4:°)=
=1 x=a,b,c y=a,b,c (39)
:_22 Y 2 5 bibc; Qf
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f, is derived from g as:

N X
afv — 22 OVFkX (V -V max) aVk —
aqu k=1x=a,b,c ain
(40)
m|n 3ka
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According to (36) and (5) we can obtain the Equation
(41) [10]:

M _ = > Xg . x=abc (41)
aqi y=a,b,c

and considering the Equations (40) and (41), we can
obtain the Equation (42):

22 > OVRX V=V,

)2, X+

0 = =

q| k=1x=a,b,c y=a,b,c (42)
+2Z > OUVRAS V-V Y X

k=1x=a,b,c y=a,b,c

Now, f, is derived from g° :

% 23S osk (

X 2
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Equations (36), (37) and (27) can be also obtained by
Equation (44) [10].

2 X 2 X 2 X 2
s o) (@) (@)
g’ oq° g’

2
olsx

L — 2bibe, Zblbqk(q —qrC) (44)
foleh k=1
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|
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According to the Equations (43) and (44), we can obtain
the Equation (45) [10]:

—42 > OSR” (

1=1 x=a,b,c

~(sm)’ j bibc, Q (45)

B. Calculation of iefor Transformer
qnl
The OLTC has a variable tap that can change the
voltage of the second side. This is possible by changing
the tap within the permissible range [18].
Vo =Viy +tapVig, (46)

where, V;, is primary substation bus voltage, Vi, tap

change voltage at each stage, and tap is tap-changer
position at system [18]. The Equation (4) can be
summarized as follows (47) [18].
Vi =V =RjP + XQ (47)
According to Equation (47), for changing the voltage
of a bus, the voltage at other buses also vary. Therefore,
we can show the relationship between the voltages of
other bus in form of Equation (48) [18].

Vg =V 4+ AV, (48)



In this case AV,,,, is defined as Equation (49) [18].
AV;  abs(AV;) > abs(AVj)
AV = {Av ; abs(AV;) <abs(AV,)
The Equation (49) shows that the highest violation should
be considered for voltage variations [18].
After calculating V™", if this value is outside of the

voltage range, the minimum or maximum allowable

voltage should be considered in accordance with the

following equation [18].

Vo = max(min(vg™ Vg™),vg"") (50)
Then we can obtain the position of the puck in

Equation (51) in relative terms [18]:

(49)

Vy -V,

tap,,, = round(—>—"1)
tap

This value is in the form of a random, and the Equation

(52) is used to get the correct integer [18].

(51)

tapmin tapunb < tapmin
tap =< tapyy,  t@Pyiy <tapyy, < tapmsy (52)
tapmax tapmenx < tapunb

The whole function of the objective function is
derived from the second voltage [10].
of of, ofy ofg
— =W — W, —— Wy —
v, v, v, N,
According to Equations (25) and (34), the Equation (53)
is simplified as follows [10].

(53)

o = af_V (54)
v, N,
N X
oy _ 2> > OVRX (V| —vkmax)—avk +
aVO k=1x=a,b,c aVO
(55)
N i aV X
+2> > UVRX (Ve -V —%
k=1x=a,b,c aVO
. oV .
According to (5), By can be obtained as follows.
0
oV,
k —1, x=ab,c (56)
N,

The placement of Equation (56) is obtained in Equation
(55) to the final Equation (57) [10].

81:V_ N X X _y\7 Max
=2>" > OVRI (VS V™) +

k=1x=a,b,c

v,

" (57)
+2>° 3 UVR (VS -V ™)

k=1x=a,b,c

After updating all of the control variables using the
Equation (32), if any of these variables is outside the
permissible range, then the variable must be limited to its
upper and lower bound on the basis of (30). It is
determined by the relative position of the tap by Equation
(50), and the exact position of the tap and the required
information can be obtained according to previous
statements.

10

As noted above, the proposed control solution adjusts
the control settings for these partial derivatives. It should
be noted that in order to optimize the objective function
of the active power losses based on the relationships of
this partial derivative, it is required to measure reactive
power across all lines for updating local control variables.
But for the target function of the voltage violation, the
voltage of all the bases must be calculated for partial
derivatives. This possibility can be provided through the
multi-agent systems described in the next section.

IV. MAS-BASED INFRASTRUCTURE

The communication and multidisciplinary context
required for proposed distributed method is shown in
Figure 3. In this figure, three types of agents are visible
as the measurement agent (MA), supervisor agent (SA)
and control agent (CA). The measurement agent is
responsible for measuring the voltage range of the bus, as
well as the reactive power transmitted through the lineup
and sending this information to the supervisor agent.
Supervisor agents are responsible for collecting data from
all the measurement agent in the entire network and
delivering this information to controlling agents.

Finally, the task of control agent in the transformers,
is calculating the next position of the tap for DG, which
calculates the next working point of reactive power. Each
controller based on the distributed method can update its
point of view when receiving the required information
from the supervisor agent without having to communicate
with other control agent. This process is repeated until the
optimal response is reached or the start of a new period of
optimization by changing the operating state [10].

E

Figure 3. MAS-based infrastructure [10]

To build the network needed for MAS, a simpler
method can be developed than the method shown in
Figure 3. For buses that have one of the DG or OLTC
equipment installed. We can combine MA and CA
together and make a combination CA.

Two hierarchical levels are proposed to reduce the
depreciation of the mechanical section of the OLTC. At
the level number 1, DGs CA try to delete voltage
vibration and ameliorates energy efficiency. After
considering a logical delay, the control variables of the
DG converged to their optimal work points, If the level
number 1 is not successful in overcoming the voltage
vibration, then at the level number 2, OLTCs CA
cooperate with other CA’s to receive the goal. When the
OLTCs CA has achieved this goal, its CA keeps the tap
location constant till until the next voltage vibration
occurs, which DG cannot to remove voltage vibration.



V. SIMULATIONS
In this section, the simulation of the mentioned
method is discussed. This method is implemented on the
systems of 34 buses, 123 buses and 229 buses which are
shown in Figures 4, 6 and 7. Simulations are done in the
MATLAB environment.

A. Case 1: 34-Bus Network
The 34-bus test network shown in Figure 4 has 4 DGs
which the information is provided in Table 1 [19].

17

18 19 20 21 22 23 24 25 26 27

28 29 30

31 32 33 34

13 14 15 16

Figure 4. 34-bus system [19]

Table 1. DGs information of system [19]

Number of DG Number of installed bus Capacity (kW)
1 16 400
2 27 1600
3 30 1200
4 34 800

The control variables for this system include adjusting
the operating voltages of four installed DGs and
positioning the tap of the OLTC in the base bus. The
permitted range of voltage variations of 5% is
considered around the rated voltage of the network. The
tap changer range is +16 +0.00625 pu and the delay time

of the OLTC for each step is 1 sec.

In order to perform simulations of the distributed
solution, it is assumed that 10 repetitions of the first level
function are performed. If the control factors of the
generators do not succeed in eliminating the voltage
violation, then the second level function which controls
the OLTC is activated. The length of time for each stage
is considered one second. The input voltage of the
transformer is assumed to be 1 pu and the transformer tap
are in the middle position.

The case conditions are considered as follows:

w, =01 w =3, wg =3 a=0.1

Figures 5a, 5b, 5¢ and 5d show energy loss, minimum
voltage variations, maximum voltage and OLTC tap
sequence, respectively.

In this case, the energy loss starts at 480 kW and
converges at 273 kW. In comparison with the
uncontrolled method, which starts at 450 kW and reaches
a minimum of 390 kW, the distributed method is
significant and better than uncontrolled method and
reduces about 117 kW of losses. It can be noted that total
centralized energy loss starts from 450 kW and converges
to 250 kW in comparison with the distributed method
including OLTC control.
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The centralized method yields a better result than the
distribution method, and the loss of this method is less.
But due to drawbacks of the centralized method and
length of the centralized control process as well as
disadvantages mentioned in the previous sections, it can

be concluded that the distributed method is more
convenient and more practical than centralized method.
The variations in the pulses have changed in the
whole of the three steps, which first step involves a
stepping up and then two other steps involve to decrease.
This method has better advantages than other methods as
well as implementation and operation of this method is
easier which energy losses in this method have been
improved with respect to other methods. But one of
disadvantages is related to changing three steps.

time{s)

Figure 5a. Energy loss

Figure 5b. Minimum voltage

Figure 5¢. Maximum voltage
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Figure 5d. OLTC tap sequence

B. Case 2: 123-Bus Network
The 123-bus test network shown in Figure 6 has 27
DG which the information is provided in [20]. The

1195

control variables, tap settings and simulations process are
also considered as the case 1.

The case conditions are also considered as follows:
w, =01 w =3 wg =3, =01

In this case, the energy loss starts at 310 kW and
converges at 242 kW. In comparison with the
uncontrolled method, which starts at 210 kW and reaches
a minimum of 340 kW, the distributed method is
significant and better than uncontrolled method and
reduces about 68 kW of loss. It can be noted that total
centralized energy loss starts from 210 kW and converges
to 300 kW in comparison with the distributed method
including OLTC control.

It can be easily concluded that the distributed method
is very effective and has more advantages than control
with the transformer. One of the biggest disadvantages of
controlling the OLTC is a large number of changes in the
tap, which is costly due to depreciation.

250
111 10 112 113

Figure 6. 123-bus system [20]
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Figure 7. 229-bus system



C. Case 3: 229-Bus Network

The 229-bus test network shown in Figure 7 has 46
DGs which the information is provided in [21]. The
control variables, tap settings and simulations process are
also considered as the case 1.
C.1. Scenario 1

The scenario conditions are considered as follows:
w, =01 w =3 ws =3 =01
In this scenario, the energy loss starts at 600 kW and
converges at 362 kW. The energy loss in uncontrolled
state is 550 kW, which shows an acceptable non-
controlling method. But the strong variation of the
voltage and the longtime of converging can be considered
as the disadvantages of this scenario. The minimum
voltage in this scenario starts at 0.86 pu and converges to
0.958 pu, and the maximum voltage starts at 0.95 pu and
converges to 1.05 pu.

For a good conclusion, we can change the weight
coefficients of the case and again calculate the variables
that are implemented in the second scenario.

C.2. Scenario 2

The scenario conditions are considered as follows:
w, =05 w, =03, wg =03, =0.1

In this scenario, due to the change in the coefficients,
especially reduction of Wy and W, , it is expected that

the convergence results will be achieved in short time
with less fluctuations, which will result in a more
favorable outcome.

In this scenario, energy loss starts at 600 kW and
converges at 353 kW. From above mentioned, the energy
loss in uncontrolled state is 550 kW, which shows an
acceptable non-controlling method. The second scenario
has less fluctuation and short time amounts as n
advantageous rather than the first scenario. Also, the
minimum voltage in this scenario starts at 0.86 pu and
converges to 0.956 pu and the maximum voltage starts
from 0.95 pu and converges to 1.056. pu The minimum
and maximum voltages were not significantly different
from the first scenario, and only the control period is
reduced, which can be considered as a great advantage.

From the results of the two scenarios, it can be
concluded that by changing the constant coefficients, the
convergence time can be reduced, and the amount of
fluctuations in energy loss and also maximum and
minimum voltages can be improved. And considering the
low voltage oscillation, it can be concluded that the
variations of the transformer pulse will be decreased,
which it will reduce the system's depreciation.

VI. CONCLUSION

In comparison of the distributed control method and
other related methods, the total number of tap changing
rate is great. The reason is related to increasing the
frequency of tap switching in this method. i.e. each time
the algorithm is executed, then all of the repetitions
occur, and the generators are updated. In the distributed
strategy, the control points are updated at the end of each
repetition, and then, all of the control variables on the

13

International Journal on “Technical and Physical Problems of Engineering” (1JTPE), Iss. 37, Vol. 10, No. 4, Dec. 2018

network are updated at the next repetition performing and
this process will bring complete convergence.

In this method, given the free capacity of the
generators connected to the network, when the distributed
solution starts at t=1sec. Also, due to the existence of
severe voltage disturbances in the grid before the start of
the control process, the control factors bring the
maximum reactive power to the circuit to eliminate the
voltage violation. By applying this decision to the
generators and updating their reactive power points, at the
very beginning of the work, the voltage violation is
partially overcome and the network losses, as indicated in
the graphs, drop sharply.

Furthermore, due to the relative reduction of losses,
control factors are sought to reduce the reactive power
injected by distributive generators into a safe and stable
state. But as the reactive power injected decreases, the
system voltage drops again, causing a collapse in the
balance, and control factors must be introduced, this
process is repeated frequently. It is observed with these
interpretations that the distributed method is not as
consistent as other methods, so that it can only control the
system using reactive power and requires the use
changing tap of OLTC. The advantages of this approach
include less computational load and scalability for larger
networks compared to centralized methods and higher
reliability than other methods, which cannot be
overlooked. Enhanced reliability is such that even if a
single agent fails, the system is able to continue its work,
although it is less efficient, but in a decentralized manner,
with the destruction of the regional control center, only
the control of that area is lost, and in a centralized way
Failure of one part will stop the entire system's
performance.
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