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ABSTRACT

The traditional power flow analysis of power systems is usually conducted over a single time
period. However, many problems in the power systems, such as determining energy loss and
optimizing the location and capacity of shunt capacitors, require performing power flow analysis
over multiple time periods. This paper presents a method based on nonlinear programming (NLP)
to calculate multi-period power flow (MPF) for a distribution grid with distributed generation
(DG). This nonlinear optimization model features a constant objective function, with constraints
defined by a system of power balance equations and predetermined values for the voltage
magnitude and phase angle at the slack bus. The NLP model is programmed using the GAMS
language, and the solution is computed using the KNITRO optimization solver. The proposed
multi-time period power flow analysis method was evaluated on the distribution grid in Luc Ngan
district, Bac Giang province, with 54 nodes and 96 time periods. The calculation results show that
the solution of the proposed approach has a very small error compared to the traditional Newton-
Raphson technique. At the same time, distributed generation units have a significant impact on
energy loss and voltage profile in the power distribution network.

Keywords: Multi-period power flow (MPF); Nonlinear programming (NLP); Distributed generation (DG).
1. INTRODUCTION

Power flow analysis is an important problem in the operation and planning of electrical systems
[1]. This problem aims to determine the steady-state parameters such as the voltage magnitude at
nodes, the phase angle of voltages, branch power flows, etc [2]. The solution to the steady-state
power flow problem is used to evaluate the operational status of the electrical system. Therefore,
various power flow analysis methods have been studied in several papers.

The system of power flow equations is nonlinear, so power flow analysis is often performed
using traditional iterative methods such as Gauss-Seidel [3] or Newton-Raphson [4]. The Gauss-
Seidel method is simple and suitable for small electrical systems. However, this method uses
complex numbers and has a slow convergence rate, especially when calculating for large electrical
systems. The Newton-Raphson (NR) method applies a Taylor expansion around the operating
point and solves nonlinear power flow equations through successive solutions of multiple linear
equations. However, this method may fail to converge when used for steady-state calculations in
distribution networks where high R/X ratios and very short-line segments are very popular [5].
Additionally, while distribution networks are often designed with a meshed topology, they
generally operate in a radial configuration. As a result, iterative techniques such as the power
summation method and the current summation method are commonly employed [6-7]. These
methods are simpler and offer faster computation speeds than traditional iterative approaches.
However, their applicability is limited to networks with a radial structure.

In distribution networks, due to the increasing integration of distributed generation (DG),
effective control and operation of the distribution network are required. Key operational
challenges, including the optimal placement of reactive power sources, efficient power
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distribution, and the selection of optimal switching points, are all subject to the constraints of
power flow equations. However, these equations are inherently nonlinear and non-convex, making
their direct solution complex. To overcome this issue, two popular techniques are applied in
research: (1) linearizing the power flow equations [8] and (2) relaxing their constraints to transform
the optimization problem into a convex formulation. Paper [9] uses a modified linear power flow
model (MD) to compute the steady state of distribution networks. However, this linearization
technique has significant errors in many cases. Therefore, the technique of relaxing the constraints
of the power flow equations has been studied in [10, 11]. Paper [10] uses a second-order cone
programming (SOCP) model to analyze the steady state for distribution networks. However, study
[10] is only applicable to networks with a radial structure; thus, study [11] suggested the SOCP
model to analyze power flow for weakly meshed networks.

Studies [3-11] typically perform traditional power flow analysis of electrical systems at a single
time period. However, many problems in electrical systems, such as determining energy losses and
selecting the location and capacity of shunt capacitors to minimize energy losses, require power
flow analysis over multiple periods. Therefore, the aim of this research is to perform steady-state
analysis over multiple periods using a nonlinear optimization model. The results of steady-state
calculations include node voltages, branch power flows, power losses, and energy losses. The main
contributions of this paper include: (1) Proposing a method for calculating power flow over
multiple periods using a nonlinear optimization model; (2) Evaluating the accuracy of the proposed
method on an actual distribution network with 54 nodes in Luc Ngan district, Bac Giang province,
in the year 2021, using day-night load curves and generation output of distributed generation
sources (DG) with 96 time periods; (3) Assessing the impact of DG on voltage quality and energy
losses in the network using the proposed method.

The paper consists of four parts. Section 1 provides an overview of the research content. Section
2 develops the NLP model for analyzing the steady state over multiple time periods for the
distribution network considering DG. Section 3 presents the calculation results and discussion when
the model is applied to the actual distribution network with 54 nodes in Luc Ngan district, Bac Giang
province, in 2021. Finally, section 4 presents the conclusions and future research directions.

2. METHODOLOGY

2.1. Newton-Raphson method

The purpose of power flow analysis is to determine the voltage magnitude, phase angle of
voltages at nodes, active power, and reactive power of power sources. The input data for power
flow analysis includes: (1) Complex voltage at the reference node; (2) Active and reactive powers
of load nodes; (3) Active power and voltage magnitude for voltage-controlled nodes; (4)
Parameters in the equivalent diagram for lines and transformers in the electrical network.

Let N be the total number of nodes in the electrical system. The nodal admittance matrix Ypus
is expressed as follows:

Y, Y, Y, Yy
Y, - .: -: . ‘: . ': |
B /N A AR @
_Ym YN2 YNk e Y |

NN
where, Yu (Vi = I,_N) denotes the self-admittance of node i; f’ik (Vi, Vk,i# k) stands for the mutual
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admittance between nodes i and £.
The system of nonlinear equations describing the nodal power at steady state is presented:

N
P =U> U, (G,cos5, +B,sind, );i=1,...N
k=1

)

N

0,=U,> U, (G,sins, —B, cosd, );i=1,..,.N
k=1

in which:
e P;and Q: denote the active and reactive power injection at node i;
e U;and U represent the voltage magnitudes at nodes i and £, respectively;
e Gj and By are the real and imaginary parts of the ik element in the nodal admittance matrix;
e Oy is the phase angle difference between adjacent nodes i and k (di = d; — dx);
e ¢; and J, represent the phase angles at nodes i and £, respectively.

Expressions (2) show that there are two nonlinear equations and four unknowns for each node
i. Therefore, to solve the power flow equations, we need to know two variables for each node.
Thus, the nodes in the power flow analysis problem are classified as follows:

PQ Node: The active and reactive powers injected at node i are known:
R=P"=-R}; 0,=0"=-0} 3)
where £’ and O represent the active and reactive powers consumed by the load at node i.

The two variables to be found are the voltage magnitude at the node (U;) and the phase angle
at the node (0).

PV Node: The voltage magnitude at node i and the active power injected at node i are known:
U,=UP B=B"=P)-P} @
where P} is the active power generated at node i.
The two variables to be found are the reactive power injected at node i (Q;) and the phase angle

at the node (9).

Reference Node: The voltage magnitude (U;) and phase angle (6;) are known. The variables to
be determined are the active power (P;) and reactive power (Q;) injected at node i.

The Newton-Raphson method is considered the most widely used method for solving nonlinear
equations (2). In this approach, at the 7-th iteration, we need to solve the following linear equations:

AP1” TH N (r) AS (r)
LQ} B {M L } LU / U} ©
where H, N, M, and L are four submatrices of the Jacobian matrix.
[AP|AQ]  =[AR .AB....AP, | |AQ, . AQ,....00,, | 6)

N P
AP, =P* -U,» U, (G, cosS, + B, sing, );i=1,N -1
k=1

(7

N
AQ, =07 _UiZUk (G, sind, — By cosd, );i=1,N,,

k=1

The Newton-Raphson method [12] is considered the most popular method for solving nonlinear
systems of equations. According to this method, the values of the voltage magnitude and phase
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angle at the ( + 1)-th iteration are calculated as follows:

(r+1) (r) ()
o) ol ®

2.2. Nonlinear optimization-based method

The equivalent diagram of a two-node distribution network is described in figure 1, where
r, vax, are the resistance and series reactance of branch ik, respectively.

U.Zs, , U, 28,
Ty T J Xy
i '—_—| k
—
Pik + jQik

Figure 1. Equivalent diagram of a two-node distribution network.

The active power flow (Pi) and reactive power flow (Qi) on branch ik at node i are calculated:

B = gikUi2 -UU, (gik cos S, +b, sin 61/() )
O, = _bikUiz -UU, (gik sind, — b, cosd, ) (10)
where gir and b are defined by:
rzk Xik
. N .
gzk + x,k ik 722 + x,i (1 1)

Consider a distribution network with N nodes (where node 1 is the reference node). The
nonlinear optimization (NLP) model for the analysis of the steady state with 7"time periods of the
distribution network integrated with DG is described as follows:

min0 (12)

subject to the constraints:
Z i =P — By VieQ,uQgt=12,..T (13)

keQ;

N
Z Qik,t = QGi,t _QDi,t; Vie QD; t:1’2""T (14)

keQ;
=g,U;, -U,U,, (gik cosoy, +by Sin5ikt) ;t=12,.T (15)
Qikqtz—bika ~U,U,,(gysind,, —b, coss,,) ;1=12,.T (16)
U,=U,.;6,=0 :t=12,.T (17)
U,=U",VieQg; t=12,.T (18)

where Q vaQ denote the sets of PQ buses and PV buses, respectively; F, , va are the active

ikt
and reactive power flows on branch ik at time ¢, F;,, va (;,, are the active and reactive powers
of generating units at bus 7 at time #; R, vaQ,, , are the active and reactive power demand at bus
i at time ¢, U;, and U, are the voltage magnitudes at buses i and & at time #; 0, is the phase angle

difference between buses i and & at time t; U

ref ,t

is the specified voltage magnitude at the slack bus;

U” is the specified voltage magnitude for PV buses.
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The nonlinear optimization model has an objective function (12) set as a constant (chosen as
0), which means that the feasible solution found for the problem only needs to satisfy all the
constraints. Constraints (13)-(14) describe the nodal power balance equations in the electrical
system. The branch power flow is represented through equations (15)-(16). Expression (17)
specifies the voltage magnitude and phase angle at the known reference node. Equation (18)
describes the voltage magnitude at the PV nodes.

3. RESULTS AND DISCUSSION

3.1. Description of test system

The proposed NLP model is deployed to analyze the steady-state operation of a 54-node
distribution grid in the Luc Ngan district, Bac Giang province (see figure 2). The grid consists of
54 nodes and 53 branches, with its parameters provided in the appendix. The rated voltage of the
system is 22 kV. This study examines the steady-state operation over a 24-hour period, divided
into 96 time intervals. Various types of loads are considered, including industrial load (IL),
commercial load (CL), and domestic load (DL). Table 1 presents the load types at each node and
their respective maximum power demands. Additionally, all loads are assumed to have a power
factor of 0.9. Figure 3 illustrates the percentage of power consumption relative to the maximum
power demand over the 96 time intervals.
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Figure 2. Schematic diagram of the 54-node distribution grid in Luc Ngan, Bac Giang.
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Figure 3. Percentage of power consumption over 96-time intervals relative
to load’s maximum power.
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Table 1. Maximum power consumption of different load types at each node.

Node Load | Py,.x Node Load | Py, Node Load | P,,... Node Load | Py,
type | (kW) type | (kW) type | (kW) type | (kW)

2 0 16 DL 145.8 30 0 44 IL 202.5
3 0 17 DL 81 31 DL 145.8 45 IL 202.5
4 0 18 0 32 DL 81 46 IL 145.8
5 IL 510.3 19 IL 145.8 33 IL 453.6 47 0
6 1L 324 20 0 34 DL 129.6 48 CL | 202.5
7 CL 648 21 0 35 0 49 CL | 202.5
8 CL | 453.6 22 CL 405 36 DL 81 50 CL 145.8
9 CL | 453.6 23 CL 145.8 37 DL 145.8 51 0
10 CL | 1458 24 CL 145.8 38 DL | 453.6 52 IL 259.2
11 0 25 IL 145.8 39 IL 1012.5| 53 IL 145.8
12 0 26 IL 81 40 IL 145.8 54 DL | 202.5
13 IL 145.8 27 CL | 10125 41 DL 145.8
14 0 28 CL 202.5 42 DL 81
15 DL 81 29 IL 145.8 43 IL 81

In this study, distributed generation (DG) sources, including wind and solar power, are
considered. Table 2 provides details on the DG sources at each node and their corresponding
maximum generation output. All DG sources operate with a power factor of 0.95. Figure 4 depicts
the percentage of power generation at each time interval relative to the maximum generation output
of the DG sources. When performing the calculations, the voltage at node 1 (slack node) is chosen
to be 1.05 p.u., and all parameters are calculated in a per-unit system with a base power of 1 MVA.

Table 2. Maximum generation output of distributed generation (DG) sources at each node.

Node 10 22 37 50
DG type WT WT PV PV
Prmax (KW) 1000 1000 1200 800

Generating output of DG (%)

Time of Day

w v

18:15 |

w w wn w ) w wn
- R4 - < - - -
S — - - 8 ~ EN

10:45
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— <
— a
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Figure 4. Percentage of power output over 96-time intervals relative to maximum DG output.
3.2. Calculation results and discussion

This section presents the results obtained from the suggested NLP model for power flow
analysis in the 54-node distribution grid of Luc Ngan district, Bac Giang province. The NLP model
is programmed with the GAMS language [13] and solved using the commercial solver KNITRO.

54 P. N. Van, N. T. H. Thu, “Multi-period power flow analysis ... nonlinear programming model.”



Research

The NLP model was implemented on a computer equipped with an Intel Core i5-8250U processor
(1.6 GHz) and 8 GB of RAM. To ensure accuracy and effectiveness, the results from the NLP
model are compared with those obtained from the conventional Newton-Raphson (NR) method
using MATPOWER [14].

Table 3. Comparison of voltage magnitudes between the NLP model and the Newton-Raphson

method.
U (pu) Error U (puw) Error
Node NLP NR (%) Node NLP NR (%)

1 1.050000 | 1.050000 | 0.00000 28 1.013074 | 1.013070 | 0.00041
2 1.029048 | 1.029046 | 0.00021 29 1.028987 | 1.028985 | 0.00019
3 1.028617 | 1.028615 | 0.00017 30 1.028461 | 1.028459 | 0.00022
4 1.027719 | 1.027717 | 0.00016 31 1.028403 | 1.028401 | 0.00018
5 1.025980 | 1.025978 | 0.00024 32 1.028429 | 1.028427 | 0.00022
6 1.025626 | 1.025624 | 0.00020 33 1.027659 | 1.027657 | 0.00018
7 1.024062 | 1.024060 | 0.00023 34 1.027646 | 1.027644 | 0.00016
8 1.023492 | 1.023489 | 0.00028 35 1.022065 | 1.022063 | 0.00023
9 1.023122 | 1.023119 | 0.00025 36 1.022346 | 1.022344 | 0.00024
10 1.022757 | 1.022754 | 0.00028 37 1.022464 | 1.022461 | 0.00031
11 1.022471 | 1.022469 | 0.00024 38 1.021914 | 1.021911 | 0.00026
12 1.021510 | 1.021507 | 0.00025 39 1.021595 | 1.021592 | 0.00027
13 1.020637 | 1.020634 | 0.00029 40 1.021361 | 1.021358 | 0.00025
14 1.019490 | 1.019487 | 0.00033 41 1.021303 | 1.021301 | 0.00024
15 1.018854 | 1.018851 | 0.00027 42 1.019466 | 1.019463 | 0.00034
16 1.018138 | 1.018135 | 0.00028 43 1.016029 | 1.016025 | 0.00035
17 1.016903 | 1.016900 | 0.00033 44 1.015837 | 1.015833 | 0.00040
18 1.016059 | 1.016055 | 0.00036 45 1.014829 | 1.014825 | 0.00037
19 1.015561 | 1.015557 | 0.00043 46 1.015006 | 1.015002 | 0.00042
20 1.015094 | 1.015090 | 0.00039 47 1.014776 | 1.014772 | 0.00039
21 1.015001 | 1.014997 | 0.00044 48 1.014710 | 1.014706 | 0.00043
22 1.014962 | 1.014958 | 0.00043 49 1.014694 | 1.014690 | 0.00035
23 1.014359 | 1.014355 | 0.00038 50 1.014722 | 1.014718 | 0.00041
24 1.013894 | 1.013890 | 0.00040 51 1.014321 | 1.014317 | 0.00036
25 1.013637 | 1.013633 | 0.00039 52 1.014206 | 1.014202 | 0.00037
26 1.013567 | 1.013563 | 0.00041 53 1.014730 | 1.014726 | 0.00041
27 1.013259 | 1.013255 | 0.00042 54 1.014200 | 1.014196 | 0.00041

Table 3 presents the voltage errors at 14:00 (the 56th time interval) between the proposed NLP
model and the Newton-Raphson method. The observed differences are negligible for practical
operation, with the maximum error recorded at only 0.00044% (at node 21 at 14:00). Furthermore,
the lowest voltage magnitude is observed at node 28, with values of 1.013074 pu for the proposed
NLP model and 1.013070 pu for the NR method.

Table 4 provides a comparison of active and reactive power losses at 14:00 (56th time interval)
between the two methods. The differences in power loss calculations are small enough, with an
error of 0.0171510% for active power loss and 0.0171501% for reactive power loss. These results
confirm the accuracy and computational efficiency of the proposed NLP model.

To assess the impact of DG on power quality and energy losses, the NLP model is applied under
two scenarios: (1) a power system without DG, and (2) a power system with DG (this study).
Figure 5 illustrates the voltage patterns for both scenarios at 14:00. It is evident that the voltage

Journal of Military Science and Technology, 104 (2025), 49-58 55



Electronics & Automation

magnitudes at all nodes (except the slack node) are consistently higher when DG is considered.
This is attributed to lower voltage drops in the DG-integrated scenario compared to the non-DG
case, leading to a significant improvement in power quality.

Figure 6 illustrates the active power losses across 96 time intervals for both scenarios. In every
time interval, the system without DG experiences greater power losses compared to the system
with DG. The highest power loss occurs at 16:30 (66th time interval), where the losses are 0.6373
MW for the non-DG scenario and 0.3283 MW for the DG-integrated system.
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Bus voltage (pu)
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Figure 5. Voltage pattern comparison between the two scenarios
(with and without DG) at 14.00.
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Figure 6. Comparison of active power losses over 96 time intervals for the two scenarios
(with and without DG).

Table 4. Comparison of power losses between the NLP model
and the Newton-Raphson method at 14:00.

NLP NR Error (%)
AP(MW) 0.0833331 0.0833188 0.0171510
AQ(MVAr) 0.0743940 0.0743812 0.0171501

Table 5 presents a comparison of total energy losses between the two scenarios. The results
indicate that the system without DG incurs energy losses approximately 2.5 times higher than the
DG-integrated system, with losses of 3.8305 MWh and 1.5525 MWh, respectively. These findings
demonstrate that integrating DG improves power quality while significantly reducing energy
losses in the distribution network.
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Table 5. Comparison of total energy losses between the two scenarios (with and without DG).

MW Without DG (Scenario 1) With DG (Scenario 2)
AA( ) 3.8305 1.5525

4. CONCLUSIONS

This paper presents a nonlinear programming (NLP) optimization model for multi-period
power flow analysis in distribution networks with DG integration. The NLP model features a
constant objective function, with system constraints including power flow equations and
predefined values for voltage magnitude and phase angle at the slack node. The proposed model
is applied to a 54-node distribution network in Luc Ngan, Bac Giang, over 96 time intervals. The
results demonstrate the high accuracy and efficiency of the NLP model, with negligible errors
compared to the conventional Newton-Raphson method.

Additionally, this study examines the impact of DG integration by evaluating steady-state
operation under two scenarios: with and without DG. The findings reveal that integrating DG
enhances voltage quality and significantly reduces energy losses. In future research, the proposed
multi-period power flow model can be further extended to optimize the placement and sizing of
DG units in distribution networks.

APPENDIX
Table 6. Line parameters of the 54-node distribution grid.
rt | En rt | En rt | En

it;ld: Node | 7@ | 7@ itfdl Node | "@ | *@ itfdl Node | "@ | *@
1 2 1.985| 1.772 | 14 15 |0.177 | 0.158 | 30 31 |0.169 | 0.151
3 0.042 | 0.038 | 14 42 |0.127 | 0.113 | 30 32 | 0.169 | 0.151
29 |0.169| 0.151 | 15 16 |0.211]0.189 | 33 34 |0.042 | 0.038
4 0.093 | 0.083 | 16 17 |0.405| 0362 | 35 36 | 0.169 | 0.151
30 | 0.296 | 0.264 | 17 18 |0.296 | 0.264 | 35 38 |0.042 | 0.038
5 0.211 ] 0.189 | 18 19 |0.232 | 0.207 | 36 37 |0.063 | 0.057
33 10.042|0.038 | 18 43 |0.042 | 0.038 | 38 39 |0.127 | 0.113
0.051 | 0.045 | 19 20 | 0.262 | 0.234 | 40 41 |0.169 | 0.151
7 0.253 | 0.226 | 20 21 | 0.127 | 0.113 | 43 44 | 0.380 | 0.339
8 0.106 | 0.094 | 20 46 | 0.084 | 0.075 | 46 47 ]0.338 | 0.302
9 0.076 | 0.068 | 21 22 | 0.169 | 0.151 | 47 48 | 0.211 | 0.189
10 | 0.084 | 0.075 | 21 45 |0.338 | 0.302 | 47 53 |0.127 | 0.113

ORI QNN [A[A W W INN
=)

10 11 | 0.042| 0.038 | 22 23 1 0.253 | 0.226 | 48 49 |0.211 | 0.189
11 12 | 0.198 | 0.177 | 23 24 |0.211|0.189 | 49 50 |0.160 | 0.143
11 35 |0.211 ] 0.189 | 24 25 |0.127 | 0.113 | S0 51 |0.355| 0317
12 13 | 0211 0.189 | 25 26 |0.042 | 0.038 | 51 52 | 0.177 | 0.158
12 40 |0.211|0.189 | 26 27 10.211 | 0.189 | 51 54 |0.253 | 0.226
13 14 | 0304 | 0.271 | 27 28 |0.760 | 0.679
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TOM TAT

Phan tich trao luu cong suit nhiéu khoang thoi gian cho ludi dién phan phoi
¢6 ngudn dién phan tan sir dung mé hinh t6i wu phi tuyén

Phan tich trao heu cong sudt truyén thong thuong chi duoc thuc hién trong mot khoang
thoi gian. Tuy nhién, nhzeu bai toan trong h¢ théng dién nhu tinh todn t6n that dién nang,
161 wu vi tri va cong sudt fu bu yéu cau phan tich trao heu cong sudt theo nhiéu khoang thoi
gian. Bai bdo nay dé xudt mét phiong phdp diea trén t0i wu phi tuyén (NLP) daé tinh todan
trdo luu céng sudt nhiéu khoang thoi gian (MPF) cho ludi di¢n phan phéi ¢é nguon dién
phan tan (DG). M6 hinh NLP c6 ham muc tiéu hang s6 va cdc rang bugc la hé phuong trinh
cdn bang cong sudt voi gid tri ¢é dinh ciia mé-dun va goc pha dién dp tai nit can bang. Mé
hinh dwoc ldp trinh bang GAMS va gidi bang bé t01 wu KNITRO. Phwong phdp dwoc kiém
chimg trén luoi dién phan phoz huyén Luc Ngan, Bac Gzang voi 54 nut, 96 khoang thoi gian.
Két qua tinh todn cho thay phuong phap dé xudt cé sai s6 rit nho so voi phuong phap
Newton-Raphson truyén thong. Pong thoi, DG c6 anh huwong dang ké dén ton that dién nang
va chat lwong dién dp cua lwéi phin phoi.

Tir kho#: Phan tich trdo luu cong sudt nhiéu khoang thoi gian (MPF); Téi uu phi tuyén (NLP); Ngudn dién phén tan
(DG).
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